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Abstract. Cloud condensation nuclei (CCN) concentrations
were measured at Egbert, a rural site in Ontario, Canada dur-
ing the spring of 2007. The CCN concentrations were com-
pared to values predicted from the aerosol chemical compo-
sition and size distribution usingκ-Köhler theory, with the
specific goal of this work being to determine the hygroscopic
parameter (κ) of the oxygenated organic component of the
aerosol, assuming that oxygenation drives the hygroscopicity
for the entire organic fraction of the aerosol. The hygroscopi-
city of the oxygenated fraction of the organic component,
as determined by an Aerodyne aerosol mass spectrometer
(AMS), was characterised by two methods. First, positive
matrix factorization (PMF) was used to separate oxygenated
and unoxygenated organic aerosol factors. By assuming that
the unoxygenated factor is completely non-hygroscopic and
by varyingκ of the oxygenated factor so that the predicted
and measured CCN concentrations are internally consistent
and in good agreement,κ of the oxygenated organic factor
was found to be 0.22±0.04 for the suite of measurements
made during this five-week campaign. In a second, equiva-
lent approach, we continue to assume that the unoxygenated
component of the aerosol, with a mole ratio of atomic oxygen
to atomic carbon (O/C)≈ 0, is completely non-hygroscopic,
and we postulate a simple linear relationship betweenκorg
and O/C. Under these assumptions, theκ of the entire or-
ganic component for bulk aerosols measured by the AMS can
be parameterised asκorg=(0.29±0.05)·(O/C), for the range of
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O/C observed in this study (0.3 to 0.6). These results are av-
eraged over our five-week study at one location using only
the AMS for composition analysis. Empirically, our mea-
surements are consistent withκorg generally increasing with
increasing particle oxygenation, but high uncertainties pre-
clude us from testing this hypothesis. Lastly, we examine
select periods of different aerosol composition, correspond-
ing to different air mass histories, to determine the generality
of the campaign-wide findings described above.

1 Introduction

Atmospheric aerosols can affect climate directly by scat-
tering and absorbing incoming solar radiation, or indirectly
by acting as cloud condensation nuclei (CCN), which form
clouds and in turn can reflect light (Twomey, 1977). The
efficiency of particles as CCN also affects both aerosol par-
ticle and cloud droplet lifetimes (Albrecht, 1989). It is well
recognised that these effects represent one of the largest un-
certainties in assessing the changes in radiative forcing from
pre-industrial times to the present (Solomon et al., 2007). As
such, understanding the hygroscopic properties of aerosols
and the processes that govern cloud droplet activation are im-
portant.

Köhler theory has been used to predict the CCN-activity
of inorganic compounds for many years (Köhler, 1936).
In the last decade, the focus has turned to the prediction
of the CCN-activity of organic compounds in atmospheric
particles. Laboratory studies have shown that the CCN-
activity of organic, inorganic, or mixed aerosol systems can
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be predicted if the composition of the particles is well-
characterised and their properties are known (Abbatt et al.,
2005; Bilde and Svenningsson, 2004; Broekhuizen et al.,
2004a; Raymond and Pandis, 2002, 2003). However, ambi-
ent aerosols are composed of numerous organic compounds
that are difficult to identify and quantify (Jacobson et al.,
2000; Saxena and Hildemann, 1996), therefore complicat-
ing the prediction of the CCN-activity of those ambient par-
ticles. The organic fraction comprises a significant fraction
of the aerosol at many locations in the Northern Hemisphere
(Zhang et al., 2007), highlighting the need to study organic
aerosol hygroscopicity. In this study, we conduct an aerosol-
CCN closure study of ambient aerosols at a continental site,
in which we compare CCN concentrations measured using
a CCN counter with those predicted using modified Köhler
theory aiming to better describe the hygroscopicity of the or-
ganic components of the particles.

Two strategies are used in this paper to simplify the ex-
perimental approach to studying this aerosol property. These
approaches reflect recent major developments in the aerosol
field. First, field observations of the organic aerosol made
by an aerosol mass spectrometer (AMS) are characterised
by the degree of oxygenation. One method of doing this
is by using the molar ratio of atomic oxygen to atomic
carbon (O/C) as measured by the AMS to represent the
aerosol’s degree of oxygenation (Aiken et al., 2008). An-
other method is to use factor analysis techniques such as the
recently more popular positive matrix factorization (PMF)
(Lanz et al., 2007; Ulbrich et al., 2009) to separate the oxy-
genated and unoxygenated components. Here, aerosol mass
spectra, which contain signals from hundreds if not thou-
sands of organic molecules, are described as a linear com-
bination of a few characteristic factors relating to emission
sources, atmospheric processing, etc. This approach charac-
terises the overall organic composition in terms of a suffi-
ciently small number of factors that might match the number
of organic aerosol species specified in climate and air qual-
ity models, such as the hydrophilic and hydrophobic organic
fractions used in some global models (Chung and Seinfeld,
2002; Cooke and Wilson, 1996; Lohmann et al., 1999). A
combination of AMS measurements (Zhang et al., 2007) and
the subsequent application of PMF (Lanz et al., 2007; Ul-
brich et al., 2009) is now a common approach used in the
organic aerosol community.

The second simplifying advance of which we take ad-
vantage is to describe the organic hygroscopicity using the
κ-Köhler method (Petters and Kreidenweis, 2007, 2008).
Specifically, this expression of the Köhler model groups the
properties of each compound present in the aerosol parti-
cle that affects its hygroscopicity into a single variable,κ.
Thus, knowledge of the individual chemical properties (e.g.
molecular solubility, molecular weight), which are largely
unknown in ambient aerosol, is obviated. And so, as de-
scribed in detail below, the specific goal of this work is
to determine the hygroscopic properties (expressed as the

κ parameter) of the oxygenated organic component of the
aerosol, under the assumption that the oxygenated compo-
nent drives the hygroscopicity for the entire organic fraction
of the aerosol.

An extensive review of early aerosol-CCN closure studies
that had limited information about the organic component of
the aerosol can be found inBroekhuizen et al.(2006). How-
ever, with the recent widespread use of the AMS and follow-
ing the initial study ofBroekhuizen et al.(2006), a few clo-
sure studies have since been conducted in which the aerosol
chemical composition is highly time resolved and the organic
fraction quantified. These studies from the field achieved
closure by determining the hygroscopicity of either the en-
tire aerosol by assuming an average chemical composition
in continental China (Rose et al., 2010), or the entire or-
ganic component by assuming that the hygroscopicity in the
organic component was constant at rural locations (Chang
et al., 2007; Medina et al., 2007; Stroud et al., 2007), in the
Amazon (Gunthe et al., 2009; Roberts et al., 2002), at cloud
level (Wang et al., 2008), as well as sites that are removed
from major source areas (Ervens et al., 2010). A general
conclusion is that the organic fraction is hygroscopic. This
contrasts with urban closure studies indicating insoluble or-
ganics (Lance et al., 2009), especially at small sizes (e.g.
Broekhuizen et al., 2006; Cubison et al., 2008; Quinn et al.,
2008), although this can also be true for remote locations (Er-
vens et al., 2007). Here we conduct a study of the hygroscop-
icity of the organic component at supersaturated conditions,
focusing on the oxygenated component under the assumption
that the unoxygenated component is non-hygroscopic. Sim-
ilar results have been published for subsaturated conditions
(McFiggans et al., 2005; Raatikainen et al., 2010) and more
recently for laboratory and ambient measurements (Jimenez
et al., 2009), although laboratory experiments have shown
that organic aerosol hygroscopicity under subsaturated con-
ditions can be lower than under supersaturated conditions
(Petters et al., 2009b; Prenni et al., 2007; Wex et al., 2009).
This study builds on the results from previous closure studies
conducted in our group at urban and rural sites (Broekhuizen
et al., 2006; Chang et al., 2007).

2 Experimental method

The Egbert 2007 study took place between 14 May and
15 June 2007, at Environment Canada’s Centre for Atmo-
spheric Research and Experiment (CARE). This rural site,
situated at Egbert, Ontario, Canada (44.23 N, 79.78 W, 251 m
above sea level), approximately 70 km north of Toronto, is
surrounded by farmland, and experiences minimal influence
from local sources. The actual sampling location is 125 m
from the main CARE building and the nearest road, 75 m
away, is used by only a few vehicles per hour. The site is
often impacted by polluted urban outflow from the popu-
lated and industrialised regions of Southwestern Ontario and
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mid-western United States, as well as cleaner continental air
from the north (Rupakheti et al., 2005).

The overall goal of Egbert 2007 was to improve our un-
derstanding of the sources and hygroscopicity of organic
aerosols. To this end, recent publications from this cam-
paign have shown that the oxidation state of the aerosol cor-
relates with the photochemical age of the air (Vlasenko et al.,
2009), significant secondary organic aerosol (SOA) mass
can be formed from monoterpene oxidation (Slowik et al.,
2010), oxygenated organic aerosols from anthropogenically-
influenced air could have primary and secondary sources,
while biogenically-influenced air only had secondary sources
(Chan et al., 2010), and aerosols from anthropogenically-
influenced air showed a delay in cloud droplet activation
compared to biogenically-influenced air (Shantz et al., 2010).
The present study focuses on the hygroscopicity of the or-
ganic component of the aerosol by performing an aerosol-
CCN closure experiment alongside measurements of the or-
ganic component of the gas and particulate phases, so as to
best define the source of air sampled at CARE. A wide vari-
ety of instruments were deployed during the study, but only
those of direct relevance to this analysis are described here.

2.1 Scanning mobility particle sizer

A scanning mobility particle sizer (SMPS, TSI 3071, 3081,
3010) measured aerosol size distributions between 10 nm and
420 nm in diameter every 15 min with a sample to sheath
flow ratio of 1:6, where the sheath flow was dried with silica
gel. All instruments sampled from the roof of the building,
with intakes≈5.5 m above ground. The main inlet was a
PVC pipe (0.2 m inner diameter), lined with aluminium tape
to decrease electrostatic deposition, where the residence time
was≈1 min. The SMPS sampled from the central axis of the
main inlet in stainless steel tubing with a residence time of
the secondary lines of≈1 s.

2.2 CCN counter

The CCN concentration was measured at a constant super-
saturation using a parallel-plate continuous flow thermal gra-
dient diffusion chamber that was previously used in a closure
study at the same site (Chang et al., 2007). This instrument,
built at the University of Toronto, is a more portable and au-
tomated version of the design described byPradeep Kumar
et al.(2003). It consists of two parallel aluminium plates held
at different temperatures, which results in a supersaturation
forming at the centre of the chamber (Saxena et al., 1970).
A sheath flow (1.8 L min−1) keeps the sample aerosol flow
(0.2 L min−1) at the centre of the chamber such that particles
that are CCN-active at that supersaturation activate and are
counted by an aerodynamic particle sizer (APS, TSI 3320)
as they exit the chamber. The cooler bottom plate was main-
tained at room temperature while the warmer upper plate was

actively heated with a resistive heating pad (Omega) to the
temperature required for the desired supersaturation as cal-
culated and controlled by a Labview (National Instruments)
program from the temperature of the cooler bottom plate.
Like the chamber described byPradeep Kumar et al.(2003),
this instrument has a movable injector that allows the resi-
dence time to vary from 9 to 21 s. The residence time of
the chamber was adjusted to optimise the CCN concentra-
tion, which, for most of this study, occurred at 19 s. This
time is a balance between giving the droplets sufficient time
to grow to sizes large enough to be counted by the APS and
preventing the aerosols from growing so large that they are
lost to gravitational settling. The optimal residence time can
also depend on the aerosol chemical composition. This effect
was not explored systematically during this study, although
Shantz et al.(2010) discuss the kinetics of activation during
the Egbert 2007 study.

The CCN counter was calibrated four times throughout the
study using monodisperse ammonium sulphate particles to
determine the activation diameter (i.e. the size at which 50%
of the aerosols activate). Based on these calibrations and
water activity coefficients fromClegg et al.(1996), the ef-
fective supersaturation in the chamber was determined to be
0.42±0.04%. This instrument also sampled from the main
inlet with a residence time in its secondary line of<6 s. The
uncertainties in the CCN counter are estimated to be±20%,
principally based on the uncertainties in the APS counter and
sample flow rate.

2.3 Proton-transfer-reaction mass spectrometer

Volatile organic compounds (VOCs) were measured using a
proton-transfer-reaction mass spectrometer (PTR-MS, Ioni-
con Analytik). The details of this method and its applica-
tion to ambient air sampling have been described elsewhere
(de Gouw and Warneke, 2007). A description of the instru-
ment performance during this particular study can be found
in Vlasenko et al.(2009). In brief, ambient air was sampled
at 4.4 L min−1 through a 7.5 m long PFA tube with 0.48 cm
inner diameter whose inlet was 2 m from the main aerosol
inlet. The PTR-MS sampled 0.2 L min−1 from the main flow
through a heated 0.2 cm outer diameter silcosteel line. Pro-
tonated VOC species were recorded in scanning mode from
m/z 21 to 160 on a 140 s time interval. The system was
calibrated by standard addition using commercial custom-
made gas mixtures (Apel-Riemer Inc. and Scott Specialty
Gases). In addition, background measurements were made
by installing a charcoal cartridge (Supelco) upstream of the
PTR-MS inlet line.

2.4 Aerosol mass spectrometers

A time-of-flight aerosol mass spectrometer (C-ToF AMS,
Aerodyne) measured the aerosol chemical composition that
was non-refractory at 870 K and 10−7 torr. The operation
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of the AMS has been described elsewhere (Drewnick et al.,
2005; Jayne et al., 2000; Jimenez et al., 2003) and the spe-
cific operation of this instrument for this study is described
by Slowik et al.(2010). This AMS sampled off a separate
stainless steel and copper inlet≈3 m from the main inlet with
a residence time of≈15 s. In this analysis, the bulk aerosol
mass spectrum was used instead of the mass size distribution
data because the PMF analysis, described below, was per-
formed on the bulk data and is thus more representative of the
entire aerosol. In addition, the signal was quite low at sizes
< 100 nm diameter, which is the typical activation diame-
ter, resulting in a low signal to noise. Using the bulk mass
spectra assumes that the aerosol is internally mixed. This
is not unreasonable since the mass distributions were mostly
unimodal and there were no significant local sources at the
sampling site, although uncertainties from this assumption
will be addressed in Sect.4.3.

AMS mass concentration measurements are complicated
by uncertainties in collection efficiency due to the possibil-
ity of particle bounce at the vaporiser surface that can vary
with chemical composition. In general, this does not af-
fect the analysis below, which only uses the fractional com-
position and assumes an internally mixed aerosol. If the
aerosol were not internally mixed, then the collection effi-
ciency could be important, and potential effects will be con-
sidered in Sect.4.3 by considering relative uncertainties in
the organic to inorganic ratios.

The PMF receptor modelling technique uses multivariate
statistical methods to represent an input data matrix as a
linear combination of a set of factor profiles (mass spectra,
for AMS data) and their time-dependent intensities (Paatero,
1997; Paatero and Tapper, 1994). Application of PMF to
AMS datasets have previously been discussed (Allan et al.,
2010; Lanz et al., 2007; Slowik et al., 2009; Ulbrich et al.,
2009), as has the PMF analysis for the present study (Slowik
et al., 2010). In the present study, four factors were re-
solved for the organic component: a hydrocarbon-like or-
ganic aerosol (HOA) component correlating with tracers for
primary anthropogenic emissions (e.g. NOx and benzene); a
biomass burning organic aerosol (BBOA) component; and
two oxygenated organic aerosol components (OOA-1, OOA-
2), where OOA-1 is more oxygenated than OOA-2. OOA-1
correlates with tracers for long-range transport (e.g. particu-
late sulphate), while OOA-2 correlates with VOCs measured
by the PTR-MS atm/z71 (ion C4H6OH+) which is thought
to arise from products of photochemistry (e.g. methacrolein
and methyl vinyl ketone). Further detailed discussion about
the PMF solutions can be found inSlowik et al. (2010),
which also discusses that although the OOA-1 and OOA-
2 factor mass spectra are similar to those of low-volatility
OOA (LV-OOA) and semivolatile OOA (SV-OOA), respec-
tively (Jimenez et al., 2009), tracer correlations suggest that
the Egbert time series are not necessarily driven by volatility.
As such, we continue to use the more general OOA-1/OOA-
2 terminology, which allows the paper to remain consistent

with the other publications from this study. However, after
each mention of these factors we put in brackets the new ter-
minology that is being used in the community, e.g. OOA-1
(LV-OOA). The important point for the current analysis is the
differentiation between the oxygenated (OOA and BBOA)
and unoxygenated (HOA) components of the organic aerosol.

A high-resolution time-of-flight AMS (HR-ToF AMS,
Aerodyne) was also deployed at the site. The mass reso-
lution of the HR-ToF AMS, (3000–5000), allows for frag-
ments of nominally the samem/zto be quantified separately,
and hence the total molar ratio of oxygen to carbon (O/C)
can be determined. The application, accuracy, precision and
limitations of the HR-ToF AMS in quantifying total C and
O have been discussed previously (Aiken et al., 2007, 2008).
Although the absolute accuracy of determining O/C for am-
bient aerosols using an AMS is not well established, it can be
used as a tracer for atmospheric oxidation. High resolution
data analysis for this study was completed using a custom
algorithm, which incorporated a peak fitting procedure, typ-
ical AMS correction factors and a correction for the O/C as
suggested byAiken et al.(2008) to account for discrepancies
between AMS derived O/C and that derived from laboratory
standards. While the subsequent calculations and results are
from the C-ToF AMS, they will be compared with O/C re-
sults from the HR-ToF AMS in Sect.4.1.2.

3 Methodology for determining the hygroscopicity
parameter

3.1 Determining the hygroscopicity of the organic
component

Data were averaged into 15 min intervals. Using the chem-
ical composition measured by the C-ToF AMS, the activa-
tion diameter for a dry particle at the supersaturation of the
CCN chamber (0.42%) was calculated usingκ-Köhler theory
(Petters and Kreidenweis, 2007, 2008), which simplifies the
Köhler equation to

S=
D3

−D3
i

D3−D3
i (1−κ)

exp

(
4σMw

ρwRTD

)
, (1)

whereD andDi are the droplet wet diameter and initial dry
diameter, respectively,σ is the droplet surface tension (as-
sumed to be that of water, 0.072 N m−2), Mw is the molec-
ular weight of water,ρw is the density of water,R is the
universal gas constant,T is the temperature, andκ is a sin-
gle parameter that combines all the compound-specific vari-
ables (e.g. molecular weight, density, van’t Hoff factor) of
the aerosol.

In this equation, the overallκ of the aerosol is calculated
as the volume-weighted average of theκ of the components,
which assumes that the total volume of the water content can
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be calculated by adding the water contents of the individual
components (Petters and Kreidenweis, 2007), i.e.

κ=

∑
i

εiκi, (2)

whereεi andκi are the volume fraction andκ of theith com-
ponents of the aerosol. For a soluble compound,κi can theo-
retically be expressed as:

κi=
iiρiMw

ρwMi

, (3)

whereii , ρi , andMi are the van’t Hoff factor, density and
molecular weight, respectively, of the compound. In prac-
tise, however,κ for a well-characterised compound such as
ammonium sulphate can be inferred by using water activity
data (e.g.Clegg et al., 1996) to calculate a K̈ohler curve, and
then recreating this curve using Eq. (1) and adjustingκ un-
til it has the same critical supersaturation as that calculated
from the water activity data. In this way,κ for ammonium
sulphate and ammonium nitrate at 0.42% were determined
to be 0.59 and 0.72, respectively (Clegg et al., 1996, 1998;
Wexler and Clegg, 2002).

The inorganics measured by the AMS, ammonium, ni-
trate and sulphate, were grouped together and assumed to
behave as ammonium sulphate, with aκ of 0.59 and den-
sity of 1770 kg m−3 (Windholz, 1983) so that Eq. (2) can be
written as

κtot=εinorg·κinorg+εorg·κorg, (4)

where inorg and org represent the inorganic and organic
components measured by the AMS, respectively. The errors
associated with this assumption are not large (see Sect.4.3)
since the aerosol was not acidic during the study and theκ

and density of ammonium nitrate are 0.72 and 1730 kg m−3

(Windholz, 1983), respectively, which are close to the val-
ues for ammonium sulphate. The sensitivity of our results to
the presence of black carbon is discussed in Sect.4.3and the
contribution of mineral dust to the aerosol submicron frac-
tion is considered negligible at this site.

There are numerous approaches in representingκorg.
However, in this analysis we will focus on two methods, both
of which are based on the degree of oxygenation of the or-
ganic component as determined from AMS measurements.
We generally assume that a more oxygenated organic aerosol
is more polar and therefore more soluble and hygroscopic
than a less oxygenated organic aerosol. In contrast, the more
hydrocarbon-like component of the aerosol is non-polar and
therefore less hygroscopic. We justify these assumptions in
depth in Sect. 3.3. Under these assumptions, there is the ex-
pectation that the aerosol’s hygroscopicity will increase with
the degree of oxygenation, although this relationship would
intrinsically arise from factors such as molecular weight or
solubility, that would affect hygroscopicity and be related to
the oxygenation of the organic components.

The first approach to representingκ uses the factors
from the PMF analysis grouped into two components: a
non-hygroscopic, unoxygenated component consisting of the
HOA factor, whoseκ (κunox) is approximated by 0, and a hy-
groscopic component, consisting of the oxygenated factors
OOA-1 (LV-OOA), OOA-2 (SV-OOA) and BBOA with aκ
of κox such thatκorg in Eq. (4) can be expressed as:

κorg=εox·κox+εunox·κunox=εox·κox, (5)

where the density for the organic component used to cal-
culate the volume fractions in both Eq. (4) and Eq. (5) are
1500 kg m−3 (Kostenidou et al., 2007) for the oxygenated
organic components, thought to be similar to SOA, and 900
kg m−3 (Cylinder Lube 1000) for the unoxygenated organic
component, thought to be composed of lubricating oil-like
compounds (Zhang et al., 2005a). Note thatεox in Eq. (5)
refers to the volume fraction of the oxygenated component
in relation to the organic component only. Sinceκox is the
only parameter that is not measured, it can be varied until the
ratio of predicted to measured CCN number concentrations
(RCCN) is internally consistent (as described in Sect.3.2).
The oxygenated factors were grouped together because our
model was not sensitive enough and/or our measurements
were not accurate enough to elucidate separate hygroscop-
icities for each factor.

The second approach assumes a direct relationship be-
tween the organic aerosol’s degree of oxygenation and its
hygroscopicity. The simplest relationship is a linear one, so
that

κorg=a·(O/C), (6)

where O/C , the mole ratio of atomic oxygen to atomic car-
bon, is a measurement of the organic aerosol’s degree of
oxygenation and can be estimated from the fraction of the
total organic signal occurring atm/z44 measured by the C-
ToF AMS using the equation in Fig. 4b ofAiken et al.(2008).
In Eq. (6), a is the sensitivity ofκorg on O/C and is unknown,
allowing it to be varied untilRCCN is again internally consis-
tent. We stress that this postulated relationship between the
organic aerosol’s O/C and hygroscopicity may not be linear
and more complicated relationships between the two quanti-
ties will exist that may be more accurate, but for the purposes
of this study, we start with the simplest functionality.

Using either approach,κ for the entire aerosol can be cal-
culated from Eq. (4) combined with either Eq. (5) or Eq. (6).
The initial particle size (Di) in Eq. (1) was increased until
the critical supersaturation was equal to the supersaturation
of the CCN counter (0.42%) to determine the critical diame-
ter. The aerosol size distribution, as measured by the SMPS,
was then integrated for all dry particle sizes greater than the
activation diameter to arrive at the predicted CCN concentra-
tion. κorg was then iteratively varied (either by changingκox
in Eq.5 or a in Eq.6), changing the activation diameter and
thus predicted CCN concentration, untilRCCN was internally
consistent, as will be described in the next section.
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3.2 Statistical methods

The relative contribution of the organic component to the hy-
groscopicity of the ambient aerosol at Egbert depends on the
magnitude of the inorganic fraction (Chang et al., 2007), with
the organic fraction contributing less to a particle’s overall
hygroscopicity in inorganic-rich particles. In addition, since
the hygroscopicity of inorganic particles has been studied ex-
tensively, it is expected that the predicted CCN concentra-
tions during periods in which the aerosol is mostly inorganic
would be more accurate. A plot ofRCCN, the ratio of CCN
concentrations predicted using theκ-Köhler model to con-
centrations measured with the CCN counter, for the entire
study is plotted as a function of aerosol inorganic fraction
in Fig. 1a (consider all data points in the figure). Figure1a
shows thatRCCN is dependent on composition when the en-
tire organic component is assumed to be non-hygroscopic
(i.e.κorg=0), with the organic-rich data points, the lower 50th
percentile of the entire population in Fig.1a, being underpre-
dicted (RCCN=0.871±0.007) compared to the inorganic-rich
data points, the upper 50th percentile of the entire population
in Fig. 1a, which averaged to 1.17±0.01. Note that the av-
erageRCCN over all chemical compositions is 0.974±0.006.
As the distributions were log-normal, the values given are
the geometric mean and the uncertainties are the standard
error, calculated based on the geometric standard deviation,
although these values do not vary greatly from the linear
statistics (RCCN=0.902±0.007 andRCCN=1.15±0.01 for the
organic-rich and inorganic-rich halves of the population, re-
spectively).

In order to assess this systematically, the data points were
sorted based on the magnitude of their inorganic fraction and
the meanRCCN of the upper and lower 50th percentiles were
then compared.κorg for the entire data set was varied un-
til the means of the two halves were no longer significantly
different (two-tailed t-test, unequal variances, significance
level of p<0.05). Since aerosols with a high inorganic frac-
tion are less sensitive to changes in the hygroscopicity of the
aerosol’s organic component (seeBroekhuizen et al., 2006;
Chang et al., 2007), the mean of the more inorganic half of
the population was used as a reference.

This method of internal comparison was chosen because
both measured and predicted CCN concentrations are pre-
cise but not necessarily fully accurate due to experimental
uncertainties, such as different line losses to the SMPS and
CCN counter, errors in the sizing of the SMPS and count-
ing errors in both systems, as well as uncertainties in model
assumptions, such as mixing state, particle sphericity, den-
sity, etc. As such, the criterion for the best value ofκox is a
consistentRCCN, whether over- or underpredicted, regardless
of composition. However, this method is susceptible to any
systematic errors that may selectively affect either the inor-
ganic or organic components measured by the AMS. These
uncertainties are considered in Sect.4.3.
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3.3 Degree of oxygenation and hygroscopicity:
assumptions and approach

It should be noted that our goal in this work is to ex-
tend previous studies by working from an assumption that
has been used in the past, i.e. that some part of the or-
ganic aerosol component leads to CCN-activity and another
does not. Whereas past aerosol-CCN closure studies have
only assumed that a constant fraction of the organic aerosol
component is soluble and that the remainder is insoluble
(Broekhuizen et al., 2006; Chang et al., 2007; Medina et al.,
2007; Stroud et al., 2007), in this paper we suggest that the
oxygenated factors from the PMF analysis represent the solu-
ble organic component while the unoxygenated factor repre-
sents the insoluble organic component. Or, using the concept
of hygroscopicity, we postulate that the oxygenated factors
contribute to the hygroscopicity of the aerosol, and that the
unoxygenated factor does not, whether due to its solubility,
as suggested byPetters et al.(2009b), or its intrinsic hygro-
scopicity.

Although extraction of theκ of both the oxygenated and
unoxygenated components from an unconstrained fit of the
data to a model would be the ideal approach, the uncertain-
ties in our measurements were too large to evaluate the dif-
ference between sets ofκ parameters. In part, this is because
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of the relatively narrow range of oxygenation observable at
one field site during one campaign. And so, we constrained
our model by assuming that the unoxygenated (HOA) com-
ponent of the organic aerosol contributed minimally to the
aerosol hygroscopicity. This is not unreasonable because
HOA is thought to be hydrocarbon-like (Zhang et al., 2005a)
and aliphatic in nature, and in general, these types of com-
pounds have not been found to be CCN-active in laboratory
experiments (e.g.Pradeep Kumar et al., 2003; Raymond and
Pandis, 2002). In addition, ambient measurements of par-
ticles at locations in which HOA is high, especially at the
smaller sizes, have shown that the organic component does
not appear to contribute to the CCN-activity (Cubison et al.,
2008; Quinn et al., 2008; Broekhuizen et al., 2006). Based
on these literature results, we feel that the assumption that the
unoxygenated component is non-hygroscopic is reasonable.

In contrast to the HOA factor, the OOA factors, which
make up most of the oxygenated component of the organic
aerosol, are thought to be characteristic of highly processed
organic aerosols (Zhang et al., 2005a) formed from sec-
ondary processes (Zhang et al., 2007). Again, laboratory ex-
periments of compounds that are formed from these types
of processes such as glutamic, glutaric, pinonic and norpinic
acids have found that these aerosols are moderately CCN-
active (Raymond and Pandis, 2002) and smog chamber stud-
ies of gaseous organic precursors with ozone or OH have also
found that the organic aerosols formed are moderately CCN-
active (e.g.Duplissy et al., 2008). In addition, this assump-
tion is supported by laboratory studies that have found that
oleic acid particles that have undergone ozonolysis become
somewhat CCN-active (Broekhuizen et al., 2004b; Shilling
et al., 2007) and chamber studies that show that ageing or-
ganic aerosols can also increase their CCN-activity to vary-
ing amounts (Duplissy et al., 2008; Petters et al., 2006; Wex
et al., 2009). We do note that there is also some evidence that
the hygroscopicity of SOA under supersaturated conditions
in chamber studies do not vary with ageing (Juŕanyi et al.,
2009; Prenni et al., 2007).

These findings lend credence to treating the oxygenated
component of the organic aerosol as CCN-active and that it
is reasonable to assume that this factor dominates the overall
organic aerosol hygroscopicity. Thus, the main objective of
this work was to attempt to constrain the hygroscopicity of
the oxygenated organic component of ambient aerosols.

The hygroscopicity of the BBOA component has uncer-
tainty associated with it. Originally, we viewed the full
BBOA factor to be similar to the biomass burning marker
levoglucosan (seeLanz et al., 2007), which is quite hygro-
scopic (Petters and Kreidenweis, 2007) and was therefore
grouped with OOA in the oxygenated component. However,
more recent work has suggested that there are other compo-
nents that make up the BBOA fraction (Petters et al., 2009a)
that are not as hygroscopic, which is why its solubility is
considered in Sect.4.3.

Table 1. O/C calculated for the PMF factors of the organic aerosol
component.

Factor m/z44/Total Organic O/C

OOA-1 (LV-OOA) 0.19 0.81
OOA-2 (SV-OOA) 0.10 0.46
BBOA 0.025 0.17
HOA 8×10−8 <0.08

The reasoning behind the postulated relationship between
κorg and O/C is similar to that above. Since PMF finds fac-
tors by reconstructing the organic mass spectrum as linear
combinations of these factors, the O/C of the organic com-
ponent (since it is based on the signal atm/z 44) can also
be calculated as a linear combination of the O/C of our fac-
tors, with the O/C of the unoxygenated component approach-
ing zero and the O/C of the most oxygenated component at
0.81 (see Table1). Organic aerosols with mixed composi-
tions will lie between these two values. Mathematically, both
Eq. (5) and Eq. (6) can be considered for an organic com-
ponent that is composed entirely of the oxygenated factors,
resulting in aκorg of κox or a·(O/C of the oxygenated com-
ponent), while a completely unoxygenated organic aerosol
would haveκorg = 0 using either equation (since the O/C of
the unoxygenated (HOA) component approaches 0). In re-
ality, these two methods are not exactly the same since the
factor method uses the volume-weighted average while the
O/C method uses mass-weighted averages, which result in a
slightly different shape to the curves. However, for the most
part, these two methods essentially represent the same rela-
tionship between the degree of oxygenation of the aerosol
and its hygroscopicity.

Results from laboratory studies are inconclusive about the
relationship between organic oxygenation and hygroscop-
icity under supersaturated conditions. Unoxygenated or-
ganic aerosols that are non-hygroscopic such as oleic acid,
stearic acid and bis-2-ethylhexyl sebacate, can be heteroge-
neously oxidised such that they become moderately hygro-
scopic (Broekhuizen et al., 2004b; George et al., 2009; Pet-
ters et al., 2006; Shilling et al., 2007). A smog chamber
study byWex et al.(2009) also showed that the hygroscop-
icity of SOA increased in the absence of an OH scavenger,
which the authors suggested was due to increased oxidation
in the organic aerosol. Finally,Duplissy et al.(2008) also
showed that the hygroscopicity increased slightly through-
out the photoxidation ofα-pinene. However, there have also
been several studies of SOA in smog chambers that have
not observed any dependence of hygroscopicity on degree
of oxygenation, whether by varying precursor concentrations
that should result in varying oxygenation in the final aerosol
(Juŕanyi et al., 2009), or by monitoring the hygroscopicity
throughout a reaction (Prenni et al., 2007). As such, the
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dependence of hygroscopicity on the degree of oxygenation
from laboratory studies is unclear. However, the applicability
of these lab experiments to ambient conditions has not been
fully confirmed, given that chamber-generated SOA tend to
be less oxygenated than the OOA-1 (LV-OOA) component
found in highly processed ambient aerosols (Ng et al., 2010).
Although the focus of this work is on supersaturated condi-
tions, and it is unclear whether suchκ parameters are fully
the same as those derived from subsaturated conditions, we
do note thatκ for organic aerosols measured under subsatu-
rated conditions have recently been reported to scale with the
O/C of the aerosol (Jimenez et al., 2009).

4 Results and discussion

4.1 Results from the entire study

4.1.1 Calculations using oxygenated and unoxygenated
factors

Using the method described in Sect.3.2 and Eq. (5), κox
for the entire study was found to be 0.22±0.04. Figure1b
shows that increasing the hygroscopicity of the organic com-
ponent reduces the difference between the meanRCCN of the
organic-rich data points and the inorganic-rich data points
(geometric meanRCCN are 1.19±0.02 and 1.18±0.01, re-
spectively), compared to the completely non-hygroscopic
case (Fig.1a). It is difficult to reconcile the overprediction
from this calculation of almost 20% to that calculated from a
linear regression of the predicted and measured CCN concen-
trations, which resulted in a slope of 1.03 (see Fig.2). While
the slope from the linear regression is comparable to other
field studies (Broekhuizen et al., 2006; Chang et al., 2007;
Medina et al., 2007; Wang et al., 2008) which have found
similar values, it is calculated in a different way and puts
more emphasis on the data points at high concentrations. In
an attempt to lessen this effect, a linear regression of the loga-
rithm of the concentrations was also attempted, although this
resulted in a similar slope of 1.02. Finally, if the data points
are weighted by their estimated error (±20% for measured
CCN concentrations) and the intercept forced through zero,
then the slope can be increased to 1.10 (1.05 if the intercept is
not forced through zero), which halves the discrepancy with
the value obtained fromRCCN. Nevertheless, this difference
is within the uncertainties of our CCN counter.

4.1.2 Calculations using O/C

Using the O/C to calculateκorg from Eq. (6), and varyinga in
the method described in Sect.3.2resulted in the relationship

κorg=(0.29±0.05) ·(O/C),(0.3< O/C< 0.6), (7)

where the uncertainties are values for which the means of
the two halves of the population are not significantly differ-
ent (two-tailed t-test, unequal variances, significance level of
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Fig. 2. Comparing predicted and measured CCN concentrations for
the entire study assuming thatκox=0.22. The red line is the 1:1 line.

p<0.05) and the range of O/C observed during this study and
used to derive this relationship was 0.3 to 0.6. As mentioned
previously, the O/C was estimated from the fraction of the
organic signal atm/z44, directly from the C-ToF AMS mass
spectra, which, on average, is 6% higher than that calculated
from the HR-ToF AMS. The grey trace in the top panel of
Fig.3 shows the time series forκorg calculated using the PMF
factors, assumingκox=0.22 andκunox=0, while the black and
red traces are from Eq. (7), using O/C estimated from the C-
ToF and HR-ToF AMSs, respectively. We see that all three
estimates ofκorg yield similar results. This is not unexpected
since both the PMF and O/C approaches incorporate the de-
gree of oxygenation of the organic component calculated us-
ing different analyses. In essence, this shows that the O/C
of the entire aerosol can be reasonably expressed as a linear
combination of the O/C of the PMF factors.

The attraction of this method is thatκorg is calculated from
the degree of oxygenation of the organic component of the
aerosol as deduced from aerosol mass spectra and does not
depend on PMF, which involves a stage of statistical anal-
ysis. However, it is unclear whether this approach can be
generalised to other aerosol types and locations because the
range in the O/C for this study was quite limited (0.3 to 0.6).
As such, analysis of ambient aerosols with a wider range
of oxygenation should be tested to determine whether this
simple relationship between hygroscopicity and aerosol oxy-
genation is widely applicable.

As a general caveat, the slope in Eq. (7) may only be
representative of the conditions in this study, which exam-
ine the bulk ambient, non-refractory organic aerosols mea-
sured specifically by the AMS. Also, it does not account
for organonitrate or organosulphate components that may be
present. Not only do these compounds contribute to an un-
derestimation of the actual O/C (Farmer et al., 2010), but
they are also oxygenated and likely hygroscopic, without
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contributing to the O/C itself, further underestimating the or-
ganic component’s hygroscopicity. It is important to note that
a relationship between O/C andκorg would not necessarily
indicate that the former controls the latter. Rather, it would
suggest that O/C correlates to molecular properties that af-
fect an organic particle’s hygroscopicity, such as molecular
weight and solubility. Nonetheless, we feel that this rela-
tionship may provide useful insight since O/C can be derived
directly from mass spectral data.

Similar to the method described byShinozuka et al.
(2009), it is possible to directly inferκ for the organic com-
ponent of the aerosol. The activation diameter is first deter-
mined by finding the diameter above which the aerosol size
distribution would equal the measured CCN concentrations.
Using the activation diameter and the supersaturation of the
chamber,κ for the entire aerosol can be determined andκorg
calculated from Eq. (4). These values are plotted against the
O/C in black in Fig.4. In this figure, the grey lines are
the uncertainties inκorg calculated based on the±20% un-
certainty in the measured CCN concentration and the blue
line is the relationship postulated in this analysis. Further,
following the method described byShinozuka et al.(2009),
these values were binned by O/C in increments of 0.025, as
shown by the red points in Fig.4, although onlyκorg < 5
were considered in this analysis. These results do not change

significantly if the geometric mean for each bin is used in-
stead of the presented arithmetic mean. The uncertainties in
these binned data were determined by adding in quadrature
the standard error to the error calculated from error propaga-
tion of the uncertainties in the inferredκorg. The uncertainties
in the O/C have not been included in the figure to maintain
clarity, however, they are approximately±0.1 as determined
from Aiken et al.(2008).

The binned κorg have high uncertainties associated
with them. To derive an empirical relationship, we
note that the unweighted least-squares-fit indeed in-
dicates a positive correlation betweenκorg and O/C
(κorg=(0.9±0.5)·(O/C)−(0.3±0.2), 0.3<O/C<0.6), al-
though the uncertainties in the fit parameters are very high.
It is for this reason that we chose to constrain our data by
assuming that the unoxygenated component of the aerosol is
completely non-hygroscopic, thus focusing our analysis on
extraction of only one parameter, (i.e. either theκox or the
slope of theκorg vs. O/C linear relationship). If the empirical
relationship in Fig.4 betweenκorg and O/C is valid, then it
suggests that inclusion of a negative intercept may be more
appropriate in Eq. (6). However, we do not feel comfortable
making that conclusion based on our data alone, given the
high uncertainties.
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These results appear to be similar to those published by
Jimenez et al.(2009), despite the fact that their measure-
ments were made at subsaturated conditions and numerous
studies have found that hygroscopicity of chamber-generated
SOA at subsaturated regimes appears to be more dependent
on the organic aerosol’s degree of oxygenation than at su-
persaturated regimes (e.g.Juŕanyi et al., 2009; Petters et al.,
2009b; Prenni et al., 2007). However, as stated above, we do
not feel that our data sufficiently constrain theκorg vs. O/C
relationship.

4.2 Results from select time periods using oxygenated
and unoxygenated factors

Because local sources were not prominent at the sampling
site, it was possible to characterise regional air masses dur-
ing which the organic aerosol composition was assumed to
be more uniform. From this analysis, we can assess the de-
gree to which the organic components have the same hy-
groscopicity regardless of source by seeing how consistent
these results are with the results from Sect.4.1 for the en-
tire study. The study was broken down into four air regimes
based on aerosol chemical composition, the characteristics
of the organic component (based on the PMF factors), lo-
cal wind direction and wind speed, the photochemical age of
the air from the ratio of toluene to benzene (de Gouw et al.,
2005; Roberts et al., 1984), and back trajectories. The four
air regimes are described below and illustrated in Fig.3 with
typical back trajectories calculated using HYSPLIT (Draxler
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2 June 2007 (Anthropogenic), 13 June 2007 (Biogenic) and
15 June 2007 (Easterly Flow). Trajectories were produced using
NOAA HYSPLIT (Draxler and Rolph, 2003; Rolph, 2003).

and Rolph, 2003; Rolph, 2003) shown in Fig.5. All dates
and times are local, eastern daylight savings time.

1. For this study, periods of high anthropogenic influence
were characterised by both high sulphate and organic
aerosol mass loading. The toluene/benzene was often
high, suggesting a shorter photochemical age, and back
trajectories show that the air masses originated from
populated regions to the south (thick red trace in Fig.5).
These periods are referred to as “Anthropogenic”, while
recognizing that aerosol precursors will not be exclu-
sively anthropogenic.

2. Two of the Anthropogenic periods were preceded by
times when the local winds were from the southeast (not
shown) and the aerosol was mostly organic (specifically
high HOA and OOA-1 (LV-OOA) and very low OOA-
2 (SV-OOA), as opposed to the Anthropogenic period
which had more OOA-2 (SV-OOA)) with very little sul-
phate. The back trajectories tended to be from the north-
west to northeast, suggesting that these air masses did
not originate from highly populated or polluted regions
(dashed purple trace in Fig.5). However, because the
toluene/benzene was notably high (suggesting that the

Atmos. Chem. Phys., 10, 5047–5064, 2010 www.atmos-chem-phys.net/10/5047/2010/



R. Y.-W. Chang et al.: Hygroscopicity parameter of ambient organic aerosol 5057

photochemical age was short), it would appear that the
aerosols during these times were from clean continen-
tal air but were influenced by quite fresh, local anthro-
pogenic emission (e.g. a highway 10 km to the east).
These periods are referred to as “Pre-Anthropogenic”.

3. Continental air, characterised by low sulphate loadings,
low toluene/benzene (suggesting enhanced photochem-
ical processing) and higher organic mass fractions, was
associated with trajectories from the mostly forested
north (thin green trace in Fig.5). The earlier episode
(19–21 May) was colder and expectedly less influenced
by biogenic emissions whereas the episode near the end
of the study (8–13 June) was characterised by warmer
temperatures and high organic mass loadings mostly
from biogenic sources (Slowik et al., 2010). These peri-
ods are referred to as “Biogenic” for this analysis. Mea-
surements during the second biogenic period were inter-
rupted by a failure in the CCN counter, as well as a pe-
riod (11 June, 18:15–12 June, 18:30) during which the
air was elevated in SO2 and particulate sulphate concen-
trations. The majority of the sulphur in the latter case is
suspected to have originated from smelters in the Sud-
bury region based on the back trajectories (not shown);
such an observation at Egbert is not uncommon (Ru-
pakheti et al., 2005).

4. At the end of the study, after the final Biogenic period,
the winds shifted from the north to the east and the air
was characterised by a high toluene/benzene as well as
a higher HOA fraction (compared to the Biogenic pe-
riod). Back trajectories show the air originating from
the east (dotted blue trace in Fig.5), suggesting that it is
different from the Biogenic period. This period will be
referred to as “Easterly Flow”.

The composition of the aerosol during the Anthropogenic
periods was dominated by the inorganic fraction, and similar
to the arguments made in Sect.3.2, is expected to be less sen-
sitive to changes in the hygroscopicity of the organic compo-
nent (Chang et al., 2007). An analysis similar to that de-
scribed in Sect.3.2was used to evaluateκox, but in this case,
the meanRCCN of the Anthropogenic periods was used as a
reference and compared to the meanRCCN of the other time
periods to determine theirκox. This is illustrated in Fig.1,
which shows thatRCCN for the Anthropogenic periods (in
red) is mostly inorganic (and makes up the majority of the
points that are highly inorganic) and is less sensitive to an
increase inκox compared to the Biogenic periods (in green).
Table2 showsκox found for the different air regimes and the
uncertainties denote when the meanRCCN of the time peri-
ods became significantly different from that of the Anthro-
pogenic periods.

For the Biogenic and Easterly Flow periods,κox are simi-
lar, suggesting that the hygroscopicity of the organic compo-
nent can be characterised in the same manner. They are also

Table 2. κox for select air regimes.

Air Regime κox

Biogenic 0.25±0.06
Easterly Flow 0.29±0.03
Pre-Anthropogenic 0.07±0.03

similar to the value of 0.22 that was found from the analy-
sis for the entire study period in Sect.4.1.1. However, the
Pre-Anthropogenic periods had a lowerκox than the rest of
the study, suggesting that during this time, the oxygenated
components are not contributing significantly to the hygro-
scopicity of the aerosol. At this point we can only suggest
reasons why this behaviour was observed. In particular, not-
ing that the HOA component of the aerosol is high and that
the air mass may have experienced recent traffic emissions,
it is possible that the HOA plays a role in suppressing CCN-
activity, perhaps through an effect on the mass accommoda-
tion coefficient for water uptake, similar to the observations
by Shantz et al.(2010). However, this is only speculation and
we have no firm evidence that this is the case during this air
regime.

For all these cases, we stress that the extractedκ values
have been derived using the Anthropogenic case as a refer-
ence, under an assumption that the organics do not strongly
affect the hygroscopicity for such inorganic-rich particles.

Figure6 shows plots of predicted to measured CCN con-
centrations for the different air regimes assumingκox=0
(black points) andκox=0.22 (red points). As expected, we see
that during the Anthropogenic time (Fig.6a), the predicted
CCN concentrations do not change significantly compared to
the Biogenic and Easterly Flow times (Fig.6c and d), as well
as the Pre-Anthropogenic time, which is even overpredicted
(Fig. 6b) whenκox=0.22.

4.3 Uncertainties

Table3 shows the sensitivity of our results to different un-
certainties, calculated by changing each parameter and ad-
justingκorg, as described in Sect.3.2, and reporting the dif-
ference. Systematic uncertainties in the chamber supersatu-
ration (±0.04% supersaturation, Case 1) and SMPS diame-
ter sizing (±5%, Case 2) are quantified for both calculation
methods in Table3. However, because the statistical method
used to evaluateκox anda compares the mean ratio of pre-
dicted to measured CCN concentrations, our results are not
sensitive to systematic uncertainties in the total concentra-
tions of either the SMPS or the CCN counter.

Other uncertainties pertain to the aerosol chemical com-
position and attempts to quantify uncertainties in the density
of the unoxygenated and oxygenated components (Cases 3
and 4, respectively), both of which affect the calculation of
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the volume fraction in Eq. (4) but appear to have minimal
effect onκ. If the BBOA component is considered as non-
hygroscopic (Case 5), the results forκox are 0.04 higher.
The uncertainties in determining the oxygenated and unoxy-
genated components can be large. Case 6 considers the case
in which the mass fraction of the total organic that is oxy-
genated is increased by 0.1 (and the corresponding unoxy-
genated mass fraction decreases by 0.1) while Case 7 con-
siders the effects if the opposite occurred. Similarly, Case 8
considers the effects of a 20% uncertainty in the O/C.

Results fromChan et al.(2010) for Egbert 2007 found that
the ratio of elemental carbon to organic matter (EC/OM) for
the study was 0.2 except for the final Biogenic periods, dur-
ing which it decreased to 0.15. Case 9 considers the normal
case in which the ratio is 0.2 and the extra EC mass is as-
sumed to be non-hygroscopic with a density of 1800 kg m−3.
As mentioned in Sect.3.1, the inorganics were grouped to-
gether in this analysis and assumed to behave as ammonium
sulphate. Case 10 considers the change inκox anda if am-
monium nitrate is calculated separately. The difference is not
great, which is not surprising since its density andκ are sim-
ilar to that of ammonium sulphate.

The greatest uncertainty in the chemical composition of
the aerosol arises from the degree to which the composition
of the particles<100 nm (i.e. the activation diameters typ-
ical of this study) is similar to the composition of the bulk
aerosol. To this end, three cases are considered. Case 11

considers the changes inκox anda if the chemical composi-
tion is calculated from the size distribution data of the C-ToF
AMS for vacuum aerodynamic diameters 80–250 nm, as an
indication of the composition of the smaller particles, while
Case 12 and 13 consider the more general cases of the or-
ganic and inorganic components of the aerosol being 50%
greater at smaller sizes compared to the bulk aerosol, respec-
tively. In general, the composition of the smaller particles
would be expected to be more organic (Zhang et al., 2005b),
suggesting that the values derived from the bulk analysis may
be biased low. These last two cases also allow us to evalu-
ate the uncertainties in the event that the AMS preferentially
under- or over-measured either the inorganic or organic com-
ponent of the aerosol.

In general, uncertainties associated with the chemical
composition are individually similar to the uncertainty de-
termined statistically forκox anda, although the cumulative
effects of multiple cases occurring at once are not quantified.
The uncertainties are relatively low for each individual case
because the composition of the aerosol is, for the majority
of the study,>25% inorganic and<25% unoxygenated or-
ganic in mass, making the CCN-activity fairly insensitive to
changes in the chemical composition (i.e. upper right section
of Fig. 5 in Chang et al., 2007). However, it is possible that
uncertainties in multiple factors combine to reduce the over-
all apparent uncertainty.
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Table 3. Sensitivity analysis for potential uncertainties in the two calculaton methods. See text for description of each case.

Case Description Uncertainty inκox Uncertainty ina

1 0.04% uncertainty in supersaturation ±0.06 ±0.07
2 5% uncertainty in SMPS size ±0.04 ±0.06
3 10% uncertainty in density of unoxygenated component ±0.01 ±0.01
4 10% uncertainty in density of oxygenated component <0.01 ±0.01
5 BBOA as insoluble +0.04 –
6 0.1 increase in mass fraction of oxygenated organic fraction +0.07 –
7 0.1 decrease in mass fraction of oxygenated organic fraction −0.05 –
8 20% uncertainty in O/C – ±0.06
9 EC/OM ratio =0.2 +0.05 +0.05
10 Ammonium nitrate separate <0.01 −0.01
11 Composition of small particles +0.08 +0.11
12 50% increase in organic mass +0.04 +0.05
13 50% increase in inorganic mass −0.06 −0.09
14 10% decrease in surface tension −0.08 −0.12
15 20% decrease in surface tension −0.16 −0.22

Finally, Cases 14 and 15 show the sensitivity of the results
to a decrease in the surface tension of the droplet by 10%
and 20%, respectively, which has the greatest effect on the
predicted values. Reductions in the droplet surface tension
result in the greatest uncertainty since they affect the expo-
nential term in Eq. (1). However, theκ-Köhler model usually
uses the surface tension of water andκ is varied to account
for aerosol properties (Petters and Kreidenweis, 2007). As
such, the uncertainties in Cases 14 and 15 are presented to
gain general understanding in the sensitivity of our results.

4.4 Comparison with literature values

A theoretical compound that could be representative of the
oxygenated component of the aerosol would be SOA. These
typically have a van’t Hoff factor of one, a molecular weight
that can be approximated by 150 g mol−1 (e.g. small diacids
with molecular weights of 104 g mol−1 for malonic acid
to 132 g mol−1 for glutaric acid and monoterpene oxida-
tion products such as norpinic acid, 172 g mol−1, and pinic
acid, 214 g mol−1) and a density of 1500 kg m−3 (1400–
1600 kg m−3 for glutaric and malonic acids, respectively
(Weast et al., 1983) and 1500 kg m−3 for oxidation products
of monoterpenes,Kostenidou et al., 2007). For this theoreti-
cal compound,κ is calculated to be 0.18 from Eq. (3). This
is consistent with the 0.22 calculated forκox, suggesting that
its hygroscopicity could be explained by these reasonable as-
sumptions in physical properties.

Studies of SOA formed in smog chambers with monoter-
pene VOC precursors have measured theκ of the entire
aerosol to be in the range of 0.04–0.14 (Duplissy et al., 2008;
Engelhart et al., 2008; Prenni et al., 2007; Wex et al., 2009) as
compared to 0.22 for the oxygenated factors measured in this
study. However, chamber-generated aerosols are typically

less oxidised than the OOA components of ambient aerosols
(in particular, the OOA-1 (LV-OOA) component,Ng et al.,
2010), suggesting that they may not be completely repre-
sentative of the oxygenated component of ambient aerosols.
This could in part be due to higher precursor concentrations,
perhaps arising from increased particle-phase partitioning of
the more volatile, less oxygenated and hygroscopic compo-
nents that can arise at high mass loadings frequently used
in chamber experiments (Duplissy et al., 2008; Kostenidou
et al., 2009; Shilling et al., 2009). The difference could also
arise from the limited number of SOA precursors being used
in the chamber experiments. Finally, it may not be entirely
valid to compare theκ for OOA factors for aerosol measured
in the field to that of lab aerosol, since the latter may have
different molecular weights and solubilities, and may not be
a fully oxygenated aerosol, i.e. it may have some saturated
hydrocarbon functional groups that lower its hygroscopicity.
As such, it is not surprising that the ambient data are slightly
more hygroscopic than the results from the chamber studies.

For example, and to be more specific, in an OH oxidation
study performed byDuplissy et al.(2008), κ for the entire
aerosol was found to be 0.12 for initial precursor concentra-
tions of 10 ppb forα-pinene and 3.8 ppbv NOx. The frac-
tion of the organic signal atm/z44 was approximately 0.12
(O/C≈0.54), which would result in aκ of 0.16, calculated us-
ing Eq. (7). Similarly, in an ozonolysis study ofα-pinene by
George and Abbatt(2010), the ratio ofm/z44 to total organic
ranged from 0.046 to 0.063 (O/C = 0.26 to 0.32), correspond-
ing to a calculated range ofκ for the entire aerosol from 0.08
to 0.09, which is comparable to the measured values of 0.098
to 0.12. In both cases, the resultingκ for the entire aerosol is
consistently lower than the 0.22 found for the OOA compo-
nents in this study, where them/z44 to total organic fraction
was 0.10 to 0.19.
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Other studies that have attempted to quantifyκorg in the
field found that using a value of 0.1 can adequately describe
the CCN-activity of the aerosol at cloud-level (Wang et al.,
2008) and in the Amazon rainforest (Gunthe et al., 2009).
This is comparable to the campaign-wide average for this
study of 0.15 forκorg, calculated using both Eqs. (5) and (7).
However, if a constantκorg of 0.15 is used in our analysis,
the organic-rich particles tend to be slightly overpredicted
(RCCN=1.21±0.01) compared to the inorganic-rich particles
(RCCN=1.18±0.01).

Others have simplified aerosol hygroscopicity even further
by using a singleκ for the whole aerosol over an entire study.
This would yield an averageκ of 0.3, which is consistent
with the 0.3 value that was found in continental China (Rose
et al., 2010). However, if this constantκ is applied to all
the data, the CCN numbers are significantly overpredicted
when the aerosol is dominated by the organic-rich fraction
(RCCN=1.31±0.01) compared to times when the aerosol is
mostly inorganic (RCCN=1.10±0.01) (Fig.1c). This indi-
cates that more chemical information is needed in order to
accurately predict the CCN-activity of ambient aerosols, as
opposed to the simplest approach of assuming that the chem-
ical composition is constant and that one value forκ can be
applied to all aerosol types.

5 Conclusions

In this analysis we use the degree of oxygenation of the or-
ganic fraction of continental aerosol to determine its overall
hygroscopicity. Two methods are used to determine the de-
gree of oxygenation, factors elucidated from PMF analysis
and from the values of O/C, both of which yield a similar re-
sult in terms of the overallκorg. Analysis of the entire study
found that aκox of 0.22±0.04 is suitable if we assume that
the unoxygenated HOA component is non-hygroscopic. This
overall value is similar to those for two of the three specific
time periods for the study. It is important to point out the one
air regime when this relationship does not hold, referred to as
the Pre-Anthropogenic period, which we believe was charac-
terised by aged continental aerosol mixed with fresh traffic
emissions. At this point, we can speculate that this may have
been due to a surface coating or oligomerization process that
inhibited water uptake, but clearly the mechanism for this
suppression is not well-understood. Additional studies to test
the generality of the relationships with the hygroscopicity of
the oxygenated organic components as presented in the pa-
per are needed. For example, if fresh traffic emissions are
again observed to suppress the apparent hygroscopicity then
the possibility of a kinetic inhibition from the presence of
high levels of unprocessed HOA components may prove to
be a viable mechanism.

By assuming that the hygroscopicity of the organic
component scales linearly with the O/C, we find that
κorg=(0.29±0.05)·(O/C) for the full study (0.3<O/C<0.6),

although the degree of oxygenation of the aerosol in this
study was limited in range and further studies in locations
with aerosols of different degrees of oxygenation are needed
to determine if this relationship is widely applicable.

With the widespread use of the AMS and subsequent PMF
analysis to characterise ambient aerosol composition, these
results are especially relevant in light of the limitations in-
herent to climate models that can only incorporate a limited
number of aerosol components. Specifically, these models
frequently only incorporate a hydrophobic and a hydrophilic
organic aerosol species, similar in nature to the HOA and
OOA AMS factors. By associating specificκ to these two
aerosol types, as derived from analyses of the type presented
in this paper, an empirically-based hygroscopicity constant
for the climate model organic aerosol component can be de-
termined.
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Pŕevôt, A. S. H., Weingartner, E., Laaksonen, A., Raatikainen,
T., Good, N., Turner, S. F., McFiggans, G., and Baltensperger,
U.: Cloud forming potential of secondary organic aerosol under
near atmospheric conditions, Geophys. Res. Lett., 35, L03818,
doi:10.1029/2007GL031075, 2008.

Engelhart, G. J., Asa-Awuku, A., Nenes, A., and Pandis, S. N.:
CCN activity and droplet growth kinetics of fresh and aged
monoterpene secondary organic aerosol, Atmos. Chem. Phys.,
8, 3937–3949, doi:10.5194/acp-8-3937-2008, 2008.

Ervens, B., Cubison, M., Andrews, E., Feingold, G., Ogren, J. A.,
Jimenez, J. L., DeCarlo, P. F., and Nenes, A.: Prediction of cloud
condensation nucleus number concentration using measurements
of aerosol size distributions and composition and light scattering
enhancement due to humidity, J. Geophys. Res., 112, D10S32,
doi:10.1029/2006JD007426, 2007.

Ervens, B., Cubison, M. J., Andrews, E., Feingold, G., Ogren, J.
A., Jimenez, J. L., Quinn, P. K., Bates, T. S., Wang, J., Zhang,
Q., Coe, H., Flynn, M., and Allan, J. D.: CCN predictions using
simplified assumptions of organic aerosol composition and mix-
ing state: a synthesis from six different locations, Atmos. Chem.
Phys., 10, 4795–4807, doi:10.5194/acp-10-4795-2010, 2010.

Farmer, D. K., Matsunaga, A., Docherty, K. S., Surratt, J. D., Se-
infeld, J. H., Ziemann, P. J., and Jimenez, J. L.: Response of an
aerosol mass spectrometer to organonitrates and organosulfates
and implications for atmospheric chemistry, P. Natl. Acad. Sci.,
107(15), 6670–6675, doi:10.1073/pnas.0912340107, 2010.

George, I. J. and Abbatt, J. P. D.: Chemical evolution of secondary
organic aerosol from OH-initiated heterogeneous oxidation, At-
mos. Chem. Phys. Discuss., 10, 3265–3300, doi:10.5194/acpd-
10-3265-2010, 2010.

George, I. J., Chang, R. Y.-W., Danov, V., Vlasenko, A., and Abbatt,
J. P. D.: Modification of cloud condensation nucleus activity of
organic aerosols by hydroxyl radical heterogeneous oxidation,
Atmos. Environ., 43, 5038–5045, 2009.

Gunthe, S. S., King, S. M., Rose, D., Chen, Q., Roldin, P., Farmer,
D. K., Jimenez, J. L., Artaxo, P., Andreae, M. O., Martin, S.
T., and P̈oschl, U.: Cloud condensation nuclei in pristine tropi-
cal rainforest air of Amazonia: size-resolved measurements and
modeling of atmospheric aerosol composition and CCN activity,
Atmos. Chem. Phys., 9, 7551–7575, doi:10.5194/acp-9-7551-
2009, 2009.

Jacobson, M. C., Hansson, H.-C., Noone, K. J., and Charlson, R. J.:
Organic Atmospheric Aerosols: Review and State of the Science,
Rev. Geophys., 38, 267–294, 2000.

Jayne, J., Leard, D., Zhang, X., Davidovits, P., Smith, K., Kolb, C.,
and Worsnop, D.: Development of an Aerosol Mass Spectrom-
eter for Size and Composition Analysis of Submicron Particles,
Aerosol Sci. Tech., 33, 49–70, 2000.

www.atmos-chem-phys.net/10/5047/2010/ Atmos. Chem. Phys., 10, 5047–5064, 2010

http://www.noco.com/NOCO-MSDS/Cylinder_Lube_1000.htm
http://www.noco.com/NOCO-MSDS/Cylinder_Lube_1000.htm
http://www.arl.noaa.gov/ready/hysplit4.html


5062 R. Y.-W. Chang et al.: Hygroscopicity parameter of ambient organic aerosol

Jimenez, J., Jayne, J., Shi, Q., Kolb, C., Worsnop, D., Yourshaw,
I., Seinfeld, J., Flagan, R., Zhang, X., Smith, K., Morris, J., and
Davidovits, P.: Ambient aerosol sampling using the Aerodyne
Aerosol Mass Spectrometer, J. Geophys. Res., 108(D7), 8425,
doi:10.1029/2001JD001213, 2003.

Jimenez, J. L., Canagaratna, M. R., Donahue, N. M., Prévôt, A.
S. H., Zhang, Q., Kroll, J. H., DeCarlo, P. F., Allan, J. D., Coe,
H., Ng, N. L., Aiken, A. C., Docherty, K. S., Ulbrich, I. M.,
Grieshop, A. P., Robinson, A. L., Duplissy, J., Smith, J. D.,
Wilson, K. R., Lanz, V. A., Hueglin, C., Sun, Y. L., Tian, J.,
Laaksonen, A., Raatikainen, T., Rautiainen, J., Vaattovaara, P.,
Ehn, M., Kulmala, M., Tomlinson, J. M., Collins, D. R., Cu-
bison, M. J., , Dunlea, E. J., Huffman, J. A., Onasch, T. B.,
Alfarra, M. R., Williams, P. I., Bower, K., Kondo, Y., Schnei-
der, J., Drewnick, F., Borrmann, S., Weimer, S., Demerjian, K.,
Salcedo, D., Cottrell, L., Griffin, R., Takami, A., Miyoshi, T.,
Hatakeyama, S., Shimono, A., Sun, J. Y., Zhang, Y. M., Dzepina,
K., Kimmel, J. R., Sueper, D., Jayne, J. T., Herndon, S. C., Trim-
born, A. M., Williams, L. R., Wood, E. C., Middlebrook, A. M.,
Kolb, C. E., Baltensperger, U., and Worsnop, D. R.: Evolution of
Organic Aerosols in the Atmosphere, Science, 326, 1525–1529,
doi:10.1126/science.1180353, 2009.
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