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Abstract. Aerosol nucleation events observed worldwide predicts ion nucleation rates, and cannot explain the new ob-
may have significant climatic and health implications. How- servations from Hyy#la regarding the electrical properties
ever, the specific nucleation mechanisms remain ambiguousf nanoparticles. We also show that, for the well documented
Here, we report case studies of eight nucleation events obeonditions of the Hyy#la project, the binary and ternary ho-
served during an intensive field campaign at a boreal foresmogeneous nucleation rates calculated using the most current
site (Hyytila, Finland) in spring 2005. The present analysis theories would fall well below~10-"cm3s~1, and thus

is based on comprehensive kinetic simulations using an ionwould be negligible.

mediated nucleation (IMN) model in which the key physical
and chemical parameters are constrained by a variety of re-
cent measurements. Out of the 22 days of the campaign on
which nucleation events were observed, eight major eventd

were selected for detailed analysis on the basis of indications ficle f i larly ob d ldwid
that the observed air masses were relatively homogeneous. HHGW particle formation —regufarly observed worldwide —ap-

most of these cases, reasonable agreement is found betwegﬁa:S tgor:)%ve c’\llear stphat;al pa’itherns _(Kulmala e;[]al.z 2004af; \:u
IMN predictions and field data for a range of variables, in- etal, )- Nevertheless, the primary mechanisms of at-

cluding critical nucleation sizes, size-dependent overchargmOSIOherIC particle nucleation — which control aerosol num-

ing ratios, and the concentrations of 1.8-3 nm stable cluster%er concentrations to a .signific.ant degr.ee in many par_ts of
and 3-6 nm patrticles, and their diurnal variations. The possi-t 1€ troposphere — remain elusive despite decade; of |.nt.en—
ble reasons leading to substantial differences between obser'Ve _r_esearch. Syst_ematlc measurements of evolving air-ion
vation and theory in some cases are also explored. Statistprb'“ty_ spectra during particle for_matlon events, as well as
cally, roughly 80% of the nucleation events recorded duringOf the size-resolved charged_ fraction (CF) of freshly formgd
the Hyytiala campaign exhibited mean size-dependent parparncles, have become available recently to test nucleation

ticle overcharging ratios within the range of, or exceeding,tzhoeoo7r_ie|_S (Vkana et ?I"Z%%g& “?.?\ etCaFI.,dZOOG;dgirsiklgo etal,
those predicted by the IMN model, suggesting that ion nucle- , Laakso etal, a). The ata adds an |mporj[ant
onstraint on the fundamental processes controlling particle

ation processes were significant during these events. The ni¥ _ .
cleation rates calculated using the IMN modeling approachpmdUCt'On and evolution (Yu, 20Q6a). ) ) o
are contrasted with those predicted by other theories/models, AN €léven-year record of continuous particle size distri-

and key differences between the results are discussed. In paPUtion measurements at a remote boreal forest site in south-
ticular, it is concluded that the ion nucleation model origi- €™M Finland reveal an annual-average of 50-100 nucleation

events, with the frequency of the events peaking in spring-
time (Laaksonen et al., 2008). While both the long-term
(three-year) record of ion mobility measurements (Hirsikko

Correspondence td. Yu et al., 2007), and the seven-week intensive period of CF
BY (yfg@asrc.cestm.albany.edu) measurements for freshly nucleated particles (Laakso et al.,
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nally developed by Lovejoy et al. (2004) significantly under-
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2007a), taken in Hyyéla, Finland, suggest that ions are in- tions; and (3) compare nucleation rates predicted by the IMN
volved in more than 90% of the particle formation events thatmodel with those based on other existing nucleation mod-
can be clearly identified, the relative contributions of ion- els/parameterizations to highlight differences between vari-
mediated nucleation versus neutral processes remains coous approaches, and to determine which of these representa-
troversial (Laakso et al., 2007a; Kulmala et al., 2007; Yutions are viable in light of the new data from Hyaff.
and Turco, 2007; Yu et al.,, 2008). An analysis of these
measurements by Laakso et al. (2007a) concluded that ion
nucleation processes make a relatively small contribution t®2 The kinetic IMN model and data sources for case
new particle formation (under the conditions sampled). How-  studies
ever, when Yu and Turco (2007) applied a different analytical
methodology to the same data, they found significant contri2.1  Kinetic IMN model
butions from ion-mediated nucleation (IMN). These differ-
ences have never been resolved. More recently, Kulmala eThe IMN model (Yu and Turco, 1997, 2000, 2001) simu-
al. (2007) concluded that neutral nucleation dominates ovetates ion mass spectra and nanoparticle electrical charge frac-
ion-induced nucleation at least in boreal forest conditions tions by explicitly resolving the non-linear size-dependent
based on their analysis of four days of multiple-instrumentmicrophysical interactions among precursor gases, positively
measurements of neutral and charged nanometer-sized clusharged, negatively charged and neutral clusters, and parti-
ter concentrations obtained in Hy#, Finland in spring cles ranging from small molecular aggregates to several mi-
2006. Again, Yu et al. (2008), in their replies to referee’s crometers in diameter. An earlier version of the IMN model
comments published in Atmos. Chem. Phys. Diss., reanahas been extended by incorporating new thermodynamic data
lyzed the observations and emphasized that a substantial comnd physical algorithms (Yu, 2006a). Yu (2007) has further
tribution from ion-mediated nucleation could not be ruled outimproved the model by employing two independent measure-
based on the data reported in Kulmala et al. (2007). ments to constrain monomer hydration in theS@,—H>O
Apparently, different interpretations of field observations system (Marti et al., 1997; Hanson and Eisele, 2000), and by
of “nucleation” events have created ambiguity with regard toincorporating the energetics of small neutrgil3®,—H,0
the relative importance of ion versus neutral nucleation pro-clusters determined by Hanson and Lovejoy (2006) and Kazil
cesses, even when the same set of measurements are consid-al. (2007). In the atmosphere, nanoparticle nucleation
ered. To resolve the conflicting conclusions with regard toand growth are fully coupled, and in many situations or-
the importance of IMN, we focus here on recent data fromganic species dominate the growth of freshly formed parti-
the boreal forest experiments noted above, which obtainedles. The present version of the IMN model considers the co-
the most extensive set of relevant parameters to date. If thessondensation of sulfuric acid and organic compounds upon
events can be explained in the context of a self-consistenactivated particles (Yu, 2006a), although there is substantial
theory, then the underlying nucleation mechanisms can beincertainty regarding the abundances of organic precursors
clarified. Further, if an articulated mechanism can be showrand their actual role in the nucleation process. A detailed
to reproduce nucleation events for the range of conditions enelescription of the present treatments of physics and thermo-
countered in a boreal forest setting, more reliable predictionslynamics in the IMN model is given by Yu (2006a).
of global-scale nucleation rates will be within reach (e.g.,
Yu et al., 2008). On the other hand, if the IMN mechanism 2.2 Selection of case study days
cannot explain such observations, then the search should be
refocused to identify the nucleation processes behind the obthe long-term and multiple-instrument characterizations of
served particle formation events, inasmuch as none of the exaucleation events obtained by Kulmala and colleagues in
isting theories for binary or ternary homogeneous nucleatiorHyytiala, Finland are clearly unique, and provide the most
provide a quantitative explanation for most of these observacomprehensive and detailed set of data available so far to test
tions. atmospheric nucleation theories. Of greatest significance is
The main objective of this work, therefore, is to carry out the determination of the electrical charge fraction (CF) of the
detailed case studies of boreal forest nucleation events to inrnanometer-sized particles as they evolve during nucleation
vestigate the competitive nucleation processes represented bursts (Laakso et al., 2007a). The CF data provide an un-
the IMN model (that is, the ion and neutral binary system ambiguous signal of ion nucleation when the observed CFs
processes that are currently quantifiable). By constrainingexceed the equilibrium charge fractions characteristic of the
the key parameters in these simulations using observationgmbient aerosol. Measured CFs are typically given relative
we aim to: (1) test the ability of the current IMN model to the ambient CF, at each size, in terms of the overcharge
to account for the observed concentrations of freshly nucle+atio (OR). For a system in equilibrium with the background
ated particles in the 3—6 nm size range; (2) assess the consign plasma, OR~1. However, when ions represent a sub-
tency of observed charged fractions of freshly nucleated parstantial fraction of the nuclei for particle formation, OR val-
ticles against IMN model predictions under sampled condi-ues greatly exceeding 1 can be achieved. Conversely, when
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neutral (homogeneous) nucleation is dominant, and ion coneompleteness in the f$0Oy] and/or Ns_g time series, or rel-
tributions are small or negligible, OR values in the nanoparti-atively large scatter in the data (particularly in earlier morn-
cle size range will typically be=~1 (an undercharged state). ing and noontime periods).
Homogeneous nucleation events generate high concentra- Based on the average overcharge ratios reported by Laakso
tions of small neutral particles that strongly drive the OR et al. (2007a), it appears that freshly nucleated particles were
downward. Even so, in all cases, OR values tend to adjustelatively highly overcharged on five of the selected case
rapidly toward the equilibrium state (i.e., ORL) at all sizes  study days (18 April, 27 April, 3 May, 12 May and 16 May),
as the aerosol evolves. It follows that any analysis of nucle-weakly overcharged on one day (13 April), and clearly un-
ation events for which CF (or OR) data are available shoulddercharged on one day (2 May). Overcharging data were not
involve a comprehensive treatment of the charging and disavailable for 12 April. According to both the 7-week ion-
charging processes of nanometer particles. Hence, a studyMPS data shown in Laakso et al. (2007a) and one year of
of the Hyytiala measurements that includes these details iSon-DMPS data summarized by Gagat al. (2008), a large
more likely to shed light on the formation mechanisms of fraction (~80%) of nucleation event days observed in boreal
atmospheric aerosols. forests exhibits clear overcharging of the 3-5nm particles.
We have carried out case studies of nucleation events obfhus, the eight case study days, originally selected on the
served during spring 2005 (day 95—-day 136, correspondingasis of their relative homogeneity, are also representative in
to 5 April-16 May) in Hyytala, during the BACCI/QUEST  term of the charging state of the freshly nucleated particles. It
IV intensive field campaign (Laakso et al., 2007a; Riipinen should be noted that the charge fraction data are presented as
etal., 2007). Among the 42 days of this field campaign, Ri- average values over certain periods of an event. Presumably,
ipinen et al. (2007) identified 22 days as nucleation eventhis is done to reduce the high variability inherent in the CF
days. From these 22 event days, we selected 8 days (daysrfeasurements. For a homogeneous air mass, such averag-
102, 103, 108, 117, 122, 123, 132, and 136) for the presening of the CFs should yield the characteristic global charging
case studies, using indications that the sampled air massesate of the nucleated aerosols. However, in a highly hetero-
were relatively homogeneous. Air mass homogeneity waggeneous air mass, segments of data may correspond to quite
judged on the basis of relatively consistent and continuouslifferent nucleation events and/or processes, and the aver-
changes in the measured concentrations of the key precuage CF values may include periods with overcharging and
sor gas HSOy([H2SO4]), and the abundances of freshly nu- undercharging. Hence, appropriate caution must be used in
cleated particles in the 3—6 nm size range (§). It should interpreting simulations for these days.
be emphasized that air mass homogeneity is essential for |n summary, the selected case study days are reasonably
meaningful point-site data analysis, while heterogeneity inrepresentative of the ranges off604] and Ns_g observed
a data record presents severe problems in interpreting timeduring the BACCI/Quest IV field campaign (Riipinen et al.,
integrative transient events such as nucleation bursts. For ong007), as well as of the charged fractions (CFs) of 3 nm par-
thing, the temporal variations in the observed parameters beticles (Laakso et al., 2007a). In this work, we also assumed a
come a strong function of the spatial variability and air massconstant background ionization rate of 5 ion-pairsérsr 1,
velocity, masking the actual underlying behavior. Moreover, consistent with the typical ionization rates derived from mea-
changes in key integrative variables —such aS®& concen-  surements in the region of interest (Laakso et al., 2004a).
trations and condensation sinks — in any specific air parcel
cannot be reliably reconstructed over the time span of many®.3 Time series of sulfuric acid vapor concentrations
hours required for nucleation and growth of the embedded
aerosols. As noted above, in order to constrain the model simulations,
Here, when we discuss air mass variability, we refer toit is desirable to have a time series of key precursor gases
the local inhomogeneity in an air mass. As far as nucle-(i.e., bSO, and condensable organics), temperatures, rela-
ation is concerned, local air mass inhomogeneity can bdive humidity, and condensation sinks (or size distributions of
clearly seen as rapid and otherwise unattributable fluctuapre-existing particles) within specific air parcels. Such La-
tions in measured [b5Qy], N3_g, and/or particle size distri- grangian data are not available, since all the measurements
butions. Airborne measurements of nucleation-mode aerosalnder consideration were collected at stationary field sites.
concentrations during nucleation events over boreal forestsAccordingly, the selection of data sets based on air mass ho-
for example, reveal significant variability in nucleated par- mogeneity provides the most reasonable alternative. Current
ticle concentrations attributable to variability in land cover- theory indicates that sulfuric acid vapor is the critical species
age between forests and lakes (O'Dowd et al., 2008). It iscontrolling nucleation at the sites of interest (e.g., Riipinen
clear from Fig. 1b of Riipinen et al. (2007) that the days se-et al., 2007). Figure 1 shows the time series of observed
lected for the present case studies are the most uniform anH,S0O, concentrations ([pSQy]) on the eight selected days
complete in terms of the [}8Oy] and Ns_g data records, investigated here. The data points are from Fig. 1b of Ri-
although some level of inhomogeneity obviously remains.ipinen et al. (2007). The smaller fluctuations in the data are
Other nucleation days were not selected because of either idikely associated with local inhomogeneities in the air masses
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Fig. 1. Time series of observed4$0, concentrations for the eight case study days. The data points are taken fronb BigRilpinen

et al. (2007). Fluctuations in the data are likely to be associated with inhomogeneities in the air masses sampled at the fixed field site.
Such Eulerian, as opposed to Lagrangian, sampling introduces an irreducible uncertainty into the analysis since the history of any particular
simulated air parcel must be reconstructed using the observations from continually changing air masses (also see the discussion in the text
In the present simulations, eachjJ&l0,] time series has been smoothed using an 9-point running average, which is shown as a solid blue
curve.

sampled. In our simulations, we use smoothed (9-point runvated during event days compared to non-event days based
ning average) [HSOy] time series, given by the solid blue on the results from the BIOFOR campaign (Janson et al.,
curves in the figure. The smoothing has little impact on the2001); and (3) that organic compounds including terpenes
simulation outcomes. are generally lower during event days compared to non-event
days based on QUEST data (Sellegri et al, 2005a).

2.4 Condensable organic species

In this study, the diurnal variations of the overall COS con-
Compared to sulfuric acid vapor, which is often directly mea- centration Ccog)) is parameterized to follow that of the av-
sured, condensable organic species (COS) are only poorlgraged and smoothed curve of MTOP, as shown in Fig. 6b
characterized. Certain organic compounds are known to conef Sellegri et al. (2005b). That curve yields a peak concen-
tribute to, or even dominate, the growth of nucleated parti-tration around midnight and a minimum concentration in the
cles. Laaksonen et al. (2008) showed that particle growthearly afternoon, with a ratio of maximum to minimum val-
rates during many boreal forest nucleation events are corues of around 2.3. Due to the lack of information about the
related with the gas phase concentrations of monoterpensaturation vapor pressures of the condensable organics, we
oxidation products (MTOPs). However, both Janson etassume that COS only condenses on particles larger than a
al. (2001) and Sellegri et al. (2005a) concluded that, based onertain activation size (§y). For the present purposes, the
measurements made during two different boreal forest fieldbaseline value of Rt is taken to be 3 nm, which is within
campaigns (BIOFOR and QUEST), the oxidation productsthe range estimated by Kulmala et al. (2004b, c). As we
of terpenes were not the primary nucleating species observedill show below (Sect. 3.1), R of ~3nm appears to be
clude: (1) that the concentrations of the terpenes and theifH2SOy] and Ns_g in early morning. The COS molecules
oxidation products where higher at night when no nucleationare assigned an average molecular weight of 180 g/mol and
was observed (Janson et al., 2001; Sellegri et al, 2005a); (22 density of 1.5gcm® (Engelhart et al., 2008). In this
that organic oxidation products were not significantly ele- study, unless specified, we assume a peak COS concentration
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(Cho9) Of 6x107/cn® that, combined with [HSO4], results e T o i
in growth rates of nucleated particles-efl.—5 nm/hr, which e oaite oD B A hed
are generally consistent with observations in boreal forests |« oais ol Ny,
(Kulmala et al., 2004b; Riipinen et al., 2007; Laaksonen et s ol e

al., 2008). In the real atmosphere, different organic com- £ 5 "t . ’} ';

pounds are likely to be involved in nucleation and growth =t : o o i ;‘ﬁ‘.. &
processes, and the concentration time series of these species T ol {‘:g;‘: “:.',-“-"".
—and corresponding 4o; — may differ from the average val- : ol *%':--w
ues adopted here. The uncertainties in COS concentrations, ]
specific molecular properties, andydplead to uncertain- e, * 1

ties in the simulated concentrations and size distributions of zo,— 81— ) L T e VR
freshly nucleated particles and their overcharging ratio, but focal e () toca e ()

should not have significant impacts on predicted nucleatior‘:
rates as long as these species are not directly involved in th
nucleation phase itself.

ig. 2. The time series of temperature (T) and relative humidity
&H) used to constrain the simulations for the eight case studies.
Refer to the text for details.

2.5 Temperature and relative humidity
log-normal mode parameters (total number concentrations,
The time variations in temperature (T) and relative humid- mean mode sizes, and standard deviations) recorded around
ity (RH) used to constrain the simulations are illustrated in 11:00 a.m. are used to constrain the size distributions of pre-
Fig. 2. In the ACPD version of this paper, the T and RH dataexisting particles in the model. To investigate the effect of
were averaged from two weather stations close to H¥gti  CS variations and uncertainties on the simulated results, ap-
one in Jy\askila (about 80 km northeast of Hygta) and the  propriate sensitivity studies are considered below.
other in Tampere (about 40 km southwest of Hgig). Dur-
ing the revision of this paper, we secured access to the T and
RH data measured in Hyyfa (L. Laakso, personal commu- 3  Detailed case studies and results
nication). A comparison of the data indicates that the T and
RH values averaged from the two weather stationsgsiia 3.1 Time series of the concentrations of freshly nucleated
and Tampere) are generally representative of those measured particles
in Hyytialda. The T and RH data in Fig. 2 should represent
the corresponding meteorological conditions in the broadefFigure 3 shows the simulated (dashed lines) and observed
Hyytiala area where the regional nucleation events occurred(lines with symbols) time-dependent variations of particles
in the 3—-6 nm range (§l¢) for the eight selected nucleation
2.6 Size distributions of pre-existing particles and conden-event days. To facilitate the discussion, we also plot the time
sation sink series of [(SOy] used in the simulations (solid blue lines,
plus one green line in panel Fig. 3c representing a specific
Pre-existing particles affect nucleation by scavenging sulfu-sensitivity study). The observedNs time series are taken
ric acid vapor and freshly nucleated molecular clusters. Thefrom Fig. 1b of Riipinen et al. (2007), with a “time shift” cor-
condensation sink (CS) due to pre-existing particles typicallyrection, as described below. Due to a plotting problem, the
ranged from 0.5%103-3.5x103s1 during the spring nu-  N3_g time series shown in the published version of Fig. 1b
cleation events observed in Hygk, and generally exceeded of Riipinen et al. (2007) was inadvertently “compressed” in
6x103s~1 during non-events (Laakso et al., 2004b; Selle- such a way that the N data is shifted toward earlier times
gri et al., 2005; Dal Maso et al., 2005). Due to the chang-by an interval that ranges from 0 te2 h in moving from the
ing air masses, measured CS values over some nucleatidaftmost to rightmost times in the figure (L. Laakso, personal
event days were seen to fluctuate significantly (Laakso et al.gommunication). Through discussions with the authors, we
2004b; Sellegri et al., 2005b). In the present analysis, théhave been able to compensate for the time-scale compression
initialization of the size distributions for pre-existing parti- in re-plotting the N_g time series data in Fig. 3.
cles was guided by the measured particle size distributions It should be noted again that the measurements were ob-
(or log-normal mode fitting parameters for Aitken and accu- tained at a fixed site in constantly changing air masses, while
mulation modes) during the nucleation periods (L. Laakso,the simulations essentially follow an air parcel assumed to
personal communication; Ehn et al., 2007). Based on thébe embedded within a homogeneous regional air mass. The
measured particle size distributions (e.g., Ehn et al., 2007)comparisons with measurements are therefore meaningful
significant variations in the sampled air masses occur fre-only when the air mass upwind of the measurement site(s)
quently during the early morning hours in Hygh. The is spatially relatively uniform. As explained earlier, the con-
present simulations start at 04:00 a.m., whereas the observegistency in measurements of variations in key parameters,
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Fig. 3. Time-dependent variations in the concentrations of particles in the size range 3—Gng) @drresponding to the eight case study

days. The data of Riipinen et al. (2007) are given as open circles in each panel,8@y]Hime series from Fig. 1 (scaled by a factor of

1000) are reproduced as solid blue curves. The model simulations are shown as dashed lines, where the corresponding average values of tl
condensation sink (CS) over the nucleation/growth period in each case are indicated in the panel legends (read 1.25E1$)‘a%51’.?)3

The green line in panelcdndicates the modified [F50y] time series used as a sensitivity test. In panélsd3 andg, a dashed cyan line

indicates the results assuming a lower peak concentration of condensable organic s%md cm 3 instead of &10” cm~3 in

the other cases). In panela &nde, the dashed cyan curve shows the results corresponding to a higher condensation sink. See text for details.

such as [HSOy] and Ns_g, is used as an indication of the The ion-mediated nucleation (IMN) model appears to cap-
level of homogeneity in the sampled air masses, and datéure the timing and rapid increase i\ in the early morn-
records were selected for the present case studies that exhibitg hours on days 102, 103, 123, 132 and 136 as well as
reasonable consistency in this sense. Nevertheless, even d¢ime particle concentration. The time delayl(5-2 h) be-
carefully selected days, some degree of heterogeneity amongveen the increase in p$Oy] and Ns_g is consistent with
the sampled air mass is unavoidable, and the measured coa-mean growth rate of about 1 nm/hr for sub-3 nm particles,
centrations of precursor gases and pre-existing particles (ands is frequently observed in boreal forests (Kulmala et al.,
hence CS) can still fluctuate substantially (Ehn et al., 2007;2004b). It should be noted that, due to variations ip$8y],
also see Fig. 1). The CS values given in the legends to Fig. 3he growth rates of sub-3 nm particles change with time, and
are averaged values over the main nucleation and growth pahe appearance of particles larger than 3nm is the cumula-
riod (for which knm>0.01cnmr3s1). tive (or integral) result of cluster dynamics occurring over
In addition, the assumed time series afdg (based on the past one or more hours. Such an integral process is ex-
the average results given in Sellegri et al., 2005b) may beplicitly simulated in the kinetic IMN model. In the present
quite different from actual concentrations on certain days.simulations, only HSO, and HO are assumed to contribute
To explore the impact of these uncertainties on the apparertb the formation and growth of particles smaller than 3nm,
particle formation rates, a number of sensitivity studies werewhile organics condense only on particles larger than 3nm
carried out; these results are presented as the dashed cyére., D,c=3 nm). The favorable agreement in the timing of
curves in Fig. 3a—e, and 3g. rapid morning increase inNg for the five case study days
Overall, the model-predicted time series (or diurnal vari- indicates that SO, and HO can fully account for the ini-
ations) for Nj_g agree reasonably well with those measuredtial formation and growth of new particles, and thus our as-
on most of the selected case study days, although differencesumed Rt of ~3 nm seems to be reasonable. A smallggD
exist in the details, as discussed below. would increase the growth rate of sub-3 nm particles, shift
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the simulated increase ingNg toward the left (earlier times), dN/dlogDp (#/cm3)
and hence degrade the agreement. . ) .
For the remaining three case study days (days 108, 117, — ° i
122), the predicted increases ia ¥ precede those observed ,
by ~1-2 h. On these three days, the time delay between the o]
observed increase in B$Oy] and Ns_g is exceptionally long
(~3-4h), which seems physically inconsistent with the ex-
pected growth rates of sub-3 nm particles even with sulfuric & *
acid condensation alone. It is possible that the apparent de- -
layed onset of particle formation on these days (longer than
the typical~1.5 h delay) is associated with the variability in :
the air masses sampled during the morning hours, whensuch  °  ° % fea *° % ¢ Rt
variability can be significant. For example, the air masses
sampled during the main nucleation periodsl0 a.m. and
after) on these days may have actually experienced quite dif-
ferent [H,SOy] time series than those recorded in the early
morning hours due to a substantial shift in air mass composi-
tion (e.qg., refer to Fig. 3a of Riipinen et al., 2007). To illus-
trate how a somewhat different $80Oy] time series might
affect the timing of the N g increase, we carried out the
sensitivity study presented in Fig. 3c, where the greencurve [ T T T T T T T T
shows a modified [RSOy] time series while the dashed cyan Loeal Time (1) Local Time (t)
curve gives the corresponding predictegl Bl As expected, . . . . ] o
adelay in the increase in B$Q4] in the early morning brings Fig. 4. Slmulate_d evolut_lon of particle size distributions
the predicted N_g closer to the observations. The high sen- (dN/dlogD),) for various particle types corresponding to the case

S . - . study on 12 April 2005 (day 102)a) — positively charged(b) —
sitivity of the apparent particle formation rates to recent a'rnegatively chargedg) — neutral: andd) — total. Black color is used

mass history reinforces the idea that it is critical to identify ¢ dN/dlogDy value above the scale-(0f cm~3). CS=1.3<10-3

homogeneous air masses if meaningful model-observational .
g€ ; 9 s 1 C?:egls(:ex 107 cm—3. Refer to the text for details.
comparisons are to be carried out.

The slower decrease ingNg during the afternoon is also

generally reproduced by the model, with the exception of the123 reveals a sudden dip in §8Q4] (also refer to Fig. 1f)

days 103 and 132 (refer to the red dashed lines n Fig. 3tfhat suggests a rapidly changing air mass composition. Such
and g), when the model recovery occurred more rapidly than

that observed. Since diNg/dt depends not only on the for- anomalous air masses may repre_sent a _Ioca!ized plume, or
mation rates of 3nm particles but also on the growth rate Ofsome other non-regional pe_rturbatlon. Using time-smoothed
3-6 nm patrticles (i.e., the rate at which particles are row—[HZSO“] data, the model still produces a double-peaked re-
ing out gf the 6-nn.1 ;ize range) (Riipiner? ot al 2007? we sponse in the 3-6 nm particle concentration, but of a much

. . . fsmaller magnitude.
may have significantly overestimated the concentrations o Based on the size distribution evolution reported by Ehn
condensable organic species during the afternoons on these(% al. (2007) for day 122 (2 May), the air mass sampled be-
days, and hence the 3—6 nm particle growth rates. SenSitiVit¥weén~ll'OOa m yto 02:00p n): ,appears to have qulite dif-
studies given in F|gs.'3b and g clearly show improved agre€terent properties (for example, higher CS). Our simulations
ment (cyan dashed lines) when a lowetds (peak values

3% 107 cm-3) and somewhat reduced CS value are assumedd'd show that a higher CS gives a better agreement with ob-

On day 136, the observedsNs decreases suddenly around ;Srir\f)?/el\j_; ?égl:::ntn gggmgrgr?,smhdllzg dlzvﬁzroiie?\rgzgl?\ﬁs
09:00 a.m., which is probably associated with a rainfall oc-. P 9

. : : in late afternoon. Nevertheless, the model cannot reproduce
curring around that time (based on meteorological records[he observed sudden and dramatic increasesirsNround
archived inwww.wunderground.coin The simulated Kl g

on day 136 drops gradually after 09:00 a.m. because particl%1 a.m. The cause of thls. anomaly in observgdd\temams
) . : . unresolved. Such behavior may result from the sampling of
washout was not considered in these simulations.

During certain periods on days 122, 123, and 132, the dataggrirgsazsf?s&gg:]])v eLyO\(/jv'g\%?r}tt Erc;ﬁfgtle;g%rlee?ﬁ;?Zlee’éi';nse
fluctuates substantially, which again is likely to be associ- : ’ P P

ated with inhomogeneities in the air masses sampled at thos%t.her than sulfuric acid are playmg a ke_y role in the nucle-

times. In some cases, the fluctuations appear to be correlatez%}Ion and growth O.f sub-3nm particles in these cases. Ob-
o . : viously, such species, and the corresponding physical pro-

with changes in key factors, such as;f0y]. For exam- cesses involved. remain to be identified

ple, the air mass sampled between 09:00-10:00 a.m. on day ' '
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Fig. 5. Same as Fig. 4, except for the case study on 13 April 2005Fig. 6. Same as Fig. 4 except for the case study on 27 April 2005
(day 103). CS=1.810-3 51, (26107 cm~3, (day 117). CS=2.%10-3 51, CRe2&3 107 cm 3,

In summary, the IMN model appears to provide a con- all of the size distributions. Additionally, a gap occurs in
sistent representation of the observed nucleation events o€ Size range between neutral sulfuric acid monomers (di-
most of selected case study days, considering the nature gmeter around 0.6 nm) and neutral clusters of about 1.2nm
the present model-data comparisons. To our knowledge, néFi9s. 4-9c) due to the rapid evaporation of unstable small
other physically-based nucleation models have demonstrateeutral clusters formed in this size range mainly by ion-ion
a comparable capability. recombination.

The sizes of clusters having effectively equal rates of con-
3.2 Evolution of the pre-nucleation clusters and particle densation (growth) and evaporation are defined as the “crit-
size distributions ical” sizes in the kinetic IMN model (Yu, 2006a). Although

the critical size for a charged cluster is smaller than that for
Figures 4—9 show the evolution of the simulated particle size2n equivalent neutral cluster, a charged cluster that reaches
distributions for particles in several different categories dur-its critical size should not be considered as “nucleated” un-
ing the six of eight case study days. The key parameteré“ it reaches a size corresponding to the critical size of a
used to constrain the simulations are described in Sect. 2§|mllar neutral cluster, since if the Charged cluster is neutral-
while parameters different from baseline values are specijzed before it reaches the critical neutral cluster size it may
fied in the figure captions. The CS values given in the fig-€vaporate (depending, of course, on the nature of the neu-
ure captions are averaged values over the main nucleatioffalizing charged species). It should be noted that nucleation
and growth period (also see Fig. 3). Under the observed atis & dynamic process and previously formed clusters, even
mospheric conditions, ion-mediated nucleation occurs on althose smaller than the critical size, can have a direct effect
eight case study days. The minimum in the evolving sizeOn the instantaneous nucleation rate. Under the conditions
distributions of charged clusters/particles in the size range oforresponding to the eight case studies treated here, the di-
~4-6 nm during all eight nucleation events (Figs. 4-9a andameters of the critical neutral clusters predicted by the IMN
4-9b) is mainly a result of neutralization of those particles model vary between-1.3nm and~1.7 nm during periods
nucleated on ions, later offset by an enhancement in chargingf particle formation. These values are supported by recent
associated with increasing particle size and the absorption ofneasurements in boreal forests indicating that stable particle
ambient charge toward achieving equilibrium (Yu, 2006a).formation begins at diameters of1.5nm (Kulmala et al.,
The condensation of organic species on freshly nucleate@007).
particles also contributes to the minimum around 3nm in
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Fig. 7. Same as Fig. 4 except for the case study on 2 May 2005 (dayFig. 8. Same as Fig. 4 except for the case study on 3 May 2005 (day
122). CS=1.510"3 571, C22%6 107 cmi-2, 123). CS=3.%10-3 571, C22%6x 107 cm 3.

Neutral binary HSO4—H,O clusters smaller tharrl nm rates substantially (Yu, 2006b). IMN, by contrast, creates
are very unstable under the conditions corresponding to thes&€SCs as a result of natural ion processing, in which ambi-
case studies. In order for the hydrated3dy, monomer  ention-ion recombination acts as a potential source of TSC
to nucleate, other species must be involved in stabling thewuclei. As can be seen from Figs. 4-9, the TSCs (at sizes
smallest clusters. Based on the IMN theory, ions can effecfrom 1.8-3 nm) generated via IMN have a clear diurnal vari-
tively stabilize the small clusters and thus provide a channehtion. The peak concentrations of 1.8-3 nm particles range
for the formation of stable nuclei. It is possible that other from ~1000 to~5000cnt2 on different days. Such con-
species may also be able to stabilize the smaller neutral clugsentrations are, in fact, consistent with the several thousands
ters. However, in order for neutral nucleation to be initiated of 1.8-3 nm particles per cubic centimeter typically detected
for the conditions considered here, the stabilizing effect ofin boreal forest, as reported in Kulmala et al. (2007). A pre-
these unidentified species should be at least as strong as thdicted strong diurnal variation in the abundance of 1.8-3 nm
of an ion core. Quantum calculations of the bonding energies SCs appears to be consistent with the limited NAIS-positive
of hydrated HSQO4 monomers and dimers with ammonia and and UF0-02proto CPC pair data and charged clusters mea-
several common organic compounds (Nadykto and Yu, 2006pured by AIS and BSMA reported in Kulmala et al.’s (2007).
suggest that, while such species may enhance the overall sthlowever, it seems to be in conflict with the NAIS-negative
bility of hydrated HSQ, dimers, the increase in stability is measurements presented in Kulmala et al. (2007). Resolution
far less than that associated with an ion core. Accordingly,of the behavior of these stable neutral nanoparticles may have
the substances commonly assumed in ternary homogeneoigportant implications for the underlying nucleation mecha-
nucleation (THN) theories appear to be ineffective in initiat- nism. For example, a continuous and nearly constant nucle-
ing neutral nucleation under the circumstances of these casation source must operate day and night to maintain an al-
studies. most steady concentration of a few thousand 1.8-3 nm parti-

The IMN model predicts that large concentrations of neu-cles per cr. Since kinetically the concentrations 0p$O,
tral stable nuclei in the 1.8-3nm size range are formed agt night (~5x10°/cm?® or less) are far too low to produce
nucleated ions are neutralized (Figs. 4-9c). Previously, Kulthe observed 1.8-3nm clusters, species other the80kx
mala et al. (2000) had postulated very high background abunH20, and NH must dominate the formation of the observed
dances of thermodynamically stable clusters (TSCs), exceedt.8-3 nm particles, implying a completely new (and yet to be
ing 1°/cm?, produced by THN. However, as just noted, stan- identified) nucleation mechanism.
dard THN models are now known to overestimate nucleation
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3.3 Charged fractions of freshly nucleated particles

Simulated size-dependent charge fractions (CFs) at selected
times for the eight case study days are shown in Fig. 10. The
symbols (solid diamond) illustrated at a particle size of 3nm
correspond to observed CFs averaged over the nucleation pe-
riods obtained from Laakso et al. (2007a), and the symbols at
2 nm (asterisk) are the values backward calculated by Laakso
et al. (2007a) using the “K” parameter derived by fitting the
measured charged state of particles larger than 3 nm. Laakso
et al. (2007a) provided values of the charge state (S) for 2nm
particles and the corresponding “fitting” parameter K, which
are used here to derive the original S values for 3 nm particles
(the actual data). The data point in Fig. 10-d2 is from Atmos.
Chem. Phys. Discuss. Version of Laakso et al. (2007a).

We obtained the CF values for 2 and 3 nm particles shown
in Fig. 10 by multiplying the derived S values by the corre-
sponding model simulated average equilibrium charged frac-
tions.

Figure 10 indicates that the IMN predicted size-dependent
CFs are generally consistent — within a reasonable range of
uncertainty — with the available observations on most of the
days analyzed, in addition to the favorable agreement be-
Fig. 9. Same as Fig. 4 except forkthe case study on 12 May 2005een simulated and observed N (see Fig. 3). According
(day 132). CS=1.010"3 s, C15=3% 10" cm 3, to the model, most of the clusters/particte$.4 nm in diam-

eter are negatively charged (upt®0—80%), while most of
those~1.1 nm are positively charged (up to 90%). However,

Most recently, Sipé et al (2008) reported the existence of cFs decrease dramatically as particles grow beyehd nm
a pool of clusters smaller than1.8-2nm at night. These owing to effective charge neutralization. Indeed, during the
very small clusters{~1.8nm) would logically be associ- nycleation events illustrated, CFs achieve a minimum value
ated with ion-ion recombination clusters that are not acti-of only ~2-3% at particle diameters of5nm. Particles
vated, but have been stabilized at a sub-critical size by ongarger than~5-7 nm are approximately in charge equilib-
or more unidentified species. Indeed, the general lack of sulrjym with the background ion pool, where the predicted equi-
furic acid vapor at night poses a serious question as to howibrium CFs are consistent with measurements (Vana et al.,
these nighttime TSCs are formed, and whether they have anyggg).
relationship to daytime nucleation events. It is possible that ¢ agreement between simulated and observed CFs for
species other than sulfuric acid (for example, certain organiGreshly nucleated particles is poor for both positive and neg-
compounds, nitric acid, ammonia, etc.) control the forma-4ijve species on day 122 and for positive species on day 123.
tion of sub-1.8 nm clusters at night when the temperature iSthe model simulations show that freshly nucleated particles
relatively lower, whereas sulfuric acid dominates nucleationg these two days should be significantly overcharged, both
during the day. . _ _ positively and negatively as well, but measurements indicate

Based on IMN model s_lmu_latlons, all of the neutral parti- 5 \yeak overcharge for positive clusters on day 123 and sig-
cles between 1 and 3nm in Figs. 4-9c are formed by the neuyificant undercharging on day 122. One possible explana-
tralization of charged particles. While activation and growth tion, for this difference is the involvement of species other
of these 1-3nm neutral particles is the major sousc®0)  han sulfuric acid in the overall nucleation process, which
of the predicted 3-nm particles, these seed particles origiyoyid not be treated in the IMN model. Another possible
nate from IMN rather than homogeneous nucleation. Thisgyplanation is the inhomogeneity among the air masses sam-
is an important distinction: without ions, no 3-nm particles pled. It remains to be investigated how and to what degree air
would be present in the simulations (again note.the.deep 98Rhass variability might lead to undercharging of 3-5nm par-
between 0.6nm and 1nm for neutral clusters in Fig.4-9¢)+icles. One possible scenario is that many sub-3 nm particles
Although all the new particles larger 3nm in Figs. 4-9 are foymed in locations favorable for nucleation but unfavorable
formed via IMN, only a small fraction of freshly nucleated ¢4, subsequent growth (relatively low T, high RH, low organ-
particles around 3nm are charged (further discussion on thig.g such as over lakes) may be in closer equilibrium with am-
pointis given in Sect. 3.3 and 3.4). bient ions. When these sub-3 nm particles are transported to
locations favorable for growth (high condensable precursor

Diameter (nm)

6 8 10 12 14 16 18 6 8 10 12 14 16 18
Local Time (h) Local Time (h)
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Fig. 10. IMN model predictions of size-dependent particle charge fractions (CFs) at selected local times (h) during the eight case study days.

The symbols (solid diamonds) shown at 3 nm correspond to observed CFs averaged over specific nucleation periods as described by Laaks
et al. (2007a), while the symbols (asterisks) at 2 nm are values inferred by Laakso et al. (2007a) using backward calculations from larger

sizes. See the text for details.

gases, such as over forests), they may experience acceler-Following a more careful look at the time series of ion-
ated growth, leading to potential undercharging of particlesDMPS data for day 122 (unpublished data, L. Laakso, per-
in the 3-5nm range. To resolve such scenarios, additionasonnel communication), it appears that 3-5 nm particles are
field data are needed so that air mass histories can be folindercharged only during a roughly one-hour period cor-
lowed in more detail. responding to the high g spike on that day shown in
Fig. 3g. On the other hand, freshly nucleated particles are ac-
tually highly negatively overcharged during other nucleation
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periods on the same day (122). The fact that the association In Yu (2006a), the possible reason for the sign prefer-
of undercharging with the N g spike for only a short period ence is briefly discussed. The differences in the composi-
reinforces the idea that mixing of particles nucleated else-ions and thermodynamic properties of positive and negative
where may have contributed to the observed underchargingre-nucleation clusters are considered in the kinetic model
during that period on day 122. utilized by Yu (2006a), and in the present work. For the

On day 123, the IMN model predicts that freshly nu- eight nucleation event days studied here, the IMN model pre-
cleated particles are significantly overcharged for both po-dicts substantially more negative ion nucleation on day 117
larities. However, the ion-DMPS data given in Laakso et (in terms of the average overcharging ratios for 3 nm parti-
al. (2007a) indicate that freshly nucleated particles are sigcles, see the next section), and similar negative and positive
nificantly overcharged for the negative polarity only (seeion nucleation on other days. Our model predictions are gen-
Fig. 10f). Such a difference, if real, may indicate that the erally consistent with long-term measurements which indi-
IMN model over-predicts the positive ion nucleation on this cate that both negative and positive ions are involved in most
day. It is noteworthy that, while the ion-DMPS data for day of the nucleation events detected in boreal forests, although
123 show dramatic differences in the charged fractions ofnucleation on negative ions is slightly preferred on average.
freshly nucleated particles of differing polarity, there exists Of course, the IMN model has significant uncertainties, and
much less difference in the concentrations of positively andmany of the issues regarding charge preference are not set-
negatively charged 2—4 nm patrticles as derived from Air lontled. More detailed case studies, especially with regard to the
Spectrometer (AlS) and Balanced Scanning Mobility Ana-time-dependent variations of the ion mobility spectrum and
lyzer (BSMA) measurements taken on the same day (unpubeharging ratios derived from different instruments (BSMA,
lished data, Laakso, L., personnel communication). Based\IS, ion-DMPS), could help to identify and reduce the un-
on these AIS and BSMA data, positive ions also appear tocertainties.
be substantially involved in the nucleation event on day 123,
which is in contrast with the ion-DMPS data, but consistent3.4 Overcharge ratios of freshly nucleated particles
with IMN predictions.

The ion nucleation sign preference under atmospheric conAn aerosol immersed long enough in a steady-state ion-
ditions is an important issue that requires further investiga-plasma achieves an equilibrium charge distribution. For tran-
tion. Apparently, in order to resolve the issue of an ambi- sient conditions, the ratio of an instantaneous CF to the equi-
ent nucleation charge preference, uncertainties in both kifibrium CF at the same size under similar ambient condi-
netic modeling and field observations should be reduced. Itions is defined here as the overcharge ratio, OR. Figure 11
has been pointed out in a number of studies that nucleatiomompares simulated and observed size-dependent OR val-
on negative ions is generally more favorable (Laakso et al.pes. The curves represent calculated OR values averaged
2004b, 2007b; Wilhelm et al., 2004; Vana et al., 2006; Hir- over each nucleation period for the eight case study days,
sikko et al., 2007; Winkler et al., 2008). Nevertheless, it which show good overall agreement between simulated and
should be emphasized that nucleation on positive ions freobserved concentrations and charged fractions of freshly nu-
quently occurs in the atmosphere as well and can be domeleated particles in most cases. The open circles, on the other
inant under some conditions. For example, observation$and, define the range of observed OR values averaged over
show that the nucleation on positive ions may prevail in bo-each nucleation event corresponding to about 30 nucleation
real forests on some days (Vana et al., 2006). Hirsikko etevents sampled with an ion-DMPS during spring 2005 in
al. (2007) showed that, based on three years of measurddyytiala, Finland, as a part of the BACCI/QUEST IV inten-
size distributions of air ions (0.42—7.5 nm in diameter), neg-sive field campaign (Laakso et al., 2007a). For most of the
ative ions and positive ions were clearly involved in a to- observations £90% of events), freshly nucleated particles
tal of 270 (26% of the analyzed days) and 226 (22% of the(3—4 nm) are overcharged (i.e., ©R), which can only be
analyzed days) particle formation days, respectively. Baseaxplained by the contribution of ions to the nucleation pro-
on the 7-week data record reported in Fig. 8 of Laakso etcess. Indeed, the IMN model predicts a rapid decrease in
al. (2007a) and the one-year data record reported in Fig. 6 0ORs as particle sizes increase frev@—3 nm to~5nm, in
Gagre et al. (2008), there does not seem to be a significanoverall agreement with the measurements. Particles larger
difference between positive and negative overcharging ratioshan ~6 nm are slightly undercharged (GR) as a result
for 3-5nm particles, although negative overcharging ratiosof condensational growth owing to the fact that the equilib-
are much higher on a few days. It should be pointed out thatium CF is increasing with particle size in this range. It is
in Fig. 7 of Laakso et al. (2007a), while the charging ratios clear from the detailed kinetic IMN simulations that “mea-
for negative and positive 5 nm particles are similar, negativesurable” overcharging would be limited to particles in the
3 nm particles have very high charging ratios while there isrange of 3-5 nm, even when IMN is the only nucleation path-
no data for positively charged 3 nm particles. Thus, it is notway that is active. The physics behind the rapid drop in
clear how differences in the detection efficiencies for positiveORs at small sizes is straightforward (Yu and Turco, 2007):
and negative ions may affect the interpretation of these datacharged clusters/particles nucleated on ions have a lifetime
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Fig. 11. IMN simulated and observed size-dependent overcharge ratios (OR). Each curve represents IMN model calculated OR values
averaged over a nucleation event corresponding to a specific case study. The open circles are observed average OR values correspondi

to roughly 30 nucleation events sampled with an ion-DMPS during spring 2005 indtyyfinland, as a part of the BACCI/QUEST IV
intensive field campaign (Laakso et al., 2007a).

of ~0.3 hour against neutralization by small ions/clusters ofparticles, leading to simulated increases i jmuch too
opposite charge, while it generally takes about 1-2 h for theearly compared to observations. However, the average ORs
same cluster to grow t&3 nm, and another 1-2 h to grow to  predicted for Rc=2.5 nm and 2 nm, while higher than those
~5nm under typical boreal forest conditions. for Dac= 3 nm, still fell within the range of observed average

; OR values shown in Fig. 11.
OR values for 3-5nm particles depend strongly on the val wn in =g

growth rate of sub- 3-5nm particles (Yu and Turco, 2007; Figure 11 shows that observed OR values on most of the
Kerminen et al., 2007). The large variations in the observeddays &~80%) are within the range or above those predicted
OR values for particles at given sizes (3, 4, 5nm) on dif- on the eight selected days. In other words, the observed
ferent days are likely to be associated with variations in theOR values on most days-(-80%) appears to support the
concentrations of the key precursor gases (sulfuric acid, andominance of IMN on those days. For the relatively few
low volatility organics), and in the particle sizes at which or- days «~20%) where ORs are somewhat less than unity
ganic vapors begin to condense (the activation sizes). Th¢undercharged) or close to unity (weakly overcharged), the
growth rate of sub-3-nm particles can be constrained by thesimultaneous occurrence of homogeneous nucleation involv-
time-delay between the increase inpf504] and Ns_g during ing species other than sulfuric acid and water offers a pos-
the morning hours. As pointed out in Sect. 3.1, we assumesible explanation of the data. Unfortunately, there is cur-
that only sulfuric acid contributes to the growth of sub-3-nm rently no substantiated information regarding such species
particles since the condensation 0430, (and associated that might induce neutral homogeneous nucleation under bo-
water uptake) can, roughly speaking, fully explain the initial real forest conditions. As was mentioned previously, both
growth rates of sub-3-nm patrticles. While we believe that it Janson et al. (2001) and Sellegri et al (2005a) concluded
is reasonable to assume a dominant contribution £3®4 that the oxidation products of terpenes were not the actual
(and associated water) to the growth of sub-3-nm particlesnucleating species observed at H@di Finland. Further,

we acknowledge that it is quite possible that other materialdbased on a kinetic $80s-H>,0O-NH3 ternary homogeneous
(e.g., organics) may also contribute to the growth of sub-3-nucleation (THN) model constrained by laboratory measure-
nm particles under some conditions. Indeed, we have carments (Yu, 2006b), and a recently revised classical THN
ried out sensitivity tests (not shown) in whichydwas de-  model (Merikanto et al., 2007), THN is expected to be neg-
creased from 3nm to 2.5 nm and then to 2 nm, thus allowingdigible under the conditions encountered (see next section
“organic” condensation above these sizes. A value gf D for more details). It should also be noted that the mea-
of 2nm greatly overestimated the growth rates of sub-3-nmsurements reported in Riipinen et al. (2007) indicate that
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ammonia concentrations have no clear impact on observedharging (notwithstanding the occurrence of another undeter-
particle formation rates. On the other hand, in accordancenined nucleation source). The differences betw#egejoy
with the results for case study days 122 and 123 (Sect. 3.3), and Jgit are more than 2—4 orders of magnitude and increase
weak overcharge or undercharge may also be associated withith the temperature. Itis likely that the model of Lovejoy et
the significant variability in a particular air mass sampled, oral. (2004) under-predicts the contribution of ions to new par-
uncertainty in the ion-DMPS measurements. ticle formation in lower troposphere. The possible reasons
It should be noted that the one year of ion-DMPS datafor the difference between Lovejoy et al. (2004)’s model and
summarized in Fig. 6 of Gagnet al. (2008) are generally our IMN model include different thermodynamic data used
consistent with the 7-week ion-DMPS data shown in Fig. 8to represent the neutral,80;—H20 binary system, differ-
of Laakso et al. (2007), both showing that a large fractionences in the treatment of positive ions/clusters (the dynamics
(~80%) of nucleation event days have clear overcharging ofof positive ion clusters is not actually treated in Lovejoy et
the 3-5 nm particles. The similar level and frequency of over-al.’s model), and different thermochemical data for ion clus-
charging in other seasons (Ga&get al., 2008) may actually ters not directly investigated in the laboratory by Lovejoy et
indicate that ion-mediated nucleation is significant at otheral., or for which alternative data exist (Yu, 2006a). It should
times of the year as well. be emphasized that the current version of the IMN model
incorporates not only the thermodynamic data for small ion
3.5 Nucleation rates predicted based on different theo-<clusters used by Lovejoy et al. (2004), but also a number
ries/models of other thermodynamic data sources and physically based
schemes not considered by Lovejoy et al. (2004) (Yu, 2006a,
Figure 12 illustrates the time-dependent variations of the in-2007). Certainly, because of the sensitivity of nucleation
stantaneous nucleation rates at the critical sizgf, and  rates to the thermodynamics of pre-nucleation clusters, fur-
the “apparent” nucleation rate defined as the appearance rat@er work is needed to reduce uncertainties in the thermo-
of 3-nm particles {znm, Which is typically observed) pre- dynamics parameters for these species. Nevertheless, simu-
dicted with the present IMN model for the eight case studylations of the concentrations and size-resolved charged frac-
days discussed in Sect. 2. For comparison, we also showons of freshly formed particles representing mest80%)
in Fig. 12 the equivalent predictions based on the Lovejoyof nucleation event days measured in Hgigiappear to sup-
et al. (2004) model L ovejoy, @s parameterized by Modgil port the overall physical representations in the IMN model,
et al., 2005), kinetic quasi-unary nucleation mod&ldun,  although the reasons behind the difference between simu-
Yu, 2007), the empirical activation/{c=A [H2SOy] with  lated and observed on the relatively few (~20%) under-
A=2.4x10"" s~1) and kinetic nucleationfin=K [H2S04]? charged or weakly overcharged days remain unclear.
with K=3.2x10"*cm?® s71) formulas given in Riipinen Under the conditions for the eight selected case study days,
et al. (2007), the kinetic ternary homogeneous nucleatiord,S0;—H,0 binary homogeneous nucleation (BHN) rates
(THN) model (kthn) of Yu (2006b), and revised classical were calculated with the recently developed quasi-unary nu-
THN model (&1Hn) of Merikanto et al. (2007). cleation model (Yu, 2007), which is constrained by multiple
The temporal variations afznm presented in Fig. 12 are datasets. The predicted BHN rates (Fig. 12) all fall below
similar to those of simulated N\g shown in Fig. 3. This ~102—10"11cm3s~1, and thus are completely negligible.
is not surprising inasmuch a&nm variations dominate the The ternary homogeneous nucleation rates are also negligi-
variations in N_g, although N_g also depends on the loss ble (well below 10 ‘cm~3s) for all eight case study days,
rates of 3—6 nm particles as a result of coagulation with prebased on both the revised classical THN model of Merikanto
existing particles and growth out of the 3—6 nm size range.et al. (2007) and the kinetic THN model of Yu (2006b). This
Under the conditions studied here, the diameters of criticalis consistent with Riipinen et al.'s (2007) measurements in-
clusters generally range froml.3 nmto~1.7 nm during the  dicating no obvious correlation between plebncentrations
nucleation period. The time thdt,m lags behind/j; varies  and nucleation rates.
owing to the diurnal changes in,80, concentrations, and Figure 12 also shows that the differences betwgerpre-
hence the growth rates of sub-3 nm particles. The differencelicted by the IMN model andac; and Jiin based on empir-
in the peak values ofcrit and Janm depends on the growth ical formulas set out by Riipinen et al. (2007) can be rela-
rate and coagulation sink of sub-3 nm particles. tively small in the early morning hours (i.ex07:00 a.m. to
As we have shown in previous sections, IMN model pre- ~10:00 a.m.), but are much larger (by many orders of mag-
dictions capture the observed variation and magnitude ohitude) at other times (especially near noon and afterwards).
N3_g (Fig. 3) as well as the general behavior of the mea-The empirical formulas predict much higher nucleation rates
sured overcharging ratio (Figs. 10 and 11) on most of casaround noon because the sulfuric acid concentration is peak-
study days. It is clear from Fig. 12 that the model of Love- ing near that time. However, this behavior is clearly incon-
joy et al. (2004) predicts negligible ion-induced nucleation sistent with observed decline inzNg in the afternoon (see
on all days, and therefore appears to be inconsistent wittrig. 3 and also note the 1-2 h time delay between the nucle-
the in situ observations of particle concentrations and over-ation rate and Blg). By contrast, the IMN model captures

Atmos. Chem. Phys., 8, 6086102 2008 www.atmos-chem-phys.net/8/6085/2008/



F. Yu and R. Turco: Case studies of nucleation events observed in boreal forests

"""" Jait ==~ ~aat=4 [Hp S04]2 — ~JLovejoy e x10°
—c— g 6
J3nm Jkin=K [H2S04]°  ——Jyqun x10° Jirn x10
(a) Day 102, CS=1.3x103s?  (b) Day 103, CS=1.4x103s (c) Day 108, CS=1.6x103s! (d) Day 117, CS=2.1x10°s1
101g‘“\”w”w”w”w”? T T T \‘? ?w T T
N\ AL ] 2
DR Ry ",:V,.\\’f‘
a BN \
%) ‘3 o0 8 S
@ £ /i '
5 Ao aliA
o AN SN
® S I S
H 1t '
5 v ]
: N
g \ ER ' 0
e N
= B N
N i
. i)
PN
R Rl
Lo T | AT Ll
6 8 10 12 14 16 186 8 10 12 14 16 186 8 10 12 14 16 186 8 10 12 14 16 18
local time (h) local time (h) local time (h) local time (h)

(e) Day 122, CS=1.5x103s 1 (f) Day 123, CS=3.1x10%1 (g) Day 132, CS=1.0x103s? (h) Day 136, CS=0.9x103s1

T AERARRRAARRNARRERARE AR AR AR AR R
] . SR
'\\ Nooo ?/f‘"‘ AN R - <':
AR \\} ~eo It \\f\
g \‘l‘\ﬁ M F Y AEN oA "“\\
PR SRRV [ \ \ i S\ e L
K NN AR R T AN
I e\ VIHEP LN
e i I Y N\ i YW
@ I B 1E: V8 Ml
% 'SR R S
= Wl le b\ 10y N
9 HENI T . : £l \
8 R A VO I ¥ f \
© '-S l \ B 'i _ \ \ .
2 - oA W \
e B . | \ [} ]
SN beos \
HERR | ' \ [
HERN IR ! (I \
“‘:" 7%\\ \‘\\\i’\\\u\u\\\u A l : k
6 8 10 12 14 16 186 8 10 12 14 16 186 8 10 12 14 16 186 8 10 12 14 16 18
local time (h) local time (h)

local time (h) local time (h)

Fig. 12. IMN calculated time-dependent variations in nucleation rates based on model-simulated critical embryfsizen@ based on
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the production rate of 3-nm particlegzfm, the “apparent” nucleation rate typically observed). Results are given for each of the eight case
studies discussed in Sect. 2. In each case, for comparison, predicted nucleation rates are shown for the ion nucleation model of Lovejoy
et al. (2004) {ovejoy. as parameterized by Modgil et al., 2005), the kinetic quasi-unary homogeneous nucleation model of Yu (2007)

(JkQun), the empirical activation formula/gct=A [H2SO4] with A=2.4x 10~ s~1) and kinetic nucleation relationshign=K [H 2804]2
with K=3.2x10~14cm3 s~1) proposed by Riipinen et al. (2007), the kinetic ternary homogeneous nucleation (THN) niggigh( of
Yu (2006b), and revised classical THN modétfyn) of Merikanto et al. (2007) (ammonia mixing ratio of 1000 ppt assumed). Note that
the JkQun, JKTHN, andJcTHn curves indicated in the figures represent the corresponding values multiplied by a factbr of 10

the fall-off in N3_g quite well (accounting for uncertainties 4 Summary and discussion

in the growth rate of 3—6 nm particles associated with organic

condensation, as noted earlier). An analysis of the IMN sim-The unique long-term and multiple-instrument characteriza-
ulations indicates that the main factors limiting nucleation tions of nucleation events obtained at a boreal forest site
(and hence the concentrations of 3—6 nm particles) after mid¢Hyytiala, Finland) by Kulmala and colleagues provide the
day are the higher temperatures and lower relative humidimost comprehensive set of data available to date to test nu-
ties typical of those times of the day (Fig. 2), which inhibit cleation theories of atmospheric particle formation. While
the formation of TSCs via IMN. It should be noted that the the measurements of ion mobility and charged fractions of

empirical activation and kinetic nucleation formula (i/get  freshly nucleated particles at that site indicate that ions are

and Jkin) are regression parameterizations which do not aiminvolved in more than 90% of the clearly identified particle
to describe detailed physics.

formation events, the relative contributions of ion-mediated
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nucleation versus neutral processes has remained unresolvedicted by the IMN model. It is reasonable to conclude that
In part, this lack of resolution may be due to the fact that, the observed OR values mainly appear to support the signif-
even when the same sets of measurements are consideredance of IMN on most days. This conclusion is further sup-
different groups have used dramatically different analyti- ported by the overall agreement between the simulated and
cal approaches. A comprehensive study of the latest multiobserved properties and behavior of nucleation events and
parameter observations has therefore been carried out to sheaultiple observational parameters (including critical nucle-
new light on atmospheric particle nucleation mechanismsation cluster sizes, size-dependent nanoparticle overcharging
For this purpose, we performed detailed case studies of repratios, concentrations of sub-3 nm stable nuclei and 3—6 nm
resentative and well-defined nucleation events observed dumeutral particles, and their diurnal variations) on such days.
ing the BACCI/QUEST IV intensive field campaign in spring It should be noted that, while our specific results indicate
2005 in Hyyt&la, Finland, utilizing the kinetic lon-Mediated a dominant role for IMN, we clearly acknowledge the pos-
Nucleation (IMN) model developed over the last decade. Ap-sibility that other nucleation sources, which have not been
propriate sensitivity studies were also designed to investigatsufficiently quantified up to this point, may in fact be signif-
the effect of the variations in important parameters, such ascant in the face of remaining uncertainties in the modeling
the condensation sink and precursor gas concentrations, ceind field observations.
the simulated results. On several of case study days, for example, we find large
From 22 days during which nucleation events occurreddifferences in the timing of Blg increase and charging
during the 42 days of the BACCI/QUEST IV intensive field states. Also, the IMN model cannot directly explain the
campaign, we selected 8 days for the present study based an20% of nucleation event days with weak overcharging or
indications that the sampled air masses were relatively howeak undercharging (although the non-local formation of
mogeneous (in term of well-defined and consistent diurnatthermodynamically stable clusters, or TSCs, via ion-ion re-
variations in measured pg$Qy] and Ns_g). These selected combination may play a role). Based on sensitivity tests and
case study days are representative of the rangesx&Qk] analyses of unpublished data made available to us during
and Ns_g, as well as the charged fractions of freshly nucle- the review of this paper, we tentatively conclude that some
ated particles, encountered over time at this site. of differences on the relatively few days where differences
For most of days studied, the IMN model provides rea- are most significant may be associated with: (1) the possi-
sonable agreement between observed and predicted diurnble role of species other than sulfuric acid in the nucleation
variations in the concentrations of freshly nucleated parti-process (i.e., yet to be identified neutral nucleation mech-
cles in the 3-6 nm size range (including the timing of the anisms); (2) the large variability in the related air masses
particle concentration increase, peak concentrations, and theampled with stationary instruments; and (3) uncertainties in
rate of decrease following the peak). Likewise, good agreeimeasurements, both in the field observations and laboratory
ment was found between measured and calculated averagkata underlying the kinetic modeling. We also emphasize
particle charge fractions. On all the case study days conthat presently no alternative quantitative nucleation mecha-
sidered, the predicted average diameter-@f5 nm for crit-  nism is capable of explaining nucleation events observed in
ical cluster activation during nucleation periods is supportedboreal forests. Measurements appear to indicate that organic
by recent measurements in a boreal forest setting (Kulmalapecies are not involved in the early stages of such events,
et al.,, 2007). Further, the simulated presence of severahnd that ammonia has no clear effect on observed particle
thousands (per c# of 1.8-3 nm thermodynamically stable formation rates in boreal forests.
clusters (TSCs) during such nucleation events is remarkably The time-dependent nucleation rates predicted with the
consistent with the typical concentrations of 1.8—-3 nm par-current IMN model for the eight case study days have been
ticles detected in boreal forests, as reported by Kulmala etompared with values derived using a number of other nucle-
al. (2007). The predicted strong diurnal variation in theseation models or parameterizations. The calculated binary and
1.8-3nm particles is generally consistent with AIS, BSMA, ternary homogeneous nucleation rates based on recently up-
NAIS-positive and UF0-02proto CPC pair data presented indated or revised models fall well belowl0~’ cm—3s~1, and
Kumala et al. (2007), although apparently in conflict with thus cannot explain the observed nucleation events. Com-
the NAIS-negative measurements reported in Kulmala etpared to the values predicted by IMN model, which are con-
al. (2007). We note that the resolution of differences be-sistent with a variety of measurements as noted above, the
tween observations and simulations of the diurnal variationnucleation rates predicted by the Lovejoy et al. (2004) ion
in the 1.8-3 nm particle concentration may have significantnucleation model are lower by more than 2—4 orders of mag-
implications regarding competing nucleation theories. nitude, with the difference becoming larger at higher temper-
A comparison of simulated average size-dependent valueatures. It appears that the ion nucleation model originally de-
of the overcharging ratio (OR) with measured values cor-veloped by Lovejoy et al. (2004) significantly under-predicts
responding to about 30 nucleation events sampled duringon nucleation rates, and cannot explain the new observations
spring 2005 in Hyytla shows that observed ORs for most from Hyytiala regarding the electrical properties of nanopar-
days &~80%) are within the range of, or exceed, those pre-ticles. The differences between the nucleation rates predicted
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by the IMN model and those based on empirical formulas ad-Engelhart, G. J., Asa-Awuku, A., Nenes, A., and Pandis, S. N.:
vanced by Riipinen et al. (2007) are very large at most times CCN activity and droplet growth kinetics of fresh and aged
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ical relations are derived from statistical regressions that do 8, 3937-3949, 2008,
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