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Abstract. The Whistler Aerosol and Cloud Study rapid growth rates of the regionally nucleated particles — due
(WACS 2010), included intensive measurements of traceto condensation of biogenic SOA — results in an unusually
gases and particles at two sites on Whistler Mountain. Be-high efficiency of conversion of the nucleated particles to
tween 6-11 July 2010 there was a sustained high-pressuréCN. Consequently, despite the low S@ucleation/growth
system over the region with cloud-free conditions and theappear to be the dominant source of particle number.
highest temperatures of the study. During this period,
the organic aerosol concentrations rose frathug n3 to

~6 pug n 3. Precursor gas and aerosol composition measure1  |ntroduction
ments show that these organics were almost entirely of sec-

ondary biogenic nature. Throughout 6-11 July, the anthro-Atmospheric aerosols affect climate directly by scattering
pogenic influence was minimal with sulfate concentrationsand absorbing radiation and indirectly by influencing cloud
<0.2ugnT3 and SQ mixing ratios~:0.05-0.1 ppbv. Thus, properties (Forster et al., 2007). This indirect effect of
this case provides excellent conditions to probe the role ofaerosols on clouds occurs because cloud droplets form on
biogenic secondary organic aerosol in aerosol microphysicsan atmospheric particles. Increasing aerosol concentrations
Although SQ mixing ratios were relatively low, box-model increases cloud droplet number concentrations and leads to
simulations show that nucleation and growth may be mod-clouds that are more reflective to sunlight (Twomey, 1977)
eled accurately ifuc=3x 10~ /[H2SOy] and the organics  and with potentially longer lifetimes (Albrecht, 1989). Both
are treated as effectively non-volatile. Due to the low con-the direct and indirect effect of aerosols on climate repre-
densation sink and the fast condensation rate of organicssent the largest uncertainties in radiative forcing change that
the nucleated particles grew rapidly (2-5 nmhwith a 10~ were quantified by the Intergovernmental Panel on Climate
25% probability of growing to CCN sizes (100 nm) in the Change (IPCC) (Forster et al., 2007).

first two days as opposed to being scavenged by coagulation The subset of aerosols on which cloud droplets form are
with larger particles. The nucleated particles were observegalled cloud condensation nuclei (CCN). Whether or not a
to grow to~200 nm after three days. Comparisons of size-particle acts as a CCN depends on its size, composition and
distribution with CCN data show that particle hygroscopic- the maximum supersaturation of water reached within the
ity («) was~0.1 for particles larger 150 nm, but for smaller cloud. Typically particles must have dry diameters of 50 nm
particles near 100 nm the value decreased near midway or larger to nucleate cloud droplets (e.g. Seinfeld and Pandis,
through the period from 0.17 to less than 0.06. In this en-2006). For moderate cloud supersaturations of 0.2 %, hygro-
vironment of little anthropogenic influence and low S@he scopic aerosols roughly 80 nm and larger will act as CCN,
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3148 J. R. Pierce et al.: Nucleation and condensational growth to CCN sizes

whereas more hydrophobic aerosols must be larger (e.g. Pe#l., 2011), we must understand SOA condensation to under-
ters and Kreidenweis, 2007). CCN are formed either whenstand the connection between nucleation and CCN, clouds
particles that are large and sufficiently hygroscopic are emit-and climate.
ted directly to the atmosphere or when particles of smaller In this paper, we perform a detailed analysis of a 5-day
sizes grow to sufficiently sized particles through condensaevent at Whistler, British Columbia, Canada where the sub-
tion of sulfuric acid and secondary organic material (e.g.micron aerosols were dominated by biogenic SOA. This
Pierce and Adams, 2009a). SOA was the dominant contributor to the growth of fresh ul-
Aerosol nucleation (the formation of new particles from trafine aerosols.
the clustering of low-volatility vapors) is the dominant source
of particle number in the atmosphere (Kulmala et al., 2004;
Kulmala and Kerminen, 2008) and under the right condi-2 Aerosol event description
tions can lead to the formation of many CCN (Lihavainen
et al., 2003; Kerminen et al., 2005; Laaksonen et al., 2005]n this paper, we analyze measurements of nucleation and
Merikanto et al., 2009; Makkonen et al., 2009; Pierce andgrowth to CCN sizes during an extended period of largely
Adams, 2009a; Spracklen et al., 2010; Wang and Pennenatural conditions in a mountain valley in western Canada.
2009; Yu and Luo, 2009). Nucleation occurs when sulfu- The measurements took place during the 2010 Whistler
ric acid and other condensable vapors (e.g. low-volatility or-Aerosol and Cloud Study (WACS 2010). This event oc-
ganics, ammonia and water) are in high-enough concentrasurred between 5 and 10 July 2010 when a high-pressure
tions such that they may collide to form stable clusters be-System moved air from the North Pacific into northern British
fore re-evaporating (Kulmala and Kerminen, 2008). TheseColumbia bringing clean air to Whistler from the north that
stable clusters have diameters around 1 nm, thus they mus$td subsided from higher altitudes. The meteorology and
grow to CCN sizes by condensation of more vapor. How-other general features of this event is discussed in detail
ever, these small, ultrafine particles are highly susceptible tdn Macdonald et al. (2012). During this time period, new-
coagulation scavenging by larger particles. Thus there is garticle formation events occurred and significant amounts of
competition between growth and coagulation to determine ifbiogenic SOA was formed. The event was also characterized
a newly formed particle will grow to become a CCN (Pierce by low amounts of S@and sulfate. The air mass is generally
and Adams, 2007). Analyses by Kuang et al. (2009) andconstant throughout this 5-6 day period, and aerosol mass
Westervelt et al. (2011) showed that generally less than 10 %and number concentrations evolve in a relatively smooth and
of nucleated particles survive to grow to diameters of 100 nm,continuous manner. This consistency makes this event ideal
with some exceptional cases when more than 50 % survivedor identifying biogenic SOA properties and the role of this
to grow to 100 nm. There is, however, still substantial uncer-SOA in aerosol microphysics.
tainty in the contribution of nucleation to the global budget Figures 1 and 2 provide motivation for the research per-
of CCN and the effects of aerosols on clouds and climate. formed in this paper. Figure 1 shows the temperature and
A major uncertainty in the connection between aerosolsorganics measured by an Aerosol Mass Spectrometer (AMS)
and climate is biogenic secondary organic aerosol (SOAJor the entire WACS 2010 period at Raven's Nest, a measure-
where volatile organic compounds (VOCs) emitted by plantsment site located about half way between the valley and the
are oxidized in the atmosphere to form lower volatility com- peak of Whistler Mountain. Organic concentrations tend to
pounds that contribute to particle mass (e.g. Hallguist etcorrelate with temperatures throughout the campaign, which
al., 2009). The total amount of SOA formed in the atmo- is evidence to the biogenic SOA being the predominant or-
sphere is highly uncertain and estimates published in the litganic component at Whistler in the summertime (Macdon-
erature range from 12 Tgyt (Kanakidou et al., 2005) to ald et al., 2012). The effect of temperature on the SOA-
1640 Tgyr! (Goldstein and Galbally, 2007). Further com- precursor emissions (increasing emissions with increasing
plicating the influence of SOA on climate is that the ability of temperature) is stronger than the thermodynamic effect of
condensing secondary organic matter to grow ultrafine partemperature on SOA partitioning (decreasing SOA with in-
ticles to CCN sizes depends greatly on the SOA volatility. creasing temperature). Thus, temperature and SOA are posi-
Lower-volatility SOA is able to grow freshly nucleated parti- tively correlated, consistent with Leaitch et al. (2011), which
cles more effectively than semi-volatile SOA (Riipinen et al., explored the temperature dependence of SOA at Whistler and
2011; Pierce et al., 2011). Additionally, the hygroscopicity Egbert (another forested Canadian location). Figure 1 shows
of biogenic SOA is uncertain and tends to vary with the ageincreasing temperature and organic aerosol concentrations
of the aerosol (Chang et al., 2010). Therefore, atmosphericluring the event period described above (5-10 July).
observations of SOA formation contributing to the growth  Figure 2 shows the time series of aerosol mass concentra-
of ultrafine particles to CCN sizes are necessary for undertions from Aerosol Mass Spectrometers (AMSs) and mea-
standing the effect of SOA on climate. Since SOA has beersured size distributions from Scanning Mobility Particle Siz-
observed to be the dominant condensing species onto freshigrs (SMPSs) at the peak of Whistler mountain as well as at
nucleated particles in remote continental regions (Riipinen ethe Raven’s Nest site. Also included are the total particle
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8 30 or free troposphere? Is the dependence of nucleation
o on sulfuric-acid vapor at the Whistler mountain valley
/ 25 consistent with observations in other remote continental
= 6r ( sites?
3° | o — What fraction of the new patrticles is growing to become
8, \ ‘l {5 g CCN and how does this compare to other locations?
[ Q
§ 3t IR g — What is the hygroscopicity of these CCN that are com-
=, ‘ prised almost entirely from biogenic SOA? What is the
) m L‘ ) s volatility of the condensed SOA?
n
In Sect. 2, we describe the instrumentation and models used
0

in this paper followed by the results in Sect. 3 and the con-
clusions in Sect. 4.

Fig. 1. Organic aerosol concentration measured by the AMS at

Raven’s Nest as well as the temperature measured at Raven’s Nest

versus time for the entire WACS 2010 campaign. The x-axis repre-3 Methods

sents local Pacific daylight time.

Jun 29 Jul 06 Jul 13 Jul 20 Jul 27

3.1 WACS 2010 instrumentation

concentrations (of particles with diameters larger than 3 nm)The Whistler Aerosol and Cloud Study 2010 (WACS 2010)
at the peak measured by a condensation particle counter. TH¥as performed between 22 June and 28 July 2010 on
plot extends from 5 July through 9 July, and in this period the Whistler Mountain, Whistler, British Columbia, Canada. In-
air mass is generally constant. The organic aerosol concerftrumentation was located at three sites on or around the
trations steadily increase from 6 July until 9 July correspond-mountain: (1) Whistler Village at the foot of the mountain
ing to the times with higher temperatures, high solar irradi-at 665ma.s.l., (2) Raven's Nest, a mid-mountain restaurant
ance (not shown) and increasing concentrations of Bvocgluring ski season, at 1300ma.s.l., and (3) Whistler peak at
in gas phase as determined by Proton Transfer Mass Spe€182m a.s.l. Details on the locations and instrumentation are
trometry (PTR-MS) (Macdonald et al., 2012). The organic 9iven in (Macdonald et al., 2012), but we briefly summarize
aerosols formed during the pristine event are aimost entireljh® measurements used in this paper.
biogenic as determined from FTIR and mass spectroscopic A TSI Inc. Scanning Mobility Particle Sizer (SMPS), com-
analysis of the particles (Macdonald et al., 2012). InorganicPrised of a 3081L electrostatic classifier and a 3775 Conden-
aerosol concentrations are 3-10 % of the organic concentrasation Particle Counter, was used to measure particle size dis-
tions from 6 July through 10 July; thus, this experiment pro- tributions betv_veeh di_ameters of 16 nm and 585 nm at Raven’s
vides a unique opportunity to determine the properties of bio-Nest. The distributions were analyzed with TSI software
genic secondary organic aerosol and their effects on ultrafin@ased on Wang and Flagan (1990). At the Peak, there were
particles. instruments in two locations: the on-going measurement fa-
Even though sulfate concentrations appear to stay lowgility (€.9. Macdonald et al., 2011) is in the basement of the
throughout the event, new-particle events (particles show ugift operator building, and in a shipping container positioned
in SMPS measurements at around 30 nm) occur strongly ofdjacent to the lift operator's building for the 2010 study in
5 and 6 July. Similar but weaker events appear to exist orPrder to house additional instruments. In the basement lo-
7-9 July. Whatever the source of the new particles, theirc@tion, there was a SMPS (same model components as at
growth to diameters larger than 100 nm (which we will show Raven's Nest) that measured particle size distributions from
were CCN active) is clear in Fig. 2. Thus, this case showsl4nm to 573 nm and a TSI Ultrafine Condensation Particle
direct observation of growth of ultrafine particles to CCN Counter (3025 UCPC) for total particle number concentra-

sizes by biogenic SOA formation in a relatively unpolluted tions>3nm. Particles concentrations from 350 nm to 10 ym
environment. were measured using a Grimm 1.109 optical particle counter.

The goal of this case study is to understand the pro-In the container, total particle number concentrations were
cesses that shaped aerosol size and composition during thfgéasured with a TSI 3775 CPC and particle size distribu-
extended period of constant air mass and minimal anthrofions from 15nm to 10 ym diameter were measured with a
pogenic influence, and to compare these results to other [oMSP Inc. Wide-range Particle Spectrometer (WPS; Liu etal.,

cations. The questions we will address are as follows: 2010). The WSP combines a Scanning Mobility Spectrom-
eter for particle measurement from 15-500 nm and a Laser

— What processes determine the timing of the observedParticle Spectrometer for measurement in the 0.5 to 10 pm
new-particle events? Are these events due to nuclerange. The LPS data are based on the manufacturer’s calibra-
ation occurring in the boundary layer, residual layer tion using polystyrene latex particles (PSLs; real refractive
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(a) Raven's Nest AMS (b) Peak AMS
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Fig. 2. (a) AMS mass timeseries at Raven’s Ne&) AMS mass timeseries at Pegk) SMPS size distribution timeseries at Raven’s Nest.
(d) SMPS size distribution timeseries at Peak with the total number of particles with diameters larger than 3 nm (CN3) measured by a CPC
(black line) during the same period. The x-axes represent local Pacific daylight time.

index of 1.585). A DMT UHSAS, which measures the par- Canagaratna et al., 2007). Based on comparison with the
ticle number distribution from 60 nm to 1 um, was also part SMPS volume distributions and the FTIR filter OM (Mac-
of the container instrumentation. The SMPS distributions atdonald et al., 2012), the collection efficiency of the AMS
both the Nest and Peak sites were adjusted for the approprivas found to be close to unity at Raven’s Nest and approxi-
ate mean free paths and corrected for diffusion losses andhately 0.5 at Whistler Peak. The collection efficiencies were
multiple charging. found to be nearly constant in time at each location. These

The particles concentrations measured with the WSP, th&orrections are applied to the AMS data shown here.

SMPS and UHSAS at the Peak agreed to within 10 % across At Raven’s Nest only, cloud condensation nucleus (CCN)
the study. Also at the Peak, a separate SMPS system wancentrations were measured using a Droplet Measure-
used as a classifier for generating monodisperse particles fanent Technologies (DMT) Cloud Condensation Nucleus
calibration of other systems three times during the study. TheCounter model 200 (dual channel) developed by Roberts and
sizing of the SMPS was checked with PSLs of 100 nm andNenes (2005). One column was used to step between 5 su-
350 nm diameter, and found to be within 10 % of the nom- persaturations (0.07 %, 0.1 %, 0.2 %, 0.3% and 0.5 %) with
inal value of the PSL. At Raven’s Nest, calibrations of the 6-min intervals while another column was held fixed at 0.2 %
AMS and SMPS were done with nearly monodisperse parti-supersaturation and used for aerosol oxidation experiments.
cles selected using a BMI Inc. Scanning Electrical Mobility The results of the oxidation experiments are given in Wong
Spectrometer. etal. (2011).

Size resolved aerosol mass concentrations of non- SO, mixing ratios were measured at Raven’s Nest and the
refractory components of particles in the size range of 100-Peak using TECO 43i and TECO 43c trace level analyz-
700 nm vacuum aerodynamic diameter (these values correers, respectively. Ozone concentrations were monitored at
spond to~50% cut points based on Liu et al. (2010), but Raven’s Nest and the Peak using TECO 49c and TECO 49;i,
qualitative measurements are made outside of this rangeakespectively. The instruments for @nd ozone were cali-
were measured at Raven’s Nest using an Aerodyne Researdirated at both sites using the same NIST traceable standards.
Inc. High Resolution time-of-flight Aerosol Mass Spectrom- Wind direction and speed at Raven’s Nest were provided
eter (HR-tof-AMS; Drewnick et al., 2005; DeCarlo et al., through an automated weather station through the Olympic
2008, 2006) and at the Peak using a C-ToF AMS (JayneAutomated Network. We use results from a Lidar located
et al., 2000; Jimenez et al.,, 2003; Drewnick et al., 2005;at the Whistler Weather Station at Whistler Villiage. At the
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time, the Lidar was part of the Canadian Operational Re- This version of the TOMAS box model uses 40 logarithmi-
search Aerosol Lidar Network, and it is a dual-wavelengthcally spaced size sections to represent dry diameters of 1 nm
upward-pointing aerosol Lidar using an Nd:YAG pulsed 10- to 10 um. The modeled aerosol species (within each size sec-
Hz Laser that is emitted at both the 1064 nm (fundamen-tion) are sulfate, water and 8 organic aerosol species rep-
tal) and 532 nm (frequency doubled) wavelengths. Data wasesenting lumped species with logarithmically spaced equi-
collected in three channels, 1064, 532 polarized, and 532ibrium vapor concentrations betweenf0and 16 ug m3
depolarized. (Donahue et al., 2006). The modeled gas-phase species are
In the basement at the Peak, the ambient particles are desulfuric acid and the 8 gas-phase organic species with volatil-
livered into the instrument room through a vertical stain- ities corresponding to the 8 aerosol-phase organic species.
less steel manifold with an open intake covered above by &he numerics of condensation/evaporation and coagulation
slightly conical hat. The flow through the 7.3cm ID man- are discussed in Adams and Seinfeld (2002). The equilib-
ifold is approximately 120 I min! along the 6 m length for  rium vapor concentration of sulfuric acid is assumed to be
an average residence time of about 12 s; transfer time fronmegligible due to the presence of aerosol water (Seinfeld and
the manifold to each instrument isls. At the end of the Pandis, 2006). The organic species are assumed to create
manifold, particles are sampled from near the centre of thea pseudo-ideal mixture in the condensed phase (activity co-
flow to minimize wall losses of primarily ultrafine particles. efficients are constant and incorporated into the equilibrium
Losses of coarse particles are primarily defined by the horvapor concentrations; Donahue et al., 2006). Sulfuric acid
izontal wind speeds at the intake point, and previous com-and organics undergo condensation (and evaporation in the
parisons with other measurements suggest that particles afase of organics) via kinetic mass transfer.
at least 6 um diameter are sampled with efficiency equiva- Organic aerosol is assumed to havely,p values based
lent to the measurement uncertainty. Ambient aerosol partion Epstein et al. (2010). The molecular weight of organics
cles were drawn into the container at the Peak using a 0.8 cris assumed to be 200 gmdl for all bins. The density of
ID stainless tube approximately 6 m in length at a flow rate organics is assumed to be 1400 kgn The initial dry par-
of 101min~%, equivalent to a residence time of about 0.2 s. ticle composition is assumed to be half sulfate and half or-
None of the particle measurements in the container includedjanics (and water in equilibrium with this mixture). Freshly
sizes>1pm diameter. At Raven’s Nest, the tube feeding nucleated particles at 1 nm are also assumed to be half sul-
the particle measurements had an inner diameter of 0.8 cm, fate and half organics. The results and the conclusions in
length of about 10 m and a total flow rate of about 25ITdin  this paper are not strongly sensitive to the four assumptions
To test for the influence of particle line losses between theabove. Pre-existing organic aerosol is assumed to have an
sampling inlet and the size distribution measurements fromequilibrium vapor concentration of 1@ugnm 3. The ac-
the SMPS, we calculate the theoretical size-dependent lossemsmmodation coefficient is assumed to be 1, and the surface
at Raven’s Nest (where the maximum losses may have octension of the aerosols is assumed to be 0.025M nThe
curred) using the technique of (Kumar et al., 2008). For themodel is somewhat sensitive to the assumed values of pre-
Raven’s Nest inlet, we treated the flow as turbulent since theexisting organic volatility, accommodation coefficient and
Reynolds number was-4000. Accordingly, we calculate surface tension, and a detailed analysis of these three param-
that about 95 % of 3 nm particles, 55 % of 10 nm particles, eters is shown in Pierce et al. (2011). SOA formed during the
20 % of 20 nm particles, 10 % of 40 nm particles and 3 % of event is assumed to have an equilibrium vapor concentration
100 nm particles were removed. The implications of this areof 10~ ug 23 consistent with the best-fit results of Pierce

discussed later. etal. (2011).
H>SOy vapor concentrations in the box model are inferred
3.2 TOMAS box model from in-situ S@ and condensation sink measurements using

i i i , the method described by (R et al., 2009). In this tech-
To investigate various nucleation and growth processes, Weique, FSO; vapor is assumed to be in pseudo-steady state

complement the measuremen_ts with a box mod_el versiqn OBetween gas-phase production (through oxidation 0$)SO
the TwO Moment Aerosol Sectional (TOMAS) microphysics and condensational losses:

model (Adams and Seinfeld, 2002; Pierce and Adams,
2009b; Pierce et al., 2011). This model will allow us to com- ;. 1 — k[SOp] R )
pare nucleation and growth at Whistler to that observed in CS

other locations, and it allows us to determine information |, ihis equation, the formation of 480, is approximated

about the volatility of the condensing SOA (Pierce et al., by k[SOs] R, wherek is an empirical constant (2:310-°

2011). The most up-to-date description of the model is giveng,2\y-1 s1) derived from data in Hyy#la, Finland, and

in Pierce et gl. (2011). Simulations were run from the startp is the total downwelling shortwave radiation. CS is the

of 5 July until the end of 10 July. condensation sink {8] (i.e. first-order condensational loss
rate) that is proportional to the Fuchs corrected aerosol sur-
face area (Kulmala et al., 2001). When calculatingsB,
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concentrations, we use the measured 8@hcentrations, CS 035 : : : :
calculated from the SMPS measurements assuming an ac . || — Nucleation -~ Sulfuric acid
. .. . - - Dilution — SOA

commodation coefficient of 1, and a value Bfthat is ap-
proximated from solar zenith angle and assuming an atmo-
spheric transmission of 0.76 and assuming a cloud-free atmo:
sphere (the atmosphere was cloud-free for most of the even
and uncertainties by assuming no clouds will be discussed
later).

Also for the box model, we infer nucleation rates using
the inferred HSO, concentrations above and the activation
nucleation formulation (Sihto et al., 2006):

J = A[H2SOy] 2

WhereJ is the nucleation rate of 1 nm particles aads™] oo ¢ e
is an empirical constant. Literature has shown this constant
to vary from 3.3x 1078-3.4x 10~%s~1 in regions of Eu-

rope (Sihto et al., 2006; Riipinen et al., 2007; Spracklen etNest. Nucleation is estimated from S@neasurements, 450y

; 71
al., 20_08)' W.e will use a moderate valu_e oka0~ S condensation sink measurements from the SMPS, and estimated
and will describe the consequences of this assumption. Weya1 gownwelling solar radiation using the method of aetet

also tested the nucleation scheme of Metzger et al. (2010)a). (2009). Dilution with clean FT air is estimated from the aver-
which assumes that nucleation is dependent on the product efge drop in aerosol concentrations between 09:00 and 11:00a.m.
sulfuric acid and low-volatility organic vapor concentrations. during these 5 days measured by the SMPS. Sulfuric acid and SOA
Because both sulfuric acid and low-volatility organic forma- formation rates are estimated from AMS measurements and have
tion were both correlated with sunlight during this period, been corrected for dilution.
there was little difference between the Metzger et al. (2010)
scheme and the activation scheme. Thus, we only include th
results of the activation scheme here.

We constrain the box model inputs with measurement
from Raven’s Nest. The initial size distribution is taken

from the SMPS measurements at the start of 5 July. Figy, s section, we explore the nature of the observed new-
ure 3 shows the measurement-derived nucleation rate, Su”"barticle formation events and use clues from measured me-
ric acid and SOA formation rates (corrected for dilution) andteorology and chemistry at Whistler as well as information

the first-order d.|Iut|9n constant _(by entrainment of Clear‘erregarding new-particle formation at other locations to better
free-tropospheric air) used for inputs to the TOMAS box understand the cause of these events.

model. The model-input nucleation rates were derived fol-

lowing the technique described in the above paragraph. The 1.1  Timing of observed new-particle formation events
nucleated particles are added to the model at 1nm. Sul-

furic acid and organic material are added to the gas phasg Fig. 2c and d show the aerosol size distribution time se-
based on the mass change in sulfate and organic concentrgies at Raven’s Nest and the Peak. On 5, 6 and 7 July, new
tions measured by the AMS (these species then condensgarticles clearly appear around 30 nm shortly after noon at
onto the particles in TOMAS such that the aerosol massegoth locations. Weaker events may be occurring on the 8 and
in the model will match AMS observations). Since all SOA g July; however, because these events appear to contribute
formed in the model has a volatility of I8 ugnr3 and total  significantly fewer particles, we will only focus on the tim-
organic concentrations in the model are always much largeing of nucleation during the first three days. In this subsec-
than 103 pg i3, nearly all of the freshly formed organic  tion, we compare the timing of these new-particle formation
vapors will condense to the aerosol phase to form SOA masgvents relative to Lidar backscatter profiles, ozone concen-

in the model (Donahue et al., 2006). This organic aerosokrations and wind speeds to gain insight into the nature of the
constraint ensures that the total organic aerosol mass in thgaily formation events.

model matches the concentrations measured by the AMS. Fi- Figure 4 shows the backscatter ratio profile from the Li-

nally, particle concentrations were observed to decrease byar, the ozone concentrations at Raven’s Nest and the Peak
~25% during late-morning boundary-layer growth due to as well as the wind directions at Raven's Nest over the event.
entrainment of free-tropospheric air (to be discussed later)Also plotted over the Lidar backscatter figure is the estimated
To account for this, we include steady 1st-order dilution of clear-sky downwelling solar radiation as a function of time to
gas and particle concentrations in the box between 09:00 anflelp visualize diurnal cycles. Radiation was not measured,
11:00 PDT each day to reproduce this measured dilution.  and these clear-sky estimates represent an upper bound for
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Fig. 3. Time-dependent inputs to TOMAS box model of Raven’s

3 Results

S . .
4.1 Processes controlling new-particle events
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Fig. 4. (a) Lidar backscatter ratio profile vs. height and time. Fig. 5. Diurnal cycle averaged over 12:00PDT 6 July through

Dashed black lines show the altitudes of Raven's Nest and WhistleA-2:00 PDT 7 July for(a) peak aerosol number from the SMPS,
Peak (however, mixing along the side of the mountain may be dif-Raven's Nest aerosol number from the SMPS and 1-2km Lidar

ferent than in the clear air above the Lidar, so these heights mighPackscatter ratio(b) The same aga) except with ozone mixing
not actually represent the backscatter ratio at the two measuremef@tios rather than Lidar backscatter ratio.

sites). Solid black line and right axes shows estimated downwelling

shortwave radiation at the surfade) Ozone timeseries at Raven’s

Nest and peak and wind direction at Raven's Nest. Village; however, because atmospheric mixing close to the

mountain may be different from the clear air above the Lidar,

these values may not represent the actual backscatter ratio

values by the measurement station at the peak.
shortwave radiation. The Lidar indicated cloud during the  The wind directions at Raven’s Nest in Fig. 4b show a clear
first half of 5 July, but no cloud again until late on 9 July. Af- diyrnal cycle with a near-18Gshift between directions. This
ter the clouds cleared, the boundary layer in the Lidar profileghift in wind direction is due to upslope winds during the
(as defined by the height of elevated aerosol concentrationsday and downslope winds at night (Gallagher et al., 2011).
the daytime mixed layer plus nighttime residual layer) variespyring the daytime upslope winds, the ozone mixing ratios
from just under 2km to just over 3km above the Lidar at a3t Raven’s Nest are similar to the mixing ratios measured at
Whistler Village throughout the event. The mean backscatthe peak, while at night Raven's Nest is significantly lower.
ter ratio during this time period in the boundary layer grows The daytime increase in ozone at Raven’s Nest is a combi-
with time due to (1) the increasing number of particles duenation of mixing down from the peak and photochemistry
to the new particle events and (2) the growth of particles tojn the afternoon (Macdonald et al., 2011). This was deter-
sizes more effective for backscatter. Buoyancy-driven up-mined from comparisons of ozone at the Nest and peak as
ward mixing of surface aerosols and particle growth pro-well as OH concentrations at Raven’s Nest. The reason for
cesses enhanced by photochemistry lead to an increase in tige overnight decrease in ozone at Raven’s Nest is unclear;
backscatter beginning in the late morning and maximizinghowever, particle number concentrations do not show a de-
during the late afternoon. The late-day decrease is caused jptegse at night (beyond what is explained by coagulation), so
downslope flow bringing air with lower particle concentra- thjs points to a chemical or depositional loss of 0zone rather
tions into the nocturnal residual layer, as previously shownthan a change in air mass. Figure 5b shows the diurnal cycle

for Whistler (Gallagher et al., 2011). Figure 5a shows the di-of ozone at Raven’'s Nest and Whistler peak averaged over
urnal cycle of the mean backscatter ratio between 1 and 2kng jyly through 7 July.

above Whistler Village averaged over noon 5 July through
noon 8 July. Whistler peak is roughly 1.5 km above Whistler
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Figure 5 shows the mean diurnal cycles of the integrated
particle number concentrations measured by the SMPSs
(summed over all SMPS sizes) at Raven’s Nest and the Peal
as well as the Lidar backscatter ratio between 1-2km and =
the ozone mixing ratios at Raven’s Nest and the Peak. Be-fgil
cause the SMPS only counts particles between 17-685nm =«
this is a lower-bound value for total number. Diurnal cy-
cles are averaged from 12:00 Pacific Daylight Time (PDT)
5 July through 12:00 8 July (the morning of 5 July is not used
to avoid the influence of the low clouds). Particle number
concentrations at Raven’s Nest decrease by about 25 % be
tween 10:00-12:00 PDT. Particle number concentrations at

O 010

w

the Peak also drop by a smaller amount around the same timeg.

This corresponds to the same time that the surface aerosols
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6. Measured S@mixing ratios at Raven’s Nest.

begin to mix into the 1-2km range of the Lidar. This is evi- times when new particles arrive on the later days). There are
dence that strong buoyancy-driven turbulent mixing is begin-at |east two potential sources for the small increases i1 SO

ning around this time diluting the concentrations of aerosol at

the surface. The Raven’s Nest ozone concentrations begin to 1.

increase about 1 h earlier than the mixing shown by the Lidar.
However, turbulent mixing of the air on the side of the moun-
tain may be earlier than in the air above the Lidar. Therefore,
itis unclear if the early increase in ozone at Raven’s Nest was
caused by mixing down of air at the elevation of the peak or
was photochemically driven.

New particles show up at both locations around
15:00 PDT, which is about 5-6 h after the apparent start of
turbulent mixing. This time does not correspond with any
significant change in the ozone measurements. However,
the Lidar backscatter is still increasing at this time and the
mixed-layer height is generally increasing during the late af-
ternoon (Fig. 4a). Thus, there is some evidence from these
data that the 30 nm particles may be directly being entrained
from the free troposphere or from the nighttime residual
layer during the afternoon. It is also possible that particles
are formed in the residual layer or free troposphere, mixed
into the boundary layer earlier in the day (10:00-12:00 PDT)
when they are still small (e.g. smaller than 10 nm), and then
grown in the boundary layer. However, we do not have con-
clusive evidence for either of these scenarios. In the next

2.

The main regional source is most likely a pulp mill
75 km west-southwest of Whistlenttp://www.ec.gc.ca
linrp-npri/default.asp?lang=en&n=1D892B9F-1#hpri
When valley winds are westerly to southerly, the air
from the pulp mill can channeled to Whistler via the
mountain valley. Later in the study, larger increases in
SO, were associated with winds from the direction of
the pulp mill (Macdonald et al., 2011, 2012). At the
beginning of this main biogenic period the synoptic
winds were north-westerly to north-easterly, which
suggests that the influence of this source was likely to
have been minimal.

The Karymski volcano in Kamchatka was active dur-

ing this period with eruptions that produced ash plumes
to 7km elevation on 11 June 2010 and 1 July 2010.
Back trajectories arriving at Whistler Peak on 00:00

6 July 2010 extend back to the Kamchatka Peninsula
on 29 June 2010 (not shown), leaving the possibility

that out gassing of the volcano was responsible for the
increased (though still low) SCat Whistler during 5—

7 July.

section we explore the growth of the particles in the bound-However, throughout most of the period of interest, the SO
ary layer and the possibility that nucleation was occurringmixing ratios are generally around 0.05 ppbv, so we will use

directly in the boundary layer.

this as our assumed boundary layer mixing ratio in the model.

Figure 7 illustrates the process of calculating theSBy

concentrations and associated activation nucleation rates
from the measured SQOand condensation sink and the es-
In this section, we use the TOMAS box model — constrainedtimated solar flux using the method of Bjgtet al. (2009).

by observations at Raven’s Nest — to explore nucleation andPanel (a) shows the estimated clear-sky solar flux described
growth in the boundary layer. Figure 6 shows ;SEbn- in the measurements section. Since we have no direct mea-
centrations at Raven’s Nest. $@oncentrations at Raven’s surements, the values are identical for each day regardless
Nest are generally close to the measurement detection limibf cloud cover. The Lidar measurements showed that clouds
(0.05 ppbv) between 5 July and 8 July with occasional spikeswvere present before 09:00a.m. and between 11:00a.m. and
to higher values. The two main spikes in S€ncentration  03:00 p.m. (broken clouds) on 5 July, and after 03:00 p.m. on
occur in the late afternoon on 5 and 6 July roughly corre-9 July. However, since we do not have direct radiation mea-
sponding to the times where the new particles arrive on thessurements, we ignore the influence of clouds on the radia-
two days (note that there are not increases in 8@ing the  tion, and this will add uncertainty to the nucleation predicted

4.1.2 Is nucleation occurring in the boundary layer?

Atmos. Chem. Phys., 12, 3143163 2012 www.atmos-chem-phys.net/12/3147/2012/
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Fig. 7. (a) Estimated global radiation vs. timgb) Condensation sink (measured) vs. time) Estimated HSO, concentration (using
the method of Pé&ja et al., 2009) vs. time. SOconcentration was assumed to be 0.05 ppdy.Estimated nucleation ratd €3 x 1077
[H2SOy]) vs. time.

during these time periods. Panel (b) shows the condensation Figure 8 shows the measured (panel a) and modeled
sink calculated from the Raven’s Nest SMPS. The conden{panel b) size distributions at Raven’s Nest from 5 July
sation sink steadily increases from 6 July until 9 July as thethrough 10 July. Also included are the modeled size distri-
new particles grow to accumulation-mode sizes. The con-butions with modeled particle losses in the sampling lines at
densation sink on 9 July is about three times larger than th&Raven’s Nest (panel ¢). Comparing panels (a) and (b) shows
condensation sink on 5 July. Panel (c) shows the estimatethat the estimated nucleation rates could largely account for
H2SOy concentrations from the Rga method. The max- the new particles in the model. Figure 9 shows the measured
imum daily bSO, concentration drops by a factor of three (summed over SMPS sizes) and modeled number of particles
between 5 July and 8 July. This is because althoughc®®-  with diameters less than and greater than 100 nm. To allow
centrations (Fig. 6) and the diurnal cycle of solar radiationfor comparison with the measurements, 17 nm is used for the
are assumed to be exactly constant, the condensation sink tdwer cutoff for the model when calculating the number of
H>SOy triples during this time. Estimated nucleation rates ultrafine particles. The model captures the general behavior
(panel d) are a linear function of430, concentrations and of the ultrafine particles, although it underpredicts ultrafine
thus show the same behavior. The maximum nucleation ratparticle concentrations by about 30 % on average during the
is 0.38 cnT3s~1 on 5 July. These nucleation rates are similar evening of 5 July and the morning of 7 July. The evolution of
to the median/z values (particle formation rate at 3 nm) mea- accumulation-mode numbeDbf > 100 nm) is captured well
sured on nucleation-event days at H@di Finland (Wester- by the model. In both the measurements and model, any de-
velt et al., 2011; Dal Maso et al., 2005). Thus, since thecrease in concentration of these particles due to dilution in
nucleation rates used here are the particle formation rates dhe late morning is compensated by growth of smaller parti-
1 nm, ourJ3 values would be somewhat lower. We test thesecles into the size range. In Fig. 9, the modeled new particles
estimated nucleation rates in the TOMAS box model to detershow up 1-2 h earlier than the measurements on 5 July and,
mine if the observed new-particle formation and growth areto a lesser degree, on 6 July. This may be due to the simple
recreated. This test will show if similar physics governing radiation scheme used in determining thgSi, concentra-
nucleation in the boundary layer in Hygta, Finland may tions that does not account for the morning clouds on 5 July
be responsible for the observed new particles at 30 nm (sincand the nearby mountains blocking morning sunlight.

we assume the #5804 and nucleation dependencies based on In our analysis, we assumed that the A-factor for activation
parameterizations from Hyytia, Finland). nucleation (Sihto et al., 2006) wasx310~’ s~1. This value
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10%¢ time. 16 nm is the lower size cutoff of the SMPS at Raven’s Nest.
104.0
10 were made. An obvious possibility is the entrainment of
igm 30nm particles from the residual layer or free troposphere
€ 1024 as was discussed in the last section. Another possibility is
< o that nucleation and growth may have occurred in the val-
102 ley below Whistler, but these particles did not mix up to the
1000 higher-altitude measurement sites until upslope mixing was

10%

1000 strong in the afternoon. However, the increase in CN3 at the

peak (Fig. 2d) precedes the increase in the 30 nm patrticles at
the Peak by about 3h on 5 July and 1 h on 6 July, and the
Fig. 8. (a)Measured SMPS size distribution (dN/diog [cm~3]) CNS3 concentrations are about 10-20 % higher than the total
at Raven’s Nest vs. timeb) Simulated size distributions vs. time. Number concentrations measured with the SMPS during the
(c) Simulated size distributions with simulated sampling-line lossesnucleation event on 5 July and 30 % larger during the events;
vs. time. unfortunately, there was no stand-alone CPC at Raven’s Nest.
The comparison of the CN3 and SMPS at the Peak indi-

3.3x 1078-3.4x 10451 (Sihto et al., 2006; Riipinen et SMPS may be instrument or sampling related and that parti-

al., 2007), and within the smaller range more typically usedcles smaller than 30 nm were actually in the boundary layer.
in modeling studies, ¥ 10-7-2x 10551 (Merikanto et Figure 8c shows the modeled size distributions as a func-
al., 2009; Wang and Penner, 2009; Stevens et al., 2012fion of time when the estimated size-dependent line losses
Sensitivity studies (not shown) were done where the A-factordt Raven's Nest are included. This correction visibly lowers

was varied from & 10-7—1 x 10-6s~1. These values ledto the number of particles smaller than 20 nm, but the calculated

a general underprediction and overprediction of the concenline losses above20 nm are not large enough to account for
tration of particles smaller than 100 nm, respectively. How- the observed decrease in particle concentrations between 20—
ever, the concentration of particles larger than 100 nm dig30 nm. Also, the CN3 were sampled off the same line as the
not change greatly due to microphysical feedbacks (sloweSMPS, which suggests that the sampling lines were not the
nucleation leads to a higher probability of growth to larger Primary cause. Also, comparisons of the particle measure-
sizes, Pierce and Adams, 2009a). Regardless, if nucleatiof€nts between the container and the basement at the Peak
was the source of the observed new particles, the nucleatiofl® Not indicate differences despite significant differences in

rates are similar to other continental observations under simthe sampling configurations.
ilar conditions. Thus, we cannot conclude if the source of the 30 nm par-

The model indicates that nucleation in the mixed layerticles were due to (1) nucleation throughout the day in the
can account for the observed new particles, but the questiofllixed layer (including the regions around Raven's Nest and
that remains is why the particles were first observed aroundh® Peak), (2) in the mixed layer in the morning with sub-
30nm rather than 17 nm, the lowest detected size by th&€duent mixing up to Raven's Nest and the peak in the
SMPS. This might be explained by nucleation having takenafternoon or (3) entrainment from the residual layer or free
place in a different location than where the measurement§fOPosphere.

7 8
Day of July

Atmos. Chem. Phys., 12, 3143163 2012 www.atmos-chem-phys.net/12/3147/2012/



J. R. Pierce et al.: Nucleation and condensational growth to CCN sizes 3157

1600

— CN100 0.0l 2010/07/07 | s
1400|| - - c©N150 00:00-12:00 | + | ‘
ol] T CNeso 001ZFL 2010/07/08 |, " 1
— $5-0.1% Lol 12:00-24:00 |s .
— SS=0.2% ‘
1000H _ ss_0.3%

800 S8=0.5%

600

Number concentration [cm—3]
Sulfate dSignal/dlogD,, [Hz]
Organics dSignal/dlogD,, [Hz]

400 7

200

10 D, [nm]
Day of July
Fig. 11. Size-resolved sulfate and organic signal from the AMS at
Fig. 10. Measured CCN concentrations at 4 supersaturations (col-Raven’s Nest for the morning of 7 July and the evening of 8 July.
ored lines) and CN100, CN150 and CN240 (number concentrationd he x-axis represents geometric diameter (converted from vacuum
of particles larger than 100, 150 and 240 nm, respectively; blackaerodynamic diameter assuming a density of 1300kgm The
lines) at Raven’s Nest versus time. average deviation in the PToF signal across the size distribution is
approximately 0.0019 Hz, which implies that changes in organics
throughout the entire size range and sulfate from 100-600 nm may
4.2 SOA volatility be reliably detected (at least qualitatively). Organics have increased
in size and in total mass. The total mass of sulfate has remained
The measurement-constrained TOMAS box model also al€ssentially constant, but it has grown to larger sizes due to conden-
lows us to gain some insight about the mean volatility sation of organics. While there was sulfate signal for 100-150 nm

of the organic aerosol condensing onto the ultrafine par_particles above the detection limit during the early time, there was
ticles. Riipinen et al. (2011) and Pierce et al. (2011) no significant sulfate signal in this size range during the later time.

showed that new-particle arowth occurs much more rapid The timing of this shift in sulfate sizes corresponds to the lowering
.p 9 . . P Yof kappa in the 100-nm particles.
when the saturation vapor concentration of condensing or-

ganics is effectively non-volatile (saturation vapor concen-

tration around 10° to 10-?pg 2 or less) because they yncertainties and discussion of implications, please refer to
tend to net-condense to aerosol surface area without repjerce et al. (2011). These results also agree with the re-
evaporating. Semi-volatile organics (saturation vapor con-yts of Westervelt et al. (2011), which assumed non-volatile
centrations around 16 to 10 pgm-®) cycle between the  SOA condensation and reproduced nucleation-mode growth
aerosol and gas phases on timescales generally shorter thages at 6 locations in a 3-D chemical transport model. These
aerosol growth, which allows equilibrium partitioning of yoatilities are quite low (saturation vapor concentrations
SOA mass to the pre-existing aerosol mass. Thus, siNC&gss than 102 ngn3), and it is not clear from this anal-
freshly nucleated aerosols contain negligible mass relativc—g,siS (1) whether the volatilities became this low from gas-
to larger particles, there is very little net condensation Ofphase chemistry, particle-phase chemistry or some combina-
semi-volatile SOA mass into these freshly formed particles.ijgp, (Donahue et al., 2011), and (2) if the average saturation

Freshly nucleated particles will generally not grow if semi- \,ahor concentration of the accumulation mode is also this
volatile SOA is the only condensable material (Pierce et al., g,

2011).

In the TOMAS box model, we assumed that the satura-4.3 Aerosol hygroscopicity
tion vapor concentration of SOA was 1®ugnr2 (effec-
tively non-volatile), and the growth of the particles was pre- In this section, we focus on the hygroscopicity of the par-
dicted well. We also ran simulations where the saturationticles that were measured as CCN. Figure 10 shows CCN
vapor concentration was t8and 101 ug 3 (not shown).  at 4 supersaturations as well as the number of particles
These simulations corresponded to less growth than the oldarger than 100 nm (CN2100), 150 nm (CN150) and 240 nm
served nucleation modes and no growth of the nucleatio(CN240) measured by the SMPS at Raven’s Nest. Since
modes, respectively. These results show that the organiche SMPS does not count particles larger than 685 nm, these
in growing ultrafine particles in Whistler must have aver- CN estimates are biased low; however, the number concen-
age saturation vapor concentrations less thar? g n3. trations of particles-685nm is insignificant to this discus-
These results are similar to analysis of nucleation/growthsion (Macdonald et al., 2012). The CCN at all supersat-
events at Hyy#la, Finland and Egbert, Ontario, Canada urations as well as the CN100, CN150 and CN240 drop
in Pierce et al. (2011). For a more detailed analysis ofslightly on 5 July before the new particle formation and

www.atmos-chem-phys.net/12/3147/2012/ Atmos. Chem. Phys., 12, 3B163 2012



3158 J. R. Pierce et al.: Nucleation and condensational growth to CCN sizes

Table 1. Particle growth analysis. Date refers to the day nucleation began. Growth rate and survival probability are calculated from that day
through the end of 9 July (unless the nucleation modes grew out of the size ranges given below before the end).

Avg. growth rate (20-40 nm) (nnTt) Survival Probability (16—100 nm)

Day Date Model Measurements Model Measurements

1 5 July 25 1.63 0.59 0.48

2 6 July 0.75 0.68 0.15 0.11

3 7 July 1.25 1.96 0.06 0.03

4 8 July 1.86 1.37 0.01 0

5 9 July 2.8 0.76 0 0
Avg. growth rate (1-20nm) (nnh') Survival Probability (1-100 nm)

Day Date Model Measurements Model Measurements

1 5 July 31 N/A 0.24 N/A

2 6 July 14 N/A 0.11 N/A

3 7 July 2.4 N/A 0.01 N/A

4 8 July 48 N/A 0 N/A

5 9 July 2.9 N/A 0 N/A

growth by organic condensation starts to influence the CCN s 017

and accumulation-mode sizes particles. Starting on 6 July,
the concentration of CCN with supersaturations of 0.2 % and
higher, CN100 and CN150 grow steadily with time through
8 July. CCN at 0.1% supersaturation (CCN (0.1 %)) and
CN240 stay fairly constant throughout this period, with some
increase of CCN (0.1 %) on 8 July.

r0.11
From about 7 July onward, CN240 and CCN (0.1 %) track

each other well. If the aerosols at each size are internally = ] 0o
mixed (e.g. if all particles with diameters close to 240 nm
have the same composition), which should be the case since | ‘ ‘ ‘
the mountain valley is away from large primary particle 577110 77710 o/7/10 17710
source, the critical diameter for 0.1 % supersaturation must
correspond to a diameter very close to 240 nm. This criti-Fig. 12. Timeseries of AMS total organics, and the ratios of mass-
cal diameter at 0.1 % supersaturation corresponds to an ovefe-charge 43 and mass-to-charge 44 to total organics measured at
all hygroscipicity factor £; Petters and Kreidenweis, 2007) Raven's Nest.
of about 0.11. Thigx value includes the influence of small
amounts of sulfate. Figure 11 shows 12-h averaged size-
resolved sulfate and organic signals from the HR-AMS forto a critical diameter of 100 nm for 0.3 % supersaturation
the morning of 7 July and the evening of 8 July. Sulfate and a more hygroscopie of 0.17 than for the larger par-
contributes about 3% of the mass for particles larger tharticles. However, from the afternoon of 7 July onward, the
240 nm on 7 July and 2% on 8 July, and we assume the sulcCN (0.3 % and 0.5 %) track significantly below the CN100,
fate had ac of 0.65. In order to get closure between size- which corresponds to a less than 0.06. The size-resolved
distribution and composition derived CCN and the measuredAMS composition during this time period (Fig. 11) shows
CCN, the organia is calculated to be 0.10. Similarly, the that the sulfate was substantially diminished (at or below de-
CN150 and CCN (0.2 %) track each other closely during thistection limit) in the 100 nm sized particles after 7 July, pre-
same period, which means the critical diameter for 0.2 % susumably due to the continued growth of the particles by SOA
persaturation is about 150 nm. This also corresponds to anondensation. Figure 12 shows that at about the same time
overallx of 0.11 and a similar organicof 0.10. This consis- the AMS-measured ratio @h/z44 (an oxidized fragment of
tency ofx between the two supersaturations implies that thethe OM components) to the total OM dropped, and although
hygroscopicity of organics in 150 and 240 nm particles werethe ratio ofm/z44 to total OM increased afterwards until
similar. From 5 July to the afternoon of 7 July, the CN100 about midday on 8 July, the ratio of/z43 (a somewhat
and CCN (0.3 %) track each other closely, which corresponddess oxidized fragment of the OM components) to the total

Nest Organics
—— 44/total
64 —— 43/total 0.14

e i

OM mass concentration (ig m™)
£
43/total; 44/total

0.05
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OM continued to decrease steadily from about midday onnucleated 1 nm particles growing to 100 nm for the TOMAS
7 July. These reductions in sulfate and the changes in thenodel.
oxygenated components of the OM likely contributed to the The average growth rates between 20-40 nm range from
reduced CN activity of the 100 nm particles (assuming that0.5 to 3nmh? (depending on day) for both the model and
the change in composition of the 100 nm particle was similarobservations at Raven’s Nest. These growth rates are for the
to change for all particles measured by the AMS). In addi-time when the particles are between 20 nm and 40 nm, which
tion, it is possible that volatilization of OM within the CCN can include periods of slower growth (e.g. nighttime), and
chamber that was several degrees above ambient may algbus these numbers are lower than the peak growth rates dur-
have reduced the apparent CCN activity of the CN100 (e.ging SOA formation bursts. For example, the growth between
Asa-Awuku et al., 2009). 1-16 nm is closer to the time when nucleation occurred and
The « value of 0.1 found for the particles with diame- thus when photochemical production is high. The predicted
ters larger than 150 nm agrees well with the estimates of th@rowth between 1-16 nm in the model is as high as 5nf h
ambient Whistler aerosol in Wong et al. (2011) as well asthough even this too may include periods of slower growth.
with other estimates of moderately oxidized atmospheric OM  The survival probabilities between 16—-100 nm agree well

summarized in Wong et al. (2011). for the model and observations. The new particles on 5 July
have the highest probability of growing to become CCN
4.4 Contribution to CCN concentrations (48 % observed and 59 % modeled) because the pre-existing

condensation and coagulation sinks are low (Fig. 7b). This

In Figs. 2 and 8, the new particles appear to grow effectivelymeans that the new particles get a larger fraction of condens-
to CCN sizes (diameter 100 nm). Whether or not a new par- able material on this day as well as having the lowest rate of
ticle will grow to become a CCN is determined primarily by a coagulational scavenging. The probabilities decrease to 11 %
competition between condensational growth and coagulatiombserved and 15 % modeled for the new particles on 6 July,
with larger particles (Pierce and Adams, 2007). Kuang etand 3 % observed and 6 % modeled for the new particles on
al. (2009) and Westervelt et al. (2011) have analyzed the sur7 July. By the last two analyzed days, the survival proba-
vival probabilities of freshly nucleated particles growing to bility is effectively 0 in the measurements and 1% or lower
100 nm within one day of nucleation at other locations. Thein the model due to the large condensation/coagulation sinks
survival probability is the likelihood that a particle of a given and having a smaller amount of time to grow.
size will grow to a larger size through condensation or coag- We used the model to estimate the fraction of nucleated
ulation with smaller particles before the particle in question (D, ~ 1 nm) particles that survive to grow to 100nm. The
coagulates with a larger particle. They found that the probaparticles that formed on 5 July have a 28 % chance of grow-
bility of growth from diameters smaller than 3 nm to 100 nm ing to become CCN. Survival probabilities drop to 11% on
to vary greatly between locations, with median probabilities6 July, 1% on 7 July and essentially 0% on the final two
between 1 %-2 % in most locations to 10 % in the Po Valleydays because these small particles are very susceptible to co-
in ltaly. agulation by the growing coagulation sink. In Westervelt et

We quantify the growth rates and the survival probabilities al. (2011), median measured survival probabilities for 1 nm
of growing to larger sizes for both the SMPS measurementgparticles growing to 100 nm for single day nucleation and
and the model results using the technique described in Wesgrowth events were between 1 and 10 %, with a maximum
ervelt et al. (2011), which draws upon growth rate and nucle-observed survival probability above 50% from one event
ation rate estimation techniques from (Dal Maso et al., 2005)at the Po Valley in Italy. The majority of the nucleation
and survival probability estimation techniques from Pierce events tested in that work have much lower survival probabil-
and Adams (2007). The results are highlighted in Table lities than reported here, although not considering multi-day
For each of the particle formation events from 5 July throughgrowth in Westervelt et al. (2011) may skew survival prob-
9 July, the technique tracks the new particles’ mode as itabilities low. Regardless, it is clear that the nucleation on 5
grows until the end of 9 July. Table 1 shows the mean growthand 6 July 2010 at Whistler was a relatively efficient source
rate between 20-40nm and survival probability of 16 nmof CCN-sized particles due to the relatively high levels of
particles growing to 100 nm calculated from observations atbiogenic VOCs and fast condensation rates of the SOA from
Raven’s Nest as well as from the TOMAS model. 100 nmthe VOC oxidation. This shows that even when the continen-
is used as a surrogate for CCN-sized particles at higher sutal boundary layer is dominated by natural chemistry, CCN
persaturations (see the previous section regarding CCN andan be formed very efficiently from new-particle formation.
particle size). Because the observations are limited to par-
ticles with diameters larger than 16 nm, we cannot calculate
the survival probability from nucleation1 nm) to 100 nm
from the observations. However, we can calculate this proba-
bility for the TOMAS model, so we include the mean growth
rates from 1-16 nm and the survival probability of freshly
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5 Conclusions predicted that about 24% and 11% of the particles that
nucleated during the first two days of the event, respec-
In this paper we investigated nucleation, growth and CCNtively, grew to 100 nm before being scavenged by coagula-
properties during an extended biogenic SOA event during theion. These values are significantly higher than most previ-
Whistler Aerosol and Cloud Study (WACS 2010) between 5—ously observed values. The growth probabilities on the later
10 July 2010. In-situ measurements were at two locations ortlays of the event were much lower primarily due to larger
Whistler Mountain in British Columbia, Canada. The event condensation and coagulation sinks.
was characterized by relatively low concentrations 0, SO The results of this paper show that nucleation/growth can
sulfate and other inorganic species. be an effective source of continental CCN in the general ab-
Concentrations of 20-30 nm particles were observed to insence of anthropogenic pollution. Although we must recog-
crease each afternoon during the biogenic event — albeit mostize that while this case was chosen due to the larger-than-
strongly at the beginning of the biogenic period. Our analy-normal amounts of organic aerosol at Whistler, it shows that
ses show that even though the Sé@ncentrations were at or only a small amount of Sis necessary to initiate CCN
near the detection limit (0.05ppbv), the source of the newformation through nucleation and growth. This study gives
particles could be explained by boundary-layer nucleationinsight into the potential properties and life cycle of pre-
theories developed to match observations in other continenindustrial aerosols under similar conditions.
tal locations. We cannot explain why the particles are not
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we did not notice a difference in the timing of the onset of

the particles between the two locations (to withitO min),  Edited by: A. Nenes

which would have given clues to the source location, but we
did see slightly smaller particles at the lower site. This negli-
gible difference is likely due to fast mixing and upslope flows

during the daytime boundary layer. Future studies would re-agams, p. J. and Seinfeld, J. H.: Predicting global aerosol size dis-
quire particle flux measurements (e.g. Nilsson et al., 2001), tributions in general circulation models, J. Geophys. Res., 107,
balloon-borne CPC measurements (e.g. Laakso et al., 2007; 4370,doi:10.1029/2001JD0010102002.
Lauros et al., 2011) or aircraft measurements (e.g. O’'DowdAlbrecht, B. A.: Aerosols, Cloud Microphysics, and Fractional
et al., 2009) to gain more insight into the nature of the new Cloudiness, Science, 245, 1227-1230, 1989.
particles. Asa-Awuku, A., Engelhart, G. J., Lee, B. H., Pandis, S. N., and
We find that the OC condensing on the ultrafine particles Nenes, A.: Relating CCN activity, volatility, and droplet growth

i ; ; : kinetics of g-caryophyllene secondary organic aerosol, Atmos.
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