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Abstract. Hygroscopicity, oxidation level, and volatility are
three crucial properties of organic pollutants. This study as-
sesses the feasibility of a novel measurement and analysis
technique to determine these properties and establish their re-
lationship. The proposed experimental setup utilizes a cloud
condensation nuclei (CCN) counter to quantify hygroscopic
activity, an aerosol mass spectrometer to measure the oxi-
dation level, and a thermodenuder to evaluate the volatility.
The setup was first tested with secondary organic aerosol
(SOA) formed from the ozonolysis of α-pinene. The results
of the first experiments indicated that, for this system, the less
volatile SOA contained species that had on average lower
O : C ratios and hygroscopicities. In this SOA system, both
low- and high-volatility components can have comparable
oxidation levels and hygroscopicities. The method developed
here can be used to provide valuable insights about the re-
lationships among organic aerosol hygroscopicity, oxidation
level, and volatility.

1 Introduction

Anthropogenic activities, such as fuel combustion, as well as
biogenic sources, such as emissions from vegetation, can in-
troduce particles and particle precursors into the atmosphere.
These airborne particles have been identified as a factor con-
tributing to cardiovascular and respiratory diseases (Pope,
2000; van Eeden et al., 2005) and an increased risk for acute
morbidity and mortality (Brook et al., 2010). In addition, at-
mospheric aerosols influence the Earth’s radiation balance
directly by scattering and absorbing solar radiation and in-

directly by serving as cloud condensation nuclei (CCN). De-
spite their major role in the Earth’s energy balance, their net
effect on climate is one of the major uncertainties in the cli-
mate change problem (IPCC, 2013).

In most areas, organic compounds represent anywhere
from 20 to 90 % of the submicron aerosol mass (Murphy et
al., 2006; Zhang et al., 2007). Organic aerosol (OA) is tra-
ditionally classified either as primary (POA) or secondary
(SOA). POA refers to organic compounds that are emitted to
the atmosphere directly in the particulate phase. SOA refers
to particulate matter produced by gas-to-particle conversion
processes. In general, intermediate-volatility, semi-volatile,
and volatile organic compounds undergo oxidation in the at-
mosphere and form products that can produce new particles
and condense on pre-existing particles.

Three of the most important properties regarding OA life-
time in the atmosphere are hygroscopicity, oxidation level,
and volatility. Hygroscopicity – often quantified by the hy-
groscopicity parameter, κ (Petters and Kreidenweis, 2007) –
is a measure of the volume of water associated with a unit
volume of solute. Oxidation level often provides an indica-
tion of the age of the OA in the atmosphere. It is expressed
as the oxygen-to-carbon (O : C) ratio or, more accurately, the
average carbon oxidation state (OSC). Volatility determines
the partitioning of organic compounds between the gas and
particle phases. The one-dimensional volatility basis set (1D-
VBS; Donahue et al., 2006) has been proposed as a frame-
work for the description of the evolution of the OA volatility
distribution using logarithmically spaced bins.

Several studies have shown that SOA from the ozonoly-
sis of α-pinene is reasonable CCN material (VanReken et al.,
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2005; Huff Hartz et al., 2005; Prenni et al., 2007; King et al.,
2007, 2009; Engelhart et al., 2008; Wex et al., 2009; Massoli
et al., 2010; Kuwata et al., 2011; Frosch et al., 2011). These
studies all reported similar κ values based on measurements
at supersaturated conditions, ranging from 0.07 to 0.15. Huff-
Hartz et al. (2005) found that SOA produced from monoter-
penes was more hygroscopic than SOA from sesquiterpenes.
Both King et al. (2007) and Kuwata et al. (2011) observed
that the CCN behavior of α-pinene ozonolysis SOA was de-
pendent on the OA mass concentration. Frosch et al. (2011)
found that κ for α-pinene ozonolysis SOA increased with
chemical aging.

Hygroscopic properties of α-pinene ozonolysis SOA have
also been studied using subsaturated conditions (Prenni et al.,
2007; Wex et al., 2009; Poulain et al., 2010; Massoli et al.,
2010; Tritscher et al., 2011). These studies determined a hy-
groscopic growth factor (HGF) to estimate κ , reporting val-
ues from 0.01 to 0.08. Massoli et al. (2010) used both a hy-
groscopic tandem differential mobility analyzer (H-TDMA)
and a CCN counter while studying SOA from the ozonolysis
of α-pinene and found that the κ at subsaturated conditions
(estimated from HGF measurements) was 20–50 % lower
than that based on CCN measurements at supersaturated con-
ditions. A number of explanations have been proposed for
this behavior, such as increasing dissolution of SOA compo-
nents at supersaturated conditions and surface tension effects
(Petters et al., 2009; Good et al., 2010).

The oxidation level of α-pinene ozonolysis SOA has
mainly been studied through the use of high-resolution mass
spectrometry (Bahreini et al., 2005; Alfarra et al., 2006; Song
et al., 2007; Shilling et al., 2009; Huffman et al., 2009;
Poulain et al., 2010; Massoli et al., 2010; Kuwata et al., 2011;
Tritscher et al., 2011; Frosch et al., 2011). These studies re-
ported O : C ratios from around 0.3–1. The higher O : C ra-
tios were determined by Massoli et al. (2010) for extended
periods of chemical aging; most of the average O : C ratios
ranged from 0.3 to 0.5. The use of the O : C ratio can al-
low for easier classification of OA into different classes using
the two-dimensional volatility basis set (2D-VBS; Donahue
et al., 2011). Poulain et al. (2010) observed that the most
oxygenated compounds were less volatile than the less oxy-
genated ones, and Kuwata et al. (2011) found that the O : C
ratio for α-pinene ozonolysis SOA depended on the mass
concentration.

In addition to hygroscopicity and oxidation level, there
have been a number of studies focusing on the volatility of
SOA from the ozonolysis of α-pinene with either a thermod-
enuder (TD; An et al., 2007; Kostenidou et al., 2009; Huff-
man et al., 2009; Poulain et al., 2010; Lee et al., 2011; Cappa
and Wilson, 2011; Kuwata et al., 2011) or a volatility tan-
dem differential mobility analyzer (V-TDMA; Stanier et al.,
2007; Jonsson et al., 2007; Tritscher et al., 2011). The dif-
ficulty in comparing these volatility studies stems from dif-
ferent heating methods (TD, V-TDMA, etc.), residence times
in heating sections, and temperatures. For example, Poulain

et al. (2010) observed nearly all of the SOA evaporated at
200 ◦C at a residence time of 9 s in the heating section of
a TD, but Lee et al. (2011) reported that most of the SOA
evaporated at around 90 ◦C for a residence time of 16 s. The
use of the 1D-VBS (Donahue et al., 2006) can help over-
come this obstacle, making it easier to compare volatility dis-
tributions rather than thermograms, which express the mass
fraction remaining (MFR) as a function of temperature and
are influenced by several different experimental factors (par-
ticle size, residence time in heating section, OA concentra-
tion, etc.; Cappa, 2010; Riipinen et al., 2010; Kuwata et al.,
2011). Furthermore, the evolution of OA’s volatility distribu-
tion can provide an indirect way to gain insights about the
very difficult-to-measure chemical composition and evolu-
tion of these compounds (Donahue et al., 2011).

Several studies have attempted to relate two of the three
properties, but few have attempted to relate all three. Jimenez
et al. (2009) proposed that the hygroscopicity of OA gener-
ally increases with the oxidation level expressed by the O : C
ratio and that there is also an inverse relationship between the
O : C ratio and volatility. Tritscher et al. (2011) used a volatil-
ity and hygroscopicity tandem differential mobility analyzer
(V/H-TDMA) and an Aerodyne High Resolution Time-of-
Flight Aerosol Mass Spectrometer (HR-ToF-AMS, hereafter
AMS) during the chemical aging of α-pinene SOA and found
that volatility decreased while hygroscopicity and the O : C
ratio remained fairly constant. Cerully et al. (2015) used a
TD followed by a CCN counter, a scanning mobility par-
ticle sizer (SMPS), and an AMS in parallel and observed
small changes in hygroscopicity for ambient OA components
with dramatically different volatilities and concluded that the
more volatile compounds were more hygroscopic than the re-
maining material. Several other studies (Poulain et al., 2010;
Kuwata et al., 2011; Hong et al., 2014; Hildebrandt Ruiz et
al., 2015) have investigated the effects of environmental pa-
rameters on one or all of these properties. However, these
results are often inconclusive or even contradictory, and the
links among these three properties are yet to be elucidated.

A theoretical framework (Nakao, 2017) has attempted to
relate these three properties using the 2D-VBS framework
(Donahue et al., 2011). The approach utilized correlations
between the O : C ratio, volatility, and hygroscopicity to pre-
dict lines of constant κ in the 2D-VBS. The study concluded
that relatively volatile OA components with a low O : C ratio
can have the same hygroscopicity as OA with lower volatility
and a higher O : C ratio.

One major obstacle pertaining to an experimentally deter-
mined relationship between these three properties for am-
bient aerosols is the often unknown or uncertain composi-
tion. The AMS can quantify the concentrations of the non-
refractory inorganic aerosol components as well as the to-
tal organic aerosol concentration, with further separation of
the OA into components provided by techniques like posi-
tive matrix factorization (PMF). However, the analysis of the
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combined measurements of all three properties remains chal-
lenging.

The purpose of this work is the development of a method
for the synchronous measurement of OA hygroscopicity, ox-
idation level, and volatility. In the next section, we describe
the technique that utilizes a suite of aerosol instrumentation
to measure these properties. Then, the method is tested with
α-pinene ozonolysis SOA. This SOA system has been stud-
ied extensively, so it can be a useful first test for the pro-
posed experimental approach. Our objective is not to perform
a comprehensive study of the properties of this SOA (which
depend on SOA levels, relative humidity, etc.) but rather to
use it as a pilot study. Finally, a data analysis technique is de-
veloped to interpret and synthesize the corresponding mea-
surements.

2 Methodology

2.1 Instrument setup

A schematic of the experimental setup can be seen in Fig. 1.
Particles are sampled through either a TD or a by-pass (BP)
line via two three-way valves, and then the sample stream is
split using a T union between an AMS and a differential mo-
bility analyzer (DMA, TSI, model 3081). The stream from
the DMA is split again with a T union between a condensa-
tion particle counter (CPC, TSI, model 3010/72) and a CCN
counter (CCNC, Droplet Measurement Technologies). In this
study, the AMS used a flow rate of 0.1 L min−1, while the
CPC and the CCNC used 0.3 and 0.5 L min−1, respectively.
The sheath flow in the DMA was set to 8 L min−1 to allow
for a 10 : 1 sheath-to-aerosol flow ratio as the particles were
classified. The upscan of the DMA was set to 120 s, and the
downscan was set to 15 s.

In a typical experiment, once particles are ready for sam-
pling, they pass through the TD at the first temperature set
point for 15–25 min. Then, the particles are sent through
the BP as the temperature of the TD increases (another 15–
25 min). Once the TD reaches the next set point, the particles
are directed through the TD for the same sampling period,
and this process is repeated until measurements at all desired
temperatures have been obtained. Total sampling time for 4–
5 temperature set points is around 2.5–3.5 h. Set points for
the TD start at the lowest temperature and always increase.

2.2 Hygroscopicity

Hygroscopicity measurements were made with a CCNC,
which generates supersaturations by exploiting water’s
higher mass diffusivity than heat’s thermal diffusivity in air
(Roberts and Nenes, 2005). The CCNC’s fast response time
allows it to be coupled to an SMPS, a technique called scan-
ning mobility CCN analysis (SMCA; Moore et al., 2010).
In our experiments, polydisperse aerosol was charged with a
Po-210 neutralizer and then entered a DMA where the parti-

Thermodenuder

By-pass line
AMS

DMA CCNCCPC

Aerosol

Figure 1. Schematic of the experimental setup for the hygroscop-
icity, oxidation level, and volatility measurements. The sampling
technique employs a TD to measure volatility, an AMS to study the
oxidation level, and a CCNC to determine hygroscopic activity.

cles were classified by their electrical mobility and counted
by a CPC and the CCNC as the DMA voltage was scanned.
Particle number concentrations (CNs) and size distributions
were obtained from the SMPS using the AIM software. CCN
concentrations and size distributions were obtained follow-
ing the technique described in Moore et al. (2010). The
SMPS and CCNC size distributions were aligned by match-
ing the minimum in concentration that occurs during the tran-
sition between the DMA upscan and downscan. An activa-
tion curve was produced by dividing the CCN concentration
by the CN concentration at each size. The activation diameter
was calculated by fitting the activation curve to a sigmoidal
function:

CCN
CN
=

B(
1+ Dd

Dp50

)c , (1)

where CCN / CN is the fraction of activated particles; B and
c describe the asymptote and slope of the sigmoid, respec-
tively; Dd is the dry diameter; and Dp50 is the diameter at
which 50 % of the particles activate for a symmetric size dis-
tribution, which corresponds to the activation diameter.

The method to determine κ follows the analysis done by
Petters and Kreidenweis (2007) and will be explained briefly
here. The defining equation is known as the κ-Köhler equa-
tion:

S =
D3
−D3

d

D3−D3
d(1− κ)

exp
(

4σMw

RT ρwD

)
, (2)

where S is the saturation ratio, D is the wet particle diam-
eter, Dd is the dry diameter, σ is the surface tension of the
solution–air interface, Mw is the molecular weight of water,
R is the universal gas constant, T is the temperature, and ρw
is the density of water. For a selected Dd and κ , the critical
supersaturation, Sc, can be computed from the maximum of
Eq. (2). Then, lines of constant κ can be obtained by plotting
log(Sc) as a function of log(Dd). To estimate κ , experimen-
tally determined activation diameters at different supersatu-
rations were added to the log(Sc)–log(Dd) plot, and the κ
was estimated by which isopleth fit the data.
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2.3 Oxygen content

An AMS was used to monitor the aerosol’s composition. In
our experiments, the AMS was operated in the V mode (De-
Carlo et al., 2006) and used an averaging time of 1 min. The
data were analyzed in Igor Pro 6.22A (Wavemetrics) using
“Squirrel” version 1.56D for unit mass resolution analysis
and “Pika” version 1.15D for high-resolution analysis. The
O : C ratios reported here were calculated using the Cana-
garatna et al. (2015) method.

2.4 Volatility

Volatility measurements were made with the TD and the
SMPS. These instruments were used to generate thermo-
grams. To calculate the MFR, we divided the TD mass at
each SMPS measurement by an interpolated BP mass using
the BP measurements before and after the TD measurements.
The MFR represents the fraction of particle mass that did
not evaporate in the TD. The thermogram can be combined
with a TD model (Riipinen et al., 2010), which describes the
multicomponent OA evaporation to calculate the OA volatil-
ity distribution. The fitting algorithm has been described and
evaluated by Karnezi et al. (2014). The 1D-VBS (Donahue et
al., 2006) is used here, which discretizes the volatility distri-
bution into logarithmically spaced bins based on an effective
saturation concentration, C∗.

The TD used for this study consisted of two parts: a heat-
ing section and a cooling section. The heating section is
0.61 m long and is surrounded by heating tape to control the
temperature. The cooling section is also 0.61 m long and con-
tains activated carbon to avoid any recondensation while the
aerosol returns to room temperature. Aerosol passes through
the entire TD via 3.81 cm tubing. Therefore, after accounting
for all of the flows, there will be laminar flow in the TD, re-
sulting in a centerline residence time of 23 s at 298 K in the
heating section, but the residence time will be shorter for the
higher temperatures used in this study.

As particles pass through the TD, some of the mass will
evaporate, but some particles will also be lost to the walls. To
characterize these losses, NaCl particles were generated and
passed through the BP and TD alternately for several tem-
peratures. By comparing the size distributions through the
BP and TD, the particle losses were quantified as a func-
tion of temperature and particle size for the flow rate used in
our experiments (Fig. S1 in the Supplement). Particle losses
increased with temperature in the TD but were fairly low
(< 25 % at 125 ◦C) and roughly constant over the size range
of interest in this study (50–250 nm).

2.5 Smog chamber setup

All experiments were conducted in the Carnegie Mellon Uni-
versity smog chamber, a 10 m3 Teflon (Welch Fluorocar-
bon) reactor suspended in a temperature-controlled room

(Pathak et al., 2007). Before each experiment, the chamber
was flushed overnight with purified air under UV illumina-
tion (GE, model 10526 and 10244) to remove any potential
contaminants. Purified air was generated by passing com-
pressed air through a high-efficiency particulate air (HEPA)
filter to remove any particles, an activated carbon filter to
remove any vapors, and silica gel to maintain the relative hu-
midity (RH) at less than 5 %.

3 System test with ammonium sulfate aerosol

To determine whether the proposed and rather complex setup
of several instruments operating together in series and in par-
allel was operating properly, a 1 g L−1 solution of ammo-
nium sulfate was pumped through an atomizer (TSI, model
3075) at a constant rate of 90 mL h−1 using a constant-
output syringe pump (Braintree Scientific, model BS-300).
Before entering the chamber, the resulting droplets passed
through a silica gel dryer to produce dry particles. Ammo-
nium sulfate particles have traditionally been used in TD
and CCN tests because they are easy to produce and are
relatively non-volatile at temperatures below approximately
100 ◦C (Clarke, 1991; An et al., 2007). Furthermore, they are
very hygroscopic with well-known properties. Their CCN
activity has been shown to be consistent with Köhler theory
(Cruz and Pandis, 1997). At different TD temperatures below
100 ◦C, ammonium sulfate particles should behave the same
hygroscopically as the particles passing through the BP.

The thermogram for the ammonium sulfate particles is
shown in Fig. 2a. No aerosol mass evaporated at 50 and
100 ◦C, but nearly all of the mass evaporated at 150 ◦C.
The remaining material at 150 ◦C also included impurities
in the ammonium sulfate solution that do not evaporate at
that temperature. The measured activation diameter for the
BP, two TD temperatures (50 and 100 ◦C), and Köhler the-
ory from this experiment are shown in Fig. 2b. The activa-
tion diameters at all supersaturations through the BP and the
TD agreed with Köhler theory, confirming that our system
operates properly for at least this simple model system.

4 Application to α-pinene ozonolysis SOA

The experimental approach was then applied to SOA. For
these experiments, α-pinene (Sigma-Aldrich, ≥ 99 %) was
injected into the chamber using a heated septum injector with
purified air as carrier flow. Ozone was generated by an ozone
generator (AZCO, model HTU-500ACPS) and injected into
the chamber after the α-pinene injection. Table 1 displays
the different experimental conditions examined in this pilot
study. The initial ozone concentration and RH remained al-
most the same in all experiments, but the initial α-pinene
concentration and water supersaturation in the CCNC were
varied.
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Figure 2. (a) The thermogram for ammonium sulfate aerosol.
(b) The calculated activation diameter at three CCNC supersatu-
rations for the BP (red), two TD temperatures (green and blue), and
Köhler theory (black) for ammonium sulfate aerosol. The error bars
represent 1 standard deviation of the mean.

Table 1. Description of experimental conditions used in this study.

Exp. α-Pinene Ozone RH Supersaturation Max OA
(ppb) (ppb) ( %) ( %)∗ (µg m−3)

1 100 ∼ 500 < 15 0.20 108
2 50 ∼ 500 < 15 0.30 35
3 50 ∼ 500 < 15 0.25 39
4 50 ∼ 500 < 15 0.27 46
∗ CCNC supersaturation was held constant during experiments in order to allow
sufficient time for an average activation diameter to be measured at each TD temperature.

For Experiment 1, 100 ppb of α-pinene was injected into
the chamber, immediately followed by around 500 ppb of
ozone. After 1 h of reaction time, the ozonolysis was prac-
tically complete, and particles were sampled through the TD
and BP alternatively for five temperatures (25, 50, 75, 100,
and 125 ◦C). The SOA mass concentration, measured with
the SMPS assuming a density of 1.4 g cm−3 (Kostenidou et
al., 2007), increased immediately following the ozone in-
jection and reached a maximum of around 108 µg m−3. The
SOA then began decreasing due to particles being lost to the
chamber walls.

To check that the SOA sampled at the beginning of the
experiment was similar to the SOA sampled at the end of
the experiment, we compared the corresponding AMS mass
spectra using the theta angle (θ) proposed by Kostenidou et
al. (2009). The θ angle between the mass spectra of the BP
at the beginning of the experiment and the BP before passing
through the TD at 125 ◦C was 2.4◦, indicating that the change
of the SOA’s spectra during the experiment was minimal. The
same behavior was observed in all other experiments in this
study.

The thermogram, TD model prediction, and correspond-
ing estimated volatility distribution, using the Karnezi et
al. (2014) algorithm, for Experiment 1 are shown in Fig. 3.
The TD model reproduced the MFR measurements well. For
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Figure 3. (a) Thermogram, corrected for losses in the TD, for Ex-
periment 1 with the fit from the TD model (Riipinen et al., 2010;
Karnezi et al., 2014). The error bars represent 1 standard deviation
of the mean. (b) SOA volatility distribution for Experiment 1 us-
ing the 1D-VBS framework (Donahue et al., 2006). The error bars
correspond to 1 standard deviation of the solution calculated by the
model.

this experiment with OA around 100 µg m−3, over two-thirds
of the SOA had an effective saturation concentration (C∗)
of 1 or 10 µg m−3, 20 % had a C∗ = 0.1 µg m−3, and 10 %
had a C∗ = 0.01 µg m−3. The C∗ = 0.01 µg m−3 bin also in-
cludes compounds with even lower volatilities. An effective
enthalpy of vaporization, 1Hvap, equal to 65 kJ mol−1 was
estimated assuming an accommodation coefficient equal to
unity.

Our TD results are comparable to those in the literature
for α-pinene ozonolysis SOA. At 100 ◦C, the MFR for the
SOA in Experiment 1 was 0.29± 0.01. Huffman et al. (2009)
and Poulain et al. (2010) reported a MFR of around 0.35 at
100 ◦C, but their SOA levels were several times larger (4–
6), and their residence times were about half of the one used
in this study. Kuwata et al. (2011) observed a MFR of 0.50
at a TD temperature of 100 ◦C for lower SOA levels (25–
37 µg m−3) and a significantly shorter residence time (0.4 s).
This further reiterates the difficulty in comparing volatility
studies using different experimental methods, which is why
our study uses the 1D-VBS, allowing for comparisons be-
tween studies, regardless of TD operating conditions.

In addition to volatility, the SOA’s oxygen content was also
measured. Figure 4 shows the average O : C ratio through
the BP and TD at different temperatures for Experiment 1.
The O : C ratio started around 0.49 and decreased at higher
temperatures, ending at 0.39 while passing through the TD
at 125 ◦C. All of the O : C ratios at a TD temperature of
50 ◦C and above were statistically lower than the O : C ra-
tios through the BP and TD at 25 ◦C (one-tailed t test,
p < 0.0001). The final O : C ratio of 0.39 corresponds to 11 %
of the least volatile SOA (Fig. 3a). When compared to an
O : C ratio of 0.49 through the BP, an O : C ratio of 0.39
through the TD at 125 ◦C indicates that the least volatile ma-
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Figure 4. The average O : C ratio observed through the BP and sev-
eral TD temperatures for Experiment 1. The error bars represent 1
standard deviation of the mean. The O : C ratios at a TD temperature
of 50 ◦C and greater were statistically smaller than the values at the
BP and the TD at 25 ◦C.

terial in these experiments contained components that were
not very oxidized at least on average.

Our O : C ratios fall into the reported range of O : C ra-
tios in the literature for α-pinene ozonolysis SOA (Huff-
man et al., 2009; Massoli et al., 2010; Kuwata et al., 2011;
Tritscher et al., 2011). Kuwata et al. (2011) observed that the
O : C ratio dropped sometimes due to high TD temperatures
but argued that increases in the mass concentration were the
main cause of the O : C ratio decreasing. Poulain et al. (2010)
reported that the more oxygenated compounds were less
volatile than the less oxygenated ones, which contradicts our
results, but their conclusions were based on changing the RH
at which the SOA was formed, which could impact the SOA’s
response to heat treatment.

The SOA’s hygroscopic activity was also measured at the
same time. The measured activation diameter as a function
of temperature for Experiment 1 is shown in Fig. 5a. The
activation diameter of all the SOA remained fairly constant
around 140 nm (0.2 % supersaturation) during the experi-
ment and as the temperature in the TD increased to 50 ◦C.
However, for even higher TD temperatures, the activation di-
ameter increased, ending at 155 nm (0.2 % supersaturation)
for the least volatile 11 % of the SOA. The activation diam-
eters through the TD at temperatures of 75 ◦C and greater
were statistically larger than the activation diameter through
either the BP or TD at 25 ◦C (one-tailed t test, p < 0.0001).
This indicates that the least volatile components of the α-
pinene ozonolysis SOA also contained components that were
not very hygroscopic. This is contradictory to the hypothesis
of Jimenez et al. (2009), who proposed that the least volatile
material is usually the most processed and therefore the most
hygroscopic. However, the least volatile material in all our
experiments had consistently the lowest O : C ratio and high-
est activation diameter, indicating a more complex relation-
ship between hygroscopicity, oxidation level, and volatility
in this system. There is, however, the possibility that chemi-
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sured. The values at TD temperatures of 75 ◦C and greater were
statistically different from the values at the BP and the TD at 25 ◦C.

cal changes that occurred to the particles within the TD ren-
dered them less CCN active.

The estimated κ parameters as a function of TD temper-
ature in Experiment 1 can be seen in Fig. 5b. Similar to the
pattern observed with the activation diameters, the κ through
the TD at temperatures greater than or equal to 75 ◦C were
statistically lower than the κ through either the BP or TD
at 25 ◦C (one-tailed t test, p < 0.0001), reiterating the no-
tion that the least volatile SOA contained components that
were less hygroscopic than the rest of the SOA. The κ’s ob-
tained in all experiments were similar to observed values for
α-pinene ozonolysis SOA in other CCNC studies (Engelhart
et al., 2008; Massoli et al., 2010; Frosch et al., 2011), and the
decrease in hygroscopicity after heat treatment has also been
reported by Kuwata et al. (2011).

Detailed results for Experiments 2, 3, and 4 can be found
in the supplement to this paper. They were all conducted with
50 ppb of α-pinene and around 500 ppb of ozone, generating
around 40 µg m−3 of SOA. In general, the O : C ratios and κ’s
were slightly higher than those in Experiment 1. However, as
with Experiment 1, these experiments also resulted in statis-
tically lower O : C ratios and κ’s through the TD at higher
temperatures. The following section proposes and discusses
a novel analysis method to further investigate this behavior.

5 Relating hygroscopicity and O : C to volatility

The above data can be used to estimate the SOA’s hygro-
scopicity and oxidation level as a function of volatility. The
compounds in a volatility bin, i, have an average O : C ra-
tio, [O : C]i , and hygroscopicity parameter, κi . The O : C ra-
tio and κ distributions as a function of volatility can be deter-
mined utilizing the data obtained at each TD temperature by
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Figure 6. The estimated mass fractions for each volatility bin as
a function of TD temperature for Experiment 1. Red represents
the C∗= 0.01 µg m−3 bin, green the C∗ = 0.1 µg m−3 bin, blue the
C∗ = 1 µg m−3 bin, and black the C∗ = 10 µg m−3 bin.

using the following equations:

[O : C]TD =

n∑
i=1

xi,TD[O : C]i (3)

κTD =
∑n

i=1
xi,TDκi, (4)

where [O : C]TD and κTD are the measured O : C ratio and κ
at a TD temperature, xi,TD is the SOA mass fraction in the ith
bin at the same temperature, and [O : C]i and κi are the un-
known O : C ratio and κ for the ith bin. The mass fraction for
each bin as a function of TD temperature is estimated by the
TD model. An example for Experiment 1 is shown in Fig. 6.
As expected, as the temperature in the TD increases, the more
volatile components evaporate, and the SOA is comprised of
mostly low-volatility compounds.

For a future extension of the approach to ambient aerosols,
the equations remain the same. The OA components could be
separated into different groups using PMF with correspond-
ing κ’s, O : C ratios, and volatility distributions. This is sim-
ilar to how Paciga et al. (2016) used PMF on ambient OA in
Paris and generated volatility distributions for each factor.

Equation (3) assumes implicitly that the SOA in the var-
ious volatility bins has a similar average number of car-
bon atoms per molecule and also similar average molecular
weights. These are clearly zeroth-order approximations and
introduce corresponding uncertainties in the estimated O : C
ratio for each bin. Equation (4) is based on the work of Petters
and Kreidenweis (2007) and assumes that the average density
of the material in the various volatility bins is similar. These
equations can be used to generate a system of equations for
both the O : C ratios and κ’s that can be solved separately.

First we focus on how to determine the O : C ratio distri-
bution as a function of volatility, but the process to deter-
mine the κ distribution is exactly the same. Each measure-
ment at a specific TD temperature results in one equation of
the form of Eq. (3) with unknown O : C ratios for the vari-
ous volatility bins. For example, for Experiment 1, we used
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Figure 7. The (a) O : C ratio and (b) κ distributions for the volatility
bins characterized in this study for α-pinene ozonolysis SOA. The
error bars represent 1 standard deviation of the mean obtained from
the least squares solver.

the average O : C ratios from Fig. 4 and the mass fractions
from Fig. 6 at each TD temperature to generate five equa-
tions with four unknowns. The combination of the results
of all experiments led to 18 equations (five from Experi-
ment 1, four from Experiment 2, etc.) with four unknown
O : C ratios ([O : C]0.01, [O : C]0.1, etc.). The optimum val-
ues of the O : C ratios were determined by minimizing the
squared residual between the measured ([O : C]TD) and pre-

dicted
(

n∑
i=1
xi,TD[O : C]i

)
O : C ratios. Matlab’s linear least

squares solver, lscov, was used for this task.
The results for the O : C ratio distribution can be seen in

Fig. 7a. The C∗ = 0.01 µg m−3 bin had the lowest O : C ra-
tio, while the C∗ = 1 µg m−3 bin had the highest values. The
C∗= 0.1 and 10 µg m−3 bins had nearly identical O : C ratios.
These results suggest that, for this system and the conditions
examined, the relationship between the O : C ratio and effec-
tive volatility was not monotonic.

The hygroscopicity parameter, κ , distribution was deter-
mined in exactly the same way, and the results are de-
picted in Fig. 7b. The O : C ratios and corresponding κ’s for
each volatility bin were correlated extremely well (r2 > 0.99,
Fig. S14), which has been reported in numerous studies
(Rickards et al., 2013). The SOA in the C∗ = 1 µg m−3 bin
had the highest hygroscopicity, while the most and least
volatile components had lower κ values.

In order to determine the robustness of our solution, we
compared the predicted O : C ratios and κ’s at each TD tem-
perature to the measured values for every experiment. For
the predicted values, we used the distributions in Fig. 7,
multiplied them by their corresponding mass fractions, and
summed the products up at each TD temperature. The pre-
dicted versus measured O : C ratios and κ’s can be seen in
Figs. 8 and 9, respectively. The O : C ratio distribution ap-
pears to be a better predictor than the κ distribution because
most of the predicted O : C ratios lie on the 1 : 1 line or very
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Figure 8. The predicted versus measured O : C ratios for all TD
temperatures in all of the experiments. The color indicates the ex-
periment number, and the symbol indicates the TD temperature. The
error bars for the predicted O : C ratios were obtained by predicting
the O : C ratios using the O : C ratio distribution at ± 1 standard
deviation in Fig. 7a.

close to it, while the predicted κ’s were more scattered. How-
ever, essentially all of the predicted values were very close to
the measured ones, and the remaining values were within 1
standard deviation of the measured values.

Figure 7 presents results that could, at least in principle,
connect different, or even contradicting, results from previ-
ous studies. For example, Jimenez et al. (2009) proposed that
hygroscopicity and the O : C ratio increase as volatility de-
creases. However, Cerully et al. (2015) reported contradict-
ing results: that the more volatile components of ambient OA
were more hygroscopic than the remaining material. The re-
sults presented here, albeit over a small range and only for
α-pinene ozonolysis SOA, provide a context in which both
conclusions can be true. As the volatility decreased from a
C∗ = 10 to 1 µg m−3, the O : C ratio and κ increased (i.e.,
supporting the results of Jimenez et al., 2009), but the O : C
ratio and κ of the more volatile C∗ = 1 µg m−3 bin were
higher than those of the C∗ = 0.01 and 0.1 µg m−3 bins (i.e.,
supporting the results of Cerully et al., 2015). Therefore, the
approach described in this study can provide a more compre-
hensive method to determine the relationship between OA
hygroscopicity, oxidation level, and volatility.

5.1 Sensitivity analysis

As a test, we optimized the system of equations again, but
this time we systematically eliminated one equation so that,
when we optimized the solution, we were only using 17
equations. After optimizing the system, we replaced the
missing equation and removed another one. This test allowed
us to determine if there was one measurement that signifi-
cantly affected the results in Fig. 7. In all cases but one, the
average values were nearly identical to the distributions from
Fig. 7, demonstrating that one equation was not overly influ-
encing the results. The only substantial deviation from Fig. 7
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Figure 9. The predicted versus measured κ’s for all TD tempera-
tures in all of the experiments. The color indicates the experiment
number, and the symbol indicates the TD temperature. The error
bars for the predicted κ’s were obtained by predicting the κ’s using
the κ distribution at ± 1 standard deviation in Fig. 7b.
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Figure 10. The κ distribution that resulted from solving Eq. (4) for
TD temperatures greater than 50 ◦C and the three lowest bins for
Experiment 2. The error bars represent 1 standard deviation ob-
tained by solving the equations at ± 1 standard deviation of the
measured κ .

was observed for the C∗ = 10 µg m−3 bin when the κ equa-
tion through the TD at 25 ◦C for Experiment 1 was omitted.
When the system was optimized without this equation, the
κ for this bin decreased from 0.10 to 0.05. Since the mass
fraction of the C∗ = 10 µg m−3 bin for Experiment 1 was al-
most double the next-highest mass fraction in any measure-
ment, it holds significantly more information, and therefore,
weight, in the optimization process and impacts the solution
for this bin. However, even if the κ for this bin changed when
the corresponding measurement was omitted, the change is
consistent with the large uncertainty bars for the κ of the
C∗ = 10 µg m−3 bin in Fig. 7. This exercise suggests that our
results appear to be relatively robust.

As seen in Fig. 9, the κ distribution in Fig. 7 underpre-
dicts all of the measured κ’s from Experiment 2. In order
to investigate the cause of this discrepancy, we used Eq. (4)
to determine the κ distribution just for Experiment 2. Since
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this experiment only had four TD temperatures (Fig. S2),
four equations could be written with four unknowns. How-
ever, when the system of equations was solved, the solution
provided reasonable κ’s for the three lowest bins, but it pro-
duced a κ =−0.15 for the C∗ = 10 µg m−3 bin. We hypoth-
esized that the unreasonable value for the highest bin was
due to the small mass fraction of the SOA in this bin at all
temperatures (Fig. S5). At 25 ◦C, only 4 % of the SOA had
a C∗ = 10 µg m−3, and those compounds completely evapo-
rated as the temperature in the TD increased. Therefore, there
was insufficient information to accurately estimate the prop-
erties of this bin for this experiment. To determine if this
was true, we used Eq. (3) to solve for the O : C ratio dis-
tribution for Experiment 2. When we solved the system of
equations, the solution again provided reasonable O : C ra-
tios for the three lowest bins but produced an O : C= 2.16 for
the C∗ = 10 µg m−3 bin. Since both solutions provided un-
reasonable values for the highest bin, we concluded that the
method is unable to accurately estimate the properties of bins
with very low concentrations (i.e., xi < 0.1). However, when
experiments with different concentrations are combined, as
we did with Experiments 1–4 above, the method is able to
determine reasonable estimates for the bins’ properties.

To address the uncertainty introduced by the low concen-
tration of material in the C∗ = 10 µg m−3 bin for Experiment
2, we ignored the C∗ = 10 µg m−3 bin and removed the κ
equation at 25 ◦C. This approach implicitly assumes that the
material in the C∗ = 10 µg m−3 bin has evaporated at 50 ◦C,
which is reasonable because the mass fraction for the bin is
less than 2 % at 50 ◦C (Fig. S5). This resulted in three equa-
tions with three unknown κ’s. We solved the system of equa-
tions algebraically, and the results for the κ distribution can
be seen in Fig. 10. When compared to the κ distribution in
Fig. 7b, the κ’s for the C∗ = 0.1 and 1 µg m−3 bins are the
same within uncertainty (0.09 to 0.11 and 0.19 to 0.16, re-
spectively), but the κ for the C∗ = 0.01 µg m−3 bin is nearly
twice that of the one in Fig. 7b (0.14 to 0.08). This indicates
that the SOA that had a C∗ = 0.01 µg m−3 in Experiment 2
was more hygroscopic than indicated in Fig. 7b. To demon-
strate this, we predicted the κ’s for Experiment 2 again. In
order to do this, we used the κ’s for the three highest bins
from Fig. 7b, but we used the κ for the C∗ = 0.01 µg m−3

bin estimated in Fig. 10. The results can be seen in Fig. S15.
With the larger κ for the C∗ = 0.01 µg m−3 bin, the predicted
κ’s were nearly identical to the measured ones. This demon-
strates the variability that can occur from experiment to ex-
periment, but the analysis method developed here can exam-
ine experiments separately to determine the cause of the vari-
ability.

6 Conclusions

This study evaluates the feasibility of a novel measurement
and analysis technique to quantify OA’s hygroscopicity, O : C

ratio, and volatility distribution. The experimental approach
used a CCNC to study hygroscopicity, an AMS to deter-
mine the O : C ratio, and a TD to evaluate volatility. The ex-
perimental setup was tested with SOA generated from the
ozonolysis of α-pinene. The results of these experiments re-
vealed that the O : C ratio and κ decreased as the SOA passed
through the TD at higher temperatures. This indicates that
the lowest-volatility material in this system contained com-
ponents that had lower O : C ratios and κCCN’s. However, de-
tailed characterization of the composition of the remaining
compounds after the TD is required to quantify the contribu-
tion of chemical reactions to these observed changes.

An analysis technique to synthesize the data from this ex-
perimental setup was also developed. The results from this
analysis confirmed that the SOA for this system had some
low-volatility material with a low O : C ratio and κ . It also
showed that both low- and high-volatility compounds can
have comparable oxidation levels and hygroscopicities.

This approach can be used to connect studies that were
once thought to have contradicting results regarding the re-
lationship between these three properties. Further chamber
studies and ambient sampling are necessary in order to de-
scribe the relationship between OA hygroscopicity, oxidation
level, and volatility not only for multiple SOA systems but
also for ambient OA. This study was able to analyze a small
portion of the 2D-VBS framework space, but this method
can be utilized to help identify the relationship across the
entire OA volatility axis. This approach also serves as an ex-
perimental branch to the theoretical framework proposed by
Nakao (2017).
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