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Abstract. Internally and externally mixed aerosols present
significant challenges in assessing the hygroscopicity of
each aerosol component. This study presents a new sam-
pling technique which uses differences in volatility to sep-
arate mixtures and directly examine their respective com-
position and hygroscopic contribution. A shared thermod-
enuder and unheated bypass line are continuously cycled
between an aerosol mass spectrometer and a volatility and
hygroscopicity tandem differential mobility analyser, allow-
ing real-time comparative analysis of heated and unheated
aerosol properties. Measurements have been taken of both
chamber-generated secondary organic aerosol and coastal
marine aerosol at Cape Grim, Australia, to investigate sys-
tem performance under diverse conditions. Despite rapidly
changing aerosol properties and the need to restrict analysis
to a narrow size range, the former experiment separated the
hygroscopic influences of ammonium sulfate and two dis-
tinct organic components with similar oxygen to carbon ra-
tios but different volatilities. Analysis of the marine aerosol
revealed an external mixture of non-sea-salt sulfates and sea
spray aerosol, which likely shared similar volatile fractions
composed of sulfuric acid and a non-hygroscopic organic
component.

1 Introduction

Atmospheric aerosols have important roles in air quality and
the climate. These roles are strongly affected by their hygro-
scopicity, which represents the capacity of aerosol to adsorb
water vapour from the surrounding air. Amongst other ef-

fects, this water uptake promotes aqueous chemistry and can
lead to the formation of cloud droplets (Seinfeld and Pandis,
2016).

Organic aerosol (OA) compounds make a large contribu-
tion to global aerosol mass (Jimenez et al., 2009), and they
include a huge range of compounds with varying chemical
and hygroscopic properties. Since many are semi-volatile,
their relative partitioning between the particle and gas phase
can be sensitive to concentration changes and local atmo-
spheric conditions (Seinfeld and Pankow, 2003; Donahue et
al., 2012). Furthermore, as their partitioning changes, they
can become exposed to different phase-dependent chemical
reactions. These dynamic changes complicate predictions of
bulk aerosol properties.

Extensive lab-based and atmospheric studies of organic
species have reported a wide range of organic hygroscopic-
ities. For example, secondary organic aerosols (SOAs) con-
densed from the oxidation products of α-Pinene have demon-
strated hygroscopic growth factors ranging from 1.01 to 1.4
(Prenni et al., 2007; Duplissy et al., 2008). This range is due
to the mixture of oxidation products generated by varying
concentrations of precursors, oxidisers, environmental con-
ditions, aging processes and experiment duration.

Volatility-based methods can directly separate aerosol
components and have been used to investigate their inde-
pendent hygroscopic contributions. Most commonly, this is
achieved by passing the aerosol sample through a heated
thermodenuder (TD), causing a volatile component to des-
orb, and examining the resulting change in properties. Until
recently, this technique has been separately applied to either
measurements of composition or hygroscopicity (Hong et al.,
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2014; Johnson et al., 2004; Sellegri et al., 2008; Villani et al.,
2013; Huffman et al., 2008). Three recent studies have com-
bined these measurements by splitting heated samples from
a TD between an aerosol mass spectrometer (AMS) and a
cloud condensation nuclei (CCN) counter (Cain and Pandis,
2017; Cerully et al., 2015; Hildebrandt Ruiz et al., 2015).

Cain and Pandis (2017) and Hildebrandt Ruiz et al. (2015)
examined chamber-generated SOA from α-Pinene and
toluene respectively, while Cerully et al. (2015) performed
atmospheric measurements of rural aerosol from the south-
eastern United States. Across these three cases, a clear rela-
tionship between hygroscopicity and oxidation level (often
measured as an oxygen to carbon ratio, O : C) could not be
established. In addition, the least volatile organic compounds
were shown to have the lowest hygroscopicity, which con-
trasts with many previous studies. Cain and Pandis (2017)
found that low-volatility compounds typically had high O : C
ratios, while Hildebrandt Ruiz et al. (2015) observed conflict-
ing trends. Cerully et al. (2015) did not report either trend
for the O : C ratio but found correlation between low volatil-
ity and high average carbon oxidation state (OSC), an alter-
nate measure of oxidation level (Kroll et al., 2011). In short,
each study highlighted the complexity of organic hygroscop-
icity and the importance of volatility-based methods in dis-
tinguishing their competing contributions.

The above techniques for measuring bulk aerosol proper-
ties are convenient to implement; however generally they do
not examine size-dependent variations in hygroscopicity or
the presence of external mixing. Although water uptake is
typically more strongly influenced by particle size than by
composition (Dusek et al., 2006), the role of composition be-
comes highly significant near the critical diameter for cloud
droplet activation, and a large proportion of the aerosol num-
ber concentration is often centred there (Wex et al., 2010).
The critical diameter is sensitive to changes in aerosol hygro-
scopicity, so the composition of aerosol at or near the critical
diameter can significantly affect the number concentration of
available CCN (Andreae and Rosenfeld, 2008; Mallet et al.,
2017). Similarly, bulk analysis of externally mixed aerosol
can be confounded by the competing hygroscopic influences
of aerosol from different sources. Measurement techniques
which separate these mixtures can assist with source appor-
tionment and investigation of each aerosol type.

In this article, we describe a novel real-time sampling sys-
tem which couples an AMS to a volatility and hygroscopicity
tandem differential mobility analyser (VH-TDMA) and dis-
cuss how this combined approach provides valuable insight
into the properties of the semi-volatile component.

2 Methodology

2.1 Sampling system design

The AMS provides real-time non-refractory chemical spe-
ciation and, while it is most commonly used to sample
bulk (total) aerosol composition, it is also capable of size-
dependent measurements derived from the particle time of
flight (PTOF). A full explanation of its design is given by
Drewnick et al. (2005). For this study, a compact time-of-
flight AMS has been used, which generates spectra with unit
mass resolution and offers maximum sensitivity for aerosol
with vacuum aerodynamic diameters (dva) between 100 and
600 nm (Liu et al., 2007; Takegawa et al., 2009). Detection
limits for each species are calculated as 3 times the stan-
dard deviation of their background concentration, observed
when sampling particle-free air through a high-efficiency
particle filter (DeCarlo et al., 2006). This accounts for the in-
strument’s background signal from stray ions and electronic
noise. Uncertainties are given as the larger value of either the
detection limit or the species-dependent measurement accu-
racy of the AMS. These accuracy estimates encompass un-
certainties in the ionisation efficiencies, particle collection
efficiencies and the inlet flow rate and are commonly esti-
mated at ±37 % for organics, ±35 % for SO4 and Chl, and
±33 % for NO3 and NH4 (Bahreini et al., 2008).

The VH-TDMA measures aerosol volatility and hygro-
scopicity under subsaturated humidities. The function of our
instrument has been explained in other papers (Johnson et al.,
2005; Fletcher et al., 2007). In short, aerosol of a preselected
narrow size range is heated in a compact TD with a maximum
temperature of 500 ◦C and residence time of 3 s. The sam-
ple then passes to two scanning mobility particle sizers (la-
belled V-SMPS and H-SMPS), with a humidified stage pre-
ceding the H-SMPS. These measure the mobility diameter
(dm) change due to loss of volatile material and subsequent
hygroscopic growth, respectively. Particle hygroscopicity is
reported as a hygroscopic growth factor (HGF), representing
the relative increase in particle diameter after humidification
compared to the dry diameter.

To obtain simultaneous hygroscopic and compositional
measurements, the two instruments (AMS and VH-TDMA)
have been coupled together through a combined flow sys-
tem, shown in Fig. 1. After passing through a shared inlet,
the aerosol is dried to a relative humidity (RH) of approxi-
mately 30 % using a membrane dryer (Nafion MD-700) or a
silica gel diffusion dryer. To assist electrical mobility-based
measurements in the VH-TDMA, a well-defined charge dis-
tribution is applied to the sample with a Kr-85 neutraliser
(TSI model 3012A). The RH and temperature of this dried
aerosol flow is measured with a humidity probe (Rotronic
HC2-WIN-USB) which is recessed in a sealed T-junction to
avoid disrupting the sample flow. Since air exchange in the
recessed region is diffusion limited, the probe provides an
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Figure 1. Schematics of the VH-TDMA–AMS sampling system, demonstrating the alternating flow paths used for consecutive samples.

estimate of mean inlet RH rather than precise time-resolved
measurements.

After the neutraliser, the flow is evenly split between the
TD and an unheated bypass line. A series of fast-acting
solenoid valves are used to direct these two sampling flows
so that one instrument measures heated aerosol, while the
other receives the unheated sample. Under normal sampling
conditions, the flow paths are switched between the instru-
ments every 3 min, allowing them both to perform a contin-
ual series of consecutive heated and unheated measurements.
Changes in HGF, composition and particle diameter between
these alternating samples can be attributed to the removal of
the semi-volatile species. The switching process is automated
using control software developed in LabView. This software
also manages the VH-TDMA preselected aerosol diameter,
TD temperature and humidifier settings. These can be pro-
gressively stepped through a range of set values to investi-
gate size dependencies, volatility distributions or to reveal
any deliquescence or efflorescence transitions between dry
and aqueous particle phases.

The two instruments sample at different flow rates. To
avoid flow-rate-dependent variations in transmission effi-
ciencies and temperature fluctuations in the TD, flow rates of
1 L min−1 are maintained in both sampling lines. Since this is
lower than the combined flow rate required for the V- and H-
SMPS, mass flow controllers provide supplementary filtered
air to these components and their measured particle concen-

trations are corrected for this dilution. Conversely, since the
AMS requires only a 0.1 L min−1 sample flow, an additional
0.9 L min−1 of sample flow is maintained by a mass flow
controller and vacuum supply connected near the AMS in-
let. With the exception of a few short flexible connections
using conductive silicon, stainless steel tubing has been used
throughout the sampling system to avoid siloxane-based con-
tamination of the hygroscopic and compositional measure-
ments (Timko et al., 2009).

2.2 Thermal volatility measurements

Desorption rates within a TD are kinetically limited, par-
ticularly at high concentrations, and aerosol may not reach
thermodynamic equilibrium within the TD (Riipinen et al.,
2010). This can lead to underrepresentations of particle
volatility (An et al., 2007) and requires considerable analysis
to determine effective saturation concentrations. Future stud-
ies may extend this approach to quantify the volatility of each
desorbed component; however, in this study, the TD has been
operated at a single temperature (120 ◦C) and used simply for
component separation. In line with this, the fraction desorbed
within the TD has been referred to as the semi-volatile com-
ponent, while the remainder has been termed the less-volatile
component. This scheme implicitly assumes complete sepa-
ration of the two components. The TD used in this study had
a short residence time and no cooling stage; therefore it is
possible that some residual proportion of the semi-volatile
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component remained (or recondensed) in the particle phase.
As a further complication, several studies have suggested that
heating the aerosol may promote chemical change, leading
to either formation (Huffman et al., 2009; Denkenberger et
al., 2007) or decomposition of oligomers (Hall and John-
ston, 2012). So, any change in aerosol properties after heat-
ing may be due to removal of a semi-volatile component,
temperature-dependent chemical change of the less volatile
component, or both factors. This is an inherent limitation of
most thermal sampling processes, including the AMS, and
requires consideration when examining the influence of des-
orbed species.

2.3 Size-resolved composition

The AMS is commonly used to assess the bulk composition
of non-refractory aerosol smaller than 1 µm. However, when
sampling aerosol with size-dependent composition, this bulk
analysis becomes dominated by aerosol with larger diame-
ter and mass. This study primarily focused on aerosol with
dm= 100 nm, as this is both sufficiently small for compo-
sition to have a significant influence on CCN-forming po-
tential and large enough to be within the peak sensitivity
range of the AMS. Therefore, for samples with strongly size-
dependent composition, PTOF-AMS measurements were in-
tegrated over a range of dva, which best represented aerosol
at the preselected dm used by the VH-TDMA. This range was
affected by particle density (ρp) and the Jayne shape factor
(S), as given by the following calculation (DeCarlo et al.,
2004):

dva =
ρp

ρ0
S× dm, (1)

where ρ0 is the unit density. For heated measurements, this
PTOF dva range was shifted downwards in proportion to
the dm reduction observed with the VH-TDMA. AMS par-
ticle transmission efficiency decreases for diameters below
dva= 100 nm, reaching approximately 0 % transmission at
40 nm. Since the chamber-based measurements discussed in
Sect. 3.1 required PTOF data from this diameter range, a lin-
ear correction factor was applied to account for transmission
losses (Knote et al., 2011).

While this use of PTOF data provides a composition that
is more directly relevant to the VH-TDMA measurements, it
encompasses a reduced fraction of the overall aerosol mass
concentration and does not benefit from as much signal aver-
aging as is available for bulk analysis. This is particularly ex-
acerbated during periods of low mass concentration or rapid
changes in aerosol properties. As demonstrated in Sect. 3.1,
the time resolution must be carefully chosen to allow suffi-
cient signal averaging while still capturing transient changes
in the aerosol.

2.4 Hygroscopic analysis

The hygroscopicity of small particles is reduced by the
Kelvin effect, which causes water activity (aw) at the
droplet–air interface to increase with particle curvature. To
account for this, the measured HGFs can be re-expressed in
terms of the hygroscopicity parameter (κ), using κ-Köhler
theory (Petters and Kreidenweis, 2007):

RH/100

exp
(

4σMw
RT ρwDdHGF

) = HGF3
− 1

HGF3
− (1− κ)

, (2)

where RH is the relative humidity set in the H-SMPS, σ is
the droplet surface tension (assumed to be equivalent to pure
water, σw = 0.072 J m−2),Mw is the molecular weight of wa-
ter, R is the universal gas constant, T is the temperature, ρw
is the density of water and Dd is the dry particle diameter.
The κ values can then be reverted to Kelvin-corrected HGFs
(HGFcorr ) by setting aw equal to RH divided by 100:

1
aw
= 1+

κ

HGF3
corr
. (3)

After excluding the effect of droplet curvature, the com-
positional influence on hygroscopicity can be investigated
in detail. The hygroscopicity of internally mixed aerosol is
commonly estimated using the following volume-weighted
model (Stokes and Robinson, 1966):

HGF3
total =

∑
i
εiHGF3

i , (4)

where εi and HGFi are the volume fraction and independent
HGF contribution of each component. If the components
have substantially different volatilities, these parameters can
be directly determined from VH-TDMA measurements. Oth-
erwise assumed HGF contributions are used and εi is derived
from the corresponding mass concentrations (mi) and densi-
ties (ρi) of each component:

εi =
mi/ρi∑
imi/ρi

. (5)

2.5 Aerosol transmission efficiencies

The two sampling lines offer different transmission effi-
ciencies due to variations in tubing geometry, an additional
solenoid valve on the TD line and losses associated with the
TD itself. Diffusional losses in the TD have been reduced by
omitting the cooling section. When sampling at high aerosol
loading, this may cause recondensation of volatile species
onto the aerosol as it cools at the outlet. However, negligi-
ble recondensation is expected for most atmospheric samples
(Saleh et al., 2011). The remaining differences in transmis-
sion efficiency have been quantified by examining size- and
temperature-dependent changes in aerosol concentration be-
tween the two flow paths.

Atmos. Meas. Tech., 11, 4361–4372, 2018 www.atmos-meas-tech.net/11/4361/2018/



J. Alroe et al.: Determining the link between hygroscopicity and composition 4365

Figure 2. Size- and temperature-dependent aerosol transmission
rates of the TD sampling line compared to the unheated line for
AS aerosol. The value used in this study for aerosol ≤ 100 nm has
been marked for comparison.

Ammonium sulfate (AS) aerosol was generated with a
nebuliser (Mesa Labs, 6-jet Collison). The aerosol was dried,
neutralised and sampled at three preselected sizes: dm= 50,
150 and 300 nm. The humidifier and H-SMPS were replaced
with a condensation particle counter (CPC; TSI model 3772)
and a suitable bypass flow to maintain normal sampling flow
rates throughout the system. From each sampling line, mea-
surements were made with the TD at room temperature to
examine differences in tubing and solenoid valves. The TD
temperature was then progressively increased in 5 ◦C incre-
ments up to the volatilisation point of AS (180 ◦C at 50 nm
in this system) to quantify thermophoretic losses.

Figure 2 displays the relative transmission efficiency of
the TD line compared to the unheated line. For diameters
of 150 nm and above, path-dependent losses of less than 5 %
were observed at room temperature. This increased to over
12 % at 50 nm. In addition, transmission efficiency decreased
linearly with increasing temperature for all sizes. Based on
these results, a constant correction factor has been applied
to all size-resolved AMS mass concentrations in this study,
assuming a mean 85 % relative transmission efficiency for
aerosol of dm≤ 100 nm at 120 ◦C. This reduces bias be-
tween the two sampling lines and isolates the compositional
changes caused by removal of volatile species.

2.6 Smog chamber sampling

A system test was conducted under controlled conditions to
examine correlation between the two instruments and en-
sure that meaningful conclusions could be drawn. Measure-
ments were performed using AS-seeded secondary organic
aerosol (SOA), generated in a temperature-controlled, 8 m3

Teflon© smog chamber. To minimise wall losses, this cham-
ber has not been fitted with any mixing fans. During all
chamber preparations, purified air was generated with a zero-

Figure 3. (a) Mass concentrations of major compositional species
and (b) size distributions of particle number concentration observed
at the Cape Grim site on 2–3 March 2015. Dashed lines delimit a
6 h period of relatively stable baseline sampling conditions.

air generator (Aadco, model 737-13). Type 2 laboratory-
grade deionised water was used in all solutions and in hu-
midifying the chamber.

The chamber was cleaned by first being flushed with a
1 ppm concentration of O3 in purified air until particle num-
ber concentrations fell below 100 cm−3. The UV lights were
turned on for 10 min to promote particle formation, and the
chamber was again flushed with ozone-free purified air un-
til particle numbers decreased below 100 cm−3. The cham-
ber was then prepared by successively passing water vapour,
gaseous nitrous acid (HONO), N-butanol and α-Pinene into
the chamber using a 15 L min−1 carrier flow of purified air.
Water vapour was flushed into the chamber from a heated
glass flask of deionised water until a relative humidity of
50 % was achieved. The HONO was generated by adding
a 0.15 M aqueous solution of NaNO2 (Sigma-Aldrich) to
1.1 M sulfuric acid (Thermo Fisher Scientific) and was in-
troduced over a 20 min period. 1 µL of N-butanol (D9, 98 %,
Sigma-Aldrich) and α-Pinene (Sigma-Aldrich) were each va-
porised in separate heated glass bulbs. The former acted
as a tracer, allowing OH concentrations to be monitored
with a chemical ionisation time-of-flight mass spectrome-
ter (Barmet et al., 2012). A polydisperse distribution of AS
seed particles were generated by nebulising an 0.07 M aque-
ous AS solution using laboratory compressed air filtered
through a high-efficiency particulate air filter. These were in-
jected into the chamber until particle number concentrations
reached 104 cm−3 with a geometric mean diameter of 94 nm.
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Table 1. Parameters used in the compositional model of marine
semi-volatile hygroscopicity.

Component Density (g cm−3) HGF contribution

OA 1.2± 0.1a 1.0± 0.1
Sulfuric acid 1.83± 0.01b 1.95± 0.05c

a Ault et al. (2013); Hersey et al., 2009). b Washburn (1926);
c Xiong et al. (1998).

The chamber was then irradiated by 20 160 W UV lamps and
sampling was conducted over a 4 h period.

VH-TDMA measurements were performed on 100 nm
aerosol with a 6 min time resolution (3 min per sampling
path). The TD was set to 120 ◦C to desorb organic com-
pounds with higher volatility than AS. A Nafion dryer was
used to maintain the inlet RH at 32.6± 0.3 % throughout
the experiment and the H-SMPS was humidified to 88 %
RH. Initial gas-phase concentrations within the chamber
were 35 ppb α-Pinene, 0.042 ppm NOx and approximately
1.5× 107 molecules cm−3 of OH, at a relative humidity of
56 %. However, due to time constraints, UV irradiation and
sampling commenced immediately after aerosol injection
was completed, so initially the chamber may not have been
uniformly mixed.

2.7 Remote coastal measurements

To investigate the suitability of the combined system for at-
mospheric sampling, it was deployed to the Cape Grim Base-
line Air Pollution Station for a 2-week measurement cam-
paign in March 2015. This remote site on the northwest-
ern coast of Tasmania, Australia, frequently receives strong
westerly winds carrying marine aerosol with negligible ter-
restrial or anthropogenic influences. From 22:00 on 2 March,
these baseline conditions were observed for an 8 h period,
with mean particle number concentrations of 400± 60 cm−3

for aerosol diameters above 10 nm. This period was accom-
panied by significantly increased sulfate-related mass con-
centration and a pronounced bimodal particle number size
distribution (Fig. 3), consistent with cloud-processed marine
aerosol (Hoppel et al., 1986). The final 2 h of baseline sam-
pling was accompanied by a pronounced decrease in sulfate-
and ammonium-related signal and a decrease in particle num-
ber concentration, suggesting a change in the air mass and as-
sociated aerosol properties. For this reason, analysis has been
focused on the initial 6 h, which exhibited the most consistent
properties.

To account for the low aerosol concentrations, aerosol
properties were averaged over this 6 h period and the re-
sulting mean values were used for all further analysis. Like-
wise, uncertainties have been determined from standard devi-
ations in the means. The sampling inlet RH was consistently
dried with a diffusion dryer to below 30 % and the humidi-
fier was maintained at 90 % RH. Sampling was conducted us-

Figure 4. Alternating direct measurements of unheated and heated
aerosol properties during 4 h of α-Pinene SOA formation on AS
seed particles, demonstrating decreases in (a) bulk non-refractory
mass concentration and (b) dry particle diameter, and (c) the corre-
sponding increases in HGF after removal of a semi-volatile fraction
at 120◦C. Gaps in the HGF data are due to faulty H-SMPS mea-
surements which have been discarded.

ing the same preselected diameter and TD temperature as in
the chamber-based experiment (i.e. 100 nm, 120 ◦C respec-
tively).

3 Results and validation

3.1 Chamber-generated aerosol

A characteristic example of the alternating heated and un-
heated measurements obtained from both instruments is
given in Fig. 4, showing the impact of an increasing SOA
component on bulk aerosol composition, volatility and wa-
ter uptake during the smog chamber experiment. Measure-
ments commenced immediately after injecting the AS seeds
and there was no active mixing mechanism within the cham-
ber. In light of this, the initial rapid decrease in SO4 concen-
trations suggests that the chamber was not well mixed dur-
ing the first 40 min of sampling. After this point, the total
mass loading and mode diameter of the number size distribu-
tions progressively increased in response to SOA formation
(Figs. S1 and S2 in the Supplement).

Compositional measurements of the seeded SOA indi-
cated a strong size dependence, with the AS mass dis-
tributed around a mean dva of approximately 500 nm,
while the SOA component progressively dominated at 100–
200 nm (Fig. 5a). Since the size distribution of each species
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Table 2. Hygroscopicity of volatility-resolved fractions observed in externally mixed marine aerosol.

Classification Semi-volatile Semi-volatile Heated HGF Total unheated
volume fraction HGF HGF

Nss sulfate 0.12± 0.02 1.2± 0.3∗ 1.61± 0.02 1.57± 0.01
SSA 0.12± 0.02 1.2± 0.3∗ 2.01± 0.05 1.90± 0.04

∗ Derived from VH-TDMA measurements of nss sulfate aerosol.

Figure 5. (a) Mean size distribution of the major compositional
species measured by the AMS, observed over 4 h of SOA conden-
sation and ripening. The shaded region represents the approximate
dva range for particles with dm= 100 nm. (b) Relative volume con-
tributions of AS, LVOA and SVOA for aerosol in the selected dva
range. The curves are fitted splines to guide the eye.

did not change substantially over time, further composi-
tional analysis was restricted to diameters in the range
130 < dva < 180 nm. This range was selected to reflect vary-
ing proportions of internally mixed SOA and AS with den-
sities of 1.3 and 1.78 g cm−3, respectively (Chen and Hopke,
2009).

While these size limits ensured that the compositional
analysis was directly relevant to the dm used by the VH-
TDMA, it reduced the sensitivity of the AMS measurements
in two ways. Firstly, this diameter range represented a com-
paratively low proportion of the total particle mass, decreas-
ing the signal-to-noise ratio of the measurements. Secondly,
by using only a subset of PTOF measurements rather than
the bulk aerosol measurements, less signal averaging was
applied to each sample, increasing the variability of the mea-
surements. To account for this, the size-resolved composition
was averaged to a 12 min time resolution and the resulting
time series has been provided in the Supplement (Fig. S3).

This resolution was sufficiently fast to observe the SOA frac-
tion progressively growing to dominate the mass composi-
tion at 100 nm while ensuring that the compositional mea-
surements were sufficiently stable to be useful for hygro-
scopic predictions.

At this time resolution, the estimated detection limits were
0.123, 0.012, 0.023, 0.245 and 0.023 µg m−3 for organics,
NO3, SO4, NH4 and Chl respectively. While these values
are considerably higher than when using bulk aerosol mea-
surements, a large proportion of the PTOF measurements re-
mained above these limits, with two notable exceptions. Chl
concentrations were consistently negligible and since there
was no source of this species, it has been disregarded in the
subsequent analysis. In addition, the NH4 background signal
increased by an order of magnitude when averaged over the
narrow PTOF range. NH4 often exhibits higher variability
than most other species. Also, immediately prior to measur-
ing the background signal, the AMS had been sampling from
the chamber during injection of the AS seeds and so some
residual AS may have remained in the instrument during the
filtered background measurements. Ultimately the cause of
this variable signal has not been established. In any case,
NH4 represented a significant fraction of the injected AS
aerosol mass and therefore it was not feasible to exclude its
contribution. Instead, the NH4 mass concentrations were ap-
proximated with a linear fit to the NH4 PTOF measurements.

A strong correlation was observed between the organic
and NO3 signals indicating the secondary formation of
organonitrates or nitric acid from NOx-based reactions. To
simplify the analysis, these species were summed to give the
mass concentration of OA. Likewise, the SO4 and fitted NH4
concentrations were combined to give size-resolved AS con-
centrations throughout the experiment.

As shown in Fig. 5b, during the first 100 min of the ex-
periment, a semi-volatile organic component rapidly formed,
increasing particle volatility and reducing the HGF of the
unheated aerosol from 1.5 to < 1.1 (Fig. 4c). After this
point, there was no significant change to HGFs and volatil-
ity gradually decreased. Figure 5b also shows that the heated
aerosol composition revealed an increasing proportion of less
volatile organic compounds which did not desorb at 120 ◦C.
For convenience, these two semi-volatile and less-volatile or-
ganic components have been labelled SVOA and LVOA, re-
spectively.
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Figure 6. Comparison between measured (black line) and modelled
(triangles) HGFs for the lower volatility component during SOA
formation. The shaded region shows± 2 % uncertainty in H-SMPS
measurements, while error bars represent composition-dependent
uncertainties for this model. The derived HGF of the semi-volatile
component is shown for contrast.

The unit mass resolution parameterisation given by Cana-
garatna et al. (2015) was used to calculate elemental ratios
of oxygen to carbon (O : C), averaged across all diameters
with the assumption that these ratios would be size invariant.
The OA concentrations were mostly stable and well resolved
during the final 30 min of the experiment. Based on this pe-
riod, both the LVOA and SVOA components exhibited simi-
lar O : C ratios of 0.43± 0.16 and 0.45± 0.16, respectively.

To confirm the predictive power of this combined sam-
pling approach, the measured HGFs of the heated sample
were compared against the composition-based model defined
in Eq. (4). Assumed densities of 1.3 g cm−3 (Duplissy et al.,
2008) and 1.78 g cm−3 were used for α-Pinene SOA and AS,
respectively. AS calibration measurements indicated that the
HGF of AS at 88 % RH was 1.58± 0.03, after correcting for
residual water in the particle phase during preselection. The
hygroscopic contribution of the low-volatility SOA compo-
nent was determined using the O : C parameterisation pro-
posed by Massoli (2010), giving an HGFLVOA of 1.1± 0.2.
This value agrees well with a range of α-Pinene HGFs re-
ported in other studies (Varutbangkul et al., 2006; Virkkula
et al., 1999; Prenni et al., 2007; Cocker III et al., 2001). Ap-
plying these AS and LVOA parameters to the composition-
based model produced HGFs which closely matched the di-
rect VH-TDMA measurements of the heated sample, as seen
in Fig. 6.

Having established agreement between the instruments,
Eq. (4) was adapted to determine the hygroscopic contribu-
tion of the SVOA using measurements of particle diameter
(d) and HGF:

HGF3
0 =

(
d3

0 − d
3
TD

d3
0

)
HGF3

SVOA+

(
dTD

d0

)3

HGF3
TD, (6)

Figure 7. Observed and predicted hygroscopicity of unheated, in-
ternally mixed α-Pinene SOA and AS aerosol during 4 h of SOA
formation. The shaded region shows± 2 % uncertainty in H-SMPS
measurements, while error bars represent composition-dependent
uncertainties for this model.

where subscript 0 and TD refer to the unheated and heated
samples, respectively. This use of direct VH-TDMA mea-
surements avoided any dependence on an assumed SVOA
density. The first 20 min of the experiment was excluded
due to low SVOA concentrations which caused unreliable
HGF estimates. The remaining data support a stable mean
HGFSVOA of 1.02± 0.02 (Fig. 6). This low value mirrors
other studies of semi-volatile organics (Meyer et al., 2009;
Raatikainen et al., 2010) and is within the range of α-
Pinene HGFs observed by Prenni et al. (2007) and Denjean
et al. (2015).

In the preceding steps of this analysis, the HGF contri-
butions and volume fractions for all three components (AS,
SVOA and LVOA) were established. Using these parame-
ters and the same additive model, the hygroscopicity of the
unheated aerosol was calculated. The results closely agreed
with the observed HGFs (Fig. 7), confirming that the de-
rived parameters accurately describe the aerosol properties
throughout the experiment.

3.2 Remote coastal measurements

During the initial 6 h of sampling under baseline conditions
at Cape Grim, mass concentrations were very low and there
was little evidence of size-dependent composition. There-
fore, to provide better statistics, bulk aerosol composition has
been used in this analysis. The non-refractory aerosol mass
was dominated by sulfate (65.8 %), ammonium (12.9 %) and
organic compounds (20.7 %) (Fig. 8), while the nitrate- and
chloride-related signals were consistently below their respec-
tive detection limits. Of this non-refractory mass 49.5 % was
desorbed at 120 ◦C, including the entire non-refractory or-
ganic fraction. This organic volatility was reflected in the
O : C ratio of 0.24, which is consistent with semi-volatile
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Figure 8. Contribution of sulfates, ammonium and non-refractory
organic compounds to the total, semi-volatile and low-volatility
fractions of marine aerosol at Cape Grim.

oxygenated OA observed in other AMS studies (Jimenez et
al., 2009; Raatikainen et al., 2010). Of the sulfates 42 % was
desorbed, despite being well below the volatilisation temper-
ature of ammonium sulfate. In contrast, the ammonium sig-
nal showed minimal volatility, indicating that a significant
proportion of the sulfate was in the form of sulfuric acid and
ammonium bisulfate. This is further supported by an ammo-
nium to sulfate molar ratio of 1.03± 0.04 in the unheated
aerosol.

Humidification of the 100 nm preselected aerosol fre-
quently produced a bimodal particle size distribution, in-
dicating that the aerosol was externally mixed. The domi-
nant proportion exhibited a mean HGF of 1.57± 0.01, while
a second aerosol type had a mean HGF of 1.90± 0.04.
These growth factors are characteristic for non-sea-salt (nss)
sulfate-dominated particles and sea spray aerosol (SSA), re-
spectively (Sellegri et al., 2008; Villani et al., 2013). In fur-
ther support of this subdivision, the SSA aerosol comprised
7± 2 % of the observed number concentration of 100 nm par-
ticles, which is consistent with the total proportion of SSA
reported by Quinn et al. (2017) at similar latitudes. There
was no apparent difference in volatility at 120 ◦C, with a uni-
versal 12± 2 % reduction in particle volume; however, this
increased their HGFs to 1.61± 0.02 and 2.01± 0.05, respec-
tively (Table 2). The difference between the volume and mass
fractions which remained after heating imply the presence
of a substantial volume of refractory material (such as SSA)
which could not be efficiently detected by the AMS.

The hygroscopic contribution of the semi-volatile compo-
nent was estimated from its mean composition using Eq. (4),
assuming a simple mixture of sulfuric acid and OA. The cor-
responding parameters are listed in Table 1, where the OA
HGF has been determined from an O : C – HGF parame-

terisation (Massoli et al., 2010). This compositional model
gave a semi-volatile HGF of 1.13± 0.05. Applying the same
model to direct VH-TDMA measurements of the nss sulfate
aerosol yielded a semi-volatile HGF of 1.2± 0.3 in agree-
ment with the composition-based estimate.

Since both the SSA and nss sulfate aerosol shared simi-
lar volatilities, their semi-volatile components may likewise
have shared similar composition and hygroscopic contribu-
tions. Based on the VH-TDMA measurements of heated SSA
HGF and the above semi-volatile HGF, the model predicted
an unheated SSA HGF of 1.94± 0.05. This is in line with
the observed value and strongly suggests that both aerosol
types had accumulated similar semi-volatile sulfates and OA
during their atmospheric lifetimes.

4 Conclusions

A new sampling system has been developed which pairs a
VH-TDMA and an AMS to obtain simultaneous measure-
ments of hygroscopicity, volatility and composition. By cy-
cling both instruments between heated and unheated sam-
pling lines, properties of the semi-volatile fraction can be
directly measured in near real time, over a range of prese-
lected diameters, TD temperatures and humidities. Size- and
temperature-dependent transmission efficiencies have been
characterised for the two sampling lines and relative losses
of up to 15 % are observed in the TD line at 120 ◦C (50 nm,
AS).

Two measurement campaigns have been discussed which
presented distinctly different and challenging sampling con-
ditions. The capacity of both instruments to perform size-
resolved measurements allowed size dependencies to be
identified and targeted in the analysis of the chamber-based
campaign. However this requirement for size-dependent
composition restricted analysis to a small subset of the total
aerosol mass. In addition, the rapid SOA formation required
a reasonably high time resolution to capture the progres-
sive impact on composition and hygroscopicity. Although
these constraints led to limited signal averaging and ele-
vated detection limits, the independent composition-based
HGF estimates demonstrated consistent agreement with di-
rect VH-TDMA measurements. The O : C ratio of the LVOA
offered a reasonable estimate of its hygroscopic contribution.
However, direct VH-TDMA measurements indicated that the
HGF contribution of the SVOA component was markedly
lower, despite having a very similar O : C ratio to LVOA.
This may further support the conclusion that these param-
eters are not well correlated, as reported by Hildebrandt Ruiz
et al. (2015), and demonstrates the benefit of the complemen-
tary hygroscopic, volatility and compositional measurements
offered by the combined sampling system.

In contrast to the chamber experiment, aerosol number
and mass concentrations were very low during the marine
atmospheric measurements, but by averaging across the full
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6 h period and using bulk compositional measurements, the
two instruments obtained meaningful measurements consis-
tent with characteristic marine aerosol properties. The distri-
bution of HGFs in the marine aerosol revealed an external
mixture of nss sulfates and SSA. From these, an internally
mixed semi-volatile fraction was separated and attributed to
sulfuric acid and an OA component with a low degree of ox-
idation (O : C= 0.24). Finally, hygroscopic modelling sup-
ported the assumption that this semi-volatile component was
common to both aerosol types.

In summary, these findings demonstrate that the combined
system is well suited to analysing complex mixed aerosols
and directly linking the composition of volatility-separated
components to their hygroscopic contribution. If suitable
sampling parameters and analytical methods are carefully
chosen, the approach is resilient to low concentrations, size-
dependent compositions or rapidly evolving aerosol proper-
ties. It is hoped that future measurements using this method
will help improve models of aerosol–cloud interactions, par-
ticularly in regions subject to high levels of volatile organic
emissions or mixed aerosols from diverse sources.
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