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Abstract. We present a new method of determining the size
and composition of CCN-active aerosol particles. Method
utility is illustrated through a series of ambient measure-
ments. A continuous-flow thermal-gradient diffusion cham-
ber (TGDC), pumped counterflow virtual impactor (PCVI),
and Aerodyne time-of-flight mass spectrometer (AMS) are
operated in series. Ambient particles are sampled into the
TGDC, where a constant supersaturation is maintained, and
CCN-active particles grow to∼2.5± 0.5 µm. The output
flow from the TGDC is directed into the PCVI, where a coun-
terflow of dry N2 gas opposes the particle-laden flow, cre-
ating a region of zero axial velocity. This stagnation plane
can only be traversed by particles with sufficient momentum,
which depends on their size. Particles that have activated in
the TGDC cross the stagnation plane and are entrained in
the PCVI output flow, while the unactivated particles are di-
verted to a pump. Because the input gas is replaced by the
counterflow gas with better than 99 % efficiency at the stag-
nation plane, the output flow consists almost entirely of dry
N2 and water evaporates from the activated particles. In this
way, the system yields an ensemble of CCN-active particles
whose chemical composition and size are analyzed using the
AMS. Measurements of urban aerosol in downtown Toronto
identified an external mixture of CCN-active particles con-
sisting almost entirely of ammonium nitrate and ammonium
sulfate, with CCN-inactive particles of the same size consist-
ing of a mixture of ammonium nitrate, ammonium sulfate,
and organics. We also discuss results from the first field de-
ployment of the TGDC-PCVI-AMS system, conducted from
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mid-May to mid-June 2007 in Egbert, Ontario, a semirural
site ∼80 km north of Toronto influenced both by clean air
masses from the north and emissions from the city. Organic-
dominated particles sampled during a major biogenic event
exhibited higher CCN activity and/or faster growth kinetics
than urban outflow from Toronto, despite the latter having a
higher inorganic content and higher O:C ratio. During both
events, particles were largely internally mixed.

1 Introduction

The action of submicron aerosol particles as cloud conden-
sation nuclei (CCN) has been well established as an impor-
tant negative climate forcing (Twomey et al., 1984; Albrecht,
1989; Solomon et al., 2007). The magnitude of this cooling
effect remains poorly understood and constitutes a major un-
certainty in the climate system (IPCC, 2007). Cloud proper-
ties are influenced by a complex array of factors, including
the number of CCN-active particles in an air parcel. In gen-
eral, increased CCN concentrations lead to clouds that are
more reflective (Twomey, 1977) and have longer lifetimes
due to the inhibition of precipitation (Albrecht, 1989; Liou
and Ou, 1989).

The ability of particles to act as CCN is determined by par-
ticle size and composition (K̈ohler, 1936). Laboratory stud-
ies have shown that aerosol CCN activity can be predicted
accurately for particles of known composition (see for ex-
ample Cruz and Pandis, 1997; Raymond and Pandis, 2002,
2003; Bilde and Svenningsson, 2004; Broekhuizen et al.,
2004; Abbatt et al., 2005). However, the complex mixtures of
inorganic and organic compounds found in ambient particles
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present a more difficult challenge (Saxena and Hildemann,
1996; Jacobson et al., 2000). In particular, uncertainties exist
in the characterization of the organic fraction and the ensem-
ble mixing state.

For ambient particles, analyses of CCN properties broadly
fall into two classes: (1) generation of water droplets from
ambient aerosol under controlled supersaturation conditions,
coupled to particle size and composition measurements
by means of a theoretical framework (e.g. Köhler The-
ory); and (2) direct measurement of the composition of am-
bient cloud particles. An example of the first analysis class is
the CCN closure study (e.g. Conant et al., 2004; Broekhuizen
et al., 2006; Chang et al., 2007, 2010; Medina et al., 2007;
Lance et al., 2009). In this method, measured particle size
and composition are used together with Köhler Theory to
predict the number of CCN-active particles in sampled air.
The predicted CCN concentrations are compared to mea-
sured concentrations by a CCN counter at a selected su-
persaturation. Assumptions regarding component properties
(e.g. hygroscopicity or surface tension of organics) are varied
to test closure between modeled and measured CCN concen-
trations. An alternate example of this class of study is the
measurement of droplet growth kinetics at a fixed supersatu-
ration; the effect of (separately-measured) chemical compo-
sition on the particle hygroscopicity parameter (κ) (Petters
and Kreidenweis, 2007) and the mass accommodation coef-
ficient of water to the particle can be inferred by modeling
the growth process (e.g. Shantz et al., 2003, 2010; Ruehl et
al., 2008; Lance et al., 2009; Ruehl et al., 2009). This ap-
proach has the advantage of controlled activation conditions,
but requires combining disparate CCN number, particle num-
ber/size and particle composition measurements, as well as a
variety of estimates and assumptions within the theoretical
framework.

A second class of experiments focuses on the direct mea-
surement of the composition of particles that have acted as
CCN in the atmosphere. This typically involves (1) col-
lection of cloudwater followed by offline chemical analysis
(e.g. Parungo et al., 1982; Collett et al., 2002; Decesari et
al., 2005; Hutchings et al., 2009) or (2) in situ sampling of
cloud droplets followed by isolation of these droplets from
the interstitial aerosol using a counterflow virtual impactor
(CVI), evaporation of water from the droplet, and chemical
analysis of the residual (e.g. Ogren et al., 1985; Noone et al.,
1988; Heintzenberg et al., 1996; Twohy and Gandrud, 1998;
Cziczo et al., 2003; Kamphus et al., 2010). This approach
has the advantage that the chemical and physical properties
of CCN-active particles are directly measured; however, the
conditions under which the particles originally activated are
not well constrained. Further, aerosol scavenging by cloud
droplets means that the residual may not fully reflect the
composition of the CCN prior to cloud formation.

The technique introduced in this paper complements the
approaches described above. Particles are activated in a CCN
chamber under controlled conditions. The cloud particles

are inertially separated and dried in a counterflow virtual
impactor (CVI), allowing direct measurement of the CCN
size and composition by online instrumentation. This ap-
proach combines controlled activation conditions with direct
measurements of the composition of the CCN-active particle
fraction. Measurements of this type are only now possible
with the recent development of a pumped CVI (PCVI) (Boul-
ter et al., 2006; Kulkarni et al., 2011) and online aerosol mass
spectrometry techniques. The TGDC-PCVI-AMS technique
yields quantitative mass spectra and chemically-resolved size
distributions of CCN-active ambient particles.

2 Experimental

The TGDC-PCVI-AMS system consists of a thermal gradi-
ent diffusion chamber (TGDC), a pumped counterflow vir-
tual impactor (PCVI), and a time-of-flight aerosol mass spec-
trometer connected in series, as shown in Fig. 1. The details
of these system components are discussed in the following
sections, and a brief overview of the integrated system is pre-
sented here. Laboratory validation of a related PCVI-based
system (using a different CCN chamber and different detec-
tion scheme) is available in the literature (Hiranuma et al.,
2011). Ambient particles are sampled into the CCN cham-
ber and exposed to a controlled supersaturation (0.33 % in
the current study). The CCN-active fraction forms cloud
droplets, which grow to several microns in diameter. The
particle flow is then passed through the PCVI, which sep-
arates the particles based on their momentum. Larger parti-
cles (i.e. the activated cloud droplets) pass through the PCVI,
while the smaller (non-activated) particles are pumped away.
The PCVI also replaces the humidified air in the particle flow
with filtered, dry air. In this flow, water evaporates from the
cloud droplets, leaving only the original particle.

During normal sampling, the TGDC-PCVI-AMS system
alternated between two modes. In the first mode (“CCN-
active”), the system operates as shown in Fig. 1. This mode
yields quantitative mass spectra and mass distributions of the
CCN-active aerosol fraction. In the second mode (“polydis-
perse”), the AMS samples directly from the atmosphere, by-
passing the TGDC and PCVI. This mode yields the overall
aerosol composition and mass distributions. During normal
sampling, the two modes were alternated, with each mode
having a sampling period of∼20 min.

The supersaturation (0.33 %) was chosen to facilitate com-
parison with previous measurements at Egbert (0.32 % by
Chang et al., 2007) and concurrent CCN measurements dur-
ing this campaign (0.42 % by Chang et al., 2010, 0.35 % by
Shantz et al., 2010). Additionally, initial tests of the TGDC-
PCVI-AMS system suggested that this supersaturation en-
hanced operation by increasing the fraction of CCN-active
particles that form cloud droplets with diameters greater than
the PCVI size cutoff. This (1) increases the number of sam-
pled particles, presently a limitation of the technique, and
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Fig. 1. Schematic diagram of the TGDC-PCVI-AMS system (not to scale).

(2) reduces the effect of droplet growth rates on the particles
sampled at the maximum residence time, facilitating data in-
terpretation.

2.1 Thermal gradient diffusion chamber

The thermal gradient diffusion chamber has previously been
described in detail (Pradeep Kumar et al., 2003). The cham-
ber consists of two horizontally-mounted copper plates sepa-
rated by a 1.3 cm Teflon spacer. The plates are covered with
moist filter paper, which is periodically re-wetted through
holes drilled in the top plate. The temperatures of each plate
are individually controlled by water from two recirculating
baths passing through copper tubing soldered to the outside
of each plate. The top plate is maintained at a slightly higher
temperature than the lower plate, resulting in a linear tem-
perature gradient between the plates. The combination of
this linear temperature gradient with the exponential depen-
dence of the saturation water vapor pressure on temperature
generates a region of supersaturaton on the center line of the
chamber. The lower plate is set∼2◦C above room tempera-
ture to prevent evaporation between the chamber exit and the
sampling instrumentation.

Particles enter the chamber through the movable injector
shown in Fig. 1. The particle flow is surrounded by a humid-
ified sheath flow. The sheath-to-particle flow ratio is main-
tained at 9:1 (sheath flow rate = 1.8 l min−1; particle flow
rate = 0.2 l min−1). Unless otherwise specified, the TGDC
was operated with the injector pulled back to yield the max-
imum residence time. Based on chamber volume and flow
rate, the average residence time is calculated to be∼20 s, but
because the particles are entrained at the center of a laminar
flow, actual residence time is∼10 s. This position was uti-
lized for normal operation because it yielded the maximum
CCN concentrations.

The supersaturation in the TGDC is determined from cali-
bration with size-selected (NH4)2SO4 particles (Pradeep Ku-
mar et al., 2003) as follows. An aerodynamic particle sizer

(APS) is connected to the TGDC exit flow, and a conden-
sation particle counter (CPC) is operated in parallel to the
chamber. In this configuration, the APS measures the number
of cloud droplets (defined as particles with diameters greater
than∼2.5± 0.5 µm) and the CPC measures the total num-
ber of particles entering the chamber. The activated fraction
(APS counts/CPC counts) is measured as a function of parti-
cle size for a selected combination of upper and lower plate
temperatures. The activation diameter is defined as the di-
ameter at which 50 % of the particles activate and is used
to calculate the supersaturation in the TGDC using Kohler
Theory. For the present study, the supersaturation was set to
∼0.33 %.

2.2 Pumped counterflow virtual impactor

The pumped counterflow virtual impactor (PCVI) used in
this study has been previously described in the literature
(Boulter et al., 2006; Hiranuma et al., 2011; Kulkarni et al.,
2011) and deployed in the field for direct measurement of
ice nuclei (Cziczo et al., 2003; DeMott et al., 2003), and
only a brief overview of its operation is presented here. In
the PCVI, the humidified, particle-laden flow is opposed by
a dry N2 flow. These opposing flows generate a region of
zero axial velocity at their intersection, termed the stagna-
tion plane. Only particles with sufficient inertia are able to
cross the plane to be entrained in the exit flow leading to the
sampling instrumentation. Smaller particles are removed in
the pump flow.

The PCVI provides an enhancement in the particle con-
centration which is theoretically equal to the ratio of input to
output flows. In the present study, a PCVI enhancement fac-
tor of 20 is expected; in practice, a maximum transmission
of up to ∼50 % of the theoretical maximum was observed.
This transmission was measured by introducing NH4NO3
particles with mobility diameter = 350 nm into the TGDC-
PCVI-AMS system. A supersaturation and residence time
were chosen such that the entire cloud droplet distribution
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consisted of sizes larger than the PCVI cutpoint. This was
confirmed by an aerodynamic particle sizer inserted between
the TGDC and PCVI, which also yielded the number con-
centration of particles entering the PCVI. The AMS, which
detects 350 nm NH4NO3 particles with∼100 % efficiency,
was used to determine the number concentration of trans-
mitted particles. In a second set of experiments, the AMS
was replaced with a CPC, which sampled with a diluted flow
to preserve the flow conditions within the PCVI. These two
tests both indicated that the PCVI operated at∼50 % of its
ideal transmission. This transmission is somewhat lower that
the value of∼85 % reported during the initial testing of the
PCVI (Boulter et al., 2006). Possible causes for the differ-
ence include differing flow dynamics caused by the lower to-
tal PCVI flow rates in the present experiment, or differences
in spacing and/or alignment of the PCVI input and collection
orifices (Kulkarni et al., 2011).

The PCVI was set to yield a size cut of∼2–3 µm aero-
dynamic diameter. The cutpoint was empirically confirmed
as follows. NH4NO3 particles were produced by atomiza-
tion, size-selected (mobility diameter = 200 nm), and intro-
duced into the TGDC. The NH4NO3 particles activate and
the resulting size distribution of cloud droplets was mea-
sured by an APS. The mode diameter of this distribution
was controlled by varying the supersaturation and residence
time within the TGDC. A CPC was installed at the PCVI
outlet, and the ratio of CPC counts to APS counts (normal-
ized to the measured PCVI maximum transmission, i.e. en-
hancement by a factor of 10) was used to estimate the ef-
fective cutpoint by assuming larger sizes are preferentially
transmitted. For example, a normalized CPC/APS ratio of
0.4 indicates that the largest 40 % of particles were being
transmitted; this value would then be used together with
the APS size distribution to estimate the cutpoint. Calibra-
tions were performed using a set of 3 distributions having
mode diameters at∼2 µm, ∼3 µm, and∼4 µm. Addition-
ally, size-selected NH4NO3 particles with mobility diame-
ter ≤∼700 nm (the maximum diameter tested) yielded zero
transmission. The PCVI cutpoint was set by adjusting the
pump and counterflow flowrates. Flowrates used to achieve
the∼2.5 µm PCVI cutpoint were as follows: inlet flow (from
TGDC) ∼2.0 l min−1, pump flow∼2.7 l min−1, counterflow
(N2) ∼0.5 l min−1, and output flow (to AMS)∼0.1 l min−1.
Note that the flow balance in the PCVI is as follows: input
flow + counterflow = output flow + pump flow. The relation-
ship of the counterflow to the input and pump flows is ex-
pected to affect the location of the stagnation plane within
the PCVI, but does not greatly affect gas transmission. For
an ideal device, setting counterflow = output flow yields zero
transmission of sampled ambient gas. In practice, coun-
terflow/output flow ratios of up to∼3 were required to re-
move better than 99 % of the ambient gas (Boulter et al.,
2006). In the present system, a ratio of 5 is used (counter-
flow = 0.5 l min−1 vs. output flow = 0.1 l min−1).

2.3 Aerosol mass spectrometer

The Aerodyne time-of-flight aerosol mass spectrometer
(C-ToF-AMS) has previously been described in detail
(Drewnick et al., 2005). Particles are sampled at atmospheric
pressure through a 100 µm critical orifice into an aerody-
namic lens. The lens has the dual purpose of focusing the
particles into a narrow beam and accelerating them to a ve-
locity inversely related to their vacuum aerodynamic diame-
ter. Particles pass through a vacuum chamber (∼10−7 torr)
and impact on a resistively heated surface (600◦C) where
they flash vaporize. The resulting gas plume is ionized by
electron impact (70 eV) and the ions are detected by a time-
of-flight mass spectrometer. The AMS alternates between
two modes of operation. In the first mode, the particle beam
is alternately blocked and unobstructed, yielding a differ-
ence mass spectrum of the incident particles. In the second
mode, the particle beam is intersected by a spinning chop-
per wheel (1 % duty cycle, 150 Hz). Particle time-of-flight
is measured between the chopper and the detector, yielding
velocity and thus vacuum aerodynamic diameter. Because
the mass spectrometer sampling rate (50 kHz) is much higher
than the chopper frequency, this operating mode yields size-
resolved particle mass spectra, which can also be interpreted
as chemically-resolved mass distributions. Calibration and
quantification procedures for the AMS are described else-
where (Allan et al., 2003a).

2.4 Sampling locations

The TGDC-PCVI-AMS system was deployed in two loca-
tions: downtown Toronto and Egbert, Ontario. Sampling
in downtown Toronto was performed from the second floor
of the Lash Miller Chemical Laboratories from 4–6 Decem-
ber 2007. Particle transmission lines consisted of 0.25 inch
outer diameter copper tubing.

Sampling at Egbert was performed during the Egbert 2007
field campaign (14 May to 15 June 2007), at the Center for
Atmospheric Research Experiments (CARE), Egbert, ON,
Canada. Details of the Egbert 2007 campaign are provided
elsewhere (Vlasenko et al., 2009; Chan et al., 2010; Chang et
al., 2010; Shantz et al., 2010; Slowik et al., 2010). Egbert is
located in a rural area approximately 70 km north of Toronto.
During the Egbert 2007 campaign, influences on the site in-
cluded (1) southerly winds bringing polluted outflow from
the heavily populated Toronto area and Southern Ontario and
(2) northerly winds bringing a biogenic aerosol formed from
terpene emissions by forested regions to the north/northeast.
Identification of these periods and chemical characterization
of the aerosol is discussed in Slowik et al. (2010).

3 Results and discussion

In this section, we focus discussion on three sampling pe-
riods: (1) aerosol sampled in downtown Toronto during

Atmos. Meas. Tech., 4, 1677–1688, 2011 www.atmos-meas-tech.net/4/1677/2011/



J. G. Slowik et al.: Analysis of cloud condensation nuclei composition and growth kinetics 1681

5

4

3

2

1

0

dM
/d

lo
g(

d va
) (

µg
 m

-3
)

10
2 3 4 5 6 7

100
2 3 4 5 6 7

1000
2 3 4 5

Vacuum Aerodynamic Diameter (nm)

 Organics
 SO4
 NO3
 NH4
 Chl

(a) 5

4

3

2

1

0

P
ol

yd
is

pe
rs

e 
dM

/d
lo

g(
d va

) (
µg

 m
-3

)

10
2 3 4 5 6 7

100
2 3 4 5 6 7

1000
2 3 4 5

Vacuum Aerodynamic Diameter (nm)

0.20

0.15

0.10

0.05

0.00

C
C

N
-A

ctive dM
/dlog(d

va ) (µg m
-3)

 Polydisperse
 CCN-active

(b)

0.35

0.30

0.25

0.20

0.15

0.10

0.05

0.00

m
/z

 4
3,

 m
/z

 4
4:

 d
M

/d
lo

g(
d v

a)
 (µ

g 
m

-3
)

10
2 3 4 5 6

100
2 3 4 5 6

1000
2 3 4 5

Vacuum Aerodynamic Diameter (nm)

1.5

1.0

0.5

0.0

O
rganics: dM

/dlog(dva ) (µg m
-3)

 Organics
 m/z 43
 m/z 44

(c)

Fig. 2. AMS mass distributions from the downtown Toronto case study. Figure 2a shows the polydisperse distributions for organic and
inorganic components. Figure 2b compares the polydisperse and CCN-active mass distributions for the nitrate component of the aerosol.
Figure 2c shows the polydisperse mass distributions form/z43 (C2H3O+, C3H+

7 ), m/z44 (CO+

2 ), and total organics.

December 2007; (2) urban outflow and (3) biogenic SOA
sampled at Egbert during the Egbert 2007 field campaign.
Identification and characterization of the urban outflow and
biogenic SOA case study periods are discussed in detail else-
where (Slowik et al., 2010). Characteristics of the case stud-
ies are discussed below, with a focus on comparing the poly-
disperse aerosol (i.e. sampled directly from ambient) and the
CCN-active fractions (i.e. sampled through by the TGDC-
PCVI-AMS system).

3.1 Case study: downtown Toronto

Figure 2 shows mass distributions recorded in downtown
Toronto for polydisperse aerosol and the CCN-active frac-
tion, detected by the AMS and TGDC-PCVI-AMS, respec-
tively. Figure 2a shows the ambient polydisperse size distri-
butions for organics, sulfate, nitrate, ammonium, and chlo-
ride. Figure 2b compares the polydisperse and CCN-active

size distributions for nitrate. A more detailed look at the size-
dependent organic composition is presented in Fig. 2c, where
mass distributions are shown for the total organics,m/z43
(C2H3O+, C3H+

7 ) andm/z44 (CO+

2 ). In Fig. 2a, the organic
distribution has two distinct modes:dva ∼ 150 nm anddva ∼

450 nm. Such a multimodal distribution indicates that par-
ticles are externally mixed and is characteristic of an urban
setting. The smaller mode is typically due to local primary
emissions (e.g. from traffic) (Allan et al., 2003b), while the
larger mode is composed of more aged, regional aerosol.

The external mixture evident from the organic size distri-
butions is also reflected in the nitrate trace. The nitrate distri-
bution is monomodal (modedva ∼ 450 nm). However, a tail
in the distribution is evident at smaller sizes. Such a tail is
clearly not present in the sulfate distribution. The nitrate tail
probably results from the condensation of locally-generated
ammonium nitrate onto preexisting particles, in this case the
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small traffic mode. Condensation occurs onto both the traffic
and accumulation modes. In Fig. 2b, the tail appears in the
polydisperse nitrate mass distribution, but not in the CCN-
active distribution. This indicates that on exposure to super-
saturated water vapor, the traffic mode particles either (1) do
not form cloud particles or (2) form cloud particles, but with
a diameter below the size cutoff of the PCVI (∼2–3 µm).
The CCN-active organic mass distribution is not shown be-
cause the signal-to-noise renders the distribution below the
detection limit. (Note that the mass distributions are col-
lected in particle time-of-flight mode, which requires the use
of a 1 % chopper and size-resolved particle mass spectra; see
Sect. 2.3. Because of the lower duty cycle and the need to
segregate mass spectra by size, this operating mode is less
sensitive than the difference mass spectra used to determine
overall particle composition, discussed below.) Due to the
short residence time in the CCN chamber (maximum∼10 s),
significant scavenging of small particles by cloud droplets is
not expected.

System detection limits vary considerably with the aerosol
composition. This is especially true for the organic frac-
tion. While no systematic study of the organic detection limit
was conducted, the following examples are instructive. For
the hydrocarbon-rich aerosol in downtown Toronto, organic
mass distributions could not be resolved even after∼2 h of
integration at organic mass concentrations of 6.2 µg m−3. In
contrast, more oxygenated aerosol sampled at the Egbert site
yielded organic mass distributions above detection limit for
organic mass concentrations of 2.6 µ g m−3 and∼1 h of inte-
gration. Regardless of composition,∼1 h of integration was
sufficient to yield mass spectra for organic concentrations be-
low 1 µg m−3.

Tables 1 and 2 show the composition of polydisperse
aerosol and the CCN active fraction for the all three case
studies. In downtown Toronto, these tables show the CCN-
active fraction to be chemically distinct from the polydis-
perse aerosol. An important difference is the decreased or-
ganic mass fraction in the CCN-active particles (0.21± 0.08)
relative to the polydisperse aerosol (0.33± 0.05). A cor-
responding increase is observed for the inorganic compo-
nent mass fractions in the CCN-active aerosol, particu-
larly for sulfate (mass fraction = 0.20± 0.04 for polydis-
perse, 0.28± 0.06 for CCN-active). Further, the CCN-active
organics are much more oxygenated than the polydisperse
aerosol (CCN-active O:C ratio is∼0.52 versus∼0.21 for
polydisperse). Figure 2c shows thatm/z44, which acts as a
tracer for oxygenated organics (Aiken et al., 2008), is nearly
absent in the small organic mode. The increased oxygena-
tion of the CCN-active mode therefore suggests that these
particles correspond to the larger mode in Fig. 2. Corre-
spondingly, the data suggest that the smaller mode is CCN-
inactive, which is consistent with expectations for an urban
environment. In such an environment, the smaller diame-
ter and hydrocarbon-like composition of the small mode are
consistent with primary anthropogenic emissions (e.g. traf-

Fig. 3. AMS mass distributions for the Egbert urban outflow case
study period. Ambient polydisperse and CCN-active distributions
are plotted on the left and right axes, respectively. The top panel
shows the polydisperse particle composition, while the bottom two
panels show comparisons of polydisperse and CCN-active distribu-
tions for organics and sulfate.

fic particles) (e.g. Allan et al., 2003b; Zhang et al., 2005).
Results from several CCN closure studies indicate that such
particles are not CCN-active (Broekhuizen et al., 2006; Cu-
bison et al., 2008; Quinn et al., 2008; Chang et al., 2010).

3.2 Case studies: urban outflow and biogenic SOA at
Egbert, Ontario

The upper panels in Figs. 3 and 4 show polydisperse mass
distributions for organics, sulfate, nitrate, ammonium, and
chloride as measured during the Egbert 2007 field cam-
paign. The lower panels compare polydisperse and CCN-
active mass distributions for organic and sulfate. As dis-
cussed in Sect. 2.4, this study was conducted from mid-May
to mid-June at a semirural site∼60 km north of Toronto.
Data in Fig. 3 were acquired during 24 May 2007, 11:15 to
18:20, when the Egbert site was influenced by urban out-
flow from Toronto. Data in Fig. 4 were collected during
12 June 2007, 10:45 to 17:35, when the site was influenced
by a major biogenic aerosol event originating in the boreal
forests of northern Ontario and Quebec (Slowik et al., 2010).

The distributions in Figs. 3 and 4 are in all cases
monomodal, suggesting a largely internally mixed aerosol.
This is consistent with expectations, given that the field site
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Table 1. Summary of polydisperse aerosol composition during case study periods. Uncertainties represent one standard deviation of mea-
surements collected during the case study period. O:C ratios are estimated from them/z44-to-organics ratio using the empirical relationship
determined by Aiken et al. (2008).

Downtown Toronto Toronto Outflow Biogenic Aerosol

Total AMS mass 8.54± 2.93 32.0± 1.1 13.6± 0.4
(µg m−3)

Organics/AMS mass 0.33± 0.05 0.49± 0.04 0.78± 0.04
SO4/AMS mass 0.20± 0.04 0.37± 0.03 0.14± 0.03
NO3/AMS mass 0.27± 0.04 0.02± 0.002 0.02± 0.001
NH4/AMS mass 0.19± 0.01 0.12± 0.01 0.05± 0.01
m/z44/Organics 0.033± 0.004 0.131± 0.006 0.106± 0.002
m/z43/Organics 0.023± 0.002 0.074± 0.001 0.097± 0.002
Approx. O:C ratio 0.21 0.58 0.48

Table 2. Summary of CCN-active aerosol composition during case study periods. Uncertainties represent one standard deviation of mea-
surements collected during the case study period. O:C ratios are estimated from them/z44-to-organics ratio using the empirical relationship
determined by Aiken et al. (2008).

Downtown Toronto Toronto Outflow Biogenic Aerosol

Total AMS mass 0.33± 0.39 2.68± 2.53 0.63± 0.27
(µg m−3)

Organics/AMS mass 0.21± 0.08 0.50± 0.04 0.75± 0.02
SO4/AMS mass 0.28± 0.06 0.32± 0.09 0.16± 0.03
NO3/AMS mass 0.31± 0.06 0.02± 0.002 0.03± 0.005
NH4/AMS mass 0.19± 0.05 0.16± 0.06 0.07± 0.03
m/z44/Organics 0.114± 0.017 0.123± 0.008 0.102± 0.006
m/z43/Organics 0.080± 0.008 0.069± 0.004 0.094± 0.003
Approx. O:C ratio 0.52 0.55 0.47

is removed from major primary emissions sources. Inter-
nally mixed particles were also observed using a PCVI-based
system in Richland, Washington, USA, utilizing a different
CCN chamber and different mass spectrometers (Hiranuma
et al., 2011). Tables 1 and 2 show that the composition of
the polydisperse aerosol and the CCN-active fraction are the
same within measurement uncertainty for both the urban out-
flow and biogenic SOA case study periods.

For the urban outflow period, the CCN-active particle
component is shifted to larger sizes than the polydisperse
distribution (see Fig. 3, middle and lower panels). This in-
dicates that in the urban outflow, some fraction of particles
with dva∼200 to 300 nm either (1) do not activate or (2) ac-
tivate but do not grow large enough to be classified as cloud
droplets in the PCVI. Based on other CCN measurements
conducted during the Egbert 2007 campaign, the critical acti-
vation diameter at 0.33 % supersaturation is less than 100 nm
mobility diameter (Chang et al., 2010; Shantz et al., 2010).
The higher CCN activity and/or faster droplet growth rates
for biogenic SOA relative to urban outflow are consistent
with direct measurements of droplet growth rates during the

campaign (Shantz et al., 2010). Shantz et al. (2010) mea-
sured droplet growth rates for biogenic SOA that were com-
parable to (NH4)2SO4 particles of the same size and num-
ber concentration; however, urban outflow particles yielded
a slower growth rate relative to (NH4)2SO4 . TGDC-PCVI-
AMS experiments in which the residence time in the TGDC
(i.e. CCN chamber) was varied also illustrate the influence
of droplet growth kinetics on TGDC-PCVI-AMS measure-
ments, as discussed in Sect. 3.3.

In contrast to the Toronto outflow (Fig. 3), during the
biogenic period (Fig. 4) the CCN-active distribution is not
shifted relative to the polydisperse aerosol. This suggests
that the biogenic aerosol does not experience the limitations
on cloud droplet activation and/or growth exhibited by the
urban outflow particles. That is, the biogenic particles ac-
tivate more readily and/or grow more quickly than those in
the urban outflow. Interestingly, this behavior occurs despite
the polydisperse biogenic particles containing a smaller inor-
ganic fraction (0.22± 0.04 for biogenic SOA vs. 0.51± 0.04
for urban outflow, see Table 1) and a lower O:C ratio (0.58 for
urban outflow vs. 0.48) (see Tables 1 and 2). (Recall that the
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Fig. 4. AMS mass distributions for the Egbert biogenic SOA case
study period. Ambient polydisperse and CCN-active distributions
are plotted on the left and right axes, respectively. The top panel
shows the polydisperse particle composition, while the bottom two
panels show comparisons of polydisperse and CCN-active distribu-
tions for organics and sulfate.

composition of the polydisperse and CCN-active fraction is
indistinguishable.) CCN activity would usually be expected
to increase with both the inorganic fraction (Petters et al.,
2007, and references therein) and O:C ratio (Duplissy et al.,
2011).

Further, the lower CCN activity of aerosol in the urban out-
flow relative to biogenic SOA is not due to differences in par-
ticle size between the case studies. Figure 5 shows the poly-
disperse mass distributions of organics for these two periods.
The urban outflow aerosol is shifted towards larger sizes. If
differences in CCN activity during these periods were gov-
erned by particle size, aerosol in the urban outflow would be
expected to be more CCN-active than biogenic SOA. How-
ever, the opposite trend is observed instead.

The decreased CCN activity in the urban outflow particles
may arise from the internal particle structure, perhaps with
the particles containing a coating of hydrophobic organics.
More specifically, the oxygenated and inorganic components
of the urban outflow particles originate in large part from be-
yond the Toronto urban centre, e.g. from power plant emis-
sions in the Ohio Valley and sources throughout heavily pop-
ulated southern Ontario. However, they also contain a signifi-
cant fraction of hydrocarbon-like organics, which likely orig-
inate from the Toronto region. Condensation of fresh hydro-

carbons on a preexisting particle would result in a hydropho-
bic layer on the particle exterior, slowing CCN activation and
growth. Model simulations of droplet growth kinetics during
the Egbert study support this possibility (Shantz et al., 2010).
Kinetic inhibition of CCN and hygroscopic growth has also
previously been observed in polluted and marine environ-
ments (Johnson et al., 2005; Ruehl et al., 2008, 2009). In sev-
eral of these studies, the observed inhibition was attributed to
a condensed hydrophobic film (Johnson et al., 2005; Ruehl
et al., 2009).

As shown in Tables 1 and 2, the case study periods
show no detectable difference between the chemical compo-
sition of the CCN-active and polydisperse aerosol. This is
consistent with an internally-mixed aerosol, implied by the
monomodal size distributions in Figs. 3 and 4. However, it
also indicates that the particle-to-particle variations in com-
position do not significantly alter their ability to act as CCN
at the selected supersaturation (0.33 %).

3.3 Effect of droplet kinetics

Further evidence of the increased CCN activity of biogenic
SOA relative to urban outflow is evident from experiments
in which the residence time in the CCN chamber was var-
ied. These experiments were performed using the TGDC
movable injector described in Sect. 2.1 (see also Fig. 1). In
Fig. 6, we compare mass distributions obtained at the normal
(and maximum) residence time of∼10 s with distributions
obtained at the minimum residence time (∼3 s) for the urban
outflow and biogenic SOA case studies. The figure shows
that decreasing the residence time, i.e. by moving the injec-
tor from the “out” to “in” positions (see Fig. 1), causes a
decrease in the CCN-active mass during both case study pe-
riods. However, the decrease is proportionally larger for the
urban outflow period.

As discussed in section 2, the classification of a particle
as “CCN-active” by the TGDC-PCVI-AMS is operational in
nature. To observe activation, it is required that a particle
(1) form a cloud droplet and (2) grow such that the diameter
exceeds∼2.5 µm. Decreasing the residence time makes these
conditions more difficult to satisfy, because a particle must
activate earlier and/or grow faster to exceed the∼2.5 µm cut-
point. Therefore the stronger decrease observed for the urban
outflow particles relative to biogenic SOA indicates that the
urban particles are less CCN-active in a kinetic sense. This
is consistent with the observations discussed in Sect. 3.2.

In the TGDC-PCVI-AMS system, it is not possible to
distinguish between the effects of early/late activation and
slow/fast droplet growth. However, as in Sect. 3.2 we can as-
sign the effects to chemical composition rather than particle
size. For the distributions in Fig. 6a and b, no significant bi-
ases in size for the CCN-active particles relative to the poly-
disperse distribution are observed. This indicates that the
ability of a particle to activate and/or grow quickly enough
to exceed the PCVI size cut does not strongly depend on the
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Fig. 5. Comparison of polydisperse size distributions for the Egbert urban outflow and biogenic case study periods. Figure 5a shows organic
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1.6

1.4

1.2

1.0

0.8

0.6

0.4

0.2

0.0

In
je

ct
or

 O
ut

: d
v/

dl
og

(d
va

) (
µg

/m
3 )

101
2 4 6 8

102
2 4 6 8

103
2 4 6 8

104

Vacuum Aerodynamic Diameter (nm)

1.6

1.4

1.2

1.0

0.8

0.6

0.4

0.2

0.0

Injector In: dv/dlog(d
va ) (µg/m

3)

Organics
 Injector out
 Injector in

(a)
0.5

0.4

0.3

0.2

0.1

0.0

In
je

ct
or

 O
ut

: d
v/

dl
og

(d
va

) (
µg

/m
3 )

101
2 4 6 8

102
2 4 6 8

103
2 4 6 8

104

Vacuum Aerodynamic Diameter (nm)

0.5

0.4

0.3

0.2

0.1

0.0

Injector In: dv/dlog(d
va ) (µg/m

3)

Biogenic SOA
Organics

 Injector out
 Injector in

(b)

Fig. 6. Residence time experiments for the urban outflow(a) and biogenic SOA(b) case studies. Organic mass distributions are shown for
the minimum (injector “in”) and maximum (injector “out”) TGDC residence times.

size of the original particle. Observed differences in CCN
activation and/or droplet growth between the urban outflow
and biogenic SOA aerosol are therefore attributed to chemi-
cal differences.

3.4 Effect of AMS collection efficiency

The AMS mass measurement requires vaporization of par-
ticles impinging on the vaporizer surface. However, some
fraction of particles instead bounce off the surface and are
not detected. The fraction of detected particles, defined as
the bounce collection efficiency (Eb), depends primarily on
particle phase (Matthew et al., 2008). Because particles
travelling through the TGDC-PCVI-AMS system are likely
to undergo changes in phase due to the induced delicques-
cence/CCN activation/efflorescence cycle, the influence of
Eb on the system measurements is briefly discussed below.

Ambient particle measurements have typically yielded
Eb ∼0.5, with larger values observed under the following
conditions: (1) high mass fraction of ammonium nitrate,
(2) acidic sulfate aerosol, (3) relative humidity>90 %. Labo-
ratory experiments have also shown that organic liquid coat-
ings increase collection efficiency. However, enhancement of
collection efficiency by organic liquid has not been demon-
strated in ambient data to date. Rather, a recent study shows
Eb to be unaffected by organic content (Middlebrook et al.,
2011). This is consistent with recent evidence suggesting
that many organics may exist in the atmosphere in a glasslike
state, rather than as liquids (Zobrist et al., 2008).

Parameterizations for estimating collection efficiency
based on ammonium nitrate content and sulfate acidity can
be found in the literature (Middlebrook et al., 2011; Matthew
et al., 2008; Crosier et al., 2007; Quinn et al., 2006). For
the TGDC-PCVI-AMS system, such corrections would need
to be applied independently to the measured polydisperse
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and CCN-active composition. In the present study, chem-
ical differences between the bulk polydisperse and CCN-
active particle ensembles are insufficient to introduce an
Eb−based bias.

Relative humidity effects are potentially more compli-
cated. Because the PCVI output flow is dried by replace-
ment of the humid air with dry air at the stagnation plane,
the CCN-active distribution is expected to have a collection
efficiency of ∼0.5, similar to typical results for dried am-
bient particles, except for the types of particle composition
described above. In theory, one could also dry the input flow
to the TGDC-PCVI-AMS, as has been previously done to
simplify estimation ofEb in some other AMS measurement
campaigns. However, in the TGDC-PCVI-AMS system, the
possibility exists that such drying could introduce artifacts
into the polydisperse/CCN-active comparison by changing
the phase of the input aerosol, thereby altering the cloud
formation process. As discussed in the manuscript, the na-
ture of the TGDC-PCVI-AMS system means that droplet
growth kinetics affect which particles are classified as “cloud
droplets”.

Because of these issues, sample flow was not dried in the
present study and the polydisperseEb was instead estimated
using two methods: (1) correlation of single particle mass
spectra with optical scattering pulses from a light scattering
module incorporated into the AMS, providing a direct mea-
sure ofEb for particles with mobility diameters larger than
∼215 nm; and (2) comparison with SMPS measurements.
These measurements agreed within uncertainties, yielding an
estimatdEb of 0.6+/0.1 (Slowik et al., 2010). The similar-
ity of this value to the typical dry valuesEb (∼0.5), cou-
pled with the lack of compositional changes in CCN-active
particle modes (i.e. excluding the small CCN-inactive mode
observed in downtown Toronto), suggests thatEb does not
cause significant biases in the present study. (Although op-
tical scattering/single particle measurements were made for
both the CCN-active and polydisperse distributions, the num-
ber of sampled CCN-active particles was too low for the mea-
surement to be useful in constrainingEb.)

AlthoughEb is not expected to cause significant bias to the
comparison of CCN-active and polydisperse aerosol in the
present study, this may be in part a result of the composition
and mixing state of the sampled aerosol and it is possible that
Eb could affect measurements at a different location. This
issue can be addressed byEb-constraining measurements,
such as the optical scattering/single particle measurements
described above and/or by integration of other instruments
into the TGDC-PCVI system.

4 Conclusions

A novel method for real-time detection of the size and com-
position of CCN-active aerosol was developed and success-
fully deployed at urban and semirural sites. The method con-
sists of a parallel plate CCN chamber, a pumped counterflow

virtual impactor (PCVI) and a time-of-flight aerosol mass
spectrometer (C-ToF-AMS) operated in series. The CCN
chamber grows CCN-active particles into droplets larger than
1 µm, the PCVI inertially selects these large particles and
dries them, and the AMS detects the non-refractory compo-
nent. During deployment in downtown Toronto, the TGDC-
PCVI-AMS system demonstrated the ability to resolve a
CCN-active accumulation mode from an external mixture
with a CCN-inactive traffic particle mode. At a semiru-
ral site north of Toronto, the TGDC-PCVI-AMS indicated
that particles were mostly internally mixed. Comparison of
measurements during a period of Toronto outflow and a ma-
jor biogenic event indicated that the biogenic particles were
more CCN active and/or grew to larger cloud droplet sizes
despite having a lower mass fraction of inorganics and less
oxygenated organics. This effect may be due to deposition of
a hydrophobic layer on preexisting particles passing through
Toronto on their way to the sampling location (Shantz et al.,
2010).
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