
[A0] For clarity and visual distinction, the referee comments or questions
are listed here in black and are preceded by bracketed, italicized numbers
(e.g. [1]). Authors responses are in red below each referee statement with
matching numbers (e.g. [A1]). Page and line numbers refer to online ACPD
version.

Reviewer 1

This short paper describes a nice addition to the literature on the
viscosity of a-pinene particles. It follows and extends the groups
previously reported poke-and-flow technique. Several significant
conclusions are reached that highlight the importance of relative
humidity and SOA production conditions. The paper is well writ-
ten, of appropriate length and easy to read. I recommend publi-
cation once the following comments and questions have been ad-
dressed satisfactorily.

We thank the referee for their helpful comments

Major comments

[1] The first line of the abstract is too strong. Aerosol viscosity is
not currently used in predictions of the impact of SOA on climate,
visibility and health. Potentially it could be in the future but it is
not obvious what benefits it will bring.

[A1] The sentence ”To predict the role of secondary organic material (SOM)
particles in climate, visibility, and health, information on the viscosity of
particles containing SOM is required.” has been altered to ”Knowledge of
the viscosity of particles containing secondary organic material (SOM) is
useful for predicting reaction rates and diffusion rates in SOM particles.

[2] The laboratory conditions need to be related to atmospheric
conditions. How does the range of SOA mass concentrations used
compare to atmospheric concentrations? What does this suggest
the viscosity of atmospheric a-pinene will be? A similar discussion
should be provided for the O3 concentrations used.

[A2] The SOM mass concentrations used when producing the SOM in the ex-
periments are higher than in the atmosphere. Given the relationship observed
between viscosity and production concentration of SOM in this paper the vis-
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cosity results are likely a lower limit to the viscosity of α-pinene derived SOM
in the atmosphere. To incorporate this into the manuscript P32983 L2-5 has
been edited from ”Finally, the studies here are carried out at production mass
concentrations greater than those found under ambient conditions (Hallquist
et al., 2009; Slowik et al., 2010), and studies carried out using material pro-
duced under ambient conditions would provide further useful information.”
to read ”Finally, the studies here are carried out at production mass concen-
trations greater than those found under ambient conditions (Hallquist et al.,
2009; Slowik et al., 2010). Studies carried out using material produced under
ambient conditions would provide further useful information. The inverse re-
lationship between viscosity and production mass concentration suggests the
results determined here likely represent a lower limit of viscosity for SOM
produced by the ozonolysis of α-pinene in the atmosphere.”, and the sen-
tence ”These studies were carried out at production mass concentrations
greater than those found under ambient conditions. The inverse relationship
between viscosity and production mass concentration suggests the results de-
termined here likely represent a lower limit of viscosity for SOM produced
by the ozonolysis of α-pinene in the atmosphere.” has been added to the
conclusions at P32985 L20.

In the flow tube the O3 concentration was 12 ppm and the reaction time was
38 s, giving an O3 exposure (O3 concentration x time) of 456 ppm s. In the
chamber the O3 concentration was 64-72 ppb and the reaction time was 4800
s, giving an O3 exposure (O3 concentration x time) of 300-350 ppm s. For
comparison purposes the background concentration of O3 in the atmosphere
is 30 ppb, and assuming a reaction time of one hour an exposure of 110
ppm s is calculated (30 ppb x 3600 s).

To incorporate this into the manuscript, the text at P32973 L11 has been
edited from ”Residence time in the flow tube was 38 ± 1 s” to ”Residence
time in the flow tube was 38 ± 1 s, giving an O3 exposure (O3 concentration x
time) of 456 ppm s. For comparison purposes the background concentration
of O3 in the atmosphere is 30 ppb, and assuming a reaction time of one hour
an exposure of 110 ppm s is calculated.”. Additionally, the text at P32974
L19 has been edited from ”After 80 minutes of reaction, the...” to ”After 80
minutes of reaction, giving an O3 exposure of 300-350 ppm s, the...”.

[3] Another recent study, Hosny et al. 2015, investigated the dif-
ferences between water soluble fractions and whole SOM samples.
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The results between the two studies should be contrasted.

[A3] We agree, a paragraph discussing the results of Hosny et al. is now
included following P32984 L29, reading ”Hosny et al. (2016) recently studied
the viscosity of SOM generated from the ozonolysis of myrcene and observed
a difference in viscosity between the water soluble fraction and the whole
SOM samples. In their case similar viscosities were observed at the lowest
RH values studied (<40 %) but the whole SOM samples had a higher viscosity
than the water soluble fraction at the highest RH values studied (>70 %).
The reason for the difference between the results here and those of Hosny et
al. is not clear.”

[4] What is the effect of different particle sizes on the experimental
flow time? The particles studied were in the size range of the 50-
70 microns, the corresponding changes in particle surface area and
volume will be larger. Should the experimental flow time scale with
diameter, surface area, or volume? Or is it size independent? If it
is dependent on size has a correction been applied to the reported
experimental flow time to account for the different sized particles?

[A4] In cases where a half torus geometry was formed after poking, τ exp,flow
is expected to be (somewhat) proportional to R2/r based on simulations,
where R and r are defined as per Figure 2a in Grayson et al. (2015) and
reproduced following this paragraph. The reported experimental flow times
are the raw data (i.e., no corrections have been applied to take account
of particle dimensions). When determining viscosities via simulations the
measured dimensions of each particle were used. The sentence ”Though the
value of τ exp,flow is also dependent on physical properties other than viscosity,
such as particle size, the values reported here are the raw values (i.e., no
corrections have been applied to take account of particle dimensions).” has
been added on P 32976, L2 to clarify this.
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Minor comments

P32970 L16 - insert ”many of” into position # in ”Despite the
importance of SOM particles, # their physical properties...”

This has been amended

P32972 L8 - understanding the effect of RH on viscosity. Its not
obvious how the RH is affecting the viscosity. Is the water acting
as a gas phase reactant? Maybe reacting with Criegee intermedi-
ates? Or is acting in the particle phase affecting the ageing of the
particles? Previous work has shown that RH can have a significant
effect on particle phase processing e.g. Gallimore et al. (2011).
Here the water can act as both a reactant and phase modifier. A
small discussion should be included.

The experiments here were all performed using SOM produced under dry
conditions. As such, the experiments do not consider or explore the change
in SOM properties as a function of RH at which the SOM is produced, which
can lead to a difference in the properties of SOM (per, e.g., Kidd et al.,
2014). The text ”in the first set of experiments, we investigated the effect of
relative humidity on the viscosity of the whole SOM. SOM was generated via
the ozonolysis of α-pinene. Reported here are viscosity measurements as a
function of RH between” on P32972 L1-3 has been edited to ”In the first set
of experiments, we investigated the viscosity of the whole SOM as a function
of relative humidity at which the viscosity was measured. In all cases the
SOM was generated via the ozonolysis of α-pinene under dry conditions, and
hence the effect of relative humidity on the SOM chemistry was not explored.
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Reported here are viscosity measurements at RH values between” to clarify
that the focus of the experiments here is not on the RH at which the SOM
is produced.

P32975 L24 - Fig 4 not Fig 3

This has been amended.

P32976 L9 - how long were the particles re-equilibrated with the
flow cell temperature after coming out of the freezer? Was the
time sufficient to ensure that the particle was at equilibrium?

The sentence ”Each sample of particles on a substrate was allowed to equi-
librate in the flow cell for 30 minutes prior to poke-and-flow experiments
to ensure the particles reached thermal equilibrium with their surroundings
after removal from storage at 253 K.” has been added after P32975 L16 to
clarify.

P32976 L15 - a one point calibration for relative humidity seems
risky? Provide more details.

A one point calibration was performed at an RH close to the RHs used in
these studies. The sensor was observed to have an offset of <0.1 oC, which
was within the accuracy range suggested by the manufacturer (± 0.2 oC for
dewpoints/frostpoints from -35 to +25 oC, or RH values ranging from 1.5 to
100 %). Based on this information, we assumed the manufacturers stated
accuracy was valid for the entire RH range studied here.

P32976 L21 - oligomerization what would be the mechanism for
this under a non-oxidising atmosphere?

The mechanism could potentially be condensation. The text ”, such as con-
densation (e.g. Reinhardt et al., 2007), ” has been added between ”poly-
merisation” and ”could” on P32976 L21 to address this point.

P32981 L20 - ”are not inconsistent” change to ”consistent” if it is.

The text ”shows that most of these previous studies (Cappa and Wilson,
2011; Perraud, 2012; Saleh, 2013) are not inconsistent with those presented
here” has been amended to ”shows the viscosities measured or inferred from
these prior studies (Cappa and Wilson, 2011; Perraud, 2012; Saleh, 2013)
overlap with those measured here” to clarify.
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Reviewer 2

The paper presents very interesting results on how the viscosity of
complex aerosol produced from a given precursor is likely to de-
pend on total mass loadings. This fits in well with other chamber
studies that suggest approaching atmospheric loadings is important
to embed relevant compositional dependent properties. There are
many methods now presenting work to infer or directly measure
viscosity. The poke flow technique offers a nice angle to those sys-
tems for which inferring diffusion from shrinkage might be prone
to errors introduced from phase separation/solubility considera-
tions. I found the paper very well written. In fact, raising points
for discussion is relatively hard as the authors are careful in infer-
ring potential for solid conclusions and artefacts from experimental
conditions. The paper should be published in ACP. My points be-
low are aimed at continuing the interesting discussions raised and
would value the response of the authors to clarify a few issues.

We thank the referee for their helpful comments.

[1] Section 2.1 2.2: This is likely covered in previous publications,
so apologies in advance, but how much confidence is there that the
method does not force a given face state by virtue of impaction of
the suspended droplets, ignoring any semi-volatile loss? I guess Im
asking if there is any evidence that a meta stable liquid state in a
suspension, left for long enough on an impacted filter, would change
phase state by virtue of impaction? Atomising droplets from mix-
tures for which inferred viscosity is different between suspension
and bulk methods would easily test this.

[A1] Good question. Something like this could potentially occur for particles
such as sucrose-water. When sucrose-water droplets are suspended, they can
be metastable with respect to crystalline sucrose. Impaction upon a surface
may induce nucleation followed by crystal growth. It seems unlikely that
a process like this could happen for SOM particles since the concentration
of any one organic in the SOM is unlikely to get high enough to crystallize
(Marcolli et al., J. Phys Chem. A, 2004). In fact, we have not seen any
evidence for the crystallisation of SOM in our experiments.

[2] Would it be possible to pass your collected samples through
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a differential scanning calorimeter (DSC) perhaps to infer any ex-
pected phase change with temperature rate dependency?

[A2] Quite possibly for the samples collected using the higher production
concentrations. For example the material collected from the flow tube at
a SOM production concentration of 14,000 g m-3 produced 5x10-2 mg of
SOM in approximately 20 minutes. Since DSC can be performed on samples
as small as 0.5 mg, simply increasing the collection time would make this
possible.

[3a] Section 2.3 One angle to add to this, that is interesting and
you discuss in page 32976 (section 2.3) and throughout, is also
the prospect of losing any semi-volatile material during collection.
The idea you discuss is that if we can very roughly associate an
increased plasticiser effect with increased volatility of compound
(take water as an example), there also a chance that loss of that
material from collected particles over 4 days, for example, might
alter results. Your viscosity increase from very high to high mass
loadings would suggest that the impact of plasticisers would be
expected to roughly correlate with viscosity. The same might be
true for techniques including bounce measurements where vigorous
drying of the particle could perhaps force loss of key semi-volatile
species. With typical mixing rules used to correlate composition
change to diffusion coefficients, one might expect a relatively small
amount of plasticiser loss to have a larger subsequent effect on
viscosity. As before, have you characterised systems for which
a range of volatilities, and viscosities, are known in pre-defined
mixtures?

[A3a] We have not characterized systems for which a range of volatilities and
viscosities are known in pre-defined mixtures, although this would indeed be
interesting.

We cannot rule out the loss of some volatile components during humidifica-
tion in our experiments. The sentence ”The loss of some volatile components
during humidification prior to collection cannot be ruled out. Loss of volatile
components in the impactor should be relatively minor since the impactor
used for collection has a small pressure drop (20 % or less).” has been added
at P 32973 L 25 and the sentence ”As for before, the loss of some volatile
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components during humidification prior to collection cannot be ruled out,
whilst the loss of volatile components in the impactor are expected to be
relatively minor.” added at P 32974 L26 to acknowledge this.

[3b] In this paper you study this potential from a system with
a mass concentration of 6000 micrograms. This is still high for
atmospheric systems and it isnt clear to me whether the chem-
ical mechanisms present under such conditions are impacting on
the expected physical properties. Of course, one could argue that
at lower mass loadings, say <100 micrograms, the volatility and
products required to maintain mass loadings might have higher
viscosities (non liquid perhaps), but it would still be interesting to
confirm this.

[A3b] Unfortunately we are currently not setup to investigate how the chemi-
cal mechanism could change with the mass concentration used to produce the
secondary organic material. However, we hope that our response to Question
2 from Referee #1 at least partially addresses Question 3b from Referee #2.

[4] How does the potential presence of non Newtonian fluids affect
any inferred viscosity from your simulations? Would a variable
poke rate infer this? I guess for atmospheric systems, we only
really need to know the magnitude scale for viscosity but it is
interesting nonetheless.

[A4] Previous work has suggested that sucrose-water (Hosny et al., 2013,
Saggin and Coupland, 2004) solutions are Newtonian fluids. As sucrose-water
solutions have been used as proxies for SOM, we have assumed SOM to be
a Newtonian fluid. The sentence ”Based on prior observations of Newtonian
behaviour in sucrose-water solutions, which are commonly used as proxies for
SOM, the SOM was assumed to be Newtonian in nature during simulations.”
Has been added on P32977 L15.

A variable ”poke rate” is a very interesting ideal, but at this point we dont
have the capability to vary this rate. Definitely something to think about for
the future!

[5] On page 32976 you state that This result suggests it is possi-
ble that a small volume of semi-volatile material may have evap-
orated during the exposure to dry nitrogen, below the detection
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limit of the measurements of particle volume, but enough to re-
sult in a small increase in viscosity. One might expect this. Taking
water as an example, the mixing rules used to predict changing dif-
fusion coefficients with changing composition suggest a relatively
small amount of water is needed to significantly alter equilibration
timescales. Have you modeled this effect from your measurements
assuming a simple mixing rule and loss of a range of semi-volatiles?

[A5] Based on the referees suggestions we have gone back and modelled this
effect from measurements using the simple mixing rule suggested by Arrhe-
nius. The following text has been added to Section S1 in the supplemental,
as has Table S2.

”We estimate the maximum expected increase in viscosity of the SOM during
exposure to a dry N2 gas flow by assuming we have a two component system
and using the equation for mixtures suggested by Arrhenius,

Ln(ηmix) = χa ln(ηa) + χb ln(ηb)

, where a and b are the two components, χ represents the mole fraction of
each component in the mixture (mix), and η represents viscosity. To take an
extreme case, we assumed at a time of 1 hour (the start of the experiment) the
first component, a, is non-volatile and the second component, b, is volatile
and of viscosity similar to that of water (1e-3 Pa s). We assume at 45
hours (the end of the experiment) all of component b has evaporated, and
therefore χa = 1 and χb = 0. We also assume that at 1 hour, χb ≤0.065
(which is the maximum possible value of χb based on the uncertainty in the
optical images and assuming component b had completely evaporated after
45 hours), making χa ≥0.935 (1 - 0.065).

At a time of 1 hour, the measured viscosity (ηmix) was 6.4e5 Pa s, and hence
based on the Arrhenius mixing rule (equation S1, above) and the assumptions
above, ηa ≤2.6e6 Pa s. Assuming χa = 1 after 45 hours produces an upper
limit for ηmix after 45 hours of 2.6e6 Pa s, consistent with the viscosity
measured (1.0e6 Pa s). Hence the evaporation of a semi-volatile component
combined with the Arrhenius mixing rule during the 44 hours of exposure is
consistent with the small increase in viscosity observed in the experiments.
The values of η and χ discussed in this paragraph are summarised in Table
S2.”
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Table S2: Values used during the calculations of viscosity in SOM using the
Arrhenius equation.

ηmix / Pa s χa ηa / Pa s χb ηb / Pa s

After 1 hour
6.4 x 105 ≥0.935 ≤2.6 x 106 ≤0.065 1.0 x 10−3

(measured) (calculated) (calculated) (calculated) (assumed)

After 45 hours
1.0 x 106 1.000 ≤2.6 x 106 0.000

N/A
(measured) (assumed) (calculated) (assumed)

Additionally, the passage ”This result suggests it is possible that a small
volume of semi-volatile material may have evaporated during the exposure
to dry nitrogen, below the detection limit of the measurements of particle
volume, but enough to result in a small increase in viscosity.” on P32976
L16 of the main text has been edited to read ”In the Supplement (Section
S1 and Table S2) we also show, using the Arrhenius mixing rule, that this
small increase in viscosity could be due to evaporation of a small amount of
semi-volatile material during the exposure to dry nitrogen, with the volume
of evaporated material being below the detection limit of the measurements
of particle volume, but enough to result in a small increase in viscosity.”.

References

Gallimore, P. J., Achakulwisut, P., Pope, F. D., Davies, J. F., Spring, R.
D., Kalberer, M.: Importance of relative humidity in the oxidative ageing
of organic aerosols: case study of ozonolysis of maleic acid aerosol, Atmos.
Chem. Phys., 11, 12181-12195, 2011

Grayson, J. W., Song, M., Sellier, M., Bertram, A. K.: Validation of the
poke-flow technique combined with simulations of fluid flow for determining
viscosities in samples with small volumes and high viscosities, Atmos. Meas.
Tech., 8, 2463-2472, 2015

Hosny, N. A., Fitzgerald, C., Tong, C., Kalberer, M., Kuimova, M. K., Pope,
F. D.: Fluorescent lifetime imaging of atmospheric aerosols: a direct probe
of aerosol viscosity, Farad. Discuss., 165, 343-356, 2013

Hosny, N. A., Fitzgerald, C., Vysniauskas, A., Athanasiadis, A., Berkemeier,
T., Uygur, N., Poschl, U., Shiraiwa, M., Kalberer, M., Pope, F. D., Kuimova,
M. K.: Direct imaging of changes in aerosol particle viscosity upon hydration
and chemical aging, Chem. Sci., 7, 1357-1367, 2016

10



Kidd, C., Perraud, V., Wingen, L. M., Finlayson-Pitts, B. J.: Integrating
phase and composition of secondary organic aerosol from the ozonolysis of
α-pinene, Proc. Nat. Acad. Sci, 111, 7552-7557, 2014

Marcolli, C., Luo, B., Peter, T.: Mixing of the organic aerosol fractions:
Liquids as the thermodynamically stable phases, J. Phys. Chem. A, 108,
2216-2224, 2004

Reinhardt, A., Emmenegger, C., Gerrits, B., Panse, C., Dommen, J., Bal-
tensperger, U., Zenobi, R., Kalberer, M.: Ultrahigh mass resolution and
accurate mass measurements as a tool to characterize oligomers in secondary
organic aerosols, Anal. Chem., 79, 4074-4082, 2007

Saggin, R., Coupland, J. N.: Rheology of xanthan/sucrose mixtures at ul-
trasonic frequencies, J. Food Eng., 65, 49-53, 2004

11


