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Volatile organic matter suspended in the atmosphere such as a-pinene and b-caryophyllene undergoes aging

processes and chemical, and photo-oxidation reactions to create secondary organic aerosols (SOAs), which

can influence the indirect effect of aerosol particles and the radiative budget. The presence and impact of

water vapor and ammonium sulfate (ubiquitous species in the atmosphere) on the hygroscopicity and CCN

activity of SOA have not been well characterized. In this research, three water-uptake measurement methods,

cavity ring-down spectroscopy (CRD), humidified tandem differential mobility analysis (HTDMA), and cloud

condensation nuclei counting (CCNC), were employed to study the hygroscopicity of a-pinene and b-

caryophyllene SOAs formed by dark ozonolysis. We observed the changes in water uptake of SOAs in the

absence and presence of water vapor at �70% RH and ammonium sulfate seeds. Measured hygroscopicity

was represented by a single hygroscopicity parameter (k). Sesquiterpene SOA was observed to be insoluble,

hydrophobic, and non-hygroscopic under all experimental conditions and at all initial concentrations, as b-

caryophyllene SOA exhibited non-hygroscopic properties with values that were effectively 0. Conversely,

monoterpene SOA water uptake is sensitive to increasing RH in the chamber during secondary aerosol

formation. Dry and wet seeded monoterpene SOA showed a similar trend of increase despite variability in

initial precursor concentrations. We conclude that differences in the viscosity, solubility and hydrophobicity of

SOAs may be the primary factor that leads to changes in SOA hygroscopicity formed under low and high

relative humidity conditions.
Environmental signicance

Hygroscopicity of atmospheric aerosol particles governs the formation of droplets, clouds, and haze that can absorb, refract, or reect radiation, indirectly
inuencing the Earth's net radiative budget. Hygroscopicity, and therefore the optical properties of atmospheric droplets are dependent on particle composition
and relative humidity. In this research, we probed the effects of humidity and presence of ammonium sulfate seeds on the secondary organic aerosol (SOA)
hygroscopicity from a-pinene and b-caryophyllene ozonolysis, two prevalent atmospheric terpenes. The results indicate that mixed organic–inorganic aerosols
formed in high humidity regions may have different water-uptake properties than those in arid regions; and the hygroscopicity differences are more pronounced
for monoterpene SOA mixtures compared to sesquiterpene SOA mixtures. The reported results contribute to the body of scientic knowledge on aerosol water-
uptake that reduces uncertainty in climate models.
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1 Introduction

Aerosol particles are liquid or solid particles suspended in air
and are known to take up water from the atmosphere. Water
uptake properties of aerosol particles can inuence the aerosol
particle's atmospheric lifetime, reactivity, and chemistry.1 In
addition, water uptake by aerosol particles under subsaturated
conditions can affect visibility, whereas, particles can serve as
cloud condensation nuclei (CCN) under supersaturated condi-
tions. As such, the hygroscopicity of aerosol particles can
contribute to the indirect radiative forcing of the Earth's
climate.2 However, the magnitude of the indirect effect of
© 2022 The Author(s). Published by the Royal Society of Chemistry
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aerosols on the total radiative budget remains uncertain, partly
due to the composition, temporal, and spatial variance of
atmospheric aerosol particles.3

Atmospheric aerosol particles can be organic or inorganic,
but usually exist as a mixture of both.4 The hygroscopicity of
inorganic aerosol particles such as ammonium sulfate under
sub- and supersaturated conditions has been well characterized
and has been used as a calibration standard for various water
uptake measurement methods.5,6

Organic aerosol particles can represent up to 50% of the
aerosol mass.7 Volatile organic compounds (VOCs) in the
atmosphere typically exist in the gas phase and can undergo
various reactions in the atmosphere (i.e., photooxidation, ozo-
nolysis, and aging) to form aerosol-phase secondary organic
aerosol particles (SOAs).8–12 VOCs include monoterpenes such
as a-pinene and sesquiterpenes such as b-caryophyllene. a-
Pinene is the most prevalent monoterpene (up to 35%), and
arguably one of the most important biogenic SOA precursors.13

In contrast, b-caryophyllene is less abundant but produces
higher SOA yields, and thus the contribution of b-caryophyllene
SOA can be signicant.14,15 SOAs from various precursors such
as a-pinene and b-caryophyllene can have a range of physical
and chemical properties such as O : C ratios, molecular weight,
and hygroscopicity, which can affect their contributions to the
net radiative forcing.

The ability of biogenic SOA to take up water and form
droplets has been of interest for some time. Researchers have
explored the water uptake of SOAs from various precursors and
probed the effects off sub- and supersaturated conditions,
mixing states, and the presence of an inorganic seed. The list of
relevant references for water uptake of SOA studies similar to
the systems presented here include (but are not limited to)
those presented in Table 1.
Table 1 Summary of several previously reported values of kCCNC and kH

Reference VOC
Chamber cond
oxidants, etc.

Meyer et al. (2009)16 a-Pinene NOx, light

Huff-Hartz et al. (2005)17 a-Pinene O3

b-Caryophyllene O3

VanReken et al. (2005)18 a-Pinene O3

Virkkula et al. (1999)19 a-Pinene O3

Prenni et al. (2007)20 a-Pinene O3

Frosch et al. (2013)15 b-Caryophyllene O3

Tang et al. (2012)21 b-Caryophyllene O3

Asa-Awuku et al. (2009)22 b-Caryophyllene O3, 2-butanol
Varutbangkul et al. (2006)1 a-Pinene O3, 50% RH

b-Caryophyllene O3, 50% RH
Wang (2018)23 a-Pinene O3, UV, OH

b-Caryophyllene
Engelhart (2008)24 a-Pinene O3

Zhao (2016) a-Pinene O3

© 2022 The Author(s). Published by the Royal Society of Chemistry
Particle hygroscopicity can be represented by the parameter
k, which can be compared over saturation conditions and
measurement methods.6,25,26 It has been reported that k-values
of monoterpene and sesquiterpene may vary between super-
saturated and subsaturated measurements due to partial
dissolution and surface tension.25,27 However, others have also
reported that a-pinene and b-caryophyllene SOAs are dissolved
during droplet activation. Therefore hygroscopicity at super-
saturation was not limited by solubility but was instead driven
by molecular weight: a-pinene, the precursor with a lower
molecular weight, was observed to be more hygroscopic than b-
caryophyllene. It was suggested that the molecular weight of
SOAs decreased with lower VOC molecular weight and may be
more oxidized.23 Additionally, fragmentation of aerosol parti-
cles into species such as low molecular weight carboxylic acids
may further reduce the average molecular weight, increasing
hygroscopicity.23,24,28 The oxygenation level of SOAs varies with
precursor concentration, OH sources, and exposure to light;
however, under supersaturated conditions, apparent particle
hygroscopicity was shown to be independent of O : C ratios,
which is in clear contrast to subsaturated conditions where
hygroscopicity has been reported to have a strong dependence
on particle oxygenation.29–33 Huff-Hartz et al. (2005) used a static
diffusion cloud condensation nuclei counter (CCNC) to
measure the activation diameter (dry particle size at which 50%
of the particle population activate into droplets at a given
supersaturation) of monoterpene and sesquiterpene SOAs and
found that a-pinene SOA (VOC : ozone¼ 1 : 3) had an activation
diameter that ranged between 120 nm and 140 nm at 0.3%
supersaturation.17

In contrast, b-caryophyllene SOA (SOA : ozone¼ 1 : 2) had an
activation diameter of 152 nm � 26 nm at 1% supersaturation
indicating that under these oxidation conditions, a-pinene SOA
is signicantly more hygroscopic than b-caryophyllene SOA.
TDMA

ition,
Seed Technique k

Ammonium sulfate HTDMA 0.086
— HTDMA 0.026
— CCNC 0.03–0.23
— CCNC 0.03–0.11
— CCNC 0.014–0.091
— HTDMA 0.022
Ammonium sulfate HTDMA 0.04
— HTDMA 0.022
— CCNC 0.1
— CCNC 0.026–0.048

CCNC 0.16–0.221
— CCNC 0.017–0.040
Ammonium sulfate HTDMA 0.037
— HTDMA 0.009
Ammonium sulfate CCNC 0.1

CCNC 0.07
— CCNC 0.14–0.16

HTDMA 0.03–0.06
CCNC 0.1–0.15
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However, Petters and Kreidenweis (2007) highlighted that kCCNC
of a-pinene measured by Huff-Hartz et al. (2005) did not follow
the lines of constant k, which suggests that a-pinene SOA is only
somewhat hygroscopic.25 Work by Prenni et al.20 (2007) also
agrees with previous values, and reported kCCNC of a-pinene
SOA to be 0.10 � 0.04, and 0.02 under subsaturated conditions,
which was in agreement with the work by Virkkula et al. (1999)
which showed that the ozonolysis of a-pinene at 84% RH
formed SOA with a growth factor (Gf) of 1.070, or kHTDMA ¼
0.02.20,25,34

To date, the literature has shown that the CCN activity of b-
caryophyllene SOA can vary widely. For example, dark ozonol-
ysis of b-caryophyllene SOA by Asa-Awuku et al. (2009) had
a measured kCCNC between 0.02 and 0.04 in the presence of 2-
butanol, which was within the range of k-values reported by
Huff-Hartz et al. (2005).17,22 Tang et al. (2012) published kCCNC

values for b-caryophyllene SOA to be between 0.25 and 0.27 in
the absence of OH scavengers, and that light had negligible
effects on b-caryophyllene SOA hygroscopicity.21 Frosch et al.
(2012) showed that b-caryophyllene SOA may increase hygro-
scopicity with oxidation, but this only marginally increased Gf.
Under subsaturated conditions, HTDMA measurements of
photochemically aged b-caryophyllene SOA at 90% RH (Frosch
et al. (2012)) resulted in Gf between 1.00 and 1.09, and corre-
sponds to kHTDMA of 0.00–0.03, which is close to kCCNC reported
by Huff-Hartz et al. (2005).15,17 Higher kCCNC measurements by
Tang et al. (2012) could be primarily attributed to the low pre-
cursor concentrations of b-caryophyllene (5–20 ppb) and
a larger reaction chamber which results in more hygroscopic
and oxidized SOAs, whereas previous studies had between 25
and 100 ppb of the precursor and a smaller chamber.21

To further mimic the ambient atmosphere, the effect of
inorganic seeds and humidity on a-pinene and b-caryophyllene
SOAs has been the subject of several studies. Virkkula et al.
(1999) used a Humidied Tandem Differential Mobility
Analyzer (HTDMA) to measure the Gf of a-pinene SOA formed
through dark ozonolysis at 84% RH, with and without the
presence of ammonium sulfate seeds (Gf,ammonium sulfate ¼ 1.5)
and reported growth factors that corresponded to kHTDMA
between 0.02 and 0.04, consistent with previous observa-
tions.34,36–38 Two explanations were offered by Virkkula et al.
(1999) on why SOAs from various precursors exhibit Gf �1.1: the
rst is that the organic coating may be permeable and water
molecules can access the inorganic core, or that the organic
coating and inorganic core form a homogeneous mixture such
that there is no clear distinction between the core and the
organic coating.

Varutbangkul et al. (2006) explored the subsaturated water
uptake at 85% RH of ammonium sulfate seeded a-pinene and
unseeded b-caryophyllene SOAs formed through photooxida-
tion in the presence of 50% RH in an SOA chamber.1 a-pinene
exhibited kHTDMA ¼ 0.037 and b-caryophyllene was less hygro-
scopic with kHTDMA ¼ 0.009. It was concluded that SOAs from
both precursors are slightly hygroscopic, but less than inorganic
salts such as ammonium sulfate, and show a continuous water
uptake through a range of relative humidities with no deli-
quescence or efflorescence behavior. Furthermore, SOA
204 | Environ. Sci.: Atmos., 2022, 2, 202–214
hygroscopicity results from competing effects: further oxidation
of organic products to more polar and hygroscopic species, or
formation of larger and less hydrophilic oligomers. The CCN
activity of seeded a-pinene and seeded b-caryophyllene SOAs
has been shown to be close to kHTDMA.39,40

Previously mentioned studies mainly considered the water-
uptake of SOAs formed under dry conditions (<10% RH), with
the exception of Varutbangkul et al. (2006). It must be
acknowledged that the presence of water vapor or high
humidity during SOA formation may alter the yield, and phys-
ical and optical properties of aerosols. Recent studies indicated
that SOAs formed at higher RH could have different physical
and chemical properties, such as viscosity.41 For example, Boyd
et al. (2017) hypothesized that terpene SOA formed in the
presence of 70% RH and nitrate radicals was viscous due to the
low hygroscopicity of the SOA.41 Additionally, Emanuelsson
et al. (2013) showed that humidity during SOA formation
increased aerosol volatility.42 In addition, the work of Yuan et al.
(2017) suggests that the formation of SOAs in the presence of
water-vapor may form more stable Criegee-intermediates that
could lead to the formation of more hygroscopic materials for
monoterpene SOA systems.43

In this study, we focus our efforts towards understanding the
differences in measured hygroscopicity that could result from
modifying the initial water-vapor concentration in the reaction
chamber. The difference in the extent to which SOA inorganic
mixtures take up water formed under wet conditions is
unknown. Furthermore, three hygroscopicity measurement
platforms, previously shown to agree well for simple well-
dened compositions,6 are applied. Specically, HTDMA and
CNNC measurements have been aptly used to estimate particle
water-uptake (Table 1). Fewer studies have used cavity ring-
down spectroscopy (CRD) and similar methods to investigate
SOAs. These studies have mainly focused on determining the
refractive index (RI) of the systems of interest.6,44–52 Denjean
et al. (2015) used CRD tomeasure the hygroscopicity of a-pinene
SOA and reported a growth factor between 1.020 and 1.070 (k ¼
0.003–0.010), which agrees with other literature values.20,44 In
addition to refractive index measurements of SOAs, the gener-
ation of SOAs in the presence of NOx has been studied
frequently but only a few studies utilize CRD in their
analysis.53–56

In summary, hygroscopicity of a-pinene and b-caryophyllene
SOAs depends on SOA generation conditions (i.e., concentra-
tion, oxidants, scavengers, humidity, etc.), and thus there is
a need for continued research on the magnitude of these effects
and their climatic implications.1,16,21 This work highlights the
focus on the potential differences observed with humidity
during formation. In this research, in situ measurements of a-
pinene and b-caryophyllene SOA hygroscopicities are performed
under 4 SOA formation conditions: dry chamber (5% RH)
unseeded, dry chamber with ammonium sulfate seeds, humid
chamber (76% RH) unseeded, and humid chamber with
ammonium sulfate seeds. Sub and supersaturated water uptake
properties were measured using HTDMA, CRD, and CCNC, and
compared using the single hygroscopicity parameter k as
introduced by Petters and Kreidenweis (2007).25
© 2022 The Author(s). Published by the Royal Society of Chemistry
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2 Materials and methods
2.1 SOA generation

Laboratory-generated SOA was produced with a 1 m3 Tedlar
chamber (Welch Fluorocarbon). Before each experiment, the
chamber was cleaned with excess ozone (�100 ppm) and then
purged with a continuous ow of puried air for 8 hours. Ozone
was generated via a corona discharge tube ozone generator
(Ozotech Inc. Poseidon 200). The chamber was rst lled with
puried air and ozone at the beginning of each experiment. The
target ozone concentrations were between 200 ppb and 300 ppb
and were sample-dependent (vide infra).

As previously mentioned, SOAs were generated under four
chamber conditions: (1) dry unseeded SOA, (2) wet unseeded
SOA, (3) dry SOA with ammonium sulfate seeds, and (4) wet SOA
with ammonium sulfate seeds where dry conditions were
dened as having an RH < 10% and wet conditions were dened
as being between 75 and 80% RH. The humidication in the
chamber was maintained at a level so as to prevent the deli-
quescence of ammonium sulfate particles in wet seeded
experiments. It was assumed that RH in the chamber remained
constant, and while changes in RH may modify the propensity
of wall losses during SOA formation, we expect that effects on
the intrinsic hygroscopicities are negligible. For humidication
experiments, air was ltered downstream of a bubbler con-
taining ultrapure water (Millipore™ water < 18 MU). For seeded
experiments, ammonium sulfate was atomized into the reaction
chamber until the particle counter read a total concentration of
25 000 � 3000 particles per cm3. Aerosol particles were created
by atomizing a dilute solution of ammonium sulfate
(100 mg L�1 ammonium sulfate, 98%, Fisher Chemical™)
using a constant output atomizer (TSI 3076) with a 3.6 L min�1

carrier gas of puried air and dehydrating the polydisperse
aerosol particles via a silica gel diffusion dryer (Fig. 1). Ammo-
nium sulfate seed particles were added to the chamber under
dry conditions.

Two volatile organic carbon precursors were then added to
the well-mixed chamber system. Specically, a-pinene
(Aldrich™, 98%) and b-caryophyllene (Sigma™, >98.5%) were
injected through the chamber's resealable entrance using
a syringe onto a glass plate located at the base of the environ-
mental chamber where VOCs rapidly volatilize to initiate
nucleation and particle formation. a-Pinene SOA was generated
Fig. 1 Diagram of the experimental set-up consisting of three complem

© 2022 The Author(s). Published by the Royal Society of Chemistry
using 200 ppb of ozone and 150 ppb of a-pinene and b-car-
yophyllene SOAs was formed in the presence of 400 ppb of
ozone and 300 ppb of the b-caryophyllene precursor.

Aer VOC injection, SOA concentrations were monitored by
using a Differential Mobility Analyzer (DMA, TSI 3081) and
a condensation particle counter (CPC, TSI 3776). The DMA was
set to mobility diameter scanning mode. Particles in the
chamber were assumed to be well-mixed when the geometric
mean of the distribution remained constant for over 30
minutes. Subsequently, SOA water uptake was measured by
three separate hygroscopicity measurement techniques: cavity
ring-down spectroscopy (CRD), humidied tandem differential
mobility analysis (HTDMA), and cloud condensation nuclei
counting (CCNC) that have been previously validated and
detailed in Dawson et al. (2020), and will only be briey
described below.6
2.2 Cloud condensation nuclei droplet growth

The cloud condensation nuclei (CCN) activity was immediately
measured aer particle formation for each SOA experiment. The
aerosol particles were dried upon exiting the chamber via
a diffusion drier and subsequently sampled from the chamber
for size distribution measurement by an electrostatic classier
in scanning mode. The aerosol sample was then split into two
parallel streams. A condensation particle counter (CPC, TSI
3776) sampled at a ow rate of 0.3 L min�1 and measured the
total particle concentration for a given size. Simultaneously,
a continuous ow streamwise thermal gradient cloud conden-
sation nuclei counter (CCNC; Droplet Measurement Technolo-
gies, DMT© CCN-100) sampled aerosol at 0.5 L min�1 and
measured the CCN number concentration. The CCNC was
calibrated with ammonium sulfate prior to experimental
measurements. The aerosol size (from 8 to 352 nm) and CCN
distribution was measured every 2 minutes and 15 seconds, and
the CCN concentration was measured for a constant instrument
supersaturation for �10 minutes and supersaturation in the
CCNC varied from 0.4% to 0.8% as the aerosol size distribution
moved to larger sizes.

The critical activation diameter (Dd) is dened as the 50%
efficiency of the ratio of CCN to total particle concentration. The
scanning mobility CCN analysis (SMCA) method was used and
has been previously used to measure a-pinene SOA and b-
entary methods: HTDMA, CCNC, and CRD.

Environ. Sci.: Atmos., 2022, 2, 202–214 | 205
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caryophyllene SOA CCN activity.21,24,28,57 Supersaturation and Dd

data were used to calculate k in the supersaturated RH regime
based on k-Köhler theory (Petters and Kreidenweis, 2007).25
2.3 Humidied tandem differential mobility droplet growth

Subsaturated geometric growth factors of the laboratory-
generated SOA were measured with a HTDMA. The HTDMA is
commonly used for aerosol hygroscopicity measurements and
a detailed setup has been described in previous publica-
tions.31,57–61 HTDMA sampling began approximately two hours
aer SOA particle formation, when sufficient aerosol had shif-
ted to larger sizes ($200 nm), as particle growth is more easily
observed at these sizes.

As for CCN measurements, sampled dry aerosol particles are
rst separated by their electrical mobility diameter by using
a differential mobility analyzer (DMA, TSI 3081). The sample to
sheath ow was maintained at a ratio of 0.3 : 1.0 which allowed
for the selection of dry particles (Ddry) of 200, 250, and 300 nm.
The selected aerosols were then humidied by using a Naon
humidication line (PermaPure® MH series) to 95% RH. The
humidied distribution was then measured with a scanning
mobility particle sizer (SMPS, DMA TSI 3081/CPC TSI 3775). The
geometric mean of the humidied distribution (Dwet) was then
used to calculate the geometric growth factor as has been
previously described using a simple geometric growth factor
calculation.

Gfðwet; dryÞ ¼ Dwet

Ddry

(1)

Similar HTDMA measurement techniques have measured a-
pinene SOA and b-caryophyllene SOA.1,16,20,31,35,39,44,62–65
2.4 Cavity ring-down spectroscopy

The particles grew to sufficiently large sizes for CRD roughly
three hours aer SOA generation and one hour into HTDMA
measurements. Again, the aerosol particles were dried upon
exiting the chamber with a diffusion drier (Fig. 1). The sample
was then size selected by using a differential mobility analyzer
(DMA, TSI 3081) to obtain dry mobility diameters of 200 nm,
225 nm, 250 nm, 275 nm, 300 nm, 350 nm, and 400 nm. The
aerosol to sheath ow ratio was set to 1.5 : 5.0 to maintain this
range of particle mobility diameters without changing the
sheath ow. The CRD setup in this research has previously been
described in detail, and only a brief overview is presented
here.6,66 The CRD spectrometer measures extinction coefficients
which are related to ring-down times according to

aext ¼ RL

c

�
1

s
� 1

s0

�
(2)

where aext is the extinction efficiency, RL is the length of the
cavity, c is the speed of light, s0 is the ring-down time when no
sample is in the cavity, and s is the ring-down time when the
sample is present. The refractive index of a sample can be
determined by rst calculating the experimental extinction
206 | Environ. Sci.: Atmos., 2022, 2, 202–214
cross-section (sexp) by dividing the average extinction coefficient
(aexp,avg) by the average particle concentration (Navg)

sexp ¼ aexp;avg

Navg

(3)

The extinction cross section is related to the extinction effi-
ciency (Qext) by

Qext ¼ sext

pr2
(4)

where r is the particle radius. Using Mie theory, theoretical Qext

was retrieved from a range of refractive indices and compared to
the experimental value to determine the sample refractive
index. The best-t of the refractive index is one with the lowest
reduced cumulative fractional difference (CFDR)

CFDR ¼ 1

P

X
all sizes

��aext;ave � aext;Mie

��
aext;ave

(5)

where aext,Mie is the theoretical extinction efficiency based on
Mie theory and P is the number of selected sizes.

The CRD in this work consists of two cavities, a dry cavity and
a humidied cavity. As size-selected aerosol particles are
introduced into either cavity, the extinction of light by those
particles is measured. The extinction of the humidied aerosol
particles (sext,a) was then divided by the extinction of the dry
particles (sext,b) to obtain an optical growth factor for each dry
mobility size as shown by

fRHða; bÞ ¼ sext;a

sext;b

(6)

The optical growth factor (fRH) is then converted to the
geometric growth factor using Mie scattering theory and the
basis of eqn (1) where Ddry is the dry particle mobility diameter
selected by the DMA, and Dwet is the diameter of the humidied
particles derived from the humidied particle extinction coef-
cient and the refractive index of the particle. This method has
been discussed before and is only briey described here where
extinction coefficients are calculated for the particle size every
0.1 nm above the original dry particle size until a calculated
extinction coefficient is found that best matches the extinction
coefficient of the humidied particle that was experimentally
determined.6,66 In the CRD chamber studies, the ow of the
sample through the system is governed by the CPC (TSI 3775)
which was operated at a 1.5 L min�1

ow rate. The actual ow
from the chamber was slightly less than this value as each of the
mirrors in the CRD had a purge ow of 40 cm3 min�1 which was
maintained across them throughout the experiment. Each
measurement technique was calibrated with ammonium
sulfate (Millipore™, 99%) aerosol particles which were gener-
ated using a constant output atomizer (TSI 3076).
2.5 Hygroscopicity analysis

The measured CCN activity, sub-saturated droplet growth, and
optical growth can be converted to the hygroscopicity param-
eter, k.25 For each measurement method, k retrieval has been
© 2022 The Author(s). Published by the Royal Society of Chemistry
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described in detail by Dawson et al. (2020) and only an overview
will be provided here.6

k-Values can be derived from Gf and RH measurements at
relative humidities (>80%), where the vapor pressure of water
approaches that of a at surface and droplet water activity can
be approximated with RH. At RH > 80%, Gf can be simplied to
ref. 67

Gf
3 ¼ 1þ k

RH=100

1�RH=100
(7)

and for supersaturated CCN measurement, k is calculated via25

k ¼
4

�
4ss=aMw

RTrw

�3

27Dd
3 ln2 s

(8)

where ss/a is the surface tension of the droplet at the air droplet
interface and is assumed to be that of pure water, Dd is the
critical activation particle diameter, s is the instrument super-
saturation, R is the universal gas constant, T is the temperature
of the droplet, and Mw and rw are the molecular weight and
density of water, respectively.25,67 Henceforth, we refer to k-
values derived from eqn (7) and (8) as kHTDMA and kCCNC,
respectively.

The equations for single hygroscopicity optical growth
measurements have not been explicitly derived. Previous
studies have proposed two and three empirical parameter
relationships between fRH and RH.67–69 In this research, two
techniques were employed to obtain k-values from fRH data.
The rst method converts the optical growth factor to the
geometric growth factor (Gf) using Mie theory and the experi-
mentally derived refractive indices. The conversion to k can thus
use eqn (7).69 The second fRH method applies an empirical
relationship to solve for Gf, and is shown in eqn (9).67

kCRD;emp ¼
�
fRHð80% RH; dryÞ3�0:28=0:86 � 1

��1�RH=100

RH=100

�

(9)

where kCRD,emp is the empirically derived k-value.67 Here the
distinction is made between k-factors determined by Mie theory
and that determined semi-empirically as kCRD,Mie and kCRD,emp,
respectively. kCRD,Mie has been shown to be particle size-
independent, and kCRD,emp exhibits a similar size dependence
to fRH data.6 kCRD,emp approaches k-values of known aerosol
compounds at larger particle sizes and both values have been
shown to estimate slightly higher values than kCCNC and kHTDMA

for water-soluble organic sugars.6
2.6 Estimation by the ZSR model and droplet growth
predictions

The Zdanovskii–Stokes–Robinson (ZSR) model has been used to
estimate the k-value of aerosol mixtures based on the volume
fraction (3i) and k-value of each component (eqn (10)).16,70–72

k ¼
X
i

3iki (10)
© 2022 The Author(s). Published by the Royal Society of Chemistry
In this research, information on the volume fraction of the
inorganic seeds (ammonium sulfate) and the SOA was directly
obtained from the chamber. For each precursor, two ZSR esti-
mations were done, one under supersaturated conditions, and
one under subsaturated conditions, as k-values are known to
vary across the two saturation regimes.25,27,62 kCCNC values of dry
and wet unseeded a-pinene and b-caryophyllene SOAs
(measured in this study) were used for supersaturated ZSR
calculations. The subsaturated k-values (kHTDMA, kCRD,Mie and
kCRD,emp) derived in this study were averaged for the subsatu-
rated ZSR calculations. Particle growth was predicted based on
the k-Köhler theory with limited solubility considerations
described in Petters and Kreidenweis (2008) and shown in eqn
(11) where H(xi) is the dissolved volume fraction.73

k ¼
X

3ikiHðxiÞ (11)

The solubility of monoterpene and sesquiterpene SOAs was
assumed to be 0.1 g g�1 H2O as reported by Huff-Hartz et al.
(2005), and density of the SOAs was assumed to be
1.5 g cm�3.17,24
3 Results and discussion

The presence of water vapor at subsaturated relative humidity
may alter the formation and composition of a-pinene and b-
caryophyllene SOAs, and may subsequently alter the SOA's
water uptake properties. In this study, the effect of humidity on
a-pinene and b-caryophyllene SOA water uptake is measured
under sub- and supersaturated conditions and is presented in
Fig. 2. Error bars represent the standard deviation of k over
three trials of each experiment.

A summary of measured k-values is presented in Table S1.†
The presence of water vapor during the formation of the a-
pinene SOA did not appear to have a signicant effect on the
geometric growth factor derived kHTDMA values which were
measured to be 0.059 and 0.042 without and with the presence
of water vapor in the chamber, respectively. We discuss our
measurements in the context of previous studies that have
explored similar systems. Furthermore, we note and acknowl-
edge the limits of the comparison with previous studies that
have sometimes used different initial conditions in their
studies. Varutbangkul et al. (2006) reported kHTDMA values of
0.055 and 0.021 for a-pinene and b-caryophyllene SOAs formed
via ozonolysis in the presence of 50% RH, respectively. Juranyi
et al. (2009) published a concentration-dependent kHTDMA of
0.07–0.13 for a-pinene SOA formed via photooxidation in the
presence of NOx and 50–60% RH. Two k values were retrieved
from CRD experiments, one based on the calculations by Krei-
denweis and Asa-Awuku (2014) (kCRD,emp) and one from the
methods described in previous literature (kCRD,Mie).66,67 For
kCRD,Mie and kCRD,emp reported in this study, the presence of
water vapor enhancedmeasured k values by 0.040, however, this
difference is within the experimental error.

In contrast, humid conditions in the SOA chamber led to
a notable difference in a-pinene SOA supersaturated water
Environ. Sci.: Atmos., 2022, 2, 202–214 | 207
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Fig. 2 kHTDMA (square), kCRD,Mie (triangle), kCRD,emp (inverted triangle), and kCCNC (circle) of (a) unseeded (blue) and ammonium sulfate seeded
(green) a-pinene SOA and (b) unseeded (red) and ammonium sulfate seeded (black) b-caryophyllene SOA under dry (open symbols) and wet
(filled symbols) SOA chamber conditions. Grey lines represent the predicted k based on the ZSR model for supersaturated conditions (solid), and
subsaturated conditions (dashed) for the seeded systems. Error bars signify one standard deviation. Note the change in y-axes from a-pinene to
b-caryophyllene SOA.
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uptake. Fig. 2a shows that the dry unseeded a-pinene SOA kCCNC

value is 0.130 � 0.019 as measured over the course of the
experiment. kCCNC is notably higher compared to subsaturated
k, and increases from 0.130 to 0.191 under dry and wet chamber
conditions (Fig. 2a). Measured water uptake and resulting k-
values of dry and wet unseeded a-pinene SOA under supersat-
urated and subsaturated conditions were consistent with
previously reported values of a-pinene SOA.17,24,28,29,39,62,63

Fig. 2b shows that b-caryophyllene SOA is between non-
hygroscopic to very slightly hygroscopic, as the measured k

values were nominally small (less than 0.1). It was also observed
that the presence of �70% RH during SOA formation did not
signicantly affect the measured k. The two methods of k

retrievals from CRD resulted in invariable kCRD,Mie and kCRD,emp.
kHTDMA of dry and wet unseeded b-caryophyllene SOA exhibited
a noticeable difference, although values were nominally small
(Fig. 2b). Additionally, kHTDMA of wet unseeded b-caryophyllene
SOA indicated that the SOA was non-hygroscopic.74 Under
supersaturated conditions, b-caryophyllene SOA was slightly
hygroscopic (kCCNC,dry-unseeded ¼ 0.006 and kCCNC wet-unseeded ¼
208 | Environ. Sci.: Atmos., 2022, 2, 202–214
0.020), and the presence of water vapor during SOA formation
increased kCCNC over threefold. Overall, however, b-car-
yophyllene SOA was effectively non-hygroscopic under experi-
mental conditions. Additionally, measured b-caryophyllene
kCCNC values were comparable to the reported values by Huff-
Hartz et al. (2005) and Frosch et al. (2013), but were signi-
cantly less than the values reported by Tang et al. (2012) which
may be due to differences in SOA formation experimental
chamber conditions (Tang et al. (2012) used a low concentration
of the precursor and a larger chamber).15,17,21

Four k-values were calculated from the data collected in the
experiments above and from the known solute parameters. It
was assumed that the composition of aerosol particles remains
constant and uniform throughout the measured size distribu-
tion. However, it is noted that the acquisition of these results
occurs over the course of �2 hours during which time the
aerosol particles continuously interact with one another and
grow.

k-Values of aerosol mixtures retrieved from CRD measure-
ments were in good agreement with each other, and the optical
© 2022 The Author(s). Published by the Royal Society of Chemistry
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growth factors are listed in Table S2.† This agreement suggests
that the kCRD,emp method is viable and can be applied to inor-
ganics, organics, and mixed inorganic and organic fractions. In
general, the k-values derived from the CRD were lower than
those from other methods (Fig. 2). This result is likely due to the
lower RH within the system (85% RH). kHTDMA values were oen
in agreement with the other technique that operated in the
subsaturated regime, CRD. It should be noted that in the case of
the dry seeded a-pinene SOA, the kHTDMA value was closer to the
value of kCCNC (Fig. 2). We propose that it is likely that seeded a-
Fig. 3 Droplet growth predictions for a-pinene (a and b) and b-caryop
seeded (magenta), and wet seeded (cyan) conditions. Particle growth w
limited solubility (dashed line). For seeded experiments, kZSR was also used
the Kohler curve for ammonium sulfate. a-Pinene SOA water uptake is pr
the difference between measured subsaturated and supersaturated k-va
water uptake and particle growth of a-pinene SOA. Accounting for limit
aerosols whereas the growth of wet seeded a-pinene SOA is shown to be
that the two critical supersaturation in the limited solubility wet seeded a

like soluble aerosols. As both wet and dry seeded a-pinene SOAs beha
fractions does not significantly affect particle growth.

© 2022 The Author(s). Published by the Royal Society of Chemistry
pinene SOA was fully deliquesced at RHHTDMA, as shown by the
kHTDMA value that was better predicted by the supersaturated
ZSR model, whereas full deliquescence was not reached at
RHCRD, and particle growth was similar to that of dry, unseeded
a-pinene SOA (Fig. 2).

kCCNC values were oen higher than either the CRD or
HTDMA-derived k-values which is likely a result of the super-
saturated conditions of the experiment, and is a trend that has
occurred in previous studies.6,25 This result is not surprising
since the core principle of the droplet formation is the
hyllene (c and d) under dry unseeded (red), wet unseeded (blue), dry
as predicted under the assumption of infinite solubility (solid line), and
tomodel particle water uptake (dotted line). The solid grey line depicts
edicted to be affected by the organic solubility in water, which explains
lues. In the dry and wet seeded cases, ZSR slightly overestimates the
ed solubility, dry seeded a-pinene SOA behaves like fully deliquesced
governed by the water uptake of the SOA in themodel. It is noteworthy
-pinene SOA model are close in value, and may experimentally behave
ve like fully deliquesced particles, the difference in inorganic volume

Environ. Sci.: Atmos., 2022, 2, 202–214 | 209
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generation of water vapor in a state far from equilibrium: the
supersaturated water vapor will condense onto particles, where
it can be more readily absorbed.

In general, the b-caryophyllene SOA exhibited little to no
hygroscopic growth regardless of the experiment type and
despite the presence of very hygroscopic ammonium sulfate in
some of the experiments (Fig. 2b). It is likely that the b-car-
yophyllene SOA (in dry and wet experiments) coated the
ammonium sulfate seeds, and completely inhibited water
uptake by the core.

The a-pinene SOA exhibited a change in hygroscopicity when
generated under humid conditions. Seeding the SOA with
ammonium sulfate resulted in a key observation: at lower RH
(<90%) the addition of ammonium sulfate seeds did not
increase the hygroscopicity (Fig. 2a). As for the b-caryophyllene
SOA, this is likely due to the SOA thoroughly coating the seed
and inhibiting water uptake. However, with the techniques that
operated at higher RH (>95% RH, e.g., HTDMA, CCNC), the a-
pinene SOA did exhibit an increase in hygroscopicity with the
addition of ammonium sulfate seeds. In contrast, the b-car-
yophyllene with ammonium sulfate seeds did not. It has been
shown that a-pinene SOA deliquesces around 90–95% RH and
therefore when humidied past this point, the water would
have access to the core, resulting in increased hygroscopic
growth. k-Kohler theory was used to predict the droplet growth
of a-pinene and b-caryophyllene SOAs (Fig. 3).

For b-caryophyllene SOA, the models show that aerosol
particles are nonhygroscopic – consistent with the experimental
ndings in Fig. 2. The ZSR model captured the measured k of
the non-hygroscopic b-caryophyllene but overestimated the
supersaturated and subsaturated k of seeded a-pinene SOA
(Fig. 2). kCCNC values of dry seeded and unseeded a-pinene SOAs
were invariant. When kCCNC of dry unseeded a-pinene SOA was
used to calculate the seeded ZSR hygroscopicity, the ZSR model
agreed with the measured kCCNC which supports the conclusion
that the core and shell independently took up water. Therefore,
hygroscopicity can be well predicted based on the volume
fraction of the SOA and the ammonium sulfate core.

In summary, k-values of a-pinene SOA are comparable and
within the range of previously published literature values (despite
the variation in the setup and initial conditions).16,19,20,39 Presence
of water vapor during a-pinene SOA formation did not signi-
cantly change its water uptake under subsaturated and super-
saturated conditions. However, a-pinene SOA water uptake under
subsaturated and supersaturated conditions is signicantly
different, and this difference may be associated with the solu-
bility of the organic particles in water (Fig. 3). Lastly, supersatu-
rated particle growth of seeded and unseeded a-pinene SOAs is
invariant and is consistent with the values reported byWang et al.
(2018), Engelhart et al. (2008), and Zhao et al. (2016).23,24,27 This
agreement further suggests that a-pinene SOA behaves like fully
deliquesced aerosols and that the presence of inorganic seed in
the concentrations used does not greatly affect supersaturated
particle growth. b-Caryophyllene SOA across all experiments was
effectively non-hygroscopic and did not readily take up water. The
agreement of a-pinene SOA systems with ZSR suggests that the
slightly soluble and moderately hygroscopic a-pinene SOA
210 | Environ. Sci.: Atmos., 2022, 2, 202–214
aerosol deliquesces in droplet solution. Particles containing
organic fractions that readily deliquesce have better agreement
with ZSR. In other words, slightly soluble SOAs formed in the
presence of water vapor facilitates droplet growth. Additionally,
for slightly soluble, seeded particles instruments are sensitive to
RH and presence of highly hygroscopic species. This is in
contrast with the work of Dawson et al. (2020) where kHTDMA,
kCRD, and kCCNC were in agreement when used to measure the
water uptake of water soluble organic compounds.6 Lastly, it
must be acknowledged that there may be a temporal dependence
of k as measurements were conducted asynchronously; however,
measured k-values in the scope of this research was consistent
with the literature values that have evaluated k at various time-
frames, and were not the source of variation in this research.16,75

4 Summary and implications

SOAs can take up water, changing both their direct and indirect
optical properties. Using three complementary techniques we
determined the k-values for laboratory-generated SOAs. Here,
the differences between measured k-values for the a-pinene and
b-caryophyllene SOAs are measured on three separate aerosol
hygroscopicity platforms. The results also emphasize the
importance of composition on hygroscopicity and the differ-
ences that may result with varying water-vapor initial condi-
tions. When water-vapor is the only gas-phase initial
concentration varied, the relative importance for subsequent
aerosol hygroscopicity is highlighted. This research adds to the
growing body of work that advocates for the use of two or more
hygroscopicity measurement methods for mixed aerosols.
Seeded particles did not grow in the HTDMA, CRD, and CCNC
when the organic coating did not likely deliquesce. Recent work
suggests that inhibition of water uptake of SOAs is likely due to
limited solubility and viscosity of SOAs.76–83 b-Caryophyllene
SOA formed under either dry or humid conditions is less
soluble and more hydrophobic and more viscous than a-pinene
SOA.76 Therefore, in all experiments b-caryophyllene SOA did
not show changes in hygroscopicity. a-Pinene SOA physical
properties are dependent on relative humidity; for seeded a-
pinene SOA, once the deliquescence point of the SOA has been
reached, the ammonium sulfate core is free to take up water.
This suggests that the type of mixed organic–inorganic aerosols
that occur in tropical regions and sub-tropical summer times
(high RH) may have different water-uptake properties than
mixed aerosols in arid (low RH) regions or dry winters, partic-
ularly with aerosol compositions of majority monoterpene
rather than sesquiterpene SOA. Hygroscopicity of aerosol
particles plays an important role in the determination of their
optical properties and the formation of clouds and haze. The
results reported in this work may be able to reduce the errors in
water-uptake and climate models.
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U. Cubasch, S. Emori, P. Forster, P. Friedlingstein,
N. Gillett, J. M. Gregory, D. L. Hartmann, E. Jansen,
B. Kirtman, R. Knutti, K. Krishna Kumar, P. Lemke,
J. Marotzke, V. Masson-Delmotte, G. A. Meehl,
I. I. Mokhov, S. Piao, V. Ramaswamy, D. Randall, M. Rhein,
M. Rojas, C. Sabine, D. Shindell, L. D. Talley,
D. G. Vaughan and S.-P. Xie, Technical Summary, in
Climate Change 2013: The Physical Science Basis.
Contribution of Working Group I to the Fih Assessment
Report of the Intergovernmental Panel on Climate Change, ed.
T. F.Stocker, D. Qin, G.-K. Plattner, M. Tignor, S. K. Allen,
J. Boschung, A. Nauels, Y. Xia, V. Bex and P. M. Midgley,
Cambridge University Press, Cambridge, United Kingdom
and New York, NY, USA, 2013.

3 IPCC, Summary for Policymakers, in Climate Change 2013:
The Physical Science Basis. Contribution of Working Group I
to the Fih Assessment Report of the Intergovernmental Panel
on Climate Change, ed. T. F. Stocker, D. Qin, G.-K. Plattner,
M. Tignor, S. K. Allen, J. Boschung, A. Nauels, Y. Xia, V.
Bex and P. M. Midgley, Cambridge University Press,
Cambridge, United Kingdom and New York, NY, USA, 2013.

4 NARSTO, Particulate Matter Science for Policy Makers: A
NARSTO Assessment, ed. P. McMurry, M. Shepherd, and J.
Vickery, Cambridge University Press, Cambridge, England,
2004, ISBN 0 52 184287 5.

5 D. Rose, S. S. Gunthe, E. Mikhailov, G. P. Frank, U. Dusek,
M. O. Andreae and U. Pöschl, Calibration and
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A. Massling, G. Mcggans, P. H. Mcmurry, T. Petäjä,
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J. Mikkilä, M. R. Canagaratna, W. H. Brune, T. B. Onasch,
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