Referee #1

Alroe et al. describe a method for measuring the hygroscopicity of aerosols which separates
the contributions of semi-volatile and low volatility components. Their approach combines
measurements from an Aerosol Mass Spectrometer (AMS) and a Volatility and Hygroscopicity
Differential Mobility Analyser (VH-TDMA), which together provide information about
composition and hygroscopicity. The use of a thermodenuder (TD) allows the comparative
impact of semi-volatile aerosol species to be assessed.

Overall the manuscript is interesting and within the scope of AMT. My major concern relates
to data quality: while the extension compared to previous work is that the technique provides
size-resolved (around 100 nm) and time-resolved data, the composition measurements do not
appear sensitive enough to make this feasible in practice. Since all ambient and a large
proportion of laboratory AMS measurements are reported to be below detection limit at this
size range, it is not clear under what circumstances the full approach described is actually
applicable to atmospheric measurements, or lab experiments. The authors therefore need to
better justify their methodology and clarify the limitations of averaging over size bins and
smoothing. I have some additional queries related to the analysis methods and overall clarity
of the experiment descriptions which should be addressed before the manuscript is considered
for publication.

Author

The authors thank the reviewer for the detailed comments and suggestions that have helped us
to refine the manuscript. We agree that the detection limits reported in the original version of
the manuscript significantly limited the value of the laboratory-based results. After further
examination of our approach, we have identified several changes to our analysis which have
significantly improved these results. The manuscript has been updated with a detailed
discussion of this revised analysis, particularly in Sections 2.3, 2.6 and 3.1.

In short, the averaging time for the compositional measurements has been increased which has
improved both the detection limits and the stability of the signal for all species except NHa.
This has substantially improved the sensitivity of the measurement, raising a much greater
proportion of the measurements above the detection limit. In addition, since the signal stability
has improved, meaningful trends can be obtained without the need for any statistical
smoothing. The detection limit for NH4 remains high and the source of its variability has not
been clearly identified, although it may be due to residual effects from high AS concentrations
which had been sampled immediately prior to starting the filtered background measurements.
A linear fit has been used to estimate the NHs4 concentrations, rather than discarding a
significant source of AS mass. The resulting composition-based HGF models still obtain close
agreement with the direct VH-TDMA measurements, so we are confident that this
methodology offers meaningful results even when sampling rapidly changing, size-dependent
aerosol.

The ambient marine analysis has not required substantial revision, since the concentrations of
NHa, SO4 and organics were well above their detection limits, NOs3 is not relevant to baseline
marine aerosol, and Chl is primarily present in refractory compounds which cannot be
efficiently detected by the AMS. The non-refractory species which exhibited mass fractions



and volatility consistent with characteristic marine aerosol, and gave good agreement with the
hygroscopic measurements obtained by the VH-TDMA.

In summary, now that the chamber experiment results have been revised, the sampling system
has demonstrated internally consistent findings and significant utility under two quite
challenging scenarios. Given that Cape Grim receives some of the cleanest air in the world, we
anticipate that much more detailed analysis will be possible when sampling atmospheric
aerosols in other locations, or during less size-dependent or rapidly evolving laboratory studies.

Responses to the additional queries have been included below. Please note that text coloured
in red refers to the added text in the manuscript. All page and line numbers refer to the revised
manuscript  (Revised Manuscript TrackedChanges.docx), or supplementary material
(Supplement.docx), where all changes have been tracked. If the text has been significantly
changed, only the section number is given in this document (e.g. “Section 2.6”).

General comments

Referee’s comment

1. Experimental description:

Many more details are required as to how the chamber experiments were performed (section
2.5): For instance: How much n-butanol was added? How was RH introduced, and what purity
of water was used? How was the HONO prepared and introduced? Was the chamber mixed?
How was the chamber cleaned? What were the background concentrations (particles, AMS,
CIMS...) prior to the experiment?

Author’s answer
1. Section 2.6 has been extensively re-written to provide full detail about the chamber
preparations and initial conditions of the experiment.

Referee’s comment

2. Data quality:

The authors admit in section 3.1 (P7 L10-14) that using highly time- resolved and size-resolved
AMS data result in “unstable” data “often falling below the detection limit”, even for lab
experiments. If Fig 3 is a typical time series for the size range studied (130-180 nm), these
concentrations seem more than sufficient for confidence in the AMS data. What is the source
of this instability, then, and what is the size and origin of the background signal used to estimate
the LOD? Can individual error bars be marked on in Fig 3? Without a more detailed discussion
here it is difficult to be confident that the technique is viable and the results presented are
meaningful in terms of quoted uncertainties.

Author’s answer

2. The following discussion of detection limits and measurement uncertainties has been added
to Section 2.1:

P2 L31: “Detection limits for each species are calculated as three times the standard 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 instrument’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 accuracy of the AMS. These
accuracy estimates encompass uncertainties in the ionisation efficiencies, particle collection




efficiencies and the inlet flow rate and is commonly estimated as & 37 % for organics, £+ 35 %
for SO4 and Chl, and + 33 % for NO3 and NH4 (Bahreini et al., 2008).”

The reviewer is correct that the bulk concentrations were more than adequate as seen in Fig 4a
(previously Fig 3a). However, aerosol mass is strongly biased towards large diameter aerosol
and aerosol in the desired size range (130 < d,,, < 180 nm) represented only a small fraction of
the total aerosol mass. In addition, during PTOF sampling, concentrations selected from this
size range represent data from only a subset of the total sampling time. In short, the size-
resolved measurements did not benefit from as much sampling time and signal averaging as
the bulk measurements and, as a result, exhibited higher variability. In the original manuscript,
both limitations were countered by smoothing the data with a non-parametric regression
technique. After further examination, we have found that the compositional trends and
detection limits are sufficiently improved by averaging to a time resolution of 12 minutes (6
minutes each of heated and unheated sampling).

The resulting 6-minute averaged PTOF measurements are shown in Fig S3 and uncertainties
have been given as error bars. Detection limits were 0.123, 0.012, 0.023, 0.245 and 0.023 pg
m™ for organics, NO3, SOs, NHs and Chl respectively. Section 3.1 has been substantially
changed to include discussion of this revised analysis (P7 L9). In short, a large proportion of
the measurements are now above these detection limits. The major exception was NH4, which
was highly variable and had a correspondingly high detection limit. Its concentrations have
been estimated with a linear fit to the size-resolved PTOF measurements.

Referee’s comment

3. Smog chamber experiments — aerosol dynamics:

The authors note the rapidly changing conditions in the smog chamber experiments. However,
substantially more information is required to understand the time series presented (Fig 3, 5-
7). For instance, it is not clear how the aerosol mass loading (ug/m?®) and size distribution
(dN/dlogD,) actually evolve through the experiment — please present these as a function of
time. It looks from Fig 5(a) that there are multiple maxima in the mass distribution — is this
also the case in the number distribution, and if so why for a seeded experiment?

Related to this, one of the main driving forces for the rapidly decreasing HGF over time at
100nm is a decrease in sulfate, which is not even mentioned in the text. What are the causes of
this? Can particle coagulation and wall loss rates be quantified, for instance?

I cannot reconcile the composition time series in Fig 3 and 5b. For instance, at 150 minutes in
Fig 3, the sulfate and LV organic mass concentrations are comparable, while in Fig 5b,
virtually no sulfate is present. I am wondering if Fig 3 presents the total AMS concentration
rather than the size-resolved data as implied. If so its inclusion should be justified and
thoroughly clarified. It would be necessary to see the raw size-resolved data also plotted and
discussed in the context of “Data quality”, above.

Author’s answer

3. Two time series have been added to the supplement demonstrating the total non-refractory
aerosol mass (Fig S1), and the number size distributions (Fig S2) observed throughout the
chamber experiment. Since the chamber did not have a mixing fan, it likely took at least 30
minutes to become uniformly mixed and this passive diffusional mixing may explain the initial
rapid decrease in total particle mass and SO4 concentration. Approximately 50 minutes after




the lights were switched on, SOA was condensing at a sufficient rate to drive up the total
particle mass (Figs 3, S3 and S1) and increase the mode diameter of the particle number size
distributions (Fig S2). An additional paragraph has been added to the start of Section 3.1
commenting on these observations (P7 L3).

This chamber was constructed fairly recently and the chamber losses have not yet been fully
characterised. Also, it is unclear when the chamber became uniformly mixed. So it is
challenging to verify an appropriate initial reference concentration or loss rate for wall
loss/coagulation corrections. However, when modelling composition-dependent HGFs, our
calculations are based on the relative fractions of each species and so our results are not
significantly dependent on loss-corrected particle concentrations.

As noted by the reviewer, there was a progressive decrease in AS volume fraction throughout
the experiment (Fig 5b). Our analysis focused specifically on aerosol with d,, = 100 nm.
Initially these were 100 nm AS seeds, but ongoing SOA formation allowed progressively
smaller AS seeds to reach the 100 nm target size. As a result, the relative contribution of AS to
100 nm aerosol decreased over time, leading to a corresponding decrease in HGF.

The multiple maxima present in the mass distribution (Fig 5a), is likely due to two reasons.
Firstly, compared to large diameter (high mass) AS seeds, only a relatively small quantity of
condensed SOA is required to dominate the mass composition of small seeds. So the relative
fraction of SOA is biased towards small sizes. In addition, the AMS mass distribution is
presented in terms of d,,,, which is density-dependent. So since the smallest particles have the
greatest relative fraction of SOA, they likewise suffer the greatest reduction in density and d,,4,
causing separation between the AS- and SOA-dominant maxima in the mass distribution.

Referee’s comment

4. Smog chamber experiments — derivation of HGFs: I have a number of queries about how
the smog chamber hygroscopic growth factors were derived (P8 L1-22). Firstly, the ammonium
sulfate HGF = 1.58 + 0.03 from calibration experiments is low compared a range of previous
measurements and the E-AIM and AIOMFAC models (1.7-1.8) e.g. (Denjean et al., 2014, Lei
et al., 2014). Please discuss this discrepancy and how it might propagate given that AS is the
dominant hygroscopic component. The contribution of LVOA is estimated based on a
parameterisation of O:C vs HGF from Massoli et al. (2010). However, the authors cite recent
work suggesting O.:C may not be a good proxy for CCN activity and hygroscopicity. They also
find the two OA components in their experiments have similar O:C. Why, then, was this
parameterisation used? And more problematically, why only for the LVOA? The SVOA HGF
was estimated via a residual approach, whereas the parameterisation would give the same
HGF as LVOA. What value for HGFLVOA would be obtained using the same approach as
SVOA, i.e. calculating a residual HGF in the heated sample after the sulfate contribution is
accounted for? Would the model perform substantially less well with a single HGFOA, as is
used for the ambient samples? Given the combined uncertainties in HGFLVOA and HGFSVOA
(which overlap), and different estimation methods, the conclusion that the two fractions have
different HGF needs to be better supported.

Author’s answer

4. The authors would like to thank the reviewer for drawing attention to the low HGF used for
AS in this experiment. After further investigation of the calibration measurements, we have
found that the deliquescence point was reached at 82.0 0.5 %RH, rather than 80 %RH (Tang




1991), suggesting that the H-TDMA humidity was overestimated by 2 %RH in both the
calibration and subsequent chamber-based measurements. The HGF of AS is strongly RH-
dependent above its deliquescence point, so this could account for the discrepancy between the
observed and published HGF of AS. Since the humidity dependence of a-pinene SOA HGFs
is not well defined, it is not feasible to correct for this discrepancy. Therefore all chamber-
based HGFs must be considered to represent water uptake at 88 %RH. The HTDMA humidity
has been corrected in the manuscript (P6 L18 and P8 1.24)

The reviewer has questioned our use of an O:C parameterization for HGF. While we share their
concern about its reliability as reported in other studies, our aim was to obtain an independent
estimate for the LVOA contribution to HGF. With this, the AMS measurements could be used
to estimate an independent composition-based HGF for the heated aerosol which could be
compared against the direct VH-TDMA measurements. If a contribution had been derived via
the residual (ZSR) method, it would not have been possible to verify agreement between the
two instruments. A published value could have been used instead, but a very wide range have
been published and the O:C parameterization gave some basis for the chosen value. We do
agree that both OA components have very similar O:C values, which suggests that the VH-
TDMA-derived HGF of the semi-volatile component (1.02) could be applied to both organic
fractions. However, near the end of the experiment, the HGF of the heated aerosol (1.11) is
significantly higher than the VH-TDMA-derived semi-volatile HGF (Fig 6) despite the lack of
a substantial AS fraction. Therefore, using the same ZSR-based HGF contribution for both OA
components results in systematic underestimates of both heated and unheated HGFs.

Specific comments
Referee’s comment
1. P1 L20-22: Please provide a general reference for this paragraph.

Author’s answer

1. The following reference has now been provided (P1 L22):

Seinfeld, J. H., and Pandis, S. N.: Atmospheric Chemistry and Physics: From Air Pollution to
Climate Change, 3 ed., John Wiley & Sons, Inc., New York, 2016.

Referee’s comment

2. Pl L27: Clarify what is meant by ‘“dynamic nature” — many volatile species are not
particularly reactive or prone to condensation/evaporation. Perhaps indicate specific species
of importance.

Author’s answer

The authors agree that semi-volatile species are not necessarily “more reactive”. The term
“dynamic”, was used to indicate that they more readily partition between particle and vapor
phase due to changes in concentration and temperature. The associated sentences have been
reworded as follows:

P1 L25: “Since many are semi-volatile, their relative partitioning between the particle and gas
phase can be sensitive to concentration changes and local atmospheric conditions transitioning
between the particle and gas phase in response to changes in their gas-phase concentration and
local atmospheric 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 volatile compounds are often more reactive, subject to oxidative and




oligomeric processes, and their These dynamic changes dynamic nature complicates
predictions of bulk aerosol properties.”

Referee’s comment
3. P3 L15: Replace “the two instruments” with “the two instruments (AMS and VH-TDMA) .

Author’s answer
3. The line has been replaced, as per the recommendation (P3 L6).

Referee’s comment
4. P3 L17: When is additional drying required? Was it required in any of this work? If not,
delete.

Author’s answer

4. Additional drying is required when the ambient temperature and/or sample humidity is too
high for the nafion dryer to achieve the desired 30 %RH inlet humidity (such as when sampling
in tropical environments or from a nebulised aerosol source). Additional drying was not used
in either of the studies discussed in this paper, however the diffusion dryer was used instead of
the nafion dryer for the Cape Grim coastal measurements. To reflect this, the manuscript has
been updated as follows:

P3 L8: “... the aerosol is dried to a relative humidity (RH) of approximately 30 % using a
membrane dryer (Nafion MD-700) or a silica gel diffusion dryer.”

P6 L16: “A nafion dryer was used to maintain the inlet RH at 32.6 + 0.3 % throughout the
experiment and the H-SMPS humidifier was set to 90 %RH.”

P6 L37: “The sampling inlet RH was consistently dried with a diffusion dryer to below 30 %
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Referee’s comment

5. P3L26: The “Line A and B” terminology is confusing and is subsequently not used a great
deal. According to Fig 1, A/B are not constant sampling lines but relate to the changing paths
of the TD and unheated aerosol samples. Why not just use “TD” and “unheated” and remove
“A/B” altogether? Similarly, for the wall-loss experiments (Fig 2), the exact path difference
being monitored should be clarified.

Author’s answer

5. The authors agree with this recommendation and have updated the following lines in
response:

P3 L14: Deleted the mention of Line A and B in parentheses

P5 L15: “... an additional solenoid valve on the TD line, ...”

P5 L26: “Figure 2 displays the relative transmission efficiency of the TD line compared to the
unheated line.”

P9 L.39: “...relative losses of up to 15 % are observed in the TD line at 120 °C (50 nm, AS).”
Fig 1: The labels “Line A” and “Line B” have been removed.

Fig 2: Caption has been updated, indicating that it depicts the “transmission rates of the TD
sampling line compared to the unheated line”




Referee’s comment
6. P3 L30-31: Was this “stepping” performed here? If so, for which parameters?

Author’s answer

6. The RH and TD temperature remained constant throughout each of the studies discussed in
this paper (i.e. no “stepping” performed). In the Cape Grim coastal study, the pre-selected
diameter for the VH-TDMA was regularly cycled between 40, 100 and 150 nm. The diameter
changes occurred after each pair of heated/unheated measurements. Results from the 40 and
150 nm samples have not been examined in this study as the focus was on aerosol large enough
to be sampled by the AMS, but small enough to be close to the critical diameter for cloud
droplet activation.

Referee’s comment
7. P4 L1-2: What is the combined flowrate required, and hence the diluting flowrate? Given
the interest in semivolatile partitioning, how was dilution of the gas phase accounted for?

Author’s answer

7. Dilution does not significantly affect measurements for this system. There was no dilution
in the AMS line. A vacuum supply ensured a continuous total sample flow of 1.0 L min™
through the AMS sampling path, from which the AMS sampled at a rate of 0.1 L min!. For the
VH-TDMA, dilution occurred after all sizing was completed (after passing through the
electrostatic classifiers) and directly before the aerosol passed into each condensation particle
counter (CPC). The exact dilution ratios depend on the model of CPC and the desired aerosol
flow rate within each SMPS. In the case of these the two studies, the H-SMPS had a dilution
ratio of 1:1 (aerosol vs filtered dilution air) and no dilution was used for the V-SMPS and. For
the aerosol species examined in this manuscript, any volatilisation within the CPC itself would
be unlikely to reduce the particle diameter below the instrument’s detection threshold of 10 nm.

To clarify that there was no dilution on the AMS side, the manuscript has been updated as
follows (P3 1.26): “Conversely, since the AMS requires only 0.1 L min! sample flow, an
additional 0.9 L min!' of sample flow is maintained by a mass flow controller and vacuum
supply connected near the AMS inlet.”

Referee’s comment

8. P4 L8: “...all measurements were performed on aerosol with dn = 100 nm...". This may be
the case for all VH-TDMA measurements, but this is in the composition section and the AMS
sample is not pre-classified according to Fig 1. Size-dependent number concentrations (Fig 4)
and composition (Fig 5a) data are also shown later. Please clarify.

Author’s answer

8. The authors agree that this wording was unclear. Size-resolved particle time of flight (PTOF)
AMS measurements were used in the chamber-based experiment to restrict compositional
analysis to a comparable range of vacuum aerodynamic diameters. However the Cape Grim
aerosol did not exhibit strongly size-dependent composition and no size-selection was applied
to the AMS measurements for that experiment. Section 2.3 “Size-resolved composition” has
been significantly re-worded to avoid implying that all AMS analysis was size-selected.




Referee’s comment
9. P4 LI10: “If the aerosol is strongly size dependent”. Should this read “aerosol
composition”?

Author’s answer
9. This section (Section 2.3) has been significantly rewritten, and this comment has been
incorporated into the new discussion.

Referee’s comment
10. P4 L18-19: Was this linear correction factor applied to any data here? If so, which?

Author’s answer

10. The linear correction factor was only applied to the chamber-based data. In that experiment,
the composition was size-dependent and its analysis required size-resolved PTOF data
including aerosol with diameters <100 nm. Since the coastal Cape Grim aerosol was not
strongly size dependent, PTOF measurements were not used and therefore it was not necessary
to apply any size dependent corrections to that dataset. To clarify this, the sentence regarding
the linear correction factor has been reworded as follows:

P4 L20: “Since the chamber-based measurements, discussed in Section 3.1, required PTOF
data from this diameter range, a linear correction factor was applied...”

Referee’s comment
11. P4 L20-24: Which data were smoothed in this study? Mention here and in corresponding
Fig captions. Please define “LOESS”.

Author’s answer

11. As discussed above, LOESS smoothing is not being applied to the chamber-based data
now. Instead, the PTOF data from this experiment has been averaged to a 12 minute time
resolution. When calculating AS concentrations for the HGF models, the NH4 concentrations
were approximated with a linear fit to the size-resolved NHs measurements. Section 3.1 has
been significantly reworked to reflect these changes. No smoothing has been applied to the
Cape Grim dataset.

Referee’s comment
12. P4 L26-P5 L5: I am surprised that a Kelvin correction is required for a dry diameter of
100 nm. What was the magnitude of the correction?

Author’s answer

12. The scale of the corrections are shown in the figure below. In short, the HGFs of the
unheated chamber-generated aerosol increased by 0.6 — 3.5 % after the Kelvin correction.
Diameters reduced by up to 30 % during heating, increasing the impact of the Kelvin correction
and leading to HGF increases between 1.7 —4.4 %. The largest corrections were observed
during the first hour of the experiment because k is partially dependent on the uncorrected HGF
(Equation 2, P4 L33). Since the range of corrections for both heated and unheated HGFs exceed
the 2% measurement uncertainty of the H-TDMA, Kelvin-corrected HGFs have been used in
this analysis.
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Referee’s comment
13. P5 L30: Please change to “...transmission efficiency decreased linearly with increasing
temperature...”.

Author’s answer
13. The sentence has been updated as recommended (P5 L28): “...transmission efficiency
decreased linearly with increasing temperature...”

Referee’s comment
14. P6 L12: Justify precision of [OH] — what is the uncertainty?

Author’s answer

14. The authors agree that the original OH concentration was overly precise. Barmet et al.
(2012) reported an uncertainty of 25% in the rate constant which relates [butanol-d9] to [OH].
In light of this, the manuscript has been updated to indicate that this is only an estimate of [OH]
(P6 L19): “initial OH concentration of approximately 1.5x10” molecules cm™”

Referee’s comment
15. P6 L16: The mention of Fig 3 here, without discussion, confuses section 3.1 of the results.
1 suggest this Figure is not mentioned until it is discussed in the results.

Author’s answer
15. This sentence has been reworded and moved to Section 3.1 (P6, L4). The figure numbering
has also been updated, and the corresponding figure is now Fig 4.

Referee’s comment
16. P6 L30: Again, reference to “all measurements” is confusing here. For instance, Fig 4
shows time series, not 6-hour averages.




Author’s answer

16. Figure 4 uses a higher time resolution to demonstrate broader trends in composition and
number size distribution on 2-3 March 2015. It is presented prior to any discussion of data
analysis and its purpose is to support the choice of a restricted 6 hour time period for averaging
and further detailed examination. To clarify this, the reference to “all measurements” has been
reworded as follows:

P6 L34: “To account for the low aerosol concentrations, acrosol properties were averaged over
this 6 hour period and the resulting mean values were used for all further analysis.”

Referee’s comment

17. P7 L24: SVOA and LVOA are defined ‘“‘for convenience” based on desorption at 120°C.
How does this threshold relate, approximately, to well-known measures of volatility, such as
saturation concentration/vapour pressure, for the mass loadings used here?

Author’s answer

17. The authors acknowledge the value of reporting volatility in terms of equilibrium saturation
concentrations, or the volatility basis set. However the thermodenuder used in this study has a
short residence time of approximately 3 seconds, which is insufficient for the aerosol to reach
equilibrium (Riipinen et al., 2010). In addition, the seeded a-pinene experiment was not
repeated for different SOA loadings and only one thermodenuder temperature was used
throughout the experiment. Under these circumstances, it is our understanding that it is non-
trivial to determine meaningful equilibrium saturation concentrations and is outside the scope
of this study. However, volatility basis set analysis will certainly be a valuable addition for
future studies using this methodology

Referee’s comment

18. P7 L26: Please provide a plausible mechanism or literature precedent for dark SOA
production in these conditions. The method section also implies the seeds and RH were added
prior to alpha pinene, rather than in the 30 minutes afterwards.

Author’s answer

18. The authors have not found literature supporting similar dark SOA formation. However in
light of the improved analysis discussed above, it seems that there was negligible organics
present at the start of the experiment (Figs 5b and S3).

The smog chamber method section (Section 2.6) has been re-ordered to reflect the
chronological sequence of events, shifting the sentence regarding injection of AS seeds (P6
L12) to directly before UV illumination of the chamber (P6 L13).

Referee’s comment
19. P9 L1: Could organosulfates also contribute to this volatile sulfate (and organic) signal?

Author’s answer

19. 1t is possible that organosulfates (OS) contributed to the sulfate mass fraction observed at
Cape Grim, especially since OS formation is promoted by acidic aerosol (Surratt et al., 2007).
Their fragmentation pattern within a unit mass resolution AMS is largely indistinguishable
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from inorganic sulfates (Farmer et al., 2010), so it is not possible to conclusively identify an
OS fraction in this Cape Grim dataset. However since OS compounds often have low volatility
(Lukacs et al., 2009; Liggio and Li, 2006), and other marine studies have reported relatively
low OS contributions to the total organic mass (Hawkins and Russell, 2010; Claeys et al.,
2010), it is unlikely that they contribute significantly to the volatile component in this study.

Referee’s comment
20. P9 LY: The heated particles lost 12% of their volume, but apparently around 50% of their
mass (Fig 8). Please explain this discrepancy.

Author’s answer

20. The AMS relies on flash vaporization of aerosol at 600 °C and does not efficiently detect
refractory compounds, such as sea salt. Therefore, while 50 % of the non-refractory mass was
desorbed in the TD, it is likely that this comprised only 12 % of the total aerosol volume. The
remaining 88 % of the aerosol volume was likely composed of refractory compounds
(including sea salt), and non-refractory compounds which were not fully desorbed at 120 °C.
To clarify this, P9 L6 has been reworded as follows:

49.5% of this non-refractory mass was desorbed at 120 °C, including the entire non-refractory
organic fraction.

And the following sentence has been added to P9 L21:

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.

Technical comments

Referee’s comment

1. Fig 3: Please label the panels (a), (b) and (c) respectively and refer to them as such in the
manuscript.

Author’s answer
1. This figure has been renumbered as Fig 4, and the panels have been labelled as suggested.

Referee’s comment
2. Fig 4 (b): The dynamic range of the colour scale tops out at ~10 cm™ to my eyes. Please
adjust, or bin the data rather than using a continuous scale.

Author’s answer

2. This figure has been renumbered as Fig 3. Panel (b) has been replotted with an improved
colour scale and expressing concentrations in terms of dN/dlog(dm). The y-axis has also been
expanded to display the full diameter range measured by the SMPS (5 — 200 nm).

Referee’s comment
3. Fig 5 (a): Please add the units of dM/dlog(dva).
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Author’s answer
3. The y-axis label of Fig 5 (a) has been updated with appropriate units as follows:
“dM/dlog(dva) (ng m=)”
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Referee #2

This manuscript (amt-2018-17) reports an approach that couples the Aerosol Mass
Spectrometer (AMS) to a volatility and hygroscopicity tandem differential mobility analyser
(VH-TDMA) setup. This approach allows separation of the semi-volatile and low volatility
components and comparison to chemical composition. The main novel advance of this
approach over other similar approaches is the incorporation of size dependent aerosol
chemical composition from the AMS, which allows investigation of aerosol chemical
composition in the size range most relevant to the VH-TDMA experiments and to cloud droplet
activation. The manuscript is well written and within the scope of Atmospheric Measurement
Techniques. The manuscript may be publishable if the below major comments associated with
data quality and the use of the thermodenuder are addressed in revision.

Author

The authors appreciate the reviewer’s comments that have helped us to refine the manuscript.
We have implemented several changes to our analysis which have significantly improved the
quality of the data and subsequent derived findings. The manuscript has been updated with a
detailed discussion of this revised analysis, particularly in Sections 2.3, 2.6 and 3.1.

Responses to the reviewer’s comments have been included below. Please note that text
coloured in red refers to the added text in the manuscript. All page and line numbers refer to
the revised manuscript (Revised Manuscript TrackedChanges.docx) and supplementary
material (Supplement.docx) where all changes have been tracked. If the text has been
significantly changed, only the section number is given in this document (e.g. “Section 2.5”).

Major comments

Referee’s comment

1. The first major comment relates to data quality and echoes many of the comments from
Anonymous Reviewer 1. The authors assert that the main advantage of their approach over
previous similar approaches is the incorporation of size dependent aerosol chemical
composition measurements. However, the authors also state that, for the chamber
measurements, which had a much higher mass concentration than the ambient measurements,
“the observed signal was quite unstable...often falling below the detection limit. For this
reason, data below the detection limit was not removed as it would have excluded a large
proportion of the data” (page 7, lines 13-15). If the signal is so unstable and a meaningful
measurement so difficult to obtain, it is unclear how this approach represents an advance over
previous versions, which is the key argument of the paper. The robustness of this approach
must be discussed in substantial detail in any revision. Included in that discussion must be
details concerning the experiments (e.g. whether the AMS measurements in Fig. 3 represent
the fraction around 100 nm in the smog chamber and, if not, what the mass concentrations
around 100 nm were during that experiment; what time resolution was used in the AMS
measurements and how that compares to the time dependent composition changes, what is,
and what factors are governing, the AMS limit of detection, what mass concentrations are
required for this approach to be viable, etc.).

Author’s answer

1. The authors hope that the changes made in response to Anonymous Reviewer 1’s comments
will address many of the concerns regarding data quality. In short, by averaging the AMS
measurements of chamber-generated SOA to a lower time resolution, both the detection limits
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and the variability of most species were substantially improved. As a result, it was no longer
necessary to artificially smooth the data. NH4 was an exception, as its AMS signal is commonly
less stable than other species and was more strongly affected by the reduced signal to noise
ratio offered by PTOF measurements. Since NH4 contributes a significant fraction of AS mass,
it could not be excluded from the analysis, however it was necessary to reduce its variability
by estimating NH4 concentrations using a simple linear fit to the NH4 PTOF data. The resulting
composition-based HGF models still obtain close agreement with the direct VH-TDMA
measurements, so we are confident that this methodology offers meaningful results even when
sampling rapidly changing, size-dependent aerosol. Section 3.1 has been substantially rewritten
to discuss the revised analysis and results from this experiment. We would like to also directly
respond to the specific concerns mentioned in the referee’s comment.

Mass concentrations at 100 nm:

Fig 3a (now renumbered as Fig 4) represents the bulk mass concentrations of non-refractory
species. The caption and corresponding text has been reworded to clarify this. A new figure
has been added to the supplement (Fig S3) which gives the heated and unheated mass
concentrations for aerosol at 100 nm.

AMS time resolution

As mentioned on P3 L17, the combined system typically samples with a time resolution of 3
minutes per sample (6 minutes per unheated/heated cycle). This time resolution was halved for
the chamber experiment to obtain satisfactory signal averaging while being fast enough to
observe trends in the composition during SOA formation (discussed on P7 L19).

AMS limit of detection

A brief discussion of AMS detection limits and uncertainties has been added to Section 2.1
(P2, L33). Further discussion regarding the sensitivity of AMS measurements, and limitations
of using PTOF measurements has been included in Section 3.1 (P7, L15),

Required mass concentrations

We have not attempted to estimate necessary mass concentrations for this approach, because it
is situational. In essence, there needs to be a balance between the required time resolution, size
resolution and available mass concentration. For example, mass concentrations were very low
during the Cape Grim experiment, however meaningful observations were still possible by
analyzing bulk aerosol measurements and using a low time resolution.

Referee’s comment

2. The second major comment relates to the use of the thermodenuder approach. It is known
that many chemical components of secondary organic aerosol (e.g. oligomers) can thermally
decompose when passed through a thermodenuder at temperatures as low as 100°C (Hall and
Johnston, Aerosol Sci. Technol., 2012, 46, 983-989). This observation may have a significant
impact on the interpretation of the VHTDMA measurements, especially since the
thermodenuder used in this manuscript is ramped up to 500°C. In the revised manuscript, the
authors should include a discussion of the limitations of the thermodenuder approach with
respect to separation of semi-volatile and low volatility components against likely changes to
aerosol chemical composition resulting from thermal decomposition within the
thermodenuder.
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Author’s answer

2. The potential for chemical change due to heating is an important underlying consideration
which affects many thermal sampling processes. We appreciate the inclusion of the study by
Hall and Johnson, and have created a new section (Section 2.2) which discusses limitations of
volatility-based sampling.

Minor comments

Referee’s comment

1. In their revised manuscript, the authors need to better clarify the temperature threshold that
separates semi-volatile from low volatility. Is the cut-off at 120°C? This is inferred in the text
(page 7, lines 23-25) but is not stated in a clear and direct manner. The authors should more
clearly define what is meant (functionally) by SVOC and LVOC.

Author’s answer
1. An additional section, Section 2.2 Thermal volatility measurements has been added to clarify
the volatility-based assumptions and classifications that have been used in this study.

Referee’s comment
2. Page 4, line 10: Do the authors mean “If the aerosol chemical composition is strongly size-
dependent....”?

Author’s answer
2. This section (Section 2.3) has been significantly rewritten, and this comment has been
incorporated into the new discussion.

Referee’s comment

3. The authors should ensure all references are accurate. For example, Cerully et al. (2017)
and Huldebrandt Ruiz et al. (2015) were both published in Atmos. Chem. Phys. but their
references indicate Atmos. Meas. Tech. as journal in which they were published.

Author’s answer
3. Thank you for identifying these errors. All references have been checked and corrected.
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Determining the link between hygroscopicity and composition for
semi-volatile aerosol species

Joel Alroe', Luke T. Cravigan', Mask—Marc D. Mallet!, Zoran D. Ristovski!, Branka Miljevic',
Chiemeriwo G. Osuagwu', and Graham R. Johnson'

!School of Chemistry, Physics and Mechanical Engineering, Queensland University of Technology, Queensland, Brisbane,
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Correspondence to: Zoran D. Ristovski (z.ristovski@qut.edu.au)

Abstract. Internally and externally mixed aerosols present significant challenges in assessing the hygroscopicity of each
aerosol component. This study presents a new sampling technique which uses differences in volatility to separate mixtures
and directly examine their respective composition and hygroscopic contribution. A shared thermodenuder and unheated
bypass line are continuously cycled between an aerosol mass spectrometer and a volatility and hygroscopicity tandem
differential mobility analyser, allowing 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 system 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 distinct organic components with similar oxygen to carbon ratios but different volatilities.
Analysis of the marine aerosol revealed an external mixture of non-sea salt sulfates and sea spray aerosol, both of 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
hygroscopicity, which represents the capacity of aerosol to adsorb water vapour from the surrounding air. Amongst other
effects, 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 contribution to global aerosol mass (Jimenez et al., 2009), and they include a

huge range of compounds with varying chemical and hygroscopic properties. - Furthermere—many-are-velatile— Since many

are semi-volatile, their relative partitioning between the particle and gas phase can be sensitive to concentration changes and

local atmospheric conditions o X 3 3 3

i i it (Seinfeld and Pankow, 2003; Donahue et al., 2012). Furthermore, as their
partitioning changes, they can become exposed to different phase-dependent chemical reactions.Fhese—velatide-compounds
i j idati i i ir- These dynamic changes dynamicnatare

complicates predictions of bulk aerosol properties.

Extensive lab-based and atmospheric studies of organic species have reported a wide range of organic hygroscopicities. For
example, secondary organic aerosols (SOA) condensed from the oxidation products of a-pinene have demonstrated
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 conditions, aging
processes and experiment duration.

Volatility-based methods can directly separate aerosol components and have been used to investigate their independent
hygroscopic contributions. Most commonly, this is achieved by passing the aerosol sample through a heated thermodenuder

(TD), causing a volatile component to desorb, and examining the resulting change in properties. Until recently, this
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technique has been separately applied to either measurements of composition or hygroscopicity (Hong et al., 2014; Johnson
et al., 2004; Sellegri et al., 2008; Villani et al., 2013; Huffman et al., 2008). Three recent studies have combined 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 a-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 relationship 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 contrasts with many previous studies. Cain and Pandis (2017) found that low volatility
compounds had typically high O:C ratios, while Hildebrandt Ruiz et al. (2015) observed conflicting trends. Cerully et al.
(2015) did not report either trend for O:C ratio but found correlation between low volatility and high average carbon
oxidation state (0S¢), an alternate measure of oxidation level (Kroll et al., 2011). In short, each study highlighted the
complexity of organic hygroscopicity and the importance of volatility-based methods in distinguishing their competing
contributions.

The above techniques for measuring bulk aerosol properties 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 becomes highly
significant near the critical diameter for cloud droplet activation and a large proportion of the aerosol number concentration
is often centred there (Wex et al., 2010). The critical diameter is sensitive to changes in aerosol hygroscopicity, 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 apportionment and investigation of each aerosol type.

In this article, we describe a novel real-time sampling system which couples an AMS to a volatility and hygroscopicity
tandem differential mobility analyser (VH-TDMA), and discuss 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 speciation 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 (d\,) between 100 — 600 nm (Liu et al., 2007; Takegawa et al., 2009)._Detection limits for each

species are calculated as three times the standard 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 instrument’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 accuracy of the AMS. These accuracy estimates encompass uncertainties in the

ionisation efficiencies, particle collection efficiencies and the inlet flow rate and areis commonly estimated as + 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 hygroscopicity under sub-saturated eenditionshumidities. The function of

our instrument has been explained in other papers (Johnson et al., 2005; Fletcher et al., 2007). In short, aerosol of a pre-
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selected narrow size range is heated in a compact TD with maximum temperature of 500 °C and residence time of 3 s. The
sample then passes to two scanning mobility particle sizers (labelled: V-SMPS and H-SMPS, respectively), with a
humidified stage preceding the H-SMPS. These measure the mobility diameter (d,») 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 system, shown in Fig. 1. After passing through a shared inlet, the aerosol is

dried to a relative humidity (RH) of approximately 30 % using a membrane dryer (Nafion MD-700) or a silica gel diffusion
dryer. additional-drying—is—required;—a—silica—geldiffusion—dryer—is—also—added—To assist electrical mobility-based
measurements in the VH-TDMA, a well-defined charge distribution 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 estimate of mean inlet RH, rather than precise time-resolved measurements.

After the neutraliser, Fthe flow is then-evenly split between the TD and an unheated bypass line-Jabeled:LineA-and Line
B,respeetively). 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 instruments every three minutes, allowing them both to perform a continual 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 pre-selected aerosol diameter, TD temperature and
humidifier settings. These can be progressively stepped through a range of set values to investigate size dependencies,
volatility distributions or to reveal any deliquescence or efflorescence transitions between dry and aqueous particle phases.

The two instruments sample at different flowrates. To avoid flowrate-dependent variations in transmission efficiencies and
temperature fluctuations in the TD, flowrates of 1 L min™! are maintained in both sampling lines. Since this is lower than the
combined flowrate required for the V- and H-SMPS, mass flow controllers provide supplementary filtered air to these
components and their measured particle concentrations are corrected for this dilution. LikewiseConversely, since the AMS
requires only 0.1 L min™!' sample flow, the-an additional 0.9 L min™' of sample flow is maintained by a mass flow controller
and vacuum supply connected near the AMS inlet. 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 contamination of the

hygroscopic and compositional measurements (Timko et al., 2009).

2.2 Thermal volatility measurements

Desorption rates within a TD are kinetically limited, particularly at high concentrations, and aerosol may not reach

thermodynamic equilibrium within the TD (Riipinen et al., 2010). This can lead to under-representations of particle volatility

(An et al., 2007)_and requires considerable analysis to determine effective saturation concentrations. Future studies 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 component, while the remainder has been termed the less-volatile component.

This scheme implicitly assumes complete separation 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 component have

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 Johnston, 2012). So any change in aerosol properties after heating may be due to
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removal of a semi-volatile component, temperaturcheat-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 desorbed species.

2.2-3 Size-resolved composition

The AMS is commonly used to assess the bulk composition of non-refractory aerosol smaller than 1 um. However, when

sampling aerosol with size-dependent composition, this bulk analysis becomes dominated by aerosol with larger diameter
and mass. This study primarily focused on In-this-study,—al-measurements—were-performed-en-aerosol with d,, = 100 nm, as

this is both sufficiently small for composition to have a significant influence on CCN-forming potential 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 integrated over a range of d,, which best represented aerosol at the preselected d,, used by the VH-

given—with-respeet-to—¢,.- This range was affected by particle density (p,) and the Jayne shape factor (S). as given by the
following calculation (DeCarlo et al., 2004):The-conversionto-d.from-d,—using-particle-density (p)unit-density (py)-and

range-which-bestrepresents-aerosel-at-the preselected-d,,—used-by-the VH-FBMA-For heated measurements, this PTOF d,,

range is-was shifted downwards in proportion to the d,, reduction observed with the VH-TDMA. AMS particle transmission

efficiency decreasess for diameters below d,, =100 nm, reaching approximately 0 % transmission at 40 nm. Since the

chamber-based measurements, discussed in Section 3.1, required Where—PTOF data are—required—from this redueced

sensitivity-diameter range, a linear correction factor is-was applied to account for transmission losses (Knote et al., 2011).
While this use of PTOF data provides 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

averaging as is available for bulk analysis. This-is-particularbyexaeerbated-This is particularly exacerbated during periods of

low mass concentration or rapid changes in aerosol properties. As demonstrated in Section 3.1, the time resolution must be

carefully chosen to allow sufficient signal averaging while still capturing transient changes in the aerosol.when-high-time

2.43 Hygroscopic analysis

The hygroscopicity of small particles is reduced by the Kelvin effect, which causes water activity (a,) 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 (x), using x-Kohler theory (Petters and Kreidenweis, 2007):

RH /100 _ HGF3-1

= 2
e p( 40My ) HGF3-(1-k) ’ )
RTpwDyHGF

where RH is the relative humidity set in the H-SMPS, ¢ is the droplet surface tension (assumed to be equivalent to pure

water, g, = 0.072 ] m~2), M,, is the molecular weight of water, R is the universal gas constant, T is the temperature, p,, is



10

15

20

25

30

35

the density of water and Dy is the dry particle diameter. The x values can then be reverted to Kelvin-corrected HGFs

(HGF o) by setting a,, equal to RH/100:

114~

Ay HGanrr

€)

After excluding the effect of droplet curvature, the compositional 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):
HGFq = X &HGF 4)

where ¢; and HGF; 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. Otherwise
assumed HGF contributions are used and ¢; is derived from the corresponding mass concentrations (m;) and densities (p;) of
each component:

— mi/Pi (5)

LT nmi/py

2.54 Aerosol transmission efficiencies

The two sampling lines offer different transmission efficiencies due to variations in tubing geometry, an additional solenoid
valve on the TD lineline-A, 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 negligible recondensation is expected for most atmospheric samples (Saleh et
al., 2011). The remaining differences in transmission efficiency have been quantified by examining size- and temperature-
dependent changes in aerosol concentration between the two flow paths.

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: d,, = 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
flowrates throughout the system. From each sampling line, measurements 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 increments
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 linebinieA compared to the unheated linelineB. 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 d, <100 nm at 120 °C. This reduces bias

between the two sampling lines and isolates the compositional changes caused by removal of volatile species.

2.65 Smog chamber sampling

A system test was conducted under controlled conditions to examine correlation between the two instruments and ensure that
meaningful conclusions could be drawn. Measurements were performed using AS-seeded secondary organic aerosol (SOA),

generated in a temperature-controlled, 8 m* Teflon® smog chamber. To minimise wall losses, this chamber has not been

fitted with any mixing fans. During all chamber preparations, purified air was generated with a zero air generator (Aadco,

Model 737-13). Type 2 laboratory-grade deionised water was used in all solutions and in humidifying the chamber.
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The chamber was cleaned by first flushing it with a 1 ppm concentration of O; in purified air until particle number

concentrations fell below 100 cm?>. The UV lights were turned on for 10 minutes to promote particle formation, and the

chamber was again flushed with ozone-free purified air until particle numbers decreased below 100 cm?. The chamber was

then prepared by successively passing water vapour, gaseous nitrous acid (HONQO), N-butanol and a-pinene into the chamber

using a 15 L min’! 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 NaNO, (Sigma-Aldrich) to 1.1 M sulfuric acid (Thermo Fisher Scientific) and was introduced over a 20 minute

period. 1 uL of N-butanol (D9, 98 %, Sigma-Aldrich) and a-pinene (Sigma-Aldrich) were each vaporised 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 Spectrometer (Barmet et al., 2012). A polydisperse distribution of AS seed particles were generated by

nebulising an 0.07 M aqueous AS solution, using laboratory compressed air filtered through a high-efficiency particulate air

filter. These were injected into the chamber until particle number concentrations reached 10* cm™ with a geometric mean

diameter of 94 nm. The chamber was then irradiated by twenty 160 W UV lamps and sampling was conducted over a four-

hour period.

VH-TDMA measurements were performed on 100 nm aerosol with a 6-minute time resolution (3 minutes per sampling
path). The TD was set to 120 °C, to target-desorb organic compounds with higher volatility than AS. A nafion dryer was
used to maintain the Fhe-inlet RH was—maintained—at 32.6 + 0.3 % throughout the experiment and_the H-SMPS was
humidified humidifier-was-—set-to 99-88 %RH._-Initial gas-phase concentrations within the chamber were 35 ppb a-pinene,

0.042 ppm NOx and approximately 1.5x107 molecules cm™ 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.Figu

2.76 Remote coastal measurements

To investigate the suitability of the combined system for atmospheric sampling, it was deployed to the Cape Grim Baseline
Air Pollution Station for a two-week measurement campaign in March 2015. This remote site on the northwest coast of
Tasmania, Australia, frequently receives strong westerly winds carrying marine aerosol with negligible terrestrial or
anthropogenic influences. From 22:00 on 2" March, these baseline conditions were observed for an 8-hour period, with
mean particle number concentrations of 400 + 60 cm™ for aerosol diameters above 10 nm. This period was accompanied by
significantly increased sulfate-related mass concentration and a pronounced bimodal particle number size distribution (Fig.
34), consistent with cloud-processed marine aerosol (Hoppel et al., 1986). The final two hours of baseline sampling was
accompanied by a pronounced decrease in sulfate- and ammonium-related signal and a decrease in particle number
concentration, suggesting a change in the air mass and associated aerosol properties. For this reason, analysis has been
focused on the initial 6 hours which exhibited the most consistent properties.

To account for the low aerosol concentrations, aecrosol properties were averaged over this 6 hour period and the resulting

mean values were used for all further analysisa
trends-over-a-higher-timereselution. Likewise, uncertainties have been determined from standard deviations in the means.
The sampling inlet RH was consistently dried_with a diffusion dryer to below 30 %_and the humidifier was maintained at
90 %RH. and-samphng-Sampling was conducted using the same pre-selected diameter and; TD temperature and-humidifier
RH-as in the chamber-based experiment (i.e. 100 nm, 120 °C;-960-% respectively).
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3 Results and validation
3.1 Chamber-generated aerosol

A characteristic example of the alternating heated and unheated measurements obtained from both instruments is given in

Fig. 4, showing the impact of an increasing SOA component on bulk aerosol composition, volatility and water uptake during

the smog chamber experiment. Measurements commenced immediately after injecting the AS seeds and there was no active

mixing mechanism within the chamber. In light of this, the initial rapid decrease in SO4 concentrations suggest that the

chamber was not netinitially-well mixed during during-the first 40 minutes of sampling. After this point, the total mass

loading, and mode diameter of the number size distributions, progressively increased in response to SOA formation (Figs S1

and S2).

Compositional measurements of the seeded SOA indicated a strong size dependence, with the AS mass distributed around a

mean d,, of approximately 500 nm, while the SOA component progressively dominated at 100-200 nm (Fig. 5a). Since the
size-distribution of each species did not change substantially over time, further compositional analysis was restricted to

diameters in the range: 130 < d,, < 180 nm. Fhese—This range was diametertimits—were—selected to reflect varying

proportions of internally mixed SOA and AS with densities of 1.3 and 1.78 g cm™, respectively (Chen and Hopke, 2009).

While these size limits ensured that the compositional analysis was directly relevant to the d,,, used by the VH-TDMA,, it

reduced the sensitivity of the AMS measurements in two ways. Firstly, this diameter range represented a comparatively low

proportion of the total particle mass, decreasing 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 measurements. To account for this, the size-resolved composition was averaged to a

12 minute time resolution and the resulting time series has been provided in the supplement (Fig. S3). This resolution was

sufficiently fast to observe the SOA fraction progressively growing to dominate the mass composition at 100 nm, while

inetime-to-ensuring thate the compositional measurements were sufficiently stable to be useful for

hygroscopic predictions.

At this time resolution, the estimated detection limits were 0.123, 0.012, 0.023, 0.245 and 0.023 ug m- for organics, NOs,

SO4, NHys and Chl respectively. While these values are considerably higher than when using bulk aerosol

measurementseleva , a large proportion of the

PTOF measurements remained 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

NH,4 background signal increased by an order of magnitude when averaged over the narrow PTOF range. NHy often exhibits

higher variability than most other species. Also, immediately prior to measuring 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 filtered-background measurements

. Ultimately the cause of this variable

signal has not been established. In any case, NHy4 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 approximated with a

linear fit to the NH4y PTOF measurements.
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througheout-the-experiment—Simtarly-A strong correlation was observed between the organic and NOj3 signals indicating the

secondary formation of organonitrates or nitric acid from NOy-based reactions. To simplify 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 concentrations throughout the experiment.Since-there—-was—no-source-of chloride—in-this-experiment—and-this

As shown in Fig. 5b, during the first 100 minutes of the experiment, 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. 43c). After this point, there
was no significant change to HGFs and volatility 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 organic components are-have been labelled as SVOA and LVOA,

respectively.-

The unit mass resolution parameterisation given by Canagaratna 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 most stable and well-resolved during the final 30 minutes of the experiment. Based on this period, both

the LVOA and SVOA components exhibited similar O:C ratios of 0.43 £ 0.16 and 0.45 £ 0.16, respectively.H—sheuld-be

To confirm the predictive power of this combined sampling 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™ (Duplissy et al., 2008)
and 1.78 g cm™ were used for a-pinene SOA and AS, respectively. AS calibration measurements indicated that the HGF of
AS at 96-88 %RH was 1.58 +£0.03, after correcting for residual water in the particle phase during pre-selection. The
hygroscopic contribution of the low-volatility SOA component was determined using the O:C parameterisation proposed by
Massoli (2010), giving an HGFyo4 of 1.1 £0.2. This value agrees well with a range of a-pinene HGFs reported in other
studies (Varutbangkul et al., 2006; Virkkula et al., 1999; Prenni et al., 2007; Cocker lii et al., 2001). Applying these AS and
LVOA parameters to the composition-based model produced HGFs which closely matched the direct 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 contribution of the

SVOA using measurements of particle diameter () and HGF:
Bdd a3
HGF = (Od—gm) HGFyou + (22) HGF} (6)

where the subscripts 0 and 7D refer to the unheated and heated samples, respectively. This use of direct VH-TDMA
measurements avoided any dependence on an assumed SVOA density. The first 20 minutes of the experiment was excluded
due to low SVOA concentrations which caused unreliable HGF estimates. The remaining data support a stable mean
HGFsyos 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 a-pinene HGFs observed by Prenni et al. (2007) and Denjean et al.
(2015).

In the preceding steps of this analysis, the HGF contributions and volume fractions for all three components (AS, SVOA and
LVOA) were established. Using these parameters 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 derived parameters

accurately describe the aerosol properties throughout the experiment.

8
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3.2 Remote coastal measurements

During the initial 6 hours of sampling under baseline conditions at Cape Grim, mass concentrations were very low and there

was little evidence of size-dependent composition. Therefore, Fo-to provide better statistics, bulk acrosol composition has

been used in this analysisth

. 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 respective detection limits. 49.5% of this non-refractory
mass was desorbed at 120 °C, including the entire non-refractory organic fractionCemparison—between—theheatedand

nheate m indi h i ion ntirely-de ed-a 0-°C. This organic volatility was reflected in

the O:C ratio of 0.24, which is consistent with semi-volatile oxygenated OA observed in other AMS studies (Jimenez et al.,
2009; Raatikainen et al., 2010). 42 % of the sulfates were desorbed, despite being well below the volatilisation temperature
of ammonium sulfate. In contrast, the ammonium signal 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 ammonium to sulfate
molar ratio of 1.03 + 0.04 in the unheated aerosol.

Humidification of the 100 nm pre-selected aerosol frequently produced a bimodal particle size distribution, indicating that
the aerosol was externally mixed. The dominant 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), respectively (Sellegri et al., 2008; Villani et al., 2013). In further support of this
subdivision, the SSA aerosol comprised 7 =2 % of the observed number concentration of 100 nm particles, 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 universal 12 £ 2 % reduction in particle volume; however, this increased their HGFs

to 1.61 £0.02 and 2.01 £ 0.05, respectively (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 component was estimated from its mean composition using Eq. (4),
assuming a simple mixture of sulfuric acid and OA. The corresponding parameters are listed in Table 1, where the OA HGF
has been determined from an O:C — HGF parameterisation (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 agreement with the composition-based estimate.

Since both the SSA and nss sulfate aerosol shared similar volatilities, their semi-volatile components may have likewise
shared similar composition and hygroscopic contributions. 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 measurements of
hygroscopicity, volatility and composition. By cycling both instruments between heated and unheated sampling lines,
properties of the semi-volatile fraction can be directly measured in near real-time, over a range of pre-selected 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 heated-TD line at 120 °C (50 nm, AS).

Two diverse-measurement campaigns have been discussed which presented distinctly different and challenging sampling

conditions. The capacity of both instruments to perform size-resolved measurements allowed size-dependencies to be
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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 progressive impact on composition and hygroscopicity. Although these

constraints led to limited signal averaging and elevated detection limits, the independent composition-based HGF estimates

demonstrated consistent agreement with direct 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 parameters are not well correlated, as reported by Hildebrandt Ruiz et al. (2015), and demonstrates the

benefit of the complementary hygroscopic, volatility and compositional measurements analysis—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 6-hour period and using bulk compositional measurements, the
two instruments obtained meaningful measurements consistent with characteristic marine aerosol properties. The distribution

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 oxidation (O:C =

0.24). Finally, hygroscopic modelling supported 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 properties.th

— It is hoped that future

measurements using this method will help improve models of aerosol-cloud interactions, particularly in regions subject to

high levels of volatile organic emissions or mixed aerosols from diverse sources.
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Table 1: Parameters used in the compositional model of marine semi-volatile hygroscopicity

Component Density (g cm?) HGF contribution
OA 1.2+0.1¢ 1.0+0.1
Sulfuric acid 1.83+£0.01° 1.95 +0.05¢

2 (Ault et al., 2013; Hersey et al., 2009)
b (Washburn, 1926)

¢ (Xiong et al., 1998)

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+0.34 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

2 Derived from VH-TDMA measurements of nss sulfate aerosol
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