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ACSM measurements of biomass burning organic
aerosols in coastal locations†
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The capture vaporizer (CV) was developed to reduce uncertainties in non-refractory aerosol

composition measurements made using the aerosol mass spectrometer (AMS) and the aerosol

chemical speciation monitor (ACSM). Use of the capture vaporizer has achieved this by improving the

instruments' collection efficiency to ∼1, but it has also lengthened the aerosol particles' residence

times in the instrument, which has changed AMS and ACSM measurements using the standard

vaporizer by altering known fragmentation patterns of organic marker species and increasing the

likelihood of detecting refractory particles such as sea salt at typical operating temperatures (∼550 °

C). This study reports that the changes affected by the capture vaporizer leads to sea salt particles

interfering with measurements of biomass burning organic aerosols (BBOA) in environments where

both particle sources are present as the ACSM's unit mass resolution is unable to distinguish between

different molecules with the same molecular mass. Demonstration of this interference was

performed using CV-Time of Flight-ACSM (CV-ToF-ACSM) measurements at two coastal Australian

locations: the Kennaook-Cape Grim Baseline Air Pollution Station, Tasmania; and the site of the

COALA-2020 (Characterizing Organics and Aerosol Loading over Australia 2020) campaign in New

South Wales. Concentrations of BBOA marker ions m/z 60 and m/z 73 were examined at both

locations, which showed two distinct branches of points: one where the two marker ions were

positively correlated and one that was uncorrelated. This was due to m/z 60 also being a marker for

sea salt. A threshold concentration of m/z 73 was established at each location to recognise periods

where m/z 60 originated from BBOA. Lower concentrations of m/z 44 and radon when m/z 73

concentration was below the BBOA threshold indicated that m/z 60 concentration during these

periods corresponded to inorganic particles of marine origin. Positive Matrix Factorization has also

been shown to separate m/z 60 concentration from the two sources. This study suggests that using

CV-ToF-ACSMs in coastal locations that are exposed to biomass burning smoke needs to consider

sea salt interference when identifying BBOA.
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What is the problem/situation?
The capture vapouriser, an innovation made in a component of the Aerosol Chemical Speciation Monitor (ACSM), has made it possible for sea salt to interfere
with measurements of biomass burning organic aerosols (BBOA) in environments where the two particle sources coexist. This has not been previously reported,
likely due to studies measuring BBOA with capture vaporizer-ACSMs being in inland locations.
Why is it important to address/understand this?
The ACSM is an instrument that estimates aerosol composition and given that these estimations are currently made without taking this interference into
account, it could result in incorrect composition information.
What is the key nding?
Measurements taken at the two coastal study locations exhibited concentrations of m/z 60 from sea salt that were not detected in measurements from other
studies in inland locations and are on the same order of magnitude asm/z 60 from BBOA. Location-dependent threshold concentrations ofm/z 73, another BBOA
marker molecular fragment, can be used to distinguish between contributions of the two sources of m/z 60.
How can this be generalised?
Researchers studying BBOA using capture vaporizer -ACSMs in locations where smoke and sea salt are prominent particle sources (e.g., near the coastline)
should expect a contribution tom/z 60 from sea salt. Researchers should avoid misattributing this contribution to the organic fraction, which can be achieved by
using other BBOA markers, such as the threshold m/z 73 concentration.
1. Introduction

Atmospheric aerosols exert impacts on solar radiative forcing,
but their specic impacts vary according to their chemical
composition.1 This variability, combined with a general lack of
observations, lead to large uncertainties in estimating the
overall effect of aerosols on radiative forcing.2 Instrumental
observations are therefore vital in improving our understanding
of how the composition of aerosols impact the climate.

One instrument that is used to measure the composition of
atmospheric aerosols is the Aerosol Chemical Speciation
Monitor (ACSM), which is based on the technology of the
Aerosol Mass Spectrometer (AMS).3 The ACSM is an online mass
spectrometry technique that uses fragmentation calculations to
estimate the composition of non-refractory particulate matter
with diameters smaller than 1 micron (PM1), consisting of
sulfate, nitrate, ammonium, chloride, and organic aerosols
(OA).4 While the standard ACSM is generally less sensitive and
has lower mass resolution than the AMS (unit mass resolution
instead of high resolution), it is also less costly, more compact
(making it better suited to aircra campaigns), and simpler to
maintain.

This study uses a Time-of-Flight ACSM (ToF-ACSM),
described in Fröhlich et al.5. Briey, the process in which
aerosol composition is measured is as follows: aerosols enter
the instrument when they are pumped through an inlet. They
are then ash vaporized and ionised upon impact with a heated
lament known as the ionizer/vaporizer system (temperaturez
550–600 °C). Fragmentation of the aerosol molecules also
commonly occurs upon vapourisation and ionisation. The
molecular fragment ions are then sorted by mass in the mass
analyser.

Molecular fragment ions can be characteristic of OA that
originate from different sources. Studies using the AMS and
ACSM have identied marker ion fragments for many particle
sources including oxygenated compounds,6,7 fossil fuel emis-
sions,8,9 biomass burning particles,10,11 cooking-related emis-
sions,12,13 and biogenic secondary OA.14,15

An issue encountered in AMS and ACSM measurements is
that the standard vaporizer generally used in these instruments
024 The Author(s). Published by the Royal Society of Chemistry
produce uncertainties caused by particles bouncing out of the
vaporizers, which can be up to 30% of the total uncer-
tainties.16,17 To address this issue, the capture vaporizer was
developed,18 which eliminated the particle bounce-related
uncertainties.19 The capture vaporizer differs from the stan-
dard vaporizer as it possesses an external cage that prevents
particles from bouncing out, as well as it being made of
molybdenum instead of tungsten.19

The use of the capture vaporizer has also resulted in some
unintended side effects, outlined by Hu et al.20. Firstly, the
fragmentation patterns observed in many organic marker
species when using the standard vaporizer are substantially
different when using the capture vaporizer. Secondly, a higher
proportion of ions weighing 44 atomic mass units (also
expressed as mass to charge, or m/z 44) is observed using the
capture vaporizer, which typically represents the CO2

+ ion and is
a marker for oxygenated particles. Thirdly, Mynard et al.21 [in
prep.] illustrates that instruments using the capture vaporizer
are able to observe sea salt, which is a refractory particle that
would ordinarily have boiling points higher than the operating
temperature of typical instruments (the AMS incorporating the
standard vaporizer has been shown to be able to detect sea salt
when the vaporizer temperature was specically tuned22).

All three of these side effects are the result of the longer
residence time of the particles the capture vaporizer due to its
cage, which encourages greater thermal degradation of the
particles than in the standard vaporizer. As such, marker ions
for OA identied using instruments that use the standard
vaporizer may not be appropriate for identifying sources when
using the capture vaporizer.

To identify biomass burning OA (BBOA), the ions at m/z 60
and m/z 73 (representing C2H4O2

+ and C3H5O2
+, respectively)

have been used extensively as markers in data from instruments
that use the standard vaporizer.23,24 Using the capture vaporizer,
most studies that have identied BBOA have continued to use
them as marker ions, such as Kuang et al.,25 Sofowote et al.,26

Lalchandani et al.,27 despite the signal for these two ions
experiencing marked reductions due to the change in vaporizer.

However, using a capture vaporizer-ACSM allows for the
possibility of sea salt interfering with measurements of BBOA.
Environ. Sci.: Atmos., 2024, 4, 634–644 | 635
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Fig. 1 (a) Location of observation location for the COALA-2020
campaign; (b) location of the Kennaook-Cape Grim Baseline Air
Pollution Station.
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This is because the capture vaporizer enables the detection of
refractory particles Mynard et al.21 [in prep.] that include sea
salt; a marker of sea salt, Na37Cl+,28,29 also weighs 60 atomic
mass units; and the capture vaporizer-ACSM operating at unit
mass resolution being unable to distinguish between two
different molecules with the same unit mass.

Interference of this nature would only be possible in envi-
ronments where both BBOA and sea salt can be found simul-
taneously, though this phenomenon is yet to be reported. In the
22 studies that have discussed BBOA measurements using the
capture vaporizer-AMS or -ACSM (refer to Table S1†), 21 of them
were conducted in locations 100 km inland or further, with
locations like Beijing, China and Delhi, India making up most
of the study sites.

One notable outlier is a case described in Lin et al.,30 which
reported the coexistence of m/z 60 from both biomass burning
and sea salt sources at Carnsore Point on Ireland's coast using
a standard vaporizer-AMS. The use of the standard vaporizer is
likely a crucial distinction, as Hu et al.20 noted that the
production of m/z 60 from levoglucosan fragmentation is lower
when using the capture vaporizer compared to the standard
vaporizer. This reduction in m/z 60 signal would make
measurements of m/z 60 from BBOA more easily obscured by
interference from sea salt.

In this paper, we investigate the effect of operating the
capture vaporizer me-of-ight ACSM (CV-ToF-ACSM) in coastal
environments where biomass burning events also occur on
marker ions for BBOA. CV-ToF-ACSM measurements were
collected at two locations in coastal southeastern Australia,
focusing specically on biomass burningmarkersm/z 60 andm/
z 73. Concentrations of the biomass burning ACSMmarker ions
were also compared to those of known biomass burning marker
species levoglucosan and black carbon. Finally, CV-ToF-ACSM
data from both COALA and KCG were used as inputs in the
factor analysis model Positive Matrix Factorization (PMF),
which is a potential means to separating m/z 60 concentrations
from the different sources.
2. Methods

In addition to deploying a CV-ToF-ACSM in two coastal loca-
tions in southeast Australia, this study also measured the mass
spectra of a levoglucosan standard using a separate CV-ToF-
ACSM, as well as sampling particulate levoglucosan on lters
and taking optical measurements of black carbon.
2.1 Sampling locations

The Characterizing Organics and Aerosol Loading over Australia
2020 (COALA-2020) campaign was conducted in Cataract, New
South Wales, Australia (34.25° S, 150.82° E, Fig. 1a) between
January and March 2020. This site is located approximately 50
km southwest and 20 km north of the cities of Sydney and
Wollongong, respectively; is surrounded by eucalyptus forests;31

and is situated around 20 km away from the coast. The timing of
the early part of the campaign (prior to 9 February 2020) coin-
cided with the historically severe Black Summer bushres that
636 | Environ. Sci.: Atmos., 2024, 4, 634–644
had occurred in southeastern Australia in the preceding
months,32,33 including substantial biomass burning activity in
the forests close to the study site. This was followed by several
days of heavy rain. The later stages of the campaign experienced
much less locally-produced smoke.34

Measurements from the CV-ToF-ACSM were also made at the
Kennaook-Cape Grim (KCG) Baseline Air Pollution Station
(40.68° S, 144.69° E, Fig. 1b) between February 2021 and
September 2022 as part of the ongoing long term monitoring
program at KCG. This site is located in a remote environment in
northwest Tasmania, where to its east and southeast are
primarily pastoral farmland, coastal heaths and grasslands, as
well as some Melaleuca forests.35 The closest cities Launceston
and Hobart are over 200 and 300 km away, respectively. To its
north is the Bass Strait and the Australian mainland including
the city of Melbourne (over 300 km away), while its western
sector comprises the open Southern Ocean stretching to Africa's
east coast. This is referred to as the “baseline sector” (190–280°),
where air masses are considered to be as clean and free of
anthropogenic inuence as possible. Biomass burning activity
occasionally occurs around KCG, particularly in the
surrounding forests including on nearby islands to its north,
while intense biomass burning events occurring in the south-
east segment of the mainland can also be detected at the site.
2.2 Instrumental setup

2.2.1 CV-ToF-ACSM. An Aerodyne CV-ToF-ACSM was
deployed at COALA and KCG, where both instruments
measured non-refractory PM1 at 10 minute resolution. Both
instruments used a capture vaporizer, meaning that their
collection efficiency was ∼1. The incoming particles were dried
using a Naon dryer (Perma Pure), which kept the relative
humidity of sampled air to less than 40%. The instruments were
calibrated according to the procedures described in Ng et al.,4

where ammonium nitrate and ammonium sulfate particles
were introduced using a nebuliser, as well as being selected for
size using an electrostatic classier (TSI-3080), a differential
mobility analyser (TSI-3081), and a condensation particle
counter (TSI-3772) to measure the ACSMs' ionisation efficiency.
Data acquisition and instrument calibration was conducted
using the soware Acquility (v2.3.18, TOFWERK AG), while data
processing was performed in Tofware (v3.2, TOFWERK AG),
which operates within Igor Pro (v9). The instrument's detection
© 2024 The Author(s). Published by the Royal Society of Chemistry
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limit was calculated using 3 standard deviations from zero, and
then transposed to a 10 minute resolution using the formula
described in Fröhlich et al.5. Detection limits were also calcu-
lated using this method for m/z 60 and m/z 73 in Section 3.1.

At COALA, the measurements were collected from a common
aerosol manifold inlet at a height of 5.13 m and used a total ow
rate of 3 L min−1. At KCG, the ToF-ACSM sampled from the
common aerosol inlet located on the roof deck of the station.
The inlet is 10 m high and the roof-deck is 90 m above sea level.
The ToF-ACSM subsampled from an aerosol manifold at the
base of the aerosol inlet, through 3

4 inch (19.05 mm) tubing 6.5
meters in length. The ow rate of sample into the ToF-ACSM
was 3 L min−1. These inlet lines are both 316 stainless steel
tube with an outside diameter of 3

4 inch (19.05 mm) and are
electropolished internally. The internal diameter is 15.9 mm.
There are no internal steps or sharp bends in these lines and
have multiple oakes “Y ttings” at a 30-degree angle.

2.2.2 Radon. Radon is used as a marker for terrestrial air,
and low radon concentrations are correlated with marine air
and should be an indicator of elevated sea salt aerosol
concentration. It was measured at COALA using a 1500 L dual
loop radon detector that was developed by the Australian
Nuclear Science and Technology Organisation (ANSTO).36–38 The
inlet for this instrument was placed at a height of 3.94 m, while
the instrument sampled at ow rates between 65 and 75
L min−1 at 30 minute resolution.

The radon measurements at KCG are described in detail in
Williams and Chambers,39 based on an enhanced version of an
instrument originally designed by Whittlestone and Zahor-
owski.38 Here, two detectors are run simultaneously: one oper-
ating at a delay volume of 5000 L with a ow rate of 300 L min−1

while the other has a delay volume of 1500 L and samples at
a ow rate of 80 Lmin−1 at hourly resolution. The inlet for both of
these detectors are placed on a telecom tower at a height of 70 m.

2.2.3 Levoglucosan. At COALA, aerosol samples including
measurements of levoglucosan (cut-off diameter: 0.95 mm) were
collected on quartz ber lters (TISSUQUARTZ 2500QAT-UP)
using a high-volume air sampler (MODEL-120SL, Kimoto Elec-
tric) coupled to a cascade impactor (TE-234, Tisch Environ-
mental). Exact sampling periods can be found in Table S2.†

For the sample analysis, a 34 mm lter punch was extracted
with a dichloromethane/methanol (2 : 1, vol/vol) mixture under
agitation (3 × 10 mL). Extracts were passed through a Pasteur
pipet packed with quartz wool to remove lter debris and then
concentrated to 200 microliters using a rotary evaporator. The
extracts were dried with the help of pure nitrogen gas stream
and then derivatized using 60 mL N,O-bis-(trimethylsilyl)tri-
uoroacetamide with 1% trimethylsilyl chloride in the presence
of 10 mL of pyridine in a glass vial (1.5 mL) sealed with a Teon-
lined screw cap at 70 °C for 3 h. Aer the completion of deriv-
atization, derivatized fractions were diluted using n-hexane
containing an internal standard of n-C13 alkane (1.43 ng mL−1)
prior to the injection into a gas chromatography (GC)/mass
spectrometry (MS). GC/MS analyses of the samples were per-
formed on a Hewlett-Packard model 6890 GC system coupled to
Hewlett Packard model 5973 mass-selective detector.
© 2024 The Author(s). Published by the Royal Society of Chemistry
The GC separation was attained on a HP-5 fused silica
capillary column (25 m× 0.200 mm i.d., 0.5 mm lm thickness).
Mass spectral data were assimilated and processed with the
Chemstation soware. Target compound was identied and
conrmed by comparing mass spectra with those of literature
and library data and authentic standards and by interpretation
of mass fragmentation patterns. GC-MS response factors of
individual compound were determined using authentic stan-
dards and used for the quantication. Recoveries of the target
compound was better than 90%. More details are presented in
Fu et al.,40 Fu and Kawamura,41 and Fu et al.42.

2.2.4 Black carbon. Black carbonwasmeasured at KCGusing
a Magee AE33 Aethalometer, where black carbon concentration
was calculated using the absorption at a wavelength of 880 nm.
The aethalometer used a PM1 cyclone and operated at a ow
rate of approximately 4 L min−1 from an inlet height of 10 m. A
Naon dryer (MD-700, Perma Pure) was also used at the inlet to
keep the sampler's relative humidity below 40%.

The biomass burning contribution to black carbon was
approximated according to themethod by Sandradewi et al.43 This
attribution to biomass burning involves calculating an absorption
coefficient at 950 nm with the assumption that the Angstrom
exponent for biomass burning black carbon equals to 2.

2.2.5 Levoglucosan standard. The mass spectra of levo-
glucosan was measured at CSIRO Aspendale, Victoria, Australia
by introducing an approximately 5 mM standard solution of
levoglucosan in water into the CV-ToF-ACSM using an atomiser
with a silica gel diffusion dryer to prevent water from entering
the instrument. The concentration of particles that entered the
instrument was controlled by the ACSM calibration system
described above, where concentrations of 200, 400, 600, 800,
and 1000 particles per cubic centimeter were introduced for 10
minutes each. The overall spectra for the levoglucosan standard
was determined to be the mean concentrations at each m/z
across all concentrations (Fig. S1†).

2.2.6 Positive matrix factorization. PMF is a factor analysis
model that employs non-negative constraints that produces
a pre-dened number of source factors that optimally explain
the data's variability.44 In an AMS/ACSM context, each factor is
made up of its own mass spectra and timeseries of its concen-
tration. The PMF analysis in this study was run using the PMF
Evaluation Tool45 v3.06A in exploration mode. Concentrations
of several m/z concentrations were downweighted due to low
signal-to-noise ratio46 or contain duplicated information.47

The number of factors selected were due to the solutions'
ability to resolve factors containing m/z 60 – ve at COALA, four
at KCG May 2021. This is elaborated further in Section 3.2. May
2021 was selected as a subset of the KCG measurements due to
there being appreciable biomass burning activity during the
period (Fig. 3c).

3. Results

This section reports results of analysis from COALA and KCG.
In Section 3.1, the relationships between concentrations at

m/z 60 and m/z 73 are explained, before attempting to separate
the concentration of m/z 60 that originates from sea salt (sea
Environ. Sci.: Atmos., 2024, 4, 634–644 | 637
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Fig. 2 Left column: distinguishing between the two sources of m/z 60 by applying a biomass burning threshold concentration of m/z 73 for
COALA (a) and KCG (d). Parameters of the slope for points above the thresholds are shown, with n being the number of points above the
thresholds at each location. Middle column: concentrations of m/z 60 and m/z 73 shaded by that of m/z 44 at COALA (b) and KCG (e). Right
column:concentrations ofm/z 60 andm/z 73 shaded by that of radon at COALA (c) and KCG (f). Note that CV-ToF-ACSM concentrations in were
integrated over 30 minutes in (c) and over 60 minutes in (f). p-Values quoted are the result of independent t-tests comparing mean concen-
trations of m/z 44 and radon (where appropriate) above and below m/z 73 threshold concentration at each site.
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salt-60) or biomass burning (biomass burning-60). This is ach-
ieved by proposing a threshold concentration of m/z 73 at each
site that represents the point beyond which OA at the relevant
Fig. 3 Left column: timeseries of total OA concentration throughout the
concentration exceeds the biomass burning threshold at their respec
concentrations and filter levoglucosan collected over periods of between
at KCG (d).

638 | Environ. Sci.: Atmos., 2024, 4, 634–644
location is produced from biomass burning events (Fig. 2).
Finally, the concentration of m/z 73 is correlated with levoglu-
cosan at COALA and the biomass burning fraction of black
sampling periods at COALA (a) and KCG (c), with points in whichm/z 73
tive locations. Right column: correlation plot of integrated m/z 73
22 and 50 hours in COALA (b) and daily mean concentration of BC_bb

© 2024 The Author(s). Published by the Royal Society of Chemistry
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carbon (BC_bb) at KCG to verify that m/z 73 is a reliable marker
for biomass burning, especially at concentrations above the
proposed thresholds (Fig. 3).

Then, in Section 3.2, data from both COALA and KCG are
used as inputs into PMF, where the resulting factors (particu-
larly those that containm/z 60) are analysed to identify whether
they originate from sea salt or biomass burning. PMF is able to
resolve different sources of species by identifying different
ratios between them and other species, as well as total
concentration. Plotting concentrations of m/z 60 against total
OA shows multiple branches of m/z 60, implying different
Fig. 4 (a) Concentrations of m/z 60 against concentrations of total OA a
COALA 5-factor PMF solution as their gradient. Values of f60 for each fac
concentrations of PMF factors from the COALA 5-factor solution that co
radon (bottom).

Fig. 5 (a) Concentrations of m/z 60 against concentrations of total OA
factor from the KCG May 2021 4-factor PMF solution as their gradient. V
coefficients between the concentrations of PMF factors from the KCG
BBOA2) with levoglucosan (top) and radon (bottom).

© 2024 The Author(s). Published by the Royal Society of Chemistry
sources of the ion. The ratio between m/z 60 and total OA in
each factor can be superimposed on the m/z 60 vs. total OA
correlation plot as a linear slope, and an effective PMF solution
should produce factors that replicate as many different
branches of m/z 60 vs. total OA as possible. Such correlation
plots can be found in Fig. 4a for COALA and Fig. 5a for KCG.
Additionally, timeseries for each factor containing substantial
f60 were correlated with radon and biomass burning marker
species (levoglucosan at COALA and BC_bb at KCG) to help
distinguish their sources, which can be found in Fig. 4b and
5b, respectively.
t COALA, superimposed with lines that use f60 of each factor from the
tor are quoted in the legend; (b) Spearman's r coefficients between the
ntainm/z 60 (BBOA1, sea salt, and BBOA2) with levoglucosan (top) and

at KCG from May 2021, superimposed with lines that use f60 of each
alues of f60 for each factor are quoted in the legend.; (b) Spearman's r
May 2021 4-factor solution that contain m/z 60 (sea salt, BBOA1, and
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3.1 m/z 60 vs. m/z 73

At both COALA and KCG, the correlation plot of concentrations at
m/z 60 andm/z 73 observed in Fig. 2a and d, respectively, show two
branches of points: one that illustrates a strongly positive linear
relationship between m/z 60 and m/z 73 concentrations and
another where the correlation between the twomarker ions appear
to be weaker, with elevated concentration of m/z 60 occurring at
low concentrations of m/z 73. The two branches can be distin-
guished by being on either side of a threshold concentration ofm/z
73, which is 8 ng m−3 at COALA and 3 ng m−3 at KCG. While the
detection limit for m/z 73 for this study was determined to be 4.2
ng m−3 and therefore slightly higher than the threshold concen-
tration at KCG, it should be noted that many of the m/z 60
concentrations associated with lower m/z 73 concentration well-
exceeded the m/z 60 detection limit of 3.4 ng m−3.

The linear regression lines between m/z 60 and m/z 73 above
the threshold concentrations at both locations show strong
positive linear correlations (r = 0.97 at COALA and r = 0.77 at
KCG). This indicates that the branch of points below the m/z 73
threshold concentrations represent periods where m/z 60 is
predominantly sea salt-60, whereas the branch above them/z 73
threshold concentrations represents the periods wherem/z 60 is
mainly biomass burning-60.

Shading that represents m/z 44 concentrations (a marker for
the carboxyl groups oxygenated organic compounds) in Fig. 2b
and e show that points above the m/z 73 threshold concentra-
tions are associated with high levels of organic particles, while
points below the thresholds are related tom/z 44 concentrations
that approach zero. This is reected by the mean m/z 44
concentration of 6.5 mg m−3 at COALA and 2.3 mg m−3 at KCG,
whereas the mean m/z 44 concentrations are 0.66 mg m−3 at
COALA and 0.13 mg m−3 at KCG. At both locations, the mean
concentration of m/z 44 above and below the m/z 73 threshold
were compared using an independent t-test and were signi-
cantly different (p < 0.001).

A similar pattern can be observed with radon concentrations,
illustrated in Fig. 2c and f. The mean radon concentration
points above the m/z 73 thresholds are higher than that of
points below the thresholds (mean radon concentrations of 2.0
× 103 mBqm−3 at COALA and 1.5 × 103 mBqm−3 at KCG above
the thresholds, compared to 1.4 × 103 mBqm−3 at COALA and
6.5 × 102 at KCG below the thresholds). Note that because
radon was measured at time-resolutions of 30 minutes at
COALA and 60 minutes at KCG, the concentrations of m/z 60
and m/z 73 in Fig. 2c and f were also integrated accordingly. At
both locations, the mean concentration of radon above and
below the m/z 73 threshold were compared using an indepen-
dent t-test and were signicantly different (p < 0.001).

Fig. 3a and c show that at both COALA and KCG, points
where m/z 73 concentration exceeded the thresholds coincided
with periods of high concentrations of total OA, the primary
contributor to which is likely biomass burning events. This is
corroborated by Fig. 3b and d, which illustrate that m/z 73 is
strongly positively correlated with biomass burning marker
species, such as levoglucosan in COALA (Spearman's r = 0.94)
and BC_bb in KCG (r = 0.71).
640 | Environ. Sci.: Atmos., 2024, 4, 634–644
It should be noted that because the lter samples of levo-
glucosan in COALA were collected over periods of between 22
and 50 hours, the concentration of m/z 73 were integrated over
each sample's collection period. BC_bb m/z 73 concentrations
were also averaged over 24 hours in the KCG correlation.

While it might be reasonable to expect a linear relationship
between a biomass burning marker ion and levoglucosan/
BC_bb, the relationship between m/z 73 and levoglucosan/
BC_bb does not have to be linear to be indicative of a positive
correlation. In addition, when conducting a linear regression
between m/z 73 and the BBOA marker species, there is nothing
in the residuals that suggests that m/z 73 is not positively
correlated with either species.
3.2 PMF

At COALA, the ve-factor solution produced factors represent-
ing oxygenated OA, sea salt aerosols, a likely fossil fuels OA, and
two factors representing BBOA (Fig. S5†). Of these ve, the sea
salt and two BBOA factors contained substantial f60. The
COALA-sea salt factor (represented by the green line in Fig. 4a)
has an f60 of 8.83 × 10−2 and is the highest value across the ve
factors. When superimposed on the m/z 60 vs. total OA corre-
lation plot, the line with COALA-sea salt's slope corresponds to
the branch of m/z 60 with the lowest total OA concentration,
likely the subset of m/z 60 that originated from sea salt. In this
factor's prole (Fig. S5†), the ratio between f60 and f58 is 0.311,
which matches the isotopic ratio of 37Cl to 35Cl in NaCl.48 The
sea salt factor also contains 63% of m/z 58 and 68% of m/z 60,
while containing less than 5% of m/z 73 (Fig. S5†). Moreover, it
is the only factor in this PMF solution containing m/z 60 that is
negatively correlated with radon (Spearman's r = −0.15,
Fig. 4b).

The two factors representing COALA-BBOA1 (pink) and
COALA-BBOA2 (purple) respectively have f60 values of 1.56 ×

10−3 and 3.20 × 10−3, both of which approximate separate
branches of m/z 60 vs. total OA (Fig. 4a). Of the factors that
contain m/z 60, Fig. 4b shows they are both more strongly
positively correlated with levoglucosan concentrations
measured at COALA compared to COALA-sea salt (r = 0.89 for
COALA-BBOA1 and 0.90 for COALA-BBOA2, compared to 0.45
for COALA-sea salt). Cumulatively, the COALA BBOA factors
contain almost 75% of m/z 73 and over 30% ofm/z 60, as well as
negligible m/z 58 (Fig. S5†). In addition, both COALA-BBOA1
and COALA-BBOA2 contain a prominent peak at m/z 55
(Fig. S5†), which are similar to the peak at m/z 55 in the levo-
glucosan standards in Fig. S1† and Hu et al.20

Similarly, at KCG, the four-factor solution from May 2021
data produced an oxygenated OA factor, a sea salt factor, and
two factors representing BBOA (Fig. S6†), where the sea salt and
BBOA factors contained f60 that was notable. Like the sea salt
factor identied in COALA, KCG-sea salt (the pink line in
Fig. 5a) also has the highest f60 among the four factors at 2.12 ×

10−1 that corresponds with high m/z 60 concentrations and low
total OA. KCG-sea salt contains over 90% of m/z 58 and m/z 60
(Fig. S6†), both higher proportions than COALA-sea salt. There
is negligible m/z 73 in KCG-Sea Salt. The ratio between its f60
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Concentrations ofm/z 60 andm/z 73 shaded by the percentage of total OA concentration from each location's sea salt factor at COALA
(a) and KCG in May 2021 (b). p-Values quoted are the result of independent t-tests comparingmean percentages of sea salt concentration above
and below m/z 73 threshold concentration at each site.
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and f58 (seen in Fig. S6†) of 0.305 also resembles chlorine's
isotopic ratio. As with COALA, this factor is also the only one to
be negatively correlated with radon (r = −0.27, Fig. 5b).

The other factors that correspond with branches of m/z 60
are KCG-BBOA1 (green) and KCG-BBOA2 (blue), have respective
f60 values of 7.84 × 10−3 and 9.65 × 10−4 (Fig. 5a). KCG-BBOA1
and KCG-BBOA2 are also shown to be positively correlated with
BC_bb (r = 0.95 and 0.89 respectively), as opposed to KCG-sea
salt which showed a negative correlation with BC_bb (r =

−0.39), illustrated in Fig. 5b. Together, both KCG-BBOA factors
contain over 60% of m/z 73 and nearly 9% of m/z 60, as well as
just under 3% of m/z 73. In addition, KCG-BBOA1 and KCG-
BBOA2 also have an outstanding peak at m/z 55 (Fig. S6†),
much like those found in the levoglucosan standards mass
spectra in Fig. S1† and Hu et al.20.

Lastly, shading the correlation plot between m/z 60 and m/z
73 with the percentage of sea salt factor concentration in total
OA shows that the proportion of the sea salt factors are signif-
icantly higher in points below the m/z 73 threshold concentra-
tions compared to above at both sites (Fig. 6). At COALA, the
mean percentage of sea salt was 8.90% below the threshold and
1.19% above (p < 0.001); while at KCG, the mean % of sea salt
was 39.60% below the threshold and 0.64% above (p < 0.001).
4. Discussion

Unlike most studies that have deployed the CV-AMS or CV-
ACSM to study BBOA, this study was conducted in locations
that are expected to receive a measurable loading of sea salt
aerosols due to their proximity to coastlines. Consequently,
measurements taken at KCG and COALA exhibited concentra-
tions of Na37Cl+ at m/z 60 that (a) were not detected in
measurements from other studies in inland locations and (b)
are on the same order of magnitude as measurements of
C2H4O2

+ at the same molecular mass without tuning the
instruments so that sea salt can be detected.
© 2024 The Author(s). Published by the Royal Society of Chemistry
This was veried by the nding that points where the
concentration ofm/z 60 was not correlated to that ofm/z 73 were
also associated with lower radon and m/z 44 concentrations at
both study locations, as well as PMF being able to produce
a factor containing m/z 60 that was more strongly correlated
with sea salt markers rather than those of biomass burning. To
date, this phenomenon has not been previously reported from
studies employing the CV-AMS or CV-ACSM. The fact that, when
using the CV-ToF-ACSM which operates at unit mass resolution,
these markers of sea salt and BBOA have the same molecular
mass means that studies that use the CV-ACSM in coastal
locations during biomass burning events need to consider this
additional source of m/z 60 and distinguish the two sources.

This study also shows that beyond a site-specic threshold
concentration ofm/z 73, there is a strong correlation betweenm/
z 73 and m/z 60 that represents the presence of BBOA. Veri-
cation that this strongly correlated relationship between m/z 60
and m/z 73 in fact represents BBOA can be found in the positive
correlations between m/z 73 and levoglucosan in COALA and
BC_bb in KCG.

The differences in concentrations of m/z 60 from the two
sources were representative of the difference in environments of
the two study locations, where COALA experienced much
greater biomass burning-60 being situated immediately adja-
cent to severe bushres, while KCG exhibited higher sea salt-60
concentration being located directly on the coast (average of
9.47 ng m−3, compared to 8.14 ng m−3 at COALA, shown in
Fig. 2). The presence of sea salt in a location like COALA is still
likely, as shown in measurements of particles in nearby
Sydney.49

As a consequence of there being greater biomass burning
activity close to the instrument in COALA, the threshold
concentration of m/z 73 at which a biomass burning event can
be condently identied is higher than that found at KCG. This
is possibly due to periods where sea salt particles are trans-
ported at the same time as biomass burning events,
Environ. Sci.: Atmos., 2024, 4, 634–644 | 641
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a phenomenon that occurred more frequently in the clear
portion of the COALA-2020 campaign.

Periods within the COALA-2020 campaign can also be
distinguished by differences in amount of biomass burning
activity, which are reected in CV-ToF-ACSM, levoglucosan, and
radon measurements. Fig. S2† shows that during the early parts
of the campaign (before 4 February) were characterised by
extremely high temperatures, while Fig. S3† shows that this
period observed the highest concentrations of total OA and
levoglucosan. Several days of heavy rain followed, aer which
temperatures largely cooled, accompanied by reductions in
total OA and levoglucosan.

Fig. S4† then illustrates that a large proportion of points that
correspond to high sea salt-60 concentration in COALA
occurred during this cooler, clearer period, coinciding with
points where radon concentration are typically low (Fig. 2c). At
KCG, radon is less effective at distinguishing between dominant
periods for sea salt-60 and biomass burning-60 due to (a) less
biomass burning activity and (b) air with relatively high radon
concentration typically still has detectable concentrations of sea
salt due to the location being directly on the coast, as well as
being on an island.

While PMF solutions at both COALA and KCG resolved
a factor representing sea salt aerosols, both solutions also each
produced two factors that contained m/z 60 that were well-
correlated with biomass burning marker species. It is still
possible for these two factors to represent BBOA, but their
distinctions may lie in the other ions present in the factors'
spectra, e.g., COALA-BBOA2 possessing higher f44 than COALA-
BBOA1 (Fig. S5†), which could mean that COALA-BBOA2 is
associated with BBOA that is more aged/oxidized. Moreover,
while prominent peaks in the factors that are well-correlated
with biomass burning marker species like m/z 55, m/z 57, m/z
41, and m/z 43 are present in the mass spectra of biomass
burning factors in Xu et al.,50 Zheng et al.,51 Joo et al.,52 and Lei
et al.;53 those peaks are also present in the factors representing
OA from cooking and fossil fuel combustion. A more detailed
analysis and source apportionment of each factor's contents is
a subject for further study.

Another topic that warrants further study is using the PMF
factors' mass spectra to identify marker ions for BBOA that are
more suitable to measurements using the capture vaporizer
than m/z 60 given its associated potential interferences. Spectra
from levoglucosan standards (Fig. S1†) as well as PMF factors
(Fig. S5 and S6†) all havem/z 55 as prominent peaks, in addition
to proposed alternative ions from Hu et al.20 such as m/z 26, m/z
56, and m/z 80 can be evaluated.

This study successfully identied the presence of m/z 60
concentrations from sea salt by both investigating its relation-
ship withm/z 73, which identied the two sources ofm/z 60 that
possessed highly different properties, and analysing the
diverging characteristics of PMF factors that contained m/z 60.
While PMF was able to decompose both datasets into several
distinct particle sources, the contrast between the chemical
characteristics of m/z 60 on either side of the m/z 73 threshold
concentrations at both sites helped to nd that the factor con-
taining the most m/z 60 at both sites was of marine origin.
642 | Environ. Sci.: Atmos., 2024, 4, 634–644
5. Conclusions

The development of the capture vaporizer has reduced uncer-
tainties in measurements using the AMS and ACSM, but studies
investigating its effects have also shown that instruments using
the capture vaporizer exhibit different fragmentation patterns
in organic molecular species compared to those that use the
standard vaporizer, while also being more likely to detect
refractory particles such as sea salt. Despite this change in
fragmentation to BBOA marker levoglucosan, studies that use
the CV-AMS and CV-ACSM to measure BBOA found that the
marker ions m/z 60 and m/z 73 used in instruments with the
standard vaporizer were still applicable in those with the
capture vaporizer.

This study shows the difference in measurements between
previous studies that were overwhelmingly conducted in inland
locations (100 km from the coast or more) to those collected
from coastal locations (maximum 25 km inland) during the
COALA-2020 campaign in Cataract, New South Wales and
Kennaook-Cape Grim, Tasmania. In the coastal locations, non-
negligible concentrations ofm/z 60 were observed using the CV-
ToF-ACSM that resulted from the detection of Na37Cl+ from sea
salt, which the CV-ToF-ACSM can more easily detect with the
capture vaporizer.

Measurements in these locations also detected periods
where m/z 60 and m/z 73 displayed strong positive correlations,
which represent periods where m/z 60 originated from the ion
C2H4O2

+ from biomass burning events. These biomass burning
events were veried by the strong positive correlations with
biomass burning markers in collocated measurements (levo-
glucosan in COALA and biomass burning black carbon in KCG).
These ndings were further corroborated by PMF analysis that
produced multiple factors containing m/z 60, where one was
well-correlated with sea salt markers while others were more
strongly associated with biomass burning markers. As such,
when using a CV-ACSM that measures at unit mass resolution in
coastal locations to observe BBOA, it is important to consider
the effect of sea salt measurements that interfere at m/z 60 that
can be identied through a combination of setting thresholds
of m/z 73 concentration, verication using other instrumental
data, and conducting PMF analysis of the CV-AMS/ACSM
measurements.

6. Future work

As mentioned in Section 4, the PMF analyses conducted in this
study can be expanded upon by further examining the chemical
nature of the PMF factors produced, including characterizing
the types of BBOA associated with factors that contain m/z 60.
Another method of separating the sea salt inuence from
organics measurements that is worth investigating further is
adjusting the fragmentation table and utilizing known ratios
between sea salt marker ions. Also, other prominent ions in the
BBOA factors' spectra can be assessed for their suitability as
marker ions in measurements made using a capture vaporizer,
building on work described in Hu et al.20. Finally, the mecha-
nisms that lead to capture vaporizer-AMS and ACSMs being able
© 2024 The Author(s). Published by the Royal Society of Chemistry
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to measure sea salt and potentially other refractory particles is
also a subject that warrants further study, both environmental
(e.g., how far inland can sea salt be detected by capture
vaporizer-AMS and ACSMs) and instrumental (e.g., what
proportion of sea salt particles in the PM1 fraction is measured
by capture vaporizer-AMS and ACSMs).
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