We thank the reviewers for their helpful comments. In the process of addressing these comments,
we have performed supporting experiments and improved the presentation and clarity of the
manuscript. Our detailed responses to the individual comments are shown below; quotations
from the manuscript are shown with changes in bold. We give line numbers from the tracked-
changes manuscript where appropriate.

Reviewer 1

1.1 This manuscript reports experiments, in which the evolution of brown carbon (BrC)
aerosol upon exposure to OH is followed by the optical properties (scattering and absorption) at
low (15%) and higher (60%) relative humidity. BrC aerosol was produced from the aqueous
photooxidation of solutions containing resorcinol and H202, thus resembling aged biomass
burning aerosol with high aromaticity. The results are that at 60% RH, oxidation of this BrC
aerosol first induced an enhancement of absorption, followed by bleaching, with an inverse
behavior observed for the single scattering albedo (SSA). At 15% RH, only a slowly increasing
absorption was observed during the timescale of the experiments. Interpretation of the results is
facilitated by a multilayer kinetics model, in which chemistry is lumped into a simple oxidation
scheme involving one parent BrC leading to one second and one third generation oxidation
product with differing optical properties. Comparison to experimental data in terms of optical
properties, indicate that strongly contrasting diffusivity must be assumed between 15% RH and
60% RH to reproduce the experimental data. This allows speculating about different pathways of
oligomerization and fragmentation to occur at various time periods. The evolution of BrC
properties is a highly relevant topic of atmospheric aerosol chemistry due to ubiquitous presence
of BrC compounds in a large variety of primary, aged primary or secondary organic aerosol.

The experiments seem to be well performed and carefully analyzed. Proper control
experiments are performed to distinguish between photolysis and OH oxidation. Since the
experiments are not accompanied by more detailed chemical analysis, the application of the
kinetic model remains poorly constrained, though it provides a useful link between expected
chemical processes and the optical properties, as they evolve under different humidity and thus
likely differing diffusivity.

The manuscript is well written and structured; the conclusions are adequately supported
by the experimental findings; and the kinetic model is presented and used with care and proper
caveats. [ recommend publication of this work with maybe just a few small revisions, following
some specific comments below.

Thank you for these positive comments.

1.2 The model is based on chemical reactions just occurring at the surface, and the bulk only
serves as a medium for reactants and products to diffuse; this seems reasonable for the reaction
with OH. However, second generation oxidation may involve O2 or other reactive oxygen
species deriving from the first and second step and may also proceed in the bulk. Of course,
considering such would rapidly lead to more variables that would need to be tuned and would
make the results more ambiguous. But maybe the authors could make an attempt in checking the
sensitivity of the model results and parameters towards the experimental observables. I would
also expect that O2 has quite different diffusivity than the large aromatic oligomers.



We agree that radical products of the initial OH reaction likely form RO; species by
reaction with Oz. These RO: species may be converted to RO and initiate further
oxidation of the brown carbon constituents or react with each other in a termination step.
They may also facilitate auto-oxidation by causing hydrogen shifts. As the reviewer
points out, an attempt to model these processes would introduce other parameters, such as
the diffusion coefficient of Oz in the particles and the absorptivities of any additional
products, so we have not added them into our simple multi-phase model. However, we
have modified the manuscript to discuss the potential role of ROz species in more detail.
For example, RO; initiated reactions are suggested to contribute to uptake coefficients
greater than unity at 60% RH. We have modified the text as follows:

“Processes other than directly OH-initiated oxidation also occur. For example,
radical products of the initial OH reaction likely form RO2 species by reaction
with O2. These RO2 species may react with each other in a termination step or
react with NO, for example, to form RO (Richards-Henderson et al., 2015, 2016),
which may initiate further oxidation of the brown carbon constituents. They
may also facilitate auto-oxidation by abstracting hydrogen from adjacent groups
on the same molecule. We do not consider these processes in our simple multi-
phase kinetics model, since many other parameters, such as the diffusion
coefficient of O2 in the particles and the absorptivities of any additional
products, would have to be introduced, but they may play a role in the apparent
values of uptake coefficients.” (page 7, lines 20-26)

We take this opportunity to discuss a change to Figure 8. In the original manuscript, the
modeled relative absorbance was compared to the inverse of the experimental relative
single scattering albedo (SSA). Since the scattering coefficient appears in both the
numerator and denominator of SSA and is much larger than the absorption coefficient,
this comparison is problematic. To show the changing absorption properties of the
particles more clearly, we now compare the modeled relative absorbance to the
experimental absorption coefficient divided by that which would be expected if the initial
complex refractive index (m) did not change during the experiment, accounting for size
dependence. The experimental trends, shown in Figure R1, are also corrected for the

contribution of photolysis.
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Figure R1. Experimental and modelled trends in relative absorption.
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At 60% RH, the final value of the plotted quantity is about 0.40, rather than the value of
0.85 using the comparison plotted in the original Figure 8. To reproduce this trend — in
particular, the more significant bleaching — the diffusion coefficient must be increased



from 1 x 1071 to 1 x 107 cm? s°!, at which the particle is well-mixed, not semi-solid. The
uptake coefficients and absorptivity were changed slightly, but do not alter the original
discussion. At 15% RH, the diffusion coefficient was also increased by two orders of
magnitude. At both RH conditions, the product C is set to be non-absorbing, but at 15%
RH the uptake coefficient associated with its formation is set to only 0.1. The text was
modified by substituting the new parameter values throughout. Other changes include the
following:

“The parameters also suggest that, as RH decreases, reactivity decreases, and
aerosol viscosity increases, such that particles are well-mixed at 60% RH but not

at 15% RHMW%%%H&%MM%%—RH—*G

(page 1 llnes 19 22)

- “This modelled relative absorption is compared to the to the experimental
absorption coefficient normalized to that which would be expected if the initial
complex refractive index (m) did not change during the experiment, accounting
for size dependence. Experimental times series of this normalized absorption
were derived for photolysis and heterogeneous OH oxidation experiments, and

the latter were corrected for the effect of photolys1s Dﬂ-rmg—heteregeﬂee&s—QH

- We find that the observed trend in relative absorption at 60% RH — in particular, the
significant bleaching — cannet be reproduced only if the aging particles are taken as
well mixed, so diffusion of A from the bulk to the surface is not l'eStl'lCted—l-f—-Dm

- “Though the extent of bleaching is captured by the model, and rapid initial
colour enhancement is not. We speculate the other processes, like auto-oxidation,
could contribute to this feature.” (page 12, lines 20-22)



1.3 The estimated diffusivity at 60% RH and also the fact that diffusion limitations are so
apparent are a bit surprising. The authors are explaining it with the high aromatic content and the
ease with which aromatic oligomers are formed. Can the hygroscopic growth be estimated from
the experiment between 15% and 60% RH. The lack of significant water uptake could support
the semi-solid character of these particles at 60% RH.

As described above, the modelled diffusion coefficient at 60% RH increased by two
orders of magnitude, upon comparing the modelled relative absorbance to the
experimental absorption coefficient divided by that which would be expected of a
constant refractive index. Consequently, the particles are no longer estimated to be semi-
solid at 60% RH.

Nonetheless, we agree that it would be informative to roughly estimate the extent of
hygroscopic growth at 60% RH. Unfortunately, the initial size distributions vary between
experiments, including replicates at the same RH, so we cannot directly compare the 15
and 60% RH experiments to evaluate hygroscopic growth at 60% RH.

To address this issue, we performed an additional experiment, in which BrC particles
were sampled from the chamber alternately with and without a diffusion dryer upstream
of the DMA. The conditioning was alternated every 15 min, allowing time for the RH of
the sheath flow to stabilize. As shown in Figure R2 (also Figure S5 in the supporting
information), the size distribution slowly shifts to larger mobility diameters, because
smaller particles are lost faster than larger particles. Besides this trend, the variation
between the conditions appears to be negligible, so there is not significant water uptake.
Nonetheless, slight differences in scattering coefficients of nascent and dried particles are
observed, as described in our reply to comment 2.3.
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Figure R2. Size distributions of dried and nascent particles, collected alternately in 15
min intervals.

The manuscript was modified as follows:



- “In one experiment, BrC particles were sampled from the chamber alternately
with and without a diffusion dryer upstream of the DMA. The conditioning was
alternated every 15 min, allowing time for the RH of the sheath flow to stabilize.
As shown in Fig. S6, the size distribution slowly shifts to larger mobility
diameters, because smaller particles are lost faster than larger particles. Besides
this trend, the variation between the conditions appears to be negligible, so there
is not significant water uptake at 60% RH.” (page 9, lines 6-10)

1.4  Based on the reported results, under the conditions of the experiments, OH oxidation
dominated the changes in optical properties in comparison to pure photolysis alone. Could the
authors try estimating the relative impact of photolysis and OH under atmospheric conditions.
Photolysis of BrC or reactions of their triplet excited states may also lead to later generation
radical processes, similar to those initiated by OH; therefore the relative impact of OH versus
that of BrC induced photochemistry on aerosol aging may require some attention.

This is a very important issue, and we now address it in the text as follows:

“The emission of the UV-B black-lights in the chamber, with a peak at 310 nm, is
not representative of natural sunlight, so we do not draw direct comparisons between
the timescale of our experiments and that of photolysis in the atmosphere. Rather, we
performed photolysis experiments to account for the effects of photolysis during the
heterogeneous OH oxidation experiments. Wong et al. (2015) have shown that for
this chamber equipped with UV-B bulbs, the photo flux at wavelengths below
310 nm is much greater than for a clear-sky summer day; for example, at 300
nm, the photon flux from the bulbs is close to its peak value of about 1x104
photons s”! em2 nm!, while the photon flux outside is negligible. Light at
wavelengths below 310 nm is likely driving most of the photo-chemistry during
the photolysis experiments, so we believe the relative impact of photolysis would
be small in the atmosphere, even considering that the ambient OH concentration
is lower than in the chamber.” (page 9, lines 13-21)

Reviewer 2

2.1 Overall, I find this to be an interesting study that looks at how photochemical aging
influences the absorptivity of aqueous, secondary brown carbon. The results and interpretation, if
correct, are a useful contribution to the literature. I do, however, have two substantial concerns.
(1) The photoacoustic method has been experimentally shown to have potential negative biases at
elevated RH, despite the references given. (The authors missed a critical reference.) (ii) It is, at
times, difficult to understand exactly what conditions were run for the optimized modeling, and
thus it was a little difficult to fully understand the interpretation provided. A table and further
description may be helpful.

We agree that these are substantial concerns. To address the possibility of negative bias at
60% RH, we have performed a supporting experiment, described in detail in our reply to
comment 2.3. We have added the critical reference to the manuscript. We have also



modified and clarified our discussion of the modeling results, as described in our replies
to comments 1.2 and 2.8-2.10.

2.2 Abstract: It would be good to explicitly state that this study investigates heterogeneous
processing of “aqueous, secondary BrC” or something like that, to distinguish from primary BrC.

Done.

2.3 I am concerned that there is a potentially fatal flaw in this study at least with respect to a
portion of the data. It may be that there is not, but this needs to be addressed. The authors made
some of their absorption measurements with their PAS instrument at elevated RH. They cite two
studies saying that they “assume there is no evaporation of water ...” and given two citations,
both theoretical. Unfortunately, much more recent experimental evidence has developed that
suggests that there can be negative biases that result from evaporation of water vapor. The key
paper is by Langridge et al. (AS&T, 2013). The authors do not cite this paper, which is an
unfortunate oversight. Unless the authors can demonstrate that their measurements at elevated
RH are not impacted by evaporation of water vapor. The apparent bleaching that is observed here
could, potentially, simply be a reflection of the particles becoming more hygroscopic upon
oxidation, and thus there being a negative bias of increasing magnitude. I believe it is up to the
authors to demonstrate that their results are not biased by evaporation effects. If they cannot,
then the 60% RH observations should probably be removed.

The reviewer suggests that the particles may become more hygroscopic during oxidation,
leading to more water uptake and, upon irradiation in the photo-acoustic spectrometer,
water evaporation from the particles. Through evaporation, some of the energy of the
absorbed photons would be lost without contributing to the detected pressure wave. In
addition to this instrumental artifact, progressively more water uptake could lead to
genuinely greater scattering coefficients, which would also result in apparent bleaching.

To address these concerns, we performed an additional photo-oxidation experiment.
Particles were sampled from the chamber to the photo-acoustic spectrometer and
scanning mobility particle spectrometer, alternately with and without a diffusion dryer
downstream of the chamber. Results of this experiment are illustrated in Figures R2-R3
and the supporting information (Figures S7 and S8 in the supporting information). We
note that this experiment was conducted in a different chamber than the original
experiments, so some of the conditions (like average OH concentration) may differ.
Unlike in the original experiments, some particle growth occurred, leading to a significant
increase in the scattering coefficient.
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Figure R3. Time series of the absorption coefficient at 405 nm for dried (low RH) and
nascent (high RH) particles, measured by alternatively sending the particle flow through a
diffusion dryer.
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Figure R4. Time series of the scattering coefficient at 405 nm for dried (low RH) and
nascent (high RH) particles.

Nonetheless, the trends in absorption and scattering coefficients demonstrate that the
results of the original experiments are valid. First, as shown in Figure R3, the decrease in
the absorption coefficient following the initial colour enhancement can be well
represented by fitting a single logistic function to measurements for both nascent and
dried particles. In other words, there is not a significant negative bias from water
evaporation. Second, as shown in Figure R4, the relative difference between the
scattering coefficients of the nascent and dried particles, based on fitting exponential
functions to the measurements after the initial particle growth, is roughly constant across
four reaction time intervals from about 50 to 120 min: 11, 10, 11, and 13%. This
consistency indicates that the particles are not taking up significantly more water as they
react with OH.



We have modified the text as follows:

- “One potential source of bias in photo-acoustic measurements is evaporation of
water from particles (Baker, 1976; Raspet et al., 2003; Langridge et al., 2013);
through evaporation, some of the energy of the absorbed photons may be lost
and not contribute to the detected pressure wave. On this basis, the higher RH
was selected to be lower than the maximum operating RH of the PASS (70%).
To verify that evaporation of water did not influence the measurements of
absorption coefficients, we alternately sampled with and without a diffusion
dryer downstream the chamber in one experiment.” (page 5, lines 26-30)

- “As described above, evaporation of water from particles can result in a negative
bias in photo-acoustic measurements Langridge et al., 2013). If heterogeneous
OH oxidation significantly increased the hygroscopicity of the particles, the
water content of the aerosol would increase during the experiment. The resulting
increase in the magnitude of the bias could contribute to apparent bleaching. In
addition to this instrumental artifact, progressively more water uptake could
lead to genuinely greater scattering coefficients, which would also result in
apparent bleaching. We investigated these potential effects by alternately
sampling with and without a diffusion dryer downstream of the chamber at 60%
RH. As shown in Fig. S7, the absorption coefficient does not depend on the
conditioning. The scattering coefficient is about 10% lower for the dried
particles (see Fig. S8), but this difference is roughly steady during photo-
oxidation. In other words, the particles do not become significantly more
hygroscopic, and the changes in absorption and scattering coefficients are indeed
due to the chemical evolution of the particles.” (page 11, lines 1-10)

We thank the reviewer for bringing the paper by Langridge et al. to our attention; we now
cite this paper, along with the earlier theoretical papers.

2.4  Abstract: Regarding the conclusion that at 15% RH the particles are viscous enough to
“confine products of fragmentation,” if the products are confined, how does the OH reach these
molecules in the first place to react with them? The high viscosity would similarly cause the
reactions to occur primarily at the surface, correct? And if so, the products would be in a very
good spot for evaporation.

Under the conditions originally proposed for 15% RH — specifically, the very small
diffusion coefficient of 1 x 107'® cm? s™! — the model products B and C, which form at the
surface, do not diffuse appreciably. Even after 180 min, their concentrations in bulk layer
3 are negligible. This observation was the basis of our conclusion that the products are
strictly confined to the surface. We agree that the products of fragmentation (i.e., species
C) likely evaporate from the particle surface to some extent. In fact, the size distributions
at 15% RH shift slightly to smaller sizes at later OH exposures. Since we now assume a
larger diffusion coefficient of 1 x 107'% cm? 5!, as described in our reply to comment 1.2,
we have removed the suggestion that recombination may occur, as follows:



absefpﬁeﬂ—peﬁﬂts— It is alse p0551b1e that stab}e—fragmentatlon products feﬂfﬁ—b’d-t-
they-volatilize out of the condensed phase to a mraeh-greater extent than they diffuse
to the bulk phase because the particles are so V1scous—m—t-h+s—ease—tl=re—dee1=eased

abse%ptteﬂ In fact a shght decrease in the mean geometric surface dlameter suggests
that there is some degree of volatilization.” (page 13, lines 6-11)

2.5  P8/L11: Was only the SSA matched, or were the absolute absorption and scattering also
matched during the RI determination? If only the SSA, how can the authors ensure that they have
a unique solution? There are a multitude of combinations of n and k that can give the same SSA
value. Especially given that the n value determined differs so much from other SOA types.

SSA, rather than the absolute absorption and scattering coefficients, was used to derive
an approximate complex refractive index (m). In the deposition experiment, the aerosol is
unperturbed, so m is assumed to be constant, while the aerosol distribution and SSA
change slightly. We agree that any reasonable combination of » and & can give good
agreement for an individual distribution, but it cannot reproduce the observed trend in
SSA, as shown in Figure R5 and the supporting information (Figure S4).
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Figure RS. Time series of observed and predicted (based on the size distributions) SSA
during a deposition experiment.

We agree that it would be preferable to use the absolute absorption and scattering
coefficients. However, we find that the coefficients predicted from the distributions are
lower than those observed for all values of m. Unfortunately, the impactor installed in the
DMA had an orifice of 0.0502 cm, but the value was set to 0.0708 cm in the firmware, so
the flow rate on the DMA display was too high. As a result, the particles were diluted
more than expected before reaching the CPC, leading to lower number and cross sectional
area concentrations.



2.6

We stress that, here, even an approximate value of the m is adequate to distinguish
changes in the SSA due to changes in the size distribution from those in the chemical
composition. For all assumed m values, for example, the sudden colour enhancement and
significant bleaching observed at 60% RH is not predicted, so it must be due to chemical
evolution.

The manuscript was modified as follows:

“Stepping n from 1.40 to 1.55 and adjusting k accordingly demonstrates that the
good agreement for this refractive index is unique, as shown in Fig. S9. We stress
that even an approximate value of the refractive index is adequate to distinguish
whether changes in the SSA are due to changes in the size distribution or
chemical composition.” (page 8, line 33-page 9, line 1)

P9/L24: Presumably, a difference between 0.040 and 0.041 are within experimental

uncertainty.

2.7

We agree that such a small difference in £ is within the experimental uncertainty;
nonetheless, the respective values give the best agreement with the average values of
SSA. We modify the text, acknowledging the values are similar:

- “The initial geometric mean surface diameter was slightly higher than in the
photolysis experiment described above (about 196 nm compared to 160 nm), so
although the initial aerosol was slightly more scattering (higher SSA), the value of k
required to reproduce the SSA before irradiation is shghtly-higher-very similar
(0.041 compared to 0.040).” (page 10, lines 24-27)

P10/L3: it would be helpful if the authors could clarify what they mean when they say

they “observed uniform bleaching.” Also, the origin of the red curve in Fig. S5 is a bit unclear, if
it does assume a constant n and k.

2.8

We apologize for a mistake in the legend of the original Figure S5b: the labels for the red
and black curves were swapped. Assuming constant values of n and k& gives the relatively
steady predicted curve shown in black. The observed uniform bleaching is evident,
beginning at relative time zero, coincident with the cusp of the red curve. The labels have
been corrected.

P10/L21: How large of a MW would be necessary to yield a gamma = 1?

With the current set of parameters for 60% RH, decreasing the uptake coefficient for the
initial BrC (i.e., species B) from 5.0 to 1.0 requires increasing the molecular weight from
326 to 1600 g mol’!, in order to reproduce the experimental trend in relative absorption.
We modify the text as follows:

“Scaling the uptake coefficients such that yon,a decreases from 5.0 to 1.0 requires
increasing the molecular weight from 326 to 1600 g mol-'. It is difficult to



rationalize such large oligomers forming during the 4-h aqueous photo-
oxidation, so secondary radicals are indeed likely contributing to oxidation.”
(page 12, lines 1-3)

2.9 Fig. 8: This figure could probably benefit from additional panels showing the time-
evolution of the normalized concentrations of A, B and C. It is difficult to visualize in the model
how there is a sudden turnover that occurs with the 60% RH experiment with only two products
and a continuous evolution. It would seem, at least to me, that some step change is necessary and
the origin of this is not abundantly clear from the text.

We have added two panels to Figure 8, shown below as Figure R6, one for each RH
condition. In each, 12 time series are plotted, one for each species in each layer. As
shown in the middle panel, the concentrations of the individual species are the same in all
four layers at 60% RH; in other words, the particles are well-mixed. In contrast, as shown
in the bottom panel, the concentrations of the individual species vary significantly across
the layers at 15% RH.
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Figure R6. Time series of (a) observed and modelled relative absorption at 60 and 15%
RH and the modelled relative concentrations of A, B, and C at (b) 60 and (c) 15% RH.
The curves are shaded according to layer, with the darkest curves corresponding to the
surface layer.



The text was modified as follows:

“As shown in Fig. 8b, the concentrations of A, B, and C are the same in all four
layers.” (page 12, line 14)

- “On a related note, because the viscosity is so high, the products B and C are much
more concentrated at the surface than in the bulk layers (see Fig. 9-8c). Consequently,
at 15% RH, the aged-aging particles likely consist of less absorbing cores and

highly absorbing shells-consistofunchanged BrCeores-encasedin-thin,more-
abserptive-shells.” (page 13, lines 11-14)

2.10  Figures S7/8/9/etc.: It would be very useful if the authors would report the epsilon values
assumed for each of these simulations in the caption. It is difficult to understand whether the
differences between e.g. Fig. S8 and S9 are the result of differences in the diffisivity alone, or
because different assumptions have been made about the evolution of the absorptivity and the
absorptivity of the products. I say this because the authors could do a better job of explaining
how the evolution of the product species differs between the 60% RH and 15% RH cases, given
that they show that at 60% RH the particles are already fairly viscous, with differential oxidation
between the surface layers and the bulk. What happens if all the authors do is drop the diffusivity
from 10°-16 (which worked for RH = 60%) to 10°-18, keeping everything else the same? Perhaps
this is what Fig. S8 and Fig. S9a are showing, but it is not abundantly clear as written and
presented. And I actually think that these figures fundamentally differ in what is assumed about
the absorptivity of the products.

To generate these figures, eg was set to 2.5, and eg was set to either zero or 2.5, as well.
These are the same conditions that were used to give the original model results in Figure
8, so the supporting figures do not fundamentally differ from what was described about
the absorptivities of the products in the text.

However, Figures S7-S9 were intended to illustrate how a low diffusion coefficient was
required in the model even at 60% RH. Comparing the modeled relative absorption to the
experimental absorption coefficient divided by that which would be expected of a
constant refractive index resulted in different values for the model parameters, as
described in our reply to comment 1.2. In particular, the diffusion coefficient increased by
two orders of magnitude, required to reproduce the significant bleaching. Consequently,
we have decided to omit the original Figures S7-S9 from the revised manuscript.

2.11  P12/L16: it might be good to indicate that Sumlin investigated only a handful of biomass
sources.

We have modified the text as follows:

“Recently, Sumlin et al. (2017) observed bleaching due to heterogeneous OH
oxidation of primary BrC derived from biemass-burning of a number of types of
biomass fuels, which lost almost 50% of its absorption at 375 and 405 nm after the
equivalent of about 4.5 days in the atmosphere.” (page 14, line 5)
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Heterogeneous OH oxidation of secondary brown carbon aerosol
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Abstract. Light-absorbing organic aerosol, or brown carbon (BrC), has significant but poorly-constrained effects on climate;
for example, oxidation in the atmosphere may alter its optical properties, leading to absorption enhancement or bleaching.
Here, we investigate for the first time the effects of heterogeneous OH oxidation on the optical properties of a laboratory
surrogate of aqueous, secondary BrC in a series of photo-oxidation chamber experiments. The BrC surrogate was generated
from aqueous resorcinol, or 1,3-dihydroxybenzene, and H>O, exposed to >300 nm radiation, atomized, passed through trace
gas denuders, and injected into the chamber, which was conditioned to either 15 or 60% relative humidity (RH). Aerosol
absorption and scattering coefficients and single scattering albedo (SSA) at 405 nm were measured using a photo-acoustic
spectrometer. At 60% RH, upon OH exposure, absorption first increased, and the SSA decreased sharply. Subsequently,
absorption decreased faster than scattering, and SSA increased gradually. Comparisons to the modelled trend in SSA, based
on Mie theory calculations, confirm that the observed trend is due to chemical evolution, rather than slight changes in particle
size. The initial absorption enhancement is likely due to molecular functionalization and/or oligomerization, and the bleaching
to fragmentation. By contrast, at 15% RH, slow absorption enhancement was observed, without appreciable bleaching. A
multi-layer kinetics model, consisting of two surface reactions in series, was constructed to provide further insights regarding

the RH-dependence of the optical evolution. Candidate parameters suggest that the oxidation is efficient, with uptake

coefficients on the order of unity. The parameters also suggest that, as RH decreases, reactivity decreases, and aerosol viscosity

increases, such that particles are well-mixed at 60% RH but not at 15% RH;-and-the-aerosotis-veryviseous,evenat-60% RH-

Little-bleaching-is-observed-on-the-experimental-timeseale. These results further the current understanding of the complex

processing of BrC that may occur in the atmosphere.

1 Introduction

Among all atmospheric constituents, aerosols have the most uncertain radiative forcing, partly due to an incomplete
understanding of carbonaceous aerosols (Chung et al., 2012). In particular, the climate effects of light-absorbing organic
aerosol, or brown carbon (BrC) (Bond, 2001; Kirchstetter et al., 2004), are poorly constrained, compared to those of elemental

black carbon (BC) (Ramanathan and Carmichael, 2008).
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One source of this uncertainty is the wide range of sources of BrC (Laskin et al., 2015). Low-temperature biomass
burning results in the formation of primary BrC (Bahadur et al., 2012; Chen and Bond, 2010; Lewis et al., 2008; Radney et
al., 2017). Many classes of compounds, including nitro-aromatics, polyphenols, and substituted polycyclic aromatic
hydrocarbons (Lin et al., 2016), have been identified in primary BrC, but their concentrations and absorptivities vary
significantly. At a site strongly influenced by biomass burning in Germany, the contribution of nitro-aromatics to the
absorption of 370 nm light by BrC was roughly 1 % (Teich et al., 2017); in contrast, in a field campaign in Israel, during a
bonfire festival, the contribution of nitro-aromatics to the total absorption of >400 nm light was greater than 50 % (Lin et al.,
2017), in good agreement with results from controlled burns during the fourth Fire Lab at Missoula Experiment (Lin et al.,
2016). In recent applications of size-exclusion chromatography, BrC constituents with molecular masses across the range of
10>-10* Da have been observed (Di Lorenzo et al., 2017; Di Lorenzo and Young, 2016; Wong et al., 2017). Larger, oligomeric
compounds (> 1000 Da) have been observed to contribute most of the absorbance (Di Lorenzo and Young, 2016). If the
primary BrC particles subsequently pass through a high-temperature region of biomass burning (T6th et al., 2014), they may
form tar balls (Chakrabarty et al., 2010; Hoffer et al., 2016), which are significantly more absorptive (Alexander et al., 2008).

BrC may also form from secondary processes. For example, ozonolysis of catechol and guaiacol, abundant emissions
from biomass burning (Schauer et al., 2001), in the gas phase leads to the formation of lower-volatility products that partition
into the condensed phase to form secondary organic aerosol (SOA) that is light-absorbing (Ofner et al., 2011). Light-absorbing
SOA has also been observed to form from the gas-phase photo-oxidation of other precursors: e.g., naphthalene (Lambe et al.,
2013; Lee et al., 2014). In a recent field campaign, reactions in the condensed phase of cloud droplets or aqueous aerosols have
also been shown to result in the formation of light-absorbing SOA (Gilardoni et al., 2016). In the laboratory, heterogeneous
oxidation of catechol has been studied at air—solid (Pillar et al., 2015) and air—water (Pillar et al., 2014; Pillar and Guzman,
2017) interfaces; at the air—water interface, functionalization, leading to polyphenols and hydroxylated quinones that are
expected to be highly-absorptive, followed by fragmentation was observed (Pillar and Guzman, 2017). Heterogeneous
reactions are sensitive to particle diameter, so they may in part be responsible for the observation of higher concentrations of
BrC in particles in the accumulation mode than in the coarse mode (Liu et al., 2013). Reactions of nitrogen-containing species
(e.g., ammonium sulfate and methylamine) with aldehydes (e.g., glyoxal and methyglyoxal) have also been shown to result in
BrC (De Haan et al., 2009, 2011; Lee et al., 2013; Yu et al., 2011). Furthermore, the formation of intra- or inter-molecular
charge transfer complexes, similar to what has been proposed to occur in natural waters (Del Vecchio and Blough, 2004), may
enhance the absorption of BrC (Phillips and Smith, 2014, 2015; Rincén et al., 2009).

In addition to the wide range of classes of BrC, the evolution of BrC upon atmospheric aging contributes to the
uncertainty in its climate forcing. During the lifetime of the particles or cloud droplets, BrC constituents are photolyzed or
react with oxidants; the resulting chemical evolution leads to evolution of the optical properties of the aerosol. Field
measurements have demonstrated that the absorption by BrC may decay drastically during transport, although a small fraction

may be recalcitrant (Forrister et al., 2015). On the other hand, in a recent field campaign, absorption at 365 nm by BrC was



10

15

20

25

the same in a fresh convective storm outflow and its one-day-aged plume, suggesting either that photo-bleaching was minimal
or that secondary chemistry produced new chromophores that compensated for any photo-bleaching (Zhang et al., 2017).

In the laboratory, the evolution of absorption induced by photolysis and oxidation has been observed for a variety of
BrC surrogates in the solution phase, including extracts of biomass burning BrC (Lin et al., 2016; Wong et al., 2017), extracts
of SOA derived from naphthalene under high-NO, conditions (Lee et al., 2014), products of (methyl)glyoxal and ammonium
sulfate (Wong et al., 2017; Zhao et al., 2015), products of pyruvic acid polymerization (Rincén et al., 2009), and nitrophenols
(Zhao et al., 2015). Fewer studies have investigated the evolution of BrC aerosol upon photolysis and heterogeneous oxidation.
Aging of particle and gas emissions from biomass burning results in formation of BrC or non-absorbing SOA coatings on BC
particles, leading to enhanced absorption (Saleh et al., 2013; Tasoglou et al., 2017). In flow-tube experiments, BrC aerosol
from atomized methylglyoxal and ammonium sulfate has been shown to increase in absorptivity upon exposure to ozone, due
to carbonyl products (Sareen et al., 2013). BrC from biomass burning exposed to natural sunlight has been shown to photo-
bleach; additionally, the rate of photo-bleaching decreased in the presence of NO,, possibly due to formation of secondary BrC
constituents that slightly compensate for photo-bleaching (Zhong and Jang, 2014). Most recently, in potential aerosol mass
reactor experiments, primary BrC from biomass burning exposed to irradiation, ozone, and hydroxyl radical (OH) has been
shown to lose almost 50% of its absorption at 375 and 405 nm after the equivalence of 4.5 days of residence time in the
atmosphere (Sumlin et al., 2017).

Here, we consider the fate of secondary BrC constituents from cloud processing upon droplet evaporation and
subsequent exposure to OH radicals. The first question to raise is whether the optical properties of secondary BrC aerosol
evolve at atmospherically-relevant OH exposures; another broad question is whether this evolution is dependent on relative
humidity (RH). To address these questions, we investigate for the first time the heterogeneous OH oxidation of a secondary
BrC surrogate aerosol, generated from the product mixture of aqueous OH oxidation of resorcinol, or 1,3-dihydroxybenzene.
Experiments were conducted in a 1-m? photo-oxidation chamber at 15 and 60% RH, and aerosol absorption, scattering, and
single scattering albedo (SSA) at 405 nm were measured in situ using a photo-acoustic spectrometer with an integrated
reciprocal nephelometer. Changes in the optical properties were observed, raising another question, whether these changes
were due to the chemical evolution of the particles or simply slight changes in the size distributions. Mie theory calculations
were used to demonstrate that these changes were due to the evolution of the chemical composition and, in turn, the complex
refractive index of the particles. A final question is whether the features observed for the evolution of optical properties at each
RH can be reproduced by a simple kinetics model. Consequently, a multi-layer kinetics model was constructed, and potential

parameters are proposed.
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2 Methods
2.1 Experimental methods
2.1.1 Preparation of BrC surrogate by aqueous OH oxidation

The BrC surrogate was prepared by aqueous OH oxidation of resorcinol. An aqueous solution of 10 mM resorcinol and 10
mM H,O; was prepared and placed in a cylindrical photochemical reactor (Rayonet, RPR-200), where it was irradiated with
UV-B blacklights (Ushio, G8TSE) with peak emission at 306 nm. The reactor is equipped with a cooling fan and magnetic
stirrer. The solution was housed in a glass bottle, so it was not exposed to light with wavelengths <300 nm. The solution was
irradiated for 4 h, resulting in an orange product mixture. When H>O, was not added to solution, no colouration was observed
in the same period of irradiation. UV-vis spectra were measured by passing light from a broadband source, with coupled
deuterium and tungsten halogen lamps (Ocean Optics, DT-Mini-2), through a 1-cm quartz cuvette to a grating-based UV-vis
spectrometer (Ocean Optics, USB2000+ UV-VIS-ES). Each solution was prepared with deionized water (18 mQ cm), and the
pH was not adjusted. After irradiation, the solution was atomized immediately to inject BrC aerosol into the chamber. A fresh

solution was prepared for each chamber experiment.

2.1.2 Preparation of yellow dye aerosol

Heterogeneous OH oxidation of a yellow azo dye, Cibacron Brilliant Yellow 3G-P (CBY; Sigma), was also investigated. The
dye has a high molecular mass, 831.02 g mol’!, so it is non-volatile, and it contains sulfonate groups, so it is hygroscopic,
similar to Solvent Black 5, which is commonly used in calibrations of aerosol optical instruments (Bluvshtein et al., 2017;
Lack et al., 2006; Wiegand et al., 2014). CBY aerosol was prepared by atomizing 1 mM CBY solutions. The absorption

spectrum of a diluted solution is shown in Fig. S1. Peak absorbance occurs at 404 nm.

2.1.3 Heterogeneous OH oxidation of BrC surrogate aerosol

The experimental setup during heterogeneous OH oxidation is illustrated in Fig. 1. The aqueous solutions of BrC surrogate
were aerosolized using a constant output atomizer (TSI, 3076). To obtain appreciable aerosol absorption, it was necessary to
atomize for roughly 3 h, and during this time the resorcinol product solution became significantly more absorbing. Since
particles injected at the end of this period may be more absorbing than those injected at the beginning, the absorption and
scattering coefficients must be qualified as time-integrated properties. Two denuders consisting of tubular mesh packed in
granular activated carbon were placed in series downstream of the atomizer to remove trace gases. In preliminary experiments
without the denuders in place, significant particle growth occurred upon exposure to OH, due to gas phase photo-oxidation of
volatile species in the resorcinol product mixture, increasing the scattering of the aerosol. (In the yellow dye experiments, the
activated carbon denuders were not used, because the large dye did not partition out of the aerosol phase following atomization,

and no particle growth occurred.)
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The aerosol was then injected into the Mobile Oxidative Chamber for Aging (MOCA), which has been described in
the past (Wong et al., 2015). Briefly, the chamber consists of a 1-m* bag composed of fluorinated ethylene propylene (FEP)
film surrounded by an array of 24 UV-B blacklights (Philips, TL 40W/12 RS)_with peak emission at 310 nm. Experiments

were conducted at roughly 15 or 60% RH. Before each experiment, the chamber was cleaned by bubbling air through H,O,
(Sigma, 30% w/w in water) at about 12 L min™! and irradiating the chamber for at least 12 h. About 6 h before the start of each
experiment, the chamber was flushed with either dry or humidified air at 12 L min’!, to achieve 15 or 60% RH, respectively.
Temperature and RH were measured in the chamber using a capacitance probe (Vaisala, HMP75B). Air was supplied by a
clean air generator (Aadco, 737).

During and after particle injection, aerosol size distributions were monitored using a scanning mobility particle sizer
(SMPS), consisting of a differential mobility analyzer (DMA; TSI, 3081) and a condensational particle counter (CPC; TSI,
3772). The sample flow rate of the CPC is 1 L min™!, but only 0.3 L min"' was sampled through the DMA,; the difference was
sampled through a filter. The DMA sheath flow rate was set to 3 L min!.

Aerosol absorption and scattering were measured using a photo-acoustic spectrometer (DMT, PASS), equipped with
405 and 781 nm lasers and a reciprocal integrating nephelometer (Sharma et al., 2013) with a low truncation angle (Abu-
Rahmah et al., 2006). Absorption and scattering coefficients were taken as averages of 120 samples, each with an integration
time of 2 s. Acoustic and zero calibrations, the latter consisting of 30 samples, were performed before each average, so the
interval between averaged coefficients was 5 min. The zero calibrations account for slight changes in the gas phase background

— in particular, water vapour.

etal;2003)-In the following discussion, we characterize the optical properties of the aerosol in terms of the directly-measured

absorption and scattering coefficients (fabs and fsca) and the single scattering albedo (SSA = Ssca/[Babs + Pscal)- Relative SSA is
calculated by taking the ratio of the current and initial values; e.g., SSA/SSA,.

Following aerosol injection, the size distribution and optical properties of the BrC aerosol were monitored for about
1 h before passing air through a glass bubbler containing H,O, into the chamber at a flow rate of 1.5 L min!. Following 1 h of
bubbling, the blacklights were turned on to produce OH from the photolysis of H»O,. Oxidation was monitored for about 3 h.

One potential source of bias in photo-acoustic measurements is evaporation of water from particles (Baker, 1976;

Raspet et al., 2003; Langridge et al., 2013); through evaporation, some of the energy of the absorbed photons may be lost and

not contribute to the detected pressure wave. On this basis, Fthe higher RH was selected to be lower than the maximum

operating RH of the PASS (70%). To verify that evaporation of water did not influence the measurements of absorption

coefficients, we alternately sampled with and without a diffusion dryer downstream of the chamber in one experiment.

2.1.4 Determination of OH concentration

In a separate set of high-RH experiments, o-xylene (Sigma, >98%) was injected into the chamber as a tracer for OH, following

the aerosol injection. The concentration of the tracer was measured using a proton-transfer-reaction mass spectrometer (PTR-
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MS; Ionicon). Following injection of o-xylene, air was bubbled through H,O, into the chamber at 1.5 L min" for 1 h;
subsequently, the blacklights were turned on to initiate photo-oxidation. The concentration decayed exponentially, due to
dilution and pseudo-first-order reaction with OH. Dividing the experimental reaction rate constant by the second-order reaction
rate constant (Atkinson and Arey, 2003) gave a steady-state OH concentration of (1.6 £ 0.2) x 107 molecule cm™. Three
experiments were performed with different initial o-xylene concentrations to verify that the tracer did not contribute
significantly to the total OH sink; i.e., the steady-state OH concentration did not systematically increase as the o-xylene
concentration decreased. The tracer could not be added to all experiments, because the photo-oxidation products partitioned
onto the pre-existing particles to form secondary organic aerosol (SOA), which drastically increased the scattering coefficient.

The average OH concentration is used to present results in terms of OH exposure, in addition to reaction time.

2.2 Computational methods
2.2.1 Mie theory calculations

To verify that changes in SSA during heterogeneous OH oxidation were induced by chemical changes to the aerosol, rather
than small changes in the size distributions, we compared the observed trends to modelled trends, based on the observed size
distributions and an assumed, constant complex refractive index, m = n + ik, where n and k are the real and imaginary parts,
respectively. Lognormal curves were fit to the raw geometric-cross-section-weighted size distributions (see Fig. 2a), and the
absorption and scattering efficiencies for 405 nm light of individual channels between about 20 and 600 nm were calculated
from the complex refractive index of the initial BrC particles, which are assumed to be spherical and homogeneously mixed,
using the program Mie3Layer (Charamisinau et al., 2005). The absorption and scattering coefficients were calculated for each

channel, and total values across the distribution were used to calculate the SSA of the whole aerosol population.

2.2.2 Multi-layer kinetics modelling

To better understand the effects of RH on the evolution of the optical properties of the BrC surrogate, we constructed a multi-
layer kinetics model based on the Poschl-Rudich-Ammann (PRA) framework (Ammann and P6schl, 2007; Poschl et al., 2007).
The model particles consist of a surface layer, two near-surface bulk layers, and the remaining bulk phase, as illustrated in Fig.
3. The near-surface bulk layers are included to account for concentration gradients in the bulk phase (Shiraiwa et al., 2010);
each is 2 nm thick. The diameter and density of the particles are assumed to be 180 nm and 1.3 g cm?, respectively. The
particles are assumed to be initially composed of a single BrC species, A. At the surface, A reacts with OH to form product B,
and B reacts to form product C. The loss of species i = A, B due to reaction with OH, L;, is calculated as yog ; Jon®;, where
Yon,i is the probability that a collision between OH and species i leads to reaction, /oy is the flux of OH to the particles per

unit of surface area, and 0; is the fractional surface coverage of species i (Shiraiwa et al., 2009). Fo-timit-the-degrees—of
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The rate constant for diffusion between bulk layers, ky}, ;, is calculated as 4Dy, ;/ (708), where Dy, ; is the bulk diffusion
coefficient of species i, and § is the layer thickness (Shiraiwa et al., 2010). For the transfer from the near-surface bulk layer 1
to the surface, ky; 5;, 6 above is substituted with (6 + 8,)/2, where 8, is the effective molecular diameter of A (Shiraiwa et
al., 2010). Though B may form from oligomerization of compounds grouped into species A, we assume that the effective
molecular diameters of all species are the same. We also assume the species have the same bulk diffusion coefficients, ensuring
that the total concentration in the surface layer is the same as the number of surface sites. The rate constant for diffusion from
the surface to the near-surface bulk layer 1, kg1 ;, is taken as kyq 5;/0a.

The above considerations allow us to calculate concentrations of A, B, and C in the surface and bulk layers. However,
to compare the modelled and experimental results, we must calculate the relative absorption of the model particles. We derive

the relative absorption of the particles solely from the concentrations and molar absorptivities, as in a bulk solution; i.e., the

absorption that would be measured upon particle-into-liquid sampling. This modelled relative absorption is compared to the

experimental absorption coefficient normalized to that which would be expected if the initial complex refractive index (m) did

not change during the experiment, accounting for size dependence. Experimental times series of this normalized absorption

were derived for photolysis and heterogeneous OH oxidation experiments, and the latter were corrected for the effect of

photolysis.

Processes other than directly OH-initiated oxidation also occur. For example, radical products of the initial OH

reaction likely form RO, species by reaction with O,. These RO, species may react with each other in a termination step or

react with NO, for example, to form RO (Richards-Henderson et al., 2015, 2016), which may initiate further oxidation of the

brown carbon constituents. They may also facilitate auto-oxidation by abstracting hydrogen from adjacent groups on the same

or neighbouring molecules. We do not consider these processes in our simple multi-phase kinetics model, since many other

parameters, such as the diffusion coefficient of O, in the particles and the absorptivities of any additional products, would have

to be introduced, but they may play a role in the apparent values of uptake coefficients.

3 Results and discussion
3.1 Initial BrC surrogate

To produce a laboratory surrogate of secondary BrC, we generated a mixture of light-absorbing products by the aqueous photo-
oxidation of resorcinol and H»>O; exposed to UV-B radiation. Initially, the solution of resorcinol and H,O, exhibited no

absorption of light at visible wavelengths, as shown in Fig. S2. Following 4 h of photo-oxidation, the solution was highly
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coloured, exhibiting broad absorption features that were strongly dependent on wavelength, such that absorbance across a 1-
cm pathlength was about 0.6 at 400 nm but negligible at >600 nm (see Fig. S2). In the past, light-absorbing products of the
aqueous photo-oxidation of resorcinol were also observed by Chang and Thompson (2010), who used 1 mM H,O,. Here, the
concentration of H,O, was an order of magnitude greater, and the colour developed slightly faster, as illustrated by the time
series of absorbance at 450 nm (see Fig. S3).

More generally, light-absorbing products of aqueous photo-oxidation have been observed for a wide range of phenolic
species, including those with methyl, methoxy, and carbonyl substituents (Chang and Thompson, 2010; Gelencsér et al., 2003;
Smith et al., 2016). In detailed mechanistic studies, products of both hydroxylation and oligomerization have been identified
(Hoffer et al., 2004; Li et al., 2014; Sun et al., 2010; Yu et al., 2014, 2016). Oligomers form by C—C or C-O radical coupling
(Kobayashi and Higashimura, 2003). C—C coupling might be expected to lead to greater absorption enhancement, since the
resulting biphenyls and larger oligomers may have some degree of delocalization across the rings (Zhang et al., 2010). Indeed,
based on density functional theory calculations, Magalhdes et al. (2017) have shown that the absorptivity of bi- and terphenyls
is greater in water than in the gas phase, because the planarity and delocalization increase. Interestingly, five of the ten most
abundant products of the aqueous photo-oxidation of 0.1 mM syringol with 0.1 mM H,O; have been shown to be biphenyls
(Yu et al., 2014). The concentration of the phenolic precursor used here was two orders of magnitude greater, a condition that
may favour oligomerization over hydroxylation. Fragmentation may also occur during aqueous photo-oxidation, but the
volatile products are removed in the activated carbon denuders, following atomization. Based on these considerations, the
secondary BrC aerosol is likely composed primarily of oligomers, and we assume the average molecular mass is 326 g mol™,
representative of a terphenyl product of resorcinol.

Before investigating the effects of photolysis and heterogeneous OH oxidation on the optical properties of the BrC
surrogate, we performed control experiments, without either H,O; or irradiation, to constrain the size-dependence of the optical
properties. Results from a deposition experiment at 60% RH, in which BrC was injected into the chamber and diluted with
clean humidified air, are shown in Fig. 4. The initial geometric mean number diameter and standard deviation were 125 nm
and 1.5, respectively, and the initial SSA was about 0.76. When the particles were unperturbed by radiation or OH, they were
simply lost by dilution and deposition. Because smaller particles deposit faster than larger ones, the geometric mean surface
diameter gradually increased from about 170 to 190 nm over the course of 3 h. Both the absorption and scattering coefficients
steadily decreased as particles were continuously lost, but the SSA increased slightly (see Fig. 2b) due to the increase in
geometric mean surface diameter.

This observed size dependence of SSA can be compared to Mie theory calculations, based on the measured size
distributions and an assumed complex refractive index. The complex refractive index should not change without photolysis or
heterogeneous OH oxidation, so we manually scanned values of » and & to apply for the duration of the experiment. We found
that n and k& values of 1.35 and 0.046, respectively, are suitable to reproduce the evolution of SSA in this particular experiment

(see Fig. 4b). Stepping n from 1.40 to 1.55 and adjusting k accordingly demonstrates that the good agreement for this refractive

index is unique, as shown in Fig. S4. We stress that even an approximate value of the refractive index is adequate to distinguish
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whether changes in the SSA are due to changes in the size distribution or chemical composition. For SOA generated from

anthropogenic and biogenic volatile organic compounds, »n values ranging from 1.35 to 1.61 have been observed (Kim and
Paulson, 2013). The value of & is in the regime of previous observations for BrC at 405 nm, which vary from very low values
of 0.004 (Cappa et al., 2012) and 0.007 (Lack et al., 2012) to 0.112 (at 400 nm) (Kirchstetter et al., 2004). In a recent field
study in India, a similar value of 0.037 for ambient BrC was observed (Shamjad et al., 2016).

In one experiment, BrC particles were sampled from the chamber alternately with and without a diffusion dryer

upstream of the DMA. The conditioning was alternated every 15 min, allowing time for the RH of the sheath flow to stabilize.

As shown in Fig. S5. the size distribution slowly shifts to larger mobility diameters, because smaller particles are lost faster

than larger particles. Besides this trend, the variation between the conditions is negligible, so there is not significant water

uptake at 60% RH.

3.2 Evolution of BrC due to photolysis

Having constrained the size-dependence of the optical properties, based on the closure between measured and calculated SSA
values, we now consider the effects of photolysis on the optical properties of the BrC surrogate. The emission of the UV-B

black-lights_-in the chamber, with a peak at 310 nm, -is not representative of natural sunlight, so we do not draw direct

comparisons between the timescale of our experiments and that of photolysis in the atmosphere. Rather, we performed
photolysis experiments to account for the effects of photolysis during the heterogeneous OH oxidation experiments. Wong et

al. (2015) have shown that for this chamber equipped with UV-B bulbs, the photo flux at wavelengths below 310 nm is much

greater than for a clear-sky summer day; for example, at 300 nm, the photon flux from the bulbs is close to its peak value of

about 1 x 10" photons s”! cm™ nm™', while the photon flux outside is negligible. Light at wavelengths below 310 nm is likely

driving most of the photo-chemistry during the photolysis experiments, so we believe the relative impact of photolysis would

be small in the atmosphere, even considering that the ambient OH concentration is lower than in the chamber.

Results from a photolysis experiment at 60% RH are illustrated in Fig. 5. In each experiment, the value of n was taken
as 1.35, as described above; the assumption that » is constant for the duration of the experiment is supported by the previous
observation that, for BrC generated from ammonium sulfate and methylglyoxal, » did not change as the reaction proceeded
(Tang et al., 2016). Despite closely reproducing the preparation of the BrC surrogate solution and injecting to approximately
the same total particle volume in each experiment, we observed small differences in initial size distributions and SSA values,
so it was necessary to vary k slightly from experiment to experiment. For the calculated SSA to follow the trend observed
before the lights are turned on, at relative time zero, a k value of 0.040 must be adopted. When strict comparisons are made
between experiments, the relative SSA (the current SSA divided by the initial SSA) is presented. In 3 h, the geometric mean
surface diameter increased from about 160 to 180 nm, similar to the deposition experiment, so little or no volatilization of the
particles can be inferred. Because the diameter increased uniformly, the predicted SSA increases steadily. In contrast, the

observed SSA gradually decreased once the lights were turned on, indicating that the particles slowly became more absorbing.
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Photolysis has been observed to lead to absorption enhancement of other BrC surrogates in the past (Saleh et al.,
2013; Wong et al., 2017; Zhao et al., 2015; Zhong and Jang, 2014). For example, the absorbance at 400 nm of water-soluble
species produced by combustion of kaoliang stalk has been shown to increase during the first 30 min of irradiation in a solar
simulator (Zhao et al., 2015). Recently, the peak absorption enhancement due to photolysis of biomass burning BrC
constituents has been shown to increase with their molecular mass (Wong et al., 2017). Since the trace gas denuders remove
volatile species after atomization, the composition of the particles is likely skewed towards an average molecular mass that is
larger than that of the species in solution, possibly making the particles more susceptible to photolysis. In general, absorption
enhancement may occur due to direct photolysis of chromophores, followed by radical recombination leading to larger, more
absorptive oligomers, or reactions with OH from the dissociation of H,O, generated from the photolysis of carbonyl
compounds in the condensed phase (Anastasio et al., 1997; von Sonntag and Schuchmann, 1991). In the past, the absorption
enhancement of biomass burning BrC exposed to natural sunlight has been shown to increase with RH (Zhong and Jang, 2014),
a trend that was attributed to the increasing production and dissociation of H,O, with increasing RH. Here, we observe similar
trends in relative SSA under both low and high RH conditions (see Fig. 6b). It is unlikely that sufficient OH could be produced
in the particle phase at the lower RH, so indirect photolysis of carbonyl compounds likely does not have a significant role in
the observed absorption enhancement.

In past studies, the period of absorption enhancement due to photolysis has been shown to be followed by bleaching
(Wong et al., 2017; Zhao et al., 2015; Zhong and Jang, 2014). In the present experiments, the irradiation time is limited by the
particle losses; after about 3 h, the scattering and absorption coefficients approach the detection limits of the PASS. Near the
end of the photolysis experiments, SSA levelled off, and this period may coincide with the inflection point between absorption

enhancement and bleaching.

3.3 Evolution of BrC due to heterogeneous OH oxidation

The evolution of the optical properties of the BrC surrogate during a photo-oxidation experiment is affected by deposition,
photolysis, and heterogeneous OH oxidation. Results of a representative photo-oxidation experiment at 60% RH are shown in
Fig. 7; replicate experiments were performed at each RH. The initial geometric mean surface diameter was slightly higher than
in the photolysis experiment described above (about 196 nm compared to 160 nm), so although the initial aerosol was slightly
more scattering (higher SSA), the value of k required to reproduce the SSA before irradiation is shghtly-highervery similar
(0.041 compared to 0.040). During irradiation, the geometric mean surface diameter first increased slightly due to deposition
and then began to decrease due to volatilization. As a result, the predicted SSA first increases slightly and then, at about 90
min, begins to decrease. The observed SSA exhibited a sharp decrease within only 10 min of reaction time and an induction
period before a significant increase. Both the absorption enhancement and bleaching contrast with the predicted trend of SSA,
so they are certainly due to the evolution of particle composition, rather than size. The absorption enhancement was rapid

enough to lead to a peak in the absorption coefficient, despite continuous particle losses (see Fig. S64).
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As described above, evaporation of water from particles can result in a negative bias in photo-acoustic measurements

(Langridge et al., 2013). If heterogeneous OH oxidation significantly increased the hygroscopicity of the particles, the water

content of the aerosol would increase during the experiment. The resulting increase in the magnitude of the bias could

contribute to apparent bleaching. In addition to this instrumental artifact, progressively more water uptake could lead to

genuinely greater scattering coefficients, which would also result in apparent bleaching. We investigated these potential effects

by alternately sampling with and without a diffusion dryer downstream of the chamber at 60% RH. As shown in Fig. S7, the

absorption coefficient does not depend on the conditioning. The scattering coefficient is about 10% lower for the dried particles

(see Fig. S8). but this difference is roughly steady during photo-oxidation. In other words, the particles do not become

significantly more hygroscopic, and the changes in absorption and scattering coefficients are indeed due to the chemical

evolution of the particles.

To ensure that the sequential absorption enhancement and bleaching described above are distinctive features of the
BrC surrogate, we also investigated the heterogeneous OH oxidation of a yellow dye aerosol at 60% RH. In this case, we
observed uniform bleaching, as shown in Fig. S5S9, consistent with bulk aqueous studies of similar azo dyes (Georgiou et al.,
2002). There was no decrease in the geometric mean surface diameter, so there was little or no volatilization. It is likely that
OH attacks the azo nitrogen-nitrogen bond (Hisaindee et al., 2013). The product fragments would be large enough to remain
in the particle phase; for example, the smaller fragment would still contain one sulfonate group and two aromatic rings.

Unlike photolysis, heterogeneous OH oxidation is strongly dependent on RH, as shown in Fig. 6a. In contrast to the
rapid absorption enhancement and bleaching observed at 60% RH, the period of absorption enhancement is prolonged at 15%
RH, on a timescale similar to that of the photolysis experiments. The peak absorption enhancement at 15% RH results in a
lower relative SSA than at 60% RH. To better understand the effects of RH on heterogeneous OH oxidation, we compare
experimental results with those of the multi-layer kinetics model described above. In all, the model has foeurfive adjustable
parameters: the-two uptake coefficients, yoy ;; the diffusion coefficient, Dy, ;; and the molar absorptivities of products B and
C, g, and &, respectively.

At 60% RH, the experimental features can be reproduced (see Fig. 8) by setting yop 4 and yopp_to 425.0 and 7.5,
respectively, suggesting that oxidation is very efficient. An uptake coefficient, Yoy 4. greater than unity indicates that each
collision between OH and A leads to the formation of more than one molecule of B. In previous heterogeneous OH oxidation
experiments, a wide range of OH uptake coefficients have been observed, including values greater than unity (George and
Abbatt, 2010). In the particle phase, oxidation initiated by OH may form products directly from reactions with OH or indirectly
from organic radicals, RO. The organic radicals may result from free radical chain reactions that have been shown to lead to
very high effective uptake coefficients, in particular, when species like NO and SO; are present to enhance conversion of RO,
to RO (Richards-Henderson et al., 2015, 2016). We note that the values of yoy ; is-are dependent on the assumed average
molecular mass, which is set to 326 g mol’!, representative of a terphenyl oligomerization product of resorcinol, as discussed

above. A greater molecular mass would result in a-lower values of ygy;, S0 we cannot be sure to what extentwhether free

11



10

15

20

25

30

radical chain reactions are playing a role in the experiments. Scaling the uptake coefficients such that yoy o decreases from

5.0 to 1.0 requires increasing the molecular weight from 326 to 1600 g mol™!. It is difficult to rationalize such large oligomers

forming during the 4-h aqueous photo-oxidation, so secondary radicals are indeed likely contributing to oxidation.

Furthermore, we assume that OH undergoes solely gas-surface reactions, following Shiraiwa et al. (2009). Recent
measurements indicate that this may be an over-simplification, as the reactive-diffusive length of OH in squalene is similar to
that of ozone (Lee and Wilson, 2016), so surface-layer reactions may also occur. Nonetheless, we can state with confidence
that the oxidation is very efficient.

We find that the observed trend in relative absorption at 60% RH _— in particular, the significant bleaching — cannet

be reproduced only if the aging particles are taken as well-mixed, so diffusion of A from the bulk to the surface is not restricted;

As shown in Fig. 8b, the concentrations of A, B, and C are the same in all four layers. At 60% RH, secondary organic material

derived from the gas-phase photo-oxidation of toluene has a diffusion coefficient on the order of 10-'° cm? s!' (Song et al.,

2016). Here, any value greater than 1 x 10" cm? 5! gives good agreement, so Dy,; is set to 1 x 10" cm? s”! as a lower limit.

bleaching is captured by the model, rapid initial colour enhancement is not. We speculate the other processes, like auto-

oxidation, could contribute to this feature. The same diffusion coefficient is assumed for all three species, but in reality Dy, ;

may increase in going from A to B and decrease in going from B to C; if C is a product of fragmentation, it might be expected
to have a greater diffusion coefficient in A than the self-diffusion coefficient of A. Indeed, plasticization has been shown to
occur during heterogeneous OH oxidation of semi-solid alkane particles at high gas-phase OH concentrations (Wiegel et al.,
2017).

Finally, the experimental features are reproduced by setting the molar absorptivities of B and C (g and &¢) to 21.5¢,
and Ozero, respectively. We note that this combination of parameters is likely one of several possible solutions. Even for a
more tightly-constrained set of experimental data regarding consumption of oleic acid by heterogeneous reactions with ozone
(Ziemann, 2005), more than one model scenario has been found to adequately reproduce observations of the number of oleic
acid molecules in the particle phase (Pfrang et al., 2010).

At 15% RH, the experimental features are reproduced (see Fig. 8) by setting you 4 and Yoy p¥orz to 1.0 and 0.1

respectively, and Dy, ; to +-8-and-1 x 10™*-'° cm? s”';respeetively. The decreases in the uptake coefficients with RH <94
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frem4-2-te-+-0-may be the result of differences in the distribution of initial BrC species in the particle or the orientation of the
species at the surface. The decrease in Dy; by two orders of magnitude is reasonable, considering the significant RH-
dependence of viscosity observed for secondary organic material derived from toluene and isoprene (Song et al., 2015, 2016).
Anuppertimitto-tThe diffusion coefficient of secondary organic material derived from toluene was found to be less than abeut
107 cm? 57! wasfound-for RH < 17% (Song et al., 2016).

As before, we set_eg_and ¢ to 1.5¢, and zero.

such-that-the-abserption—persists—It is alse-possible that stable-fragmentation products ferm;—but-they—volatilize out of the
condensed phase to a mueh-greater extent than they diffuse to the bulk phase, because the particles are so viscous:—in-this-ease;

ity-of the-products—would-havelittle-effect-on-thetotal particle-absorption. In fact, a slight

decrease in the mean geometric surface diameter suggests that there is some degree of volatilization. On a related note, because

the viscosity is so high, the products B and C are much more concentrated at the surface than in the bulk layers (see Fig. 98c).

Consequently, at 15% RH, the aged-aging particles likely consist of less absorbing cores and highly absorbing shellseensist-of
| L BrC in thin, | ve shells.

In general, we emphasize that the set of molecular properties presented above, which best fit the experimental data,

were selected after multiple trials with different input parameter values and different model scenarios, as well. Although the
mechanism and final parameter set fit the data remarkably well, we acknowledge that the complex nature of the inherent
chemistry, with changes in optical properties occurring alongside concentration, suggest that this parameter set should only be
viewed semi-quantitatively; i.e., the solution is most useful for substantiating the mechanism leading to the changes in

absorption.

4 Conclusions and atmospheric implications

In this study, we have demonstrated for the first time that secondary BrC aerosol derived from a phenolic precursor is
susceptible to further photo-chemical aging after cloud processing and droplet evaporation. Specifically, at 60% RH, OH
exposure induced rapid absorption enhancement followed by relatively slow bleaching of the surrogate BrC aerosol; at 15%
RH, OH exposure induced only slow absorption enhancement. Moreover, we have constructed a multi-layer kinetics model
that captures the general features of the evolution of the optical properties of the particles. The candidate parameters suggest
that the oxidation is very efficient, possibly even involving free radical chain reactions, and the surrogate BrC aerosol is very
viscous. Free radical chain reactions may be more important in the atmosphere, where a lower concentration of OH results in
a lower concentration of RO, and a reduced probability of chain termination reactions. Furthermore, the presence of other
pollutants like NO may enhance the conversion of RO; to RO (Richards-Henderson et al., 2015). Since the BrC is very viscous,
it is important that the experimental timescale approximates the atmospheric timescale, so species are allowed sufficient time

to diffuse within the particles. In the laboratory, flow-tube experiments with higher OH concentrations and shorter timescales
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than photo-oxidation chamber experiments may not as accurately account for free radical chain reactions and diffusion
timescales.

Using our measurements and those of others, we can now speculate on the photochemical behaviour of BrC in the
atmosphere. Recently, Sumlin et al. (2017) observed bleaching due to heterogeneous OH oxidation of primary BrC derived

from biemass-burning of a number of types of biomass fuels, which lost almost 50% of its absorption at 375 and 405 nm after

the equivalent of about 4.5 days in the atmosphere. In our experiments at 60% RH, the SSA of the BrC first increased and then
decreased to its initial value after about 2 h of photo-oxidation in the chamber; in the atmosphere, this would correspond to
about 30 h, because the average OH concentration in the chamber (1.6 x 107 molecule cm) is considerably greater than typical
OH concentrations in the atmosphere (on the order of 10° molecule ¢cm). In other words, the initial, rapid absorption
enhancement could compensate for more than a day of bleaching. In the atmosphere, then, we may expect highly variable
evolution of biomass burning plumes. If little or no secondary BrC forms, bleaching of primary BrC will dominate, and the
absorption will decay uniformly. Indeed, Forrister et al. (2015) have observed such a trend in the field. If considerable
secondary BrC forms, e.g., by cloud processing, some additional absorption will develop. We have shown that additional
absorption may develop after cloud processing, as well. These processes will compete with the bleaching of primary BrC, such
that the total BrC absorption may persist for longer periods. Indeed, Zhang et al. (2017) observed that the absorption by BrC
at 365 nm was largely preserved during convection and one day of residence in the upper troposphere. Our results suggest that
the persistence of BrC in this field study was the result of absorption enhancement compensating for bleaching, rather than
recalcitrance of the BrC. We speculate that, upon further aging of this plume, bleaching would begin to play a greater role than
absorption enhancement. In the 15% RH experiment, only absorption enhancement was observed after the equivalent of about
40 h in the atmosphere. Though such low RH conditions are less widely applicable in the atmosphere, there may be scenarios
in which bleaching due to heterogeneous OH oxidation does not occur even days after secondary BrC formation from cloud
processing of phenolic species.

The aerosol studied here is a reasonable proxy for the secondary BrC that may form in the atmosphere upon
evaporation of cloud droplets. Biomass burning emits BC, primary BrC, and non-absorbing organic compounds, in both the
gas and particle phases. These organic compounds include phenolic species, derived from the decomposition of lignin during
combustion (Simoneit, 2002). Resorcinol is a representative phenolic emission of biomass burning (Simoneit, 2002; Veres et
al., 2010; Wang et al., 2009); for example, Schauer et al. (2001) observed about 50 ug of resorcinol from the combustion of 1
kg of wood. Furthermore, about 95% of the resorcinol was in the particle phase, compared to about 55 and 0% for the 1,4- and
1,2-dihydroxybenzene isomers, respectively. Whether in the aerosol phase or in cloud droplets, resorcinol and other phenolic
species may react with OH to form chromophores, like the bi- and terphenyl products discussed above. Interestingly, biphenyls
have recently been identified in ambient cloud water (Cook et al., 2017). The formation of secondary BrC from OH oxidation
of phenolic species during the day contrasts with some other routes of secondary BrC formation that occur at night and result
in chromophores — e.g., pyruvic acid polymers (Rincén et al., 2009) and imine compounds (Zhao et al., 2015) — that may be

bleached comparatively quickly. The photochemical behaviour of these and other classes of secondary BrC chromophores
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plays an important role in the overall climate effects of BrC, and similar experiments should be performed for other surrogates

in the future.
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Figure 1. Experimental setup during aqueous and heterogeneous OH oxidation. CPC: condensational particle counter; DMA: differential

mobility analyzer; PASS: photo-acoustic spectrometer.
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Figure S1. Absorption spectrum of Cibacron Brilliant Yellow 3G-P dye solution.
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Figure S7. Time series of the absorption coefficient at 405 nm for dried and nascent particles.
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Figure S8. Time series of the scattering coefficient at 405 nm for dried and nascent particles. (The particle growth

observed early in this experiment, leading to an increase in the scattering coefficient, did not occur for any other

experiments.)
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Figure S9. Time series of (a) size distribution and geometric mean surface diameter and (b) predicted (based on size

distributions) and observed SSA of the yellow dye aerosol during heterogeneous OH oxidation at high RH. In (b),

the upper and lower bounds illustrate one standard deviation about the 5-minute averages.
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