Response to Referee #3

This study continues the work in Schmedding (2020), implemented three different glass
transition temperature Tg parameterization in a newer version of CMAQ that uses parameterized
organic hygroscopicity parameter kappa. This manuscript presents new advancement in
improving organic aerosol phase state resolving in atmospheric chemistry modeling. However,
several issues remain. I recommend major revision before acceptance.

Major Comments:

Aerosol liquid water and water uptake are central to this manuscript. The newer CMAQ can
model organic-layer water uptake, which is the main advance over Schmedding (2020). Please
expand Results/Discussion to compare directly with Schmedding (2020) using the same Shiraiwa
et al. 2017 parameterization and to show how different water uptake schemes affect the results.
Also move the statement about no water transfer between core and shell in the phase separation
setup earlier in the manuscript.

We thank the reviewer for this recommendation and have made the following changes to our
manuscript to address the inclusion of this central science update:

3.2 Impacts of modeling dynamic water uptake to the organic coating on phase state

375 One major advancement in CMAQvS.3 is the addition of hygroscopicity parameters to track the uptake of water to modelled

organic species (Appel et al., 2021; Pye et al., 2017)._In comparison to Schmedding et al., 2020 we find that this update

increases w, by up to 0.05-0.25 (Fig. S2) over the eastern and northern part of the domain at the surface (layer 1), resulting in

decreases in Tu(“" ):T by 0.05-0.15 (Fig. S3). The w,_largely decreases over the oceans in this study compared to

org

Schmedding et al., 2020 and can be partially attributed to increased ALW over the oceans (which result in higher w,_in

380 Schmedding et al.. 2020: w,; = 0.6) and relatively lower OA concentrations over the oceans (compared to land) that have

resulted in less hygroscopic water uptake (0.2 < w; < 0.6) to the organic coating in our model runs. Differences in w, _decrease

with height given the lack of humidity at higher altitudes (Fig. S2 c-d). however are still higher in Schmedding et al.. 2020

resulting in increases in T, (wu,q): T in our model runs in comparison (Fig. S3 c-d).
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Supplemental Figure 2. Difference in w;, predicted in the study in comparison to those predicted by Schmedding et al.. 2020 and in this

study for the entirety of the 2013 SOAS Field Campaign (June 1* - July 31 2013) for the surface layer; 1-0.9975 gty (a)). laver 18

(corresponding to ~1.8km; 0.82-0.8 gty (b)), layer 28 (corresponding to ~8km: 0.4-0.35 agy (c)). and laver 35 (corresponding to ~17km;
0.05-0 gy (d)). The difference expressed is unitless as w is a fraction.
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Supplemental Figure 3. Difference in T‘.,(wc.,y.): T predicted in the study in comparison to those predicted by Schmedding et al., 2020 and

in this study for the entirety of the 2013 SOAS Field Campaign (June 1 - July 31%, 2013) for the surface laver: 1-0.9975 gy (a)). layer 18

(corresponding to ~1.8km: 0.82-0.8 gyp (b)). laver 28 (corresponding to ~8km: 0.4-0.35 ayy (c)). and layer 35 (corresponding to ~17km:

0.05-0 atm (d)). The difference expressed is unitless as T, (wg,.q ): T_is a fraction.

4 Discussion
4.1 Modulators of organic coating phase state

Model predictions show that both the w; and the choice in T, parameterization impact the phase state of the organic coating
on phase-separated aerosols. Previous studies have shown the influence of ALW on the phase state of organic aerosols

1

(F%]

(DeRieux et al., 2018; Rasool et al., 2021). In comparison to assuming 10% of ALW is in the organic coating. we find in using

a w, that is based on OA chemical properties, that organic coatings are more liquid in comparison to Schmedding et al., 2020

ig. S2-3)|over the eastern and northern parts of the contiguous U.S. domain and therefore may be less of a diffusional barrier

to _heterogeneous reactive uptake (Schmedding et al., 2020). The assumption that water uptake to the organic coating as




And then have moved acknowledgement that we do not model water movement between the
inorganic core and the organic shell up to the methods:

200 represent the potential resistance to IEPOX reactive uptake in a phase-separated aerosol particle where [,,, is the organic

coating thickness, H,,, is the Henry’s Law coefficient dictating the dissolution of IEPOX into the organic coating (2x10° M
atm'!) (Zhang et al., 2018b). D,,,., ., is the diffusivity of IEPOX through organic coating (Fig 1. Eq. 7). and 1., is the radius

of the inorganic aqueous core. When there is no phase separation [,,, = 0. cancelling out the third resistor term and 7,,,, = 7;,

thus reverting equation S3 to the original parameterization of IEPOX reactive uptake currently in CMAQ. It is important to
205 note that we do not simulate water movement between the aqueous inorganic core and the organic coating. and therefore are

unable to capture the impacts of dilution of acids and nucleophiles involved in IEPOX reactive uptake.

Kappa parameterizes equilibrium water uptake. The manuscript notes that aerosol can become
semi-solid or solid at higher altitudes. Please discuss the potential bias from applying the same
Kappa and equilibrium water uptake to semi-solid or glassy aerosol, and outline what
observations and modeling are needed to represent non-equilibrium water uptake in such phases.

We thank the reviewer for raising this point of discussion and appreciate the opportunity to
explore these impacts.

In looking into the potential impacts of phase state on hygroscopic growth, to our knowledge, the
impacts of assuming equilibrium water uptake for semi-solid/solid particles are mixed and the
relationship between chemical composition and equilibrium water uptake is more consistent.

Parsons et al., 2004 and found that succinic acid and adipic acid deliquesced across temperature
ranges of 243K-293K at 100% RH, however malonic acid and glutaric acid deliquesced at lower
RH for higher temperatures (Parsons et al., 2004). In Hodas et al., 2015, it was found that the
presence of this viscous sucrose decreased efflorescence, and that using thermodynamic
modeling approaches assuming different phase states produced varied results for different
species, however, did not always show the solid phase state producing more inhibition to
hygroscopic growth (Hodas et al., 2015). In Lienhard et al., 2015 it was found that hygroscopic
growth impacts can’t be isolated to its phase state and also found that measured water diffusion
onto glassy aerosols was faster than previously reported (Lienhard et al., 2015). In a recent
feature article by Diveky et al., 2021 it was found that for different species there were different
trends in water accommodation coefficients with increases in temperatures (some increasing and
some decreasing) (Diveky et al., 2021). Lastly, in a recent review article on the impacts of
organic aerosols on hygroscopic growth by Tan et al., 2024 — although impacts of phase state on
hygroscopic growth were pointed to, articles cited explored the impacts of phase separation on
hygroscopic growth (finding thicker coatings — not necessarily more viscous coatings — were the
cause of lower growth factors) (Li et al., 2021; Maskey et al., 2014; Tan et al., 2024).

The impacts of organic aerosol composition on hygroscopic growth has been more widely
studied, measured, and continues to conceptualize aerosol water accommodation (Jimenez et al.,
2009; Lambe et al., 2011; Massoli et al., 2010; Pajunoja et al., 2015; Tan et al., 2024).



We make the following changes to our discussion to note upon this:

heterogeneous reactive uptake (Schmedding et al., 2020). The assumption that water uptake to the organic coating as

parameterized ignores the phase state may introduce bias, however, to our knowledge a consistent relationship between organic

aerosol phase state and hygroscopic growth has yet to be explored (Diveky et al., 2021; Hodas et al., 2015; Lienhard et al.,
2015; Pajunoja et al., 2016; Parsons et al., 2004; Tan et al., 2024), as opposed to the relationship between O:C ratio and

475 hygroscopic growth (Jimenez et al., 2009; Lambe et al., 2011; Massoli et al., 2010; Pajunoja et al., 2015).

Specific Comments:
Line 98: Please use em dash (—) instead of hyphen (-)

We thank the reviewer for the recommendation and have made the following change here and
throughout the manuscript

P=) ’ s x X . x X X [=] -

100 observationally-derived phase state data from the Centreville, Alabama, supersite during the 2013 SOAS campaign, although
predicting a less viscous phase state than observed (Schmedding et al., 2020; Zhang et al., 2018a). Recently, starting with
CMAQvS5.3.2, OA hygroscopicity parameters (K,.g )}~ which dictate the amount of water that can be taken up by oxygenated

Line 103—115: Please acknowledge other Tg parameterizations that might not be O:C ratio or
volatility based (e.g., Galeazzo and Shiraiwa, 2022, "Predicting glass transition temperature and
melting point ..."). Explain why they are not included, and justify selecting the three used here.

We chose not to incorporate the Tg parameterization from Galeazzo and Shiraiwa, 2022 for two
reasons. The primary reason was that our model simulations were done in 2020-2021, therefore,
prior to the publication of this article. While the AI model developed to predict Tg in Galeazzo
and Shiraiwa appears to perform well against the data they use to evaluate it with, a lot of
assumptions would have to made for its implementation into CMAQ. Many modeled OA species
within the SAPRC mechanism (and CB6 mechanism) are lumped and do not have representative
SMILES strings. Identifying all structures that contribute to OA mass is an ongoing area of
research, however, in the development of a chemical mechanism, species are defined by
lumped/assumed molecular weights, oxygen to carbon ratios, and saturation concentrations from
chamber experiments. We selected the Shiraiwa et al., 2017, the Zhang et al., 2019, and the Li et
al., 2020 Tg parameterizations because they were defined with these OA species properties in
mind. We agree, however, that the reasoning in choosing the Tg parameterizations could be
clearer and have made the following changes:



105 to be systematically compared.

New relationships between T, and OA M, 0: C, and saturation concentrations (C°) — which are properties that commonly

define OA species in air quality models -- have recently been derived and are summarized in Table 1 (Li et al., 2020; Zhang

et al., 2019b). In Li et al. (2020), a T, equation was fit using a multi-linear least squares regression with 0: C and C° used as
110 independent variables (Li et al., 2020), which can be applied to the information available with the two-dimensional volatility

basis set framework (Donahue et al., 2011). This T;, parameterization expanded the training data in comparison to Shiraiwa et

And

This study aims to explore the impacts of phase separation and phase state of the organic coating on modeled IEPOX
heterogeneous reactive uptake, taking advantage of recently published T, parameterizations_that were derived taking into

130 consideration commonly encoded chemical transport model OA properties (M, 0:C, and C°) (Table 1) (Li et al., 2020;

Shiraiwa et al., 2017; Zhang et al., 2019b). The phase state algorithms, previously used to calculate bulk OA phase state, can

Line 159-160: The resistor term for IEPOX uptake is central to later discussion and should be
included, at least in part, in the main manuscript. The rate constant kparticle should be
introduced here. kparticle was never formally introduced in the main manuscript, but only later
discussed on page 18 and page 22. In addition, it is stated in earlier texts that the implementation
of phase separation and phase state follow Schmedding (2020), is the IEPOX reactive uptake in
this study handled differently?

We have moved text describing IEPOX reactive uptake from the supplement into the main text.
The treatment of IEPOX reactive uptake in this study is only handled differently with respect to
how phase state is calculated (for different model runs with different Tg parameterizations).

Figure 1: The equations and conditions (red texts) are hard to read in the figure. Since they
follow Schmedding (2020), re-define the full equations in the Supplement and reference them in
this schematic only. The flowchart should present each step clearly without the full equations.
The three different Tg parameterization should be shown in three parallel steps instead of in one
step.

We increased the clarity of Figure 1. We do, however, find utility in defining full equations and
conditionals in this figure as a quick reference for readers. There are different steps within the
phase separation and phase state algorithm with conditionals that, spelt out in paragraph form,
may cause visual fatigue that we aim to avoid. The three different Tg parameterizations are
shown in one step with the specification of either/or because for each model run this algorithm is
followed using just one of these equations. Having them illustrated in parallel in this figure may
cause confusion and lead the reader to think that all are being calculated in parallel in one model
run. We do make the following changes to this section to clarify:



2.3 Implementation of phase separation and phase state

A summary of the CMAQ algorithm used for determining phase separation and phase state are shown in Figure 1, mirroring

the implementation of the “PhaseSep2” model setup documented in (Schmedding et al., 2020), with the exception of using

individual T, from multiple studies (Li et al., 2020; Shiraiwa et al., 2017; Zhang et al., 2019b). As shown in Fig. 1, phase

separation was determined based on the separation relative humidity (SRH) and occurs when the SRH > RH (Bertram et al.,

7

2011; You et al., 2014). The SRH was determined based on aggregated aerosol 0: € (0: Cy,4) and organic matter to inorganic
sulfate ratios (OM: INg,; ;) (Bertram et al., 2011; Schmedding et al., 2020; Song et al., 2018; Zuend et al., 2012). The 0: C

were derived from organic matter-to-organic carbon ratio (OM: OC) using the relationship published in Simon and Bhave

(Simon et al., 2012). If phase separated, either the Shiraiwa, Zhang, or Li T, equations (explained in section 2.4) are used to

calculate the T, of individual OA species. The individual Tys are aggregated by source type (anthropogenic or biogenic) and

then Eq. 2 (shown in Fig. 1) is used to calculate the overall T, of the organic coating accounting for water, referred to from

here-on-out as T, (Wo,g). The T, (worg): T ratios were then used determine the viscosity of the organic coating (7,,4) (Eq. 3-

6 shown in Fig. 1) using a modified Vogel-Tamman-Fulcher equation (Angell, 1991; DeRieux et al., 2018; Fulcher, 1925;

Schmedding et al., 2020; Tammann et al., 1926; Vogel, 1921). Equations for the viscosity of the aerosol (i.e., Eq. 3-6) and

ultimately the diffusivity of IEPOX through the organic coating (D4 ¢y, Eq. 7) are also provided in Fig. 1.

And also spell out the Shiraiwa equation in section 2.4

2.43 CMAQ Implementation of Glass Transition Temperature

The details ef-the-implementation of the Shiraiwa et al. (2017) T, equation and it’s formulation parameterization is provided
in Schmedding et al., 2020 and Shiraiwa et al., 2017 (Schmedding et al., 2020; Shiraiwa et al., 2017):

D85
Tyis = —21.57 + 1.51M — 0.0017M2 + 131.4(0: C) — 0.25M(0: C) (15)

The details for—the—implementatien of the Zhang et al. (2019b) and Li et al. (2020) 7, equation and their formulation
parameterizations are provided below.

Line 168—172 is unclear and requires clarification. I also don't see why the case ws = 0 needs
special treatment, as the Gordon-Taylor equation (eq.2) is fine when one component’s (in this
case water) mixing ratio is 0. Additionally, please use em dash (—) instead of hyphen (-) for in
sentence explanatory phrases. What does it mean by switch equations?

We have made the following changes to clarify:



When wg = 0, the aggregated OA phase state equation (Eq. 82) collapses into is-egualte-the mass fraction weighted aggregated

Z.s-previeusly referredte-as-the-dry phase state equation, represented by Ty 5,4 (Dette et al., 2014; Li et al., 2021; Li et al.,
2020):

Tgorg = Walga + WpTgp (14)

75
—Given there rumes
greater-thanzere—was never an occurrence during our modeling where the-eecurrenceofw, = 0-was-minimal, we —A-recent

10

publieation—use defined-theequation 14 when dryphasestate-as wy < 0.1 (Rasool et al., 2021), signifying a dry aggregate

glass transition temperature that does not consider water uptake to the organic shell. While our implementation of phase

P80  separation and phase state in CMAQ didéees not implement in-model conditionals to switch between using T, (w,,4) and
Ty 0rg_Phasestate-equations based off of these wg thresholdsvalues, we identify dry aerosol phase state instances offlinefusing

Figure 3 is ineligible. It looks like it is related to the conversion during manuscript upload. Please
re-upload the figure in the rebuttal.

We have re-uploaded this figure with some changes suggested by other reviewers:
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Figure 3. Frequency that the organic coating is in the liquid phase state during the SOAS 2013 Field Campaign episode (June 1t — July 15%,

)5 2013) for the (a & d) Shiraiwa, (b & €) Zhang and (c & f) Li parameterizations for all-when ws>0-1 in the organic coating (a-c) and when
w; < 0.1 in the organic coating (d-f) across hourly model estimates. Black open circles in each panel correspond to Look Rock, Tennessee
(LRK) and Centreville, Alabama (CTR) SOAS observation sites.

Table 2. Species description is ineligible. For the Tg comparison, a three-panel scatter plot (one
scheme to scheme comparison in each panel) would be better, with points color coded by O:C or
volatility, a 1:1 line, and RMSE in each panel.

We thank the reviewer for their suggestion and realize the utility of one of these plots in
contextualizing our results and thus have created the suggested scatter plot to put in the
Supplement:
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Supplemental Figure 4. Comparison of T, between the Shiraiwa and Zhang equations (a. d. and g) the Shiraiwa and Li equations (b, e, and
85 h) and the Zhang and Li equations (c, f. and i) colored by O:C (a-c), volatility (d-f) and molecular weight ( o-i)

And have added the following explanatory text in the main manuscript:



For most species, the Zhang and Li equations predict a higher T, than the Shiraiwa equation, and the Li equation predicts a

higher Ty than the Zhang equation (Fig. S4). There are some exceptions to this trend where the Shiraiwa Tg equation predicts

22

M55 ahigher Tg than both Zhang and Li for AISOPNN, methacrolein epoxide derived organosulfate (AIMOS), and AIEOS (Table
2), due to their higher O:C (Table 2, Fig. S4 a-b). The relationship between the Zhang and Li T, prediction,g'gre linear (Fig. S4

c, f, and i) in agreement with findings in Li et al., 2020; with higher volatility species having a higher T, predicted by Li in

comparison to that predicted by Zhang (Fig. S4 f) (Li et al., 2020). Two CMAQ species of note that have a much higher
predicted T, by Zhang and Li than by Shiraiwa are -partienlasly—potential combustion SOA (APCSO) and glyoxal- and

460 methylglyoxal-derived aerosol (AGLY). The M of APCSO is 170 g/mol and the O: C is 0.67, however it has the lowest C° of

We were not able to calculate an RMSE as we would have to make an assumption that one set of
Tg predictions were the truth/observed and didn’t feel that was appropriate.

In this paper we aim to point out areas where air quality models require improvement/attention if
they want to implement organic aerosol phase state. We walk through species of importance
(given their mass abundance) and their difference in Tg across different equations in what was
section 3.3 (now section 3.4) so that future work can better constrain Tg for those species. The
utility of the table is a clear illustration of Tg differences on a species-by-species level (which
one is not able to convey with a scatter plot where scatters are label-less). We choose to leave
this table in the main text, however, agree that the species descriptions were too small and so
removed that column and refer readers to the full species properties table in the Supplement:



Molar . Differences (K Differences (K
gp“:c’:g Mass | login(C") [ 0:C [Source s:.':(':;' (Zhang @zogx)- '(’::"g':ix:f)) (Li- Zlun(g)
(gmol™ ) Shiraiwa) @298K)
AISOPNN| 226 0.94 391 33
AIMOS | 200 -1.25 408 11
AIEOS | 216 -2.40 376 4
AIVPOL | 266 3.00 260 -23 37
AOLGA | 206 0.88 303 55 -25 30
ASQT | 273 1.40 282 -43 -15 28
AOLGB | 248 0.42 300 41 -17 24
AMTNO3| 231 1.08 280 -35 -7 29
ASVPO3 | 253 2.00 254 -30 31
AAVB4 | 158 2.00 236 -16
AAVB3 | 169 1.00 257 -14 _143
AISO! 132 2.06 229 -13
AIMGA | 120 1.34 243 -11
AAVBI | 198 -2.00 313 -11
AAVB2 | 179 0.00 271 -6
AMT6 | 168 3.00 198 -3
ASVPO2 | 241 1.00 249 -2
AMTHYD| 186 1.72 226 )
AMT1 300 -2.00 299 =
AMTS | 170 2.00 213 g
AMT4 | 184 | 100 24 o §
ADIM 248 -3.16 299 g
ASVPOL | 230 0.00 245
AMT3 | 186 0.00 238
AIETET | 136 -0.33 238
AISO2 | 133 021 233
ASVOO03 | 134 2.00 184
AMT2 | 200 -1.00 243
ALVPOL | 218 -1.00 241 108
ASVOO02 | 135 1.00 195
ASVOO1 | 135 0.00 207
AORGC | 177 -2.52 251
ALVOO2 | 136 -1.00 222
ALVOOL | 136 -2.00 238
AGLY | 664 | -134 160
APCSO | 170 -5.00 245

Line 390-394: I don’t see why it is important to note that water diffusion from core to shell was
not considered given the sensitivity of yYIEPOX to kparticle. Please explain. Can you elaborate
further on these sensitivity studies?

We thank the reviewer for the opportunity to further clarify the importance of this. Ultimately the
amount of water in the inorganic aqueous core will alter both the pH and ion concentrations of
this part of the aerosol — which is where IEPOX heterogeneous reactive uptake takes place. The
more water in the inorganic aqueous core, the higher the pH, which will reduce the opening of
the epoxydiol group, and also lower aqueous sulfate concentrations (the nucleophile responsible
for attaching to the open carbo-cation after the epoxide group opens in the production of
methyltetrol sulfates). In this same scenario, the formation of 2-methyltetrols will still be reduced



given the reduced epoxide opening step, however, there will be an abundance of water to attach
to the free carbo-cation. Given that we do not account for the water equilibrium between the
organic coating and the inorganic aqueous core, we are not able to capture this potential dilution
impact.

We make the following changes to the methods section to explain the ring opening and
nucleophilic attack processes:

185 Where k,,am-m is the pseudo-first-order rate constant (s*!) that takes into account the opening of the epoxydiol group on

IEPOX by a proton (acid) followed by a nucleophilic attack (by sulfate, water, or monomer IEPOX-SOA species) on the free

carbo-cation formed from this opening, and is represented by the following equation (Eddingsaas et al., 2010; Pye et al., 2013):

| |k,,.,mae= TN M kyj[nuc)[acid)] |@ |

190 Where k; ; are individual acid-nucleophile rate constants defined by Supplemental Table 3.

And elaborate on the significance of not accounting for organic-inorganic water equilibrium in
the results:

530
With the implementation of phase separation, water equilibrium between diffusingfrem-the the inorganic core andte the

organic coating was not considered. In reality water taken up by the organic shell could make it’s way into the inorganic core
“aid-thererore

given it’s polar attraction, diluting both acidity and nucleophile concentrations, and therefore reducing kygyicre

ien- This is important to note given y;zppx’s
535  sensitivity to kyay¢icie. Whenthat increasing kporgicte from 1073 s/ to 1072 5°'/s,resulis-in-an-inereasein ¥jgpoy increases

by ~740% of magnitude (assuming an organic coating radius of 50 nm and T = 298K (SI Eq. 3). An increase in Dyygerf
from 10713 m? 5-/s to 10712 m? 5!l results in an increase in y;zpoy by ~0.02% (assuming an organic coating radius of 50 nm

and T = 298K) (SI Eq. 3)._ The impacts of internal water movement in phase separated aerosol requires further exploration, as

it may be another important modulator of IEPOX heterogeneous reactive uptake, and other heterogeneous reactive uptake

540 reactions.

Line 477: what is the rationale in increasing kparticle from 0.0001s—1 to 0.001s—1? Please
elaborate. Additionally, also avoid using “/s” and use the standard unit “s—1” or “s—”

We thank the reviewer for following up on this point and hope that changes to our results section
per the previous line comment have elaborated on this. We have also changed all units in-text
and in figures and tables to use the -1 notation instead of /

Line 497: the atmospheric implication section is rather general and more suitable for
introduction. Please tie the atmospheric implication to your results.



Thank you for your recommendation. We have revised this section to tie in our results with
specific atmospheric implications including impacts on heterogeneous chemistry, impact on
cloud droplet activation, cirrus cloud formation and trapping of hazardous air pollutants posed by
inorganic-organic phase separation and viscous outer organic coatings.
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