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Abstract. Aerosol particle nucleation, or new-particle for- 1 Introduction

mation, is the dominant contributor to particle number in

the atmosphere. However, these particles must grow through

condensation of low-volatility vapors without coagulating Atmospheric aerosols may impact climate directly by scatter-
with the larger, preexisting particles in order to reach climate-ing and absorbing solar radiation, and indirectly by modify-
relevant sizes (diameters larger than 50-100 nm), where thiing the albedo and lifetime of clouds (Forster et al., 2007).
particles may affect clouds and radiation. In this paper, weFor both of these effects, aerosol particles with diameters
use 1 year of size-distribution measurements from Egbertlarger than 50—100 nm dominate the climate effects sihge (
Ontario, Canada to calculate the frequency of regional-scalén accumulation-mode~ 100-1000 nm particles) they tend
new-particle-formation events, new-particle-formation rates,to dominate the direct scattering/absorption effects in most
growth rates and the fraction of new particles that surviveparts of the atmosphere (Charlson et al., 1992; Seinfeld and
to reach climate-relevant sizes. Regional-scale new-particlePandis, 2006) an®) because particles larger than about 50—
formation events occur on 14-31% of the days (depend-100 nm act as cloud condensation nuclei (CCN), the seeds
ing on the stringency of the classification criteria), with upon which cloud droplets form (e.g., Dusek et al., 2006; Se-
event frequency peaking in the spring and fall. New-particle-infeld and Pandis, 2006). The actual lower cutoff diameter
formation rates and growth rates are similar to those meafor CCN depends on the updraft velocity in the cloud and the
sured at other midlatitude continental sites. We calculate thatomposition of the aerosols.

roughly half of the climate-relevant particles (with diameters  Aerosol nucleation, the formation of newl nm particles
larger than 50-100 nm) at Egbert are formed through newhy the aggregation of low-volatility vapor molecules (includ-
particle-formation events. With the addition of meteorologi- ing sulfuric acid, organics, ammonia and water), is likely the
cal and S@ measurements, we find that new-particle forma- largest contributor to aerosol number in the atmosphere (Kul-
tion at Egbert often occurs under synoptic conditions assomala et al., 2004; Pierce and Adams, 2009; Spracklen et al.,
ciated with high surface pressure and large-scale subsiden@06). When nucleated particles grow to sizes where they are
that cause sunny conditions and clean-air flow from the northmeasured in the atmosphere (between 1 and 10 nm depending
and west. However, new-particle formation also occurs wheron the measurement instruments), the phenomena is gener-
air flows from the polluted regions to the south and south-ally called new-particle formation to distinguish these mea-
west of Egbert. The new-particle-formation rates tend to besured events from nucleation, which is generally not mea-
faster during events under the polluted south/southwest flovsured directly. New-particle formation has been observed in
conditions. a large number of continental boundary-layer (BL) locations,
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the free troposphere and some marine locations (e.g., Kulformation and growth. In these inhomogeneous cases, par-
mala et al., 2004, and references therein). ticles formed via new-particle formation are still observed
While new-particle formation occurs in many regions of by stationary measurement sites, but the air-mass properties
the atmosphere and contributes a significant number of parehange too quickly to determine the formation and growth
ticles, these new particles must grow to larger sizes (50-rates.
100nm) in order to have an appreciable effect on climate. Recent studies have used observations of regional new-
The growth of the new particles occurs primarily through particle formation and growth to determine the survival prob-
the condensation of sulfuric acid vapor and low-volatility or- ability of particles at various measurement sites (Kuang et
ganic vapors (Boy et al., 2005; Kuang et al., 2012; Kulmala etal., 2009; Westervelt et al., 2013). These studies show that
al., 2005; Riipinen et al., 2011, 2012). However, these grow-if the air mass over a measurement site is homogeneous for
ing particles may be removed, primarily by coagulation with long enough, the growth of new particles to climate-relevant
larger particles, before reaching climate-relevant sizes. Theizes may be explicitly tracked. These direct observations of
competition between condensational growth and coagulativeew-particle-formation rates, growth rates and new-particle
losses has led to the adoption of the term survival probabilitysurvival probability are essential for testing the ability of
(SP) for the fraction of newly formed particles that grows to a aerosol microphysics models to correctly predict the sources
climate-relevant size without being scavenged through coagef CCN and other climate-relevant particles in the atmo-
ulation (Kuang et al., 2009; Pierce and Adams, 2007; Westersphere. Westervelt et al. (2013) used the observed values
velt etal., 2013). In environments with a large source of con-from five locations to test multiple nucleation schemes in the
densable vapors and a low amount of preexisting particlesGEOS-Chem-TOMAS (Goddard Earth Observing System-
new particles grow quickly (both due to the high produc- Chemical TwO-Moment Aerosol Sectional) global chemi-
tion of condensable vapors and the low sink of condensableal transport model with online aerosol microphysics, and
vapors to the preexisting particles) and are lost by coagulathe model generally reproduces new-particle formation and
tion slowly. Under these conditions, the survival probability growth frequency and rates at these locations. Additionally,
is high and has been observed to exceed 99 % (to 50 nm) iKerminen et al. (2012) calculated the contribution of new-
some atmospheric conditions (Westervelt et al., 2013). How-particle formation to CCN concentrations at four locations by
ever, under conditions with a small source of condensabldooking at the change in CCN concentrations before and after
vapors and a high amount of preexisting particles, the surthe growing nucleation mode reached a CCN-size threshold.
vival probability is low and has been observed to be less thamhus, they were able to calculate the CCN contribution with-
1% under these conditions (Westervelt et al., 2013). In or-out using growth rates and survival probabilities.
der to understand how new-particle formation contributes to Given that these recent studies have guantified the contri-
climate-relevant aerosol concentrations, both new-particlebution of regional new-particle-formation events to the pro-
formation rates and survival probabilities must be understoodiuction of climate-relevant particles in several locations, it
in different atmospheric regions and under varying condi-is useful to understand the factors that contribute to the oc-
tions. currence of regional new-particle-formation events in order
New-particle formation may occur over relatively small to further test model predictions. Previous studies demon-
spatial scales (kilometers or smaller) in plumes from indi- strate that more intense solar radiation (which enhances
vidual sources or clumps of sources (e.g., an urban plumephotochemistry), high concentrations of precursor species
(Junkermann et al., 2011; Lonsdale et al., 2012; Stevens andf low-volatility condensable material (e.g., $@nd bio-
Pierce, 2013; Stevens et al., 2012; Yu, 2010), or it may oc-genic volatile organic compounds), and low concentrations
cur more homogeneously over relatively large spatial scale®f preexisting aerosols (i.e., a low condensation and coagu-
(hundreds of kilometers) when a synoptic air mass is reladation sink) all create favorable conditions for regional new-
tively homogeneous for both aerosols/gases and meteorologyarticle formation and growth (Donahue et al., 2011; Kul-
(Jeong et al., 2010). For regional-scale new-particle forma-mala et al., 2005; Pierce etal., 2011, 2012; Sihto et al., 2006).
tion, formation and growth rates may be calculated from theThus, measurement sites that can provide statistics on new-
time series of aerosol size-distribution measurements at stgarticle-formation rates, growth rates, survival probabilities
tionary sites (Dal Maso et al., 2005). This is done by observ-along with information on the factors that contribute to new-
ing how the number of particles at the smallest sizes changeparticle-formation/growth events will provide a basis for test-
with time and by tracking the growth in the diameter of theseing fundamental physical and chemical processes in aerosol
particles. These properties can be calculated only when thenodels.
air mass is relatively homogeneous. In air masses that have In this study, we use 1 year of size-distribution measure-
aerosol size distributions that vary spatially, aerosol size disments (May 2007-May 2008) to determine statistics on re-
tributions will change due to advection. If the air mass is as-gional new-particle formation, growth and survival proba-
sumed to be homogeneous in cases where it is not, there mayility to climate-relevant sizes at Egbert, Ontario, Canada.
be apparent appearances, disappearances, growth or shrinkeditionally, we look at the environmental factors that con-
ing of particles that are not due to physical new-particletrol the occurrence of these events at this location. Egbert
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generally experiences remote continental air when air masse&dditional details of the SMPS system are discussed in Ri-
move from the north and generally more polluted when airipinen et al. (2011). S®measurements were made with a
masses move from the south (Rupakheti et al., 2005); thusTECO 43-S sulfur dioxide monitor. Calibrations were done
like many midlatitude continental locations, Egbert expe-using a NIST (National Institute of Standards and Technol-
riences a mixture of natural and anthropogenic influencesgy) traceable S@gas source and a dilution system. The de-
(Slowik et al., 2010). New-particle formation at Egbert was tection limit was 200 pptv (parts per trillion by volume) for
explored for a 3-week period with four other Ontario sites the 15 min averages that we use here.

(Jeong et al., 2010), and for a full year new-particle formation

at Egbert was investigated for coherence with new-particle2.3 New-particle formation, growth and survival

formation at a site in Indiana, US (Crippa and Pryor, 2013), probability analysis

but neither of these studies presented comprehensive statis- o

tics on new-particle formation, growth and the contribution 2-3-1  Event classification

to climate-relevant particles. . : . .
) . . We classify new-particle-formation events of each day using
In the following section, we describe the methods for e . )
our analysis. In Sect. 3, we present our results, includin the event classification routine of Dal Maso et al. (2005); a
' o ’ Yorief description of this classification follows. A total of 327

the statistics of new-particle formation, growth and survival .
. . days are analyzed, which is less than the total number of days
probability at Egbert as well as an analysis of the meteoro-
) : . . . (370) because we exclude days that do not have SMPS mea-
logical and chemical factors associated with the new-particle ) .
. . . surements for at least 75 % of the day’s duration (the sam-
formation and growth events. The conclusions are in Sect. 4, " . S ; . .
ple time resolution is~ 5 min). We classify each day as ei-

ther a new-particle-formation-event day or a non-event day.

2  Methods To be considered a new-particle-formation-event day a dis-
tinct mode of particles with diameters smaller than 20 nm
2.1 Location must appear during the day (regardless of the time at which

it appears). This classification (and the event classification
The measurements in this paper were taken from 3 May 200¢escribed below) is done visually and subjectively as in Dal
until 15 May 2008 at the Center for Atmospheric Researchmaso et al. (2005).
Experiments (CARE) in Egbert, Ontario, Canada (44123 For days that are considered new-particle-formation days,
79.78 W; 251 ma.s.| —above sea level) operated by Environ-we classify events as class I, class Il and undefined event
ment Canada. Egbert is located’0 miles north of Toronto.  days, also following Dal Maso et al. (2005), with the excep-
While the region close to Egbert is a mixture of forests tion that our class Il events encompass both the class Il events
and farmland, Toronto and the southern Ontario region haveynd the “undefined” events in Dal Maso et al. (2005) as there
~ 8 million people. Thus, when winds are from the south, Eg-was a strong continuum between these two event types in the
bert is influenced by the outflow from the densely populatedggbert data (most of the focus of this paper will be on the
southern Ontario region as well as from the US northeastc|ass la and Ib events that may be regional events). However,
When winds are from the north, the air generally has little we do not subclassify class | events to la and Ib events as
recent anthropogenic influence (an exception is industry inn Dal Maso et al. (2005) as the nucleation mode is gener-
the isolated city of Sudbury 300 km to the north) and may  ally always distinguishable from the background distribution
have significant biogenic influence during the spring, sum-(ja events in Dal Maso et al., 2005). Examples of each class
mer and early fall (Slowik et al., 2010). are given in Fig. 1; however, even within event classes, there
is significant variability between event days in terms of ob-
served behavior.

The base meteorological measurements at the Egbert site in- Class | d‘f"ys (e.g., Fig. 1a) exhibit new—partlcle_: formation
. - . nd an obvious, traceable growth of the nucleation mode to
clude pressure, temperature, relative humidity, wind spee

and direction (using a R. M. Young Model 05103 Wind Mon- at least 50 nm before the nucleation mode disappears. Class

itor) and solar irradiance. During the 2007—-2008 period, theI days. are most I|!<ely Wldgspread, regional new particle

. . 2 ._formation events with a relatively homogeneous air mass ad-
ambient aerosol number size distribution was measured with~ . . .
vecting over the Egbert measurement site. The example in

a scanning mobility particle sizer (SMPS) system comprisedFi 1 shows an air mass that is not completely homogeneous
of a TSI 3071 Electrostatic Classifier and a TSI 3010 Con-. 2 . . pletely 9
as the growth in the nucleation mode is not smooth. How-

densation Particle Counter (UCPC), which measured the sizé . : .
N ’ : . éver, we are still able to retrieve formation and growth rates

distribution from 10 to 420 nm with a time resolution of on these davs

about 5 min. Flows were calibrated with a gilibrator and siz- ys.

ing was checked several times during the year with nearly

monodisperse particles generated from a separate electro-

static classifier as well as with particles of polystyrene latex.

2.2 Instrumentation
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g 10%9 were not used. All months had at least 22 classified days. Note that
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o .
1028 day. Undefined events may also occur on class | or class Il event
102 days; however, these are counted as class | or |l days.
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(c) Sample undefined event: 20070512

direction of the wind changes with time: The smallest par-

1042 ticles are observed when the edges of the plume are over
18?2 the measurement site, and the larger new particles are ob-
T 10° 10%5 served when the center of the plume is over the measurement
g igijj site. Larger new patrticles (particles that nucleate closer to the
1028 source and have more time to grow) are observed in the mid-
i ity | 1822 dle of plumes with more-recently nucleated particles towards
. — s : 1020 the edges (Stevens et al., 2012).

Local daylight time

. o . 2.3.2 New-particle formation and growth rates
Figure 1. Sample size-distribution time series fof@ class | nucle-

ation day,(b) class Il nucleation day an@) undefined nucleation

day. The color axis 8 /dlogD,, (cm~3). The details of the calculation of new-particle formation and

growth rates are discussed in detail in Westervelt et al. (2013)
and Kulmala et al. (2012), but we briefly summarize them
here. The rate of new 10 nm particle formation (J10) is cal-
Class Il days (e.g., Fig. 1b) exhibit new-particle formation culated from the time-dependent change in the nucleation-
and some growth (in some cases to over 50 nm); however, wenode (defined here as 10-25nm) concentrations from the
do not trust the new-particle formation, growth and survival SMPS. We correct these formation rates for the coagulative
probability statistics on class Il days to the same degree afss rate of these particles and the loss of particles by con-
class | events due to a variety of factors. These factors includelensational growth to sizes larger than 25 nm. The correction
possible changes in the air mass during the growth, shrinkindor these coagulative and condensational losses increases the
after the growth (which may be a sign of a plume event), or itcalculated J10 from the uncorrected values. We implicitly as-
not being clear if the growing particles are the same particlessume that all particles entering the 10-25 nm size range are
as the newly formed patrticles (as is the case in Fig. 1b). Clasfom new-particle formation during class | and Il events and
Il events may be regional in nature, but the air mass is nonot from primary emissions. In this paper, we present J10
homogeneous enough to clearly track new-particle formatiorvalues as both the mean J10 during the period where new-
and growth from the stationary Egbert site. particle formation is occurring as well as 24 h mean values
Undefined events (e.g., Fig. 2) exhibit particles measuredo normalize the total particle production between short and
at the smallest sizes of the SMPS, and there is either ndong events.
growth or there is growth followed by shrinking (as is the  The particle diameter growth rates (GR) are calculated by
case in Fig. 1c). These events may be particles that nucletracking the change in the diameter of the peak value of the
ate across spatial scales smaller than regional-scale eventerosol size distribution for the growing nucleation mode be-
such as point-source or urban plumes, or they may be retween 10 and 25 nm. We use a linear fit of the peak diameter
gional events in a relatively inhomogeneous or changing(defined by maximum concentration) over time to estimate
air mass. They may also be small primary particles fromthe mean growth rate during the observable growth period.
nearby sources. Cases where particles appear to grow antfhen possible, we also calculate the mean growth rate be-
then shrink may indicate plume nucleation events where théween 25 and 50 nm and between 25 and 100 nm using the
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same technique. Each of these growth rates is used for calation System) I 1° meteorological data set supplied by
culating the survival probability to 50 and 100 nm (describedthe NOAA Air Resources Laboratory. Back trajectories are
next). Growth-rate statistics are presented for the 10—25 nnshown for 24 h prior to their arrival at 100 m above ground
size range. level at Egbert. We generate eight trajectories per day with
the trajectory arriving closest to the period of interest (e.qg.,
2.3.3 Survival probability and climate-relevant particle the middle of a new-particle-formation event) selected as
formation rates characteristic of surface level transport at that time. Note that
we also examined other arrival heights, but these were found
We calculate the survival probabilities to 50 and 100 nmto be similar to the 100 m heights for trajectories arriving
(SP50 and SP100, respectively) by using the Probability ofwithin the boundary layer (O m, 500 m) and not character-
Ultrafine Growth (PUG) model (Pierce and Adams, 2007).istic of transport to the surface for arrival heights above the
These 50 and 100 nm cutoffs are used as proxies for CCNypical boundary layer (1500 m).
cutoffs; however, CCN cutoffs also vary as a result of aerosol
composition (e.g., Paramonov et al., 2013). The application
of the PUG model to SMPS measurements is described inde3 Results
tail in Westervelt et al. (2013). The PUG model calculates the
SPs using the mean GRs described above and the coagulatiéiigure 2 shows the fraction of days in each month that exhib-
sink of the growing particles to larger, preexisting particles. ited class I, I, undefined events and non-events. Each month
The coagulation sink represents the first-order loss rate of therovides at least 22 days with sufficient SMPS data for this
growing particles by coagulation, and we calculate it usinganalysis (10 months had at least 26). The potentially regional
the measured SMPS size distributions and Brownian coagunew-particle formation classes, | (observable and quantifi-
lation theory (Seinfeld and Pandis, 2006). The PUG modelable growth of new particles) and Il (similar to | but with
calculates the survival probability over small, incremental less confidence in quantification), exhibit a bimodal seasonal
steps of growth{ 2 nm for 10 nm particles and 10 nm for ~ cycle with peaks in the spring and the fall. Either class | or Il
100 nm particles; these are the bin spacings of the SMPS) bgvents occur on about half of the days during the peak sea-
calculating how many particles will be lost by coagulation sons and only on about 20 % of the days during summer and
in the time it takes the particles to grow by the incrementalwinter (except January where there was only one Il event and
amount. For each growth step, the coagulation sink is recalno | events). Most of the class-ll seasonality is driven by
culated. The overall survival probabilities to 50 or 100 nm the seasonality of the class | events. The winter minimum in
are calculated as the products of the probabilities of survivclass | and Il event frequency may be due to a low source of
ing each incremental step. biological volatile organic compounds (BVOCSs), precursors
We calculate the formation rates of climate-relevant parti-for secondary organic aerosols that may be involved in new-
cles (J50 and J100) as the product of the J10 with SP50 (foparticle formation and growth (Riipinen et al., 2011, 2012)
J50) and J10 with SP100 (for J100). We present J50 and J108@s well as lower solar radiation, during cold months. Unfor-
as 24 h mean values rather than the event-mean values to refunately, we do not have measurements of BVOCs or aerosol
resent the mean climate-relevant particle production rates onrganics throughout this full time period. The summer mini-
event days. These values are used to estimate the total contrirum may be due to the minimum monthly mean3@ixing
bution of regional-scale new-particle-formation events to 50ratios occurring during July and August. Monthly mearn,SO

and 100 nm particle concentrations. mixing ratios are 0.6—0.7 ppbv (parts per billion by volume)
during these summer months and 1-2 ppbv during the other
2.4 Reanalysis meteorology and back trajectories months. Additionally, a proxy we use for280y concentra-

tions (described in Sect. 3.2) also has a minimum during the
We use the NCEP/NCAR Reanalysis (National Centers forsummer. We go into more detail regarding these factors and
Atmospheric Prediction/National Center for Atmospheric the occurrence of new-particle-formation events in Sect. 3.2.
Research; Kalnay et al., 1996) to investigate the large-scale Undefined events (no quantifiable growth after new-
meteorology on event days. Specifically, we analyze theparticle detection), which may be plume-scale-formation
fields of 500 hPa geopotential heights, surface pressures arelents or plumes of ultrafine primary emissions, tend to be
large-scale vertical velocities (omega) at time steps that arenost frequent during the winter. Up to 80 % of the days dur-
the closest to the time of the new-particle-formation events. ing the winter and- 35 % of days during the summer are un-

In order to assess the meteorological conditions and sourcdefined days. As some undefined events occur on days where
regions associated with air masses arriving at Egbert, we utielass | and Il events also occur (but these events are ignored
lize back-trajectory analysis. The NOAA HYSPLIT (Hybrid here), this may be an upper bound of the seasonal cycle be-
Single Particle Lagrangian Integrated Trajectory model) La-cause there may be undefined events hidden in class | and
grangian trajectory model (Draxler, 1999; Draxler and Hess,ll event days. Note, for days where undefined events occur
1997, 1998) is run using the GDAS (Global Data Assimi- on class | and Il days, we do not include the contribution of
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the undefined events to the class | and Il statistics. Regard3.1 nm hr! and the median is 2.2 nnth. Again, these mean,
less, non-event days peak during the summer (nearly 40 % afhedian and range of values are consistent with the range of

days during July), which may be related to the low,Sfix- values presented for nonurban continental sites in Kulmala et
ing ratios and HHSOy proxy during the summer as mentioned al. (2004). These mean and median values are at the low end
earlier. of the range in Westervelt et al. (2013) at the five locations.
At these locations, GR means range from 2.8 to 6.9nin h
3.1 Particle-formation rates, growth rates and CCN and medians range from 2.4 to 5.8 nthThe SP50 values
formation at Egbert range from 1 to close to 100 % depending on the

event, and the SP100 values at Egbert range from 0.3 to over

Figure 3 shows cumulative distribution functions for J10, 90 % with a mean and median of 19 and 7% (the mean is
GR, SP50, SP100, J50 and J100 for the full year of measurehdigher than the median due to two high outliers, see Fig. 3).
ments. The medians and means for these distributions as well We calculate J50 as the product of J10 and SP50 for each
as the total number of days in each event class are shown iolass | event. The J50 values range from 0.001 to about
Table 1. J10 and GR statistics are presented for class | day8.2 cnm3s~1, averaged over the full 24 h of each class | day.
as well as the sum of class | and Il days (we have less conThe mean and median values are 0.039 and 0.02§ &,
fidence in these values due to the inclusion of class Il days)respectively, and lie within the range found at the five sites
We present survival probability, J50 and J100 statistics onlyin Westervelt et al. (2013). Similarly, J100 is calculated as
for class | days as most class Il days do not exhibit growththe product of J10 and SP100 for each class | event. The
to at least 50 nm. For J10, we present both the new-particled100 values range from 0.001 to about 0.2¢ésr 1, aver-
formation rate averaged over the period where new-particleaged over the full 24 h of each class | event day. The mean
formation was observed (usually 2-4 h) as well as the 24 hand median values are 0.022 and 0.009 &rs 1, respec-
average rate over the day (which leads to values generally Stively. These values are larger than four of the five sites in
10 times lower than the values during the event period). J50/Vestervelt et al. (2013) (the polluted Po Valley, Italy, site is
and J100 values are the 24 h average values. The 24 h averatiee exception) due to the larger SP100 values at Egbert. The
values are useful in that the total daily and annual productiormedian formation rates correspond to about 2500&mew
rates may be calculated from these values without needing tti50 and 790 cm? new N100 on each event day. Compared
know the duration of each event. to the four sites examined in Kerminen et al. (2012), our Eg-

The event-mean J10 values on class | days range fronbert climate-relevant particle formation amounts are similar
under 0.1cm3s™! to about 10cm®s~1 with a mean of  to the amounts at the Botsalano, South Africa, site but are
0.84cm3s~1 and median of 0.64cn? s 1. These values larger than the rates at the three other sites, which are located
are about 25-50% lower when class Il days are also inin northern Europe. However, Kerminen et al. (2012) use a
cluded due to class Il days having somewhat lower particle-different technique for calculating the contribution of new-
formation rates in general. As stated above, the 24 h meaparticle formation to climate-relevant sizes, which may lead
J10 values are 5-10 times lower than the event-mean valueto some differences.
For class | days, the annual mean and median values of the One can use the J50 and J100 values to estimate the contri-
24 h mean formation rates are 0.13 and 0.12%s1?, re- bution of regional new-particle-formation events to the hum-
spectively. The mean, median and data range are consisteber of climate-relevant particles in the region near Egbert.
with the range of values given for nonurban continental sitesThe formula that we use is as follows:
in the review paper by Kulmala et al. (2004). Westervelt et 350 f1a-L50
al. (2013) presented 24 h mean new-particle-formation-ratdN50ypr = —————.
statistics at 3 nm (J3) for five locations (Pittsburgh, Hyytiala, Blise
Atlanta, St. Louis and the Po Valley) and find that the ob- Where N5@pr is the annual-mean concentration of parti-
served annual means for the 24 h J3s at these locations rangtes larger than 50 nm due to regional-scale NPF at Egbert,
from 0.58 to 8.7cm? s~1, and the annual medians range J50 is the mean formation rate of 50 nm particles on class
from 0.09 to 0.55cm3s 1. These J3 values are generally | event days (0.039cn?s™ 1), f; is the fraction of ana-
larger than the J10 values derived here for Egbert; howevelyzed days that are class | event days (44£@1.35), L50
J10 values include the loss of particles by coagulation ads the lifetime of particles larger than 50 nm in the bound-
the particles grow between 3 and 10 nm, which cause J1@ry layer near Egbert, and Bée is the ratio of the bound-
values to be lower than J3. We estimate the mean survivahry layer height when the nucleation mode reaches 50 nm
probability between 3 and 10nm to be 25% for the Eg-to that when it reached 10 nm. Croft et al. (2013) show that
bert study, which gives us estimated mean/median J3s othe lifetime of CCN-sized particles in the boundary layer
about 0.5cm®s 1, in line with the estimates of Westervelt in the midlatitudes is around 2—4 days, so we use a value
et al. (2013). of 3 days. Aircraft measurements of boundary-layer proper-

Diameter GRs range from less than 0.5 to about 10nt h  ties near Egbert show that the BLH (boundary layer height)
and are similar on class | and Il days. The mean GR isincreases from late morning (when the nucleation mode

@

Atmos. Chem. Phys., 14, 8648663 2014 www.atmos-chem-phys.net/14/8647/2014/



J. R. Pierce et al.: New-particle formation, growth and climate-relevant particle production 8653

1.0 1.0 (b)
—_ —_
—_— 1+l — I+l days

EO.B’ = 124hr QO.S’
= = - 1401 24-hr =
Q Q
3 3
S 0.6 S 0.6
o o
¢ g
S 0.4f S 041
=] =]
£ £
3 0.2 3o0.2

0.0 = . . ! 0.0 . .

103 10 10 10° 10* 10° 107 10° 10! 10°
J10 [cm™ s71] GR [nm hr!]
1.0 (©) Lo (d)
N \[=J50,124r
-— SP100, | — ]100, | 24-hr

Z08f 1 2 08f
3 3
3 3
S 0.6 S 0.6
o o
¢ ¢
S 0.4f S 0.4r
=] =]
£ £
3 o2 302

0.0 ‘ ‘ 0.0 ‘ ‘ ‘ ‘

1073 10 10" 10° 10° 10" 107 10 107 10°
Survival probability to 50 and 100 nm J50 and J100 [cm ™ s7!]

Figure 3. Cumulative probability distributions of various nucleation and growth metrics from the full year. 2gné10 rates for both |

days and | + Il days. Solid lines show the rates averaged only over the period where nucleation was occurring. Dashed lines show the rates
averaged over the full day. Par(e)): growth rates for both | days and | + Il days. For the following panels, only | days are shown as we do

not trust the estimates of survival probability for 1l days. Pgwglsurvival probability to 50 and 100 nm. Par{e): 24 h mean production

rate of 50 and 100 nm particles.

Table 1. Means and medians of nucleation, growth and CCN-formation parameters across all days of each event class.

Class No.ofdays J10 J10(24h) GR SP50 SP100 J50(24h) J100 (24h)
ecm3s !t cm3s ! nmhl % % cn3s 1l cm3s?

| (means) 44 0.84 0.13 3.1 33 19 0.039 0.022

| (medians) 44 0.64 0.12 2.4 19 7 0.029 0.0091

Il (means) 57 0.58 0.069 3.1 N/A N/A N/A N/A

Il (medians) 57 0.22 0.049 2.0 N/A N/A N/A N/A

| + 1l (means) 101 0.69 0.097 3.1 N/A N/A N/A N/A

I+l (medians) 101 0.30 0.050 2.2 N/A N/A N/A N/A

generally reaches 10 nm) to mid afternoon (when the nucletributes to a significant portion of the climate-relevant parti-

ation mode generally reaches 50 nm) by about a factor of 2¢les near Egbert.

so we set Blise = 2. With these assumptions, we calculate  We repeat the calculation to estimate Ngppfrom J100.

a N5Qupr of 700 cnT3. The mean measured N50 through- If we assume that L100 is the same as L50 and thagBis

out the entire time period was 1700 th This means that the same as the previous calculation, Nd&is 400 cnt3.

about 40 % of the N50 in the region around Egbert are formedlhe mean measured N100 throughout the entire time period

from regional-scale boundary-layer new-particle-formationis 710 cnt3. Our estimate of regional-scale boundary-layer

events. However, there are uncertainties in L50 angsBL  new-particle formation to N100 is thus 56%. This estimate

Thus, the 40 % contribution calculated here could easily beis larger than our predicted contribution of regional-scale

20 or 60 % within the range of uncertainties of these assumpboundary-layer new-particle formation to N50 (40 %). Pri-

tions. Regardless, it is clear the new-particle formation con-mary emissions tend to contribute to a larger fraction of the
particles with increasing size, so this result is not physically
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consistent. There are three reasons why our N@P@alcu-  however, differences in large-scale meteorology (and their
lation may be too high relative to our Ngg: calculation: (1)  effects on cloud cover) between event days are likely impor-
the lifetime of 100 nm patrticles is likely shorter than 50 nm tant too, as will be shown shortly. Class | days have higher
particles as 100 nm particles will act as CCN in a larger frac-solar radiation than class Il days, on average. Thus, similar
tion of clouds, and thus 100 nm particles are more susceptito the previous studies, the amount of solar radiation likely
ble to wet deposition. (2) The boundary layer may grow in plays a role in initiating clearly defined regional-scale new-
depth between the time the nucleation mode reaches 50 niparticle-formation events, and nighttime chemistry appears
and when it reached 100 nm. (3) The two highest SP100 dayto be less important as class | and Il events generally do not
shift the mean SP100 (19 %) significantly above the mediaroccur during dark hours.
(7 %). If we had a larger sample of event days, it is possi- While some nucleation theories (e.g., Vehkamaki et al.,
ble that the mean would be closer to the median, and th€002) predict increasing nucleation rates with relative hu-
fractional contribution of new-particle formation to 100 nm midity, the data (as well as other observations, e.g., Hamed
particles would be lower than the fractional contribution of et al., 2011, show a general anticorrelation between new-
new-particle formation to 50 nm particles. particle formation and relative humidity (relative humidity
These estimated contributions of new-particle formationgenerally increases moving from class | to Il to undefined
to CCN-sized patrticles (40-56 %) are similar to the globalto non-events). This increase in relative humidity is likely
boundary-layer contribution of new-particle formation to not causally linked to the likelihood of regional-scale new-
CCN-sized particles estimated in the modeling study byparticle-formation events, but rathet)(clouds are more
Merikanto et al. (2009); however, they show that much of likely when the relative humidity is higher2) the relative
this contribution is due to new-particle formation in the free humidity is generally higher at night, and (3) the condensa-
troposphere (with subsequent subsidence into the boundarnyon sink generally increases with relative humidity due to
layer) rather than boundary-layer new-particle formation.  aerosol water uptake. While the difference in relative humid-
ity between class | and Il events with undefined events and
3.2 Conditions during new-particle-formation events non-events is statistically significant, the difference between
the I and Il events is not.
Figure 4 shows box-and-whisker plots for the atmospheric Temperature anomalies (difference of the event-time tem-
conditions on each type of event and non-event day. Foperature from the 4-week running mean) are mostly positive
event days, the values for each variable are taken as the medor class | days (75 % of the events) and the data show a de-
value between the start and end of new-particle formationcreasing trend moving from class | to class Il to undefined
(the period where new particles are arriving at diameters ofevents; however, the difference between successive classes is
~10nm). For non-event days, the values for each variablenot significant to the 95 % level. Although the difference be-
are taken from the mean time of day for class | new-particle-tween class | events and undefined events is significant, how-
formation events (approximately 11:00-16:00LST — local ever, some of these differences may be due to differences in
standard time) since there is no new-particle-formation eventhe event's time of day. The cause of the higher mean/median
time to draw upon. We display the statistical significance oftemperature anomaly on class | days may be due to clear
differences between the distributions of each event class usskies from large-scale meteorology and is consistent with the
ing the Mann-Whitney test. Although not shown on the solar-radiation and relative-humidity statistics (as will be dis-
plots, the distributions for class | days are statistically dif- cussed in the next subsection).
ferent from non-event days to at least the 97 % level for all Surface-pressure anomalies (also the difference of the
factors except for temperature (81 %) and condensation sinkvent-time pressure from the 4-week running mean) are
(76 %). mostly positive for class | days (75% of the events) with
Solar radiation drives photochemistry and thus the oxi-decreasing values moving from class | to Il to undefined to
dation of SQ to form condensable 6O, and volatile or-  non-events. Differences between class | and class Il events
ganic compounds to form condensable organic species (Ehare not statistically significant, whereas the differences be-
et al., 2014). Previous studies (e.g., Petgja et al., 2009) havieveen these event classes with undefined and non-event days
shown that new-particle-formation events are strongly corre-are statistically significant. The positive surface-pressure
lated with solar radiation. Solar radiation on class | and Il anomaly for~ 75 % of the class | events and slightly less
days are significantly higher than undefined and non-eventhan 75 % of the class Il events shows that large-scale syn-
days. All class | events occur between 07:00 and 19:00 LSTpptic meteorology may have played a role in driving many
and all but 2 (out of 57) Il events occur during this time of the regional-scale new-particle-formation events. Surface
window (not shown). However, 15 (out of 164) undefined highs in the midlatitudes are associated with large-scale sub-
events occur outside of this window (not shown) (the non-sidence in the free troposphere, clear skies and lower-than-
event solar radiation stats are taken frer1:00-16:00LST  normal relative humidities. We will look regionally at differ-
the mean event time period for | events). These time-of-dayences in large-scale meteorology in the next subsection.
differences explain part of the differences in solar radiation;
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Figure 4. Box-and-whisker plots of various meteorological variables as well as the condensation sirkjx& ratio and a HHSO, proxy

for class I, Il, undefined and non-event days. The values are calculated between the start and end of new-particle formation on each day
except for non-event days where the full day is used. The red line shows the median values. Stars show the mean values. The box shows th
interquartile range (IQR, 25th and 75th percentiles). The whiskers show the lowest datum still within the 1.5 IQR of the lower quartile, and
the highest datum still within the 1.5 IQR of the upper quartile. Crosses show data outside of the 1.5 IQR above or below the upper or lower
quartile. The percentages shown in between each box show the probability that the distributions are statistically different (calculated using
the Mann—-WhitneyU test). Although not shown on the plots, the distributions for la days are statistically different from non-event days to

at least the 98 % level for all factors except condensation sink (89 %). Rgrsallar radiation(b) relative humidity,(c) temperature change

from the running 28-day mean (14 days before to 14 days after, to remove the seasonaldjysiejace pressure change from the running

28-day mean(e) condensation sinkf) SO, mixing ratio, (g) HoSO4 proxy (SR- SO,/condensation sink).

The condensation sink is the rate constant for condensatioformation and growth rates. This has been observed in pre-
of a nonvolatile condensable species from the vapor phaseious studies (e.g., Petdja et al., 2009; Sihto et al., 2006).
to the particle phase. Lower condensation sinks favor newHowever, we find that class | event days have, on average,
particle formation and growth because concentrations of conthe highest condensation sinks. The condensation sinks on
densable species may build up and lead to faster new-particlelass | days are higher than on class Il days (though only at
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the 73 % significance level) and significantly higher than un-Table 2. Correlation coefficients between environmental factors
defined days (though not significantly higher than non-eventwith J10s and GRs on class | days.
days). This means that on the days most likely to have re-

gional new-particle formation and growth at Egbert, the con- log(J10) 10g(GR)
densation _sink.is higher compared to cher days. A_ higher Solar radiation 0.42 0.06
condensation sink must be offset by a higher production rate RH _0.26 0.10
of low-volatility condensable material (e.g.p804 and low- T anomaly 0.27 0.16
volatility organics) to create favorable conditions for new- P anomaly -0.14 -0.03
particle formation and growth. As we discuss in the next log(condensation sink) 0.44 0.18
subsection, the high-condensation-sink days generally occur log(SQ, mixing ratio) 0.33 0.23
when air arrives from the heavily populated region to the log(SRSG,/CS) 0.20 0.12

south of Egbert.

The concentrations of SQthe precursor to condensable
H2SO, vapor, are highest on average on class | event dayglass | events experience the highest amount of solar radia-
followed by class Il, undefined and non-event days. Classion and temperature anomalies on average, condensation of
I days are not significantly higher (only 88.6 % significant) |ow-volatility organic vapors to a growing nucleation mode
than class Il days, but they are significantly higher than un-may be more favorable on these days.
defined and non-event days. Undefined event days however, while Fig. 4 shows the distributions of environmental fac-
have five high-concentration outliers that exceed all of thetors during events in the various C|aSSES, it does not show
class | and Il measurements. These class Il event results mayow new-particle-formation rates (J10) or GRs vary with the
be indicative of plume-scale new-particle formation in a coal- yalues of these factors. Table 2 shows the correlation coef-
fired power plant or of some other sulfur-rich plume (Junker-ficients of J10 and GR with the seven environmental factors
mann et al., 2011; Lonsdale et al., 2012; Stevens et al., 2013;] F|g 4 on class | days_ Because J10s and GRs span sev-
Yu, 2010). In the next subsection, we will show that the era| orders of magnitude, we take the log of these quantities
higher SQ days generally occur when air arrives from the gs well as the log of condensation sink, Sahd the HSO,
heavily populated region to the south of Egbert, similar to proxy; each of which spans orders of magnitude (addition-
the condensation sink. ally, a log dependence of J with,8Qy is consistent with the

Finally, we use a proxy for k5O, concentration (Petajaet npucleation theorem). All of the environmental factors show
al., 2009; Rohrer and Berresheim, 2006; Weber et al., 19973tronger correlations (or anticorrelations) with J10 than with
to determine if HSO4 concentrations are higher during re- the GRs. This could be because other independent factors
gional new-particle-formation events than during other days.(e.g., the condensation of low-volatility organics) are more

The proxy we use is important to GRs than to J10s. As would be expected, J10 is
SR-[SOy] positively correlated with solar radiation, $@nd the HSOy
[H2S0s] o« —~— (2)  proxy (albeit weakly). Oddly, J10 is also positively correlated

with the condensation sink. However, the condensation sink

Where SR is the solar radiation and CS is the condensatiofs also positively correlated with SGcorrelation coefficient
sink. Note, this proxy is plotted on a log scale. Although the — (.74, not shown), which offsets the dampening effect of
condensation sink is highest on average for class | events, theondensation sink and leads to the weak positive correlation
H2SO, proxy is highest on average for class | days becauseyith the H,SO, proxy. Because the correlation of the$y
both SR and S@are highest on average for these days. Theproxy with J10 is weak, it is likely that other species (e.g.,
distribution of the SOy proxy on the class I days is signif-  organics) are also contributing to J10s.
icantly different at the 95 % level from class Il days (partly
because of the higher mean and median, and partly because3 Large-scale meteorology and back trajectories
of the broader distribution). Class | days are statistically dif-
ferent from undefined and non-event days, with higher meansn this section, we look at the regional meteorological fea-
and medians. tures associated with the different types of events. Figure 5

Unfortunately, we do not have measurements of organshows the surface-pressure anomaly (differences from the 4-
ics throughout the time period used here, so we are limitedveek running mean centered on the event day) for the mean
to information on sulfuric acid. However, emissions of bio- of class I, Il and undefined event days (non-event days show
genic volatile organic compounds (precursors for secondarpnly small deviations from the mean, so we have not plot-
organics that may contribute to new-particle formation andted non-event days here). Regions with a statistically signif-
growth — Riipinen et al., 2011, 2012) are more favorable un-icant (95 % confidence relative to randomly chosen sets of
der warmer and sunnier conditions at Egbert (Leaitch et al.days) high-surface-pressure anomaly are shaded in pink, and
2011) and elsewhere (Paasonen et al., 2013) and thus lead tegions where there is a statistically significant (95% con-
organic aerosol formation under these conditions. Becausédence) low-surface-pressure anomaly are shaded in blue.
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a) Class | days: 500 mb height [m]

Y

)

Figure 5. NCEP reanalysis surface-pressure anomaly (Pa) from the

28-day mean fofa) class I,(b) Il, and(c) undefined days. Positive

95 % significance anomalies are shaded in pink and negative 95 9§9ure 6. NCEP reanalysis mean 500 mb geopotential heights (m)
significance anomalies are shaded in blue. for (a) class 1,(b) I, and (c) undefined days. Positive 95 % signifi-

cance anomalies are shaded in pink and negative 95 % significance
anomalies are shaded in blue.

Statistical significance is computed following the bootstrap

method (Efron, 1979; see Appendix A for details). Consis-background variations. For undefined events, the composite
tent with the high-surface-pressure anomalies on class | evenheteorological surface-pressure pattern is markedly differ-

days measured at Egbert in Fig. 4c, the entire region arounént from that of class | and Il events (Fig. 5c¢). For undefined

Egbert exhibits a significant surface-pressure anomaly ofvents, the region of higher surface pressure is located north-
more than 300 Pa. Although not shown in Fig. 5, Egbert is lo-east of Egbert, with a region of low surface pressure to the

cated inside a region with a 99.8 % significant high anomaly.southwest.

We note that not all of the 44 class | events exhibit anomalous Figure 6 shows composites of the full 500 hPa geopoten-
high pressure over Egbert. Of the class | event days, 25 % extial height field (i.e., the anomalies have been added back to
perienced low-pressure anomalies at the site (Fig. 4d). Clasthe mean). Similar to Fig. 5, non-event days show only small

Il events also exhibit a positive surface-pressure anomalydeviations from the mean, so we have not plotted non-event
(150 hPa) but this pattern is not statistically different from days in Fig. 6. The pink and blue areas show the regions of
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Figure 7. The 24h back trajectories arriving during the new- Figure 8. The 24h back trajectories arriving during the new-

particle-formation event during each class |, Il and undefined + non-particle-formation event during each class |, Il and undefined + non-

event day (one back trajectory per event). Trajectories are colorevent day (one back trajectory per event). Trajectories are color-

coded by the condensation sink measured during the event. coded by the surface-pressure anomaly (from the 28-day running
mean) measured during the event.

the statistically significant anomalies. There is a statistically
significant geopotential height anomaly on class | days west
of Egbert, placing Egbert to the east of the ridge. The eashs their trajectory distributions were similar). The trajectory
sides of the 500 hPa geopotential ridges are associated witltom each event ends at the hour closest to the middle of the
tropospheric subsidence and surface highs, consistent withew-particle-formation event (for non-event days, we take
Fig. 5. There are no significant height anomalies in the vicin-13:00 LST, the mean middle of class | events). The trajec-
ity of Egbert for the class Il or undefined days. tories are colored by the condensation sink during the new-
We also investigated the large-scale vertical velocity particle-formation event. Air masses for class | events are
(omega) fields from NCEP (not shown) and, consistent withroughly equally likely to have spent time over regions to the
the large-scale dynamics shown in Figs. 5 and 6, found stanorth and south, and they are less likely to have come from
tistically significant subsidence over and around Egbert forthe west or east. Class Il, undefined events and non-events are
the class | days. Class Il days also showed subsidence oveoughly equally likely to have spent time over regions to the
Egbert, but this pattern was not statistically significant. Un- north, west and south, and somewhat less likely to come from
defined days showed no major vertical-wind structure. the east. However, for all event classes, higher-condensation-
The NCEP diagnostics shown here suggest that thesink air generally came from the densely populated regions
regional-scale new-particle-formation events (class ) are ofin the south and lower-condensation-sink air generally from
ten associated with the large-scale synoptic pattern witithe north. Each event class exhibits cases with both lower-
surface highs, large-scale subsidence and a ridge to thand higher-condensation-sink air. A similar analysis looking
west and a trough to the east of Egbert. This is not en-at SG concentrations rather than the condensation sink (not
tirely surprising since these conditions generally bring sunnyshown), showed a very similar pattern where high, &0
conditions over the region of subsidence and allow forcame from the south and low-$@ir from the north. Thus,
a homogeneous boundary layer (assuming somewhat spair from the south has both high $@nd a high condensa-
tially homogeneous emissions). These large-scale conditionson sink on new-particle-formation days for all event classes,
may explain the measured solar radiation, relative humid-which is consistent with earlier studies at Egbert that found
ity, temperature anomaly and pressure anomaly presentetthat polluted air most often is from the south (Rupakheti et
in Fig. 4; however, it is not clear if these conditions also al., 2005). These results are consistent with the correlation
drive the surface-wind directions associated with the high-coefficient between SfOand condensation sink of 0.74 on
condensation sink and S@oncentration seen in class | days class | days discussed earlier. Interestingly, the regional-scale
in Fig. 4. To explore this, we use HYSPLIT back trajectories. new-particle-formation events (class | and maybe class Il) are
Figure 7 shows one 24h HYSPLIT back trajectory for roughly equally likely to occur in clean versus polluted air,
each new-particle-formation event from the three eventwhich may have been due to the opposing effects of &l
classes (non-events are lumped with undefined events hetbe condensation sink on new-particle formation.
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Figure 8 shows the same back trajectories but color-codethy Westervelt et al. (2013). Growth rates range from less
by the pressure anomaly. The figure shows that for class than 0.5 to over 10 nmitt with mean and median values of
and class Il days, the high-pressure-anomaly days are gerg.1 and 2.0 nmh!, also within the range of Westervelt et
erally associated with air flowing to Egbert from the north. al. (2013).

A similar analysis looking at the solar radiation rather than We estimate that the mean formation rates of 50 and
the pressure anomaly (not shown) showed that high solar rat00 nm particles on regional new-particle-formation days are
diation days are also associated with air flow from the north.0.039 and 0.022 cr? s~ (averaged over the full day). From
Thus, the days with high pressure and solar radiation are gerthis, we estimate that regional new-particle-formation events
erally different from those with high SQand condensation contribute about half of the climate-relevant particles; how-
sink (although there is some overlap between high pollutionever, there is significant uncertainty in our calculation due to
and high solar radiation coming from the southeast on classincertainties in aerosol lifetime and changes in the boundary-
| days). layer height.

Taking into account all of the analyses in Sects. 3.2 and We find that regional new-particle-formation events often
3.3, it appears that regional-scale new-particle formationoccur under synoptic conditions associated with high surface
(class | and possibly class 1l events) at Egbert occurs undepressure and large-scale subsidence that cause sunny con-
two different sets of conditionsi) days with the large-scale ditions and clean-air flow from the north and west. How-
synoptic meteorology shown in Figs. 5 and 6 with high sur- ever, new-particle formation also occurs when air flows
face pressure, large-scale subsidence and clear skies genfniem the polluted regions to the south and southwest of
ally driving airflow from the clean regions; an#)(days with  Egbert. This air is associated with high $@oncentra-
polluted (yet relatively homogeneously mixed) air flow from tions and high-aerosol-condensation sinks. The new-particle-
the south. For some cases when air comes from the southea$brmation rates tend to be faster during events under these
both of these conditions are satisfied and the air is both polsouth/southwest flow conditions.
luted and exhibits favorable synoptic conditions. These two A major factor missing from this analysis is the forma-
conditions for new-particle formation in the region near Eg- tion rates of secondary organic aerosol (SOA). SOA may
bert was also noted in Jeong et al. 2010), where they lookedorm from biogenic volatile organic compounds emitted by
at new-particle formation at Egbert and three other sites invegetation in the region around Egbert or through anthro-
southern Ontario for 3 weeks during the summer of 2007. Aspogenic volatile organic compounds emitted from industry
shown in Table 2, we find that J10 and growth rates are corto the south of Egbert. SOA has been shown to be a con-
related with S@ and CS, which suggests that the regional tributor to both particle formation and growth (Donahue et
new-particle events occurring in the polluted events from theal., 2011; Metzger et al., 2010; Pierce et al., 2011; Riipinen
south are generally more intense than the events occurring iet al., 2011), and thus variability in SOA formation rates
the cleaner air from the north. likely contribute to some of the variability in new-particle-

formation occurrence, new-particle-formation rates, growth
rates and survival probabilities reported here. However, we
4 Summary and conclusions do not have measurements of aerosol composition or of SOA
precursor gases for most of the time period explored in this
In this paper, we use 1 year of aerosol size measurements gaper and thus do not include it here.
Egbert, ON, Canada from May 2007 through to May 2008 This work provides statistical constraints for testing model
to explore new-particle formation and growth to climate- predictions of new-particle formation and growth rates (and
relevant particle sizes at this site. We present both the statighe driving factors for these rates) at Egbert. Future work will
tics of formation rates, growth rates and survival probabilitiesinvolve comparing the statistics of new-particle formation,
as well as an analysis of the factors that may have contributedrowth rates and survival probabilities of an aerosol micro-
to the new-particle formation and growth. We find that the physics model to the measured statistics shown here (simi-
regional-scale new-particle-formation-event frequency peakdar to what was done in Westervelt et al. 2013). Addition-
in the spring and fall (30-50 % of the days) with minima in ally, these data may be used to test if the meteorological and
the winter and summer. The winter minimum may be due tobackground chemical factors (e.g., §@re similar between
a lack of biogenic organic precursors to new-particle forma-the simulations and measurements. These comparisons will
tion and growth and lower solar radiation while the summerallow for a comprehensive test of modeled new-patrticle for-
minimum may be due to lower SQnixing ratios than the  mation and condensational growth schemes.
other seasons.

Observed new-particle-formation rates range from less
than 0.1 to close to 10cnis~! during the events (and are
about 5-10 times lower when averaged over the event day).

The 24 h mean and median values, 0.13 and 0.12@mt,
are within the range of values found at five sites investigated
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Appendix A: Statistical significance of meteorological
patterns

The statistical significance of the meteorological patterns
in Figs. 5 and 6 are computed using the bootstrap method
(Efron, 1979) to determine if regional-scale new-particle-
formation events (class | events and possibly class Il events)
were associated with distinct regional meteorology. We sum-
marize the bootstrap method here. We create 10000 sets of
44 randomly sampled days (the number of class | days; 57
days for class Il events and 164 for undefined events) of
surface-pressure anomalies, 500 hPa height anomalies and
vertical wind anomalies from the NCEP database (from be-
tween 1997 and 2009) over the region shown in Figs. 5 and
6. Like in Fig. 4c and d, the anomalies are defined as differ-
ences from the 4-week running mean centered on the event
day. We calculate the mean anomalies at each grid point for
each of the 10 000 sets. Then, at each location, if the observed
anomaly falls outside of the 2.5-97.5th percentile range (con-
fidence interval) of the 10 000 sample set, we say that the ob-
served anomaly is statistically significant at 95 % confidence
using a two-tailed test.
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