Response to Anonymous Referee #2

The authors present here a novel representation with which to understand the partitioning of typical atmospheric organic
compounds into gas, aqueous and organic phases. They calculate volatility and solubility using a variety of methods and
comprehensively address uncertainty and gaps in knowledge. Gas-particle partitioning is a still a highly uncertain facet of
atmospheric chemistry, and this work presents an important advance in thinking by quantitatively and qualitatively considering
the role of water in this process. The framework described in this work is sure to be highly cited and widely used. This reviewer
recommends publishing this work with only relatively minor changes.

We thank the reviewer for the favorable appraisal and for the thoughtful suggestion for
improving the manuscript.

Major comments

(1) On Page 26558, the author admirably and thoroughly discusses the assumptions about phase miscibility and separation, but
there is one possibility not discussed. The author raises the possibility of a “single condensed aqueous phase at high relative
humidity ... if the organic material is highly oxidized”. However, if there is sufficient organic matter, but most or all of it is
highly oxidized, is it not possible to have a phase that cannot be properly considered aqueous or organic, but is instead a
mixture of both? That is, approximately equal parts LWC and OM, but not phase separated, as might be expected in a highly
oxidized, high relative humidity region of high emissions. How would such a scenario be properly considered in the context
of this work? Is it still reasonable to consider it as the 3-phase representation presented, or should it be considered as a single
phase (and should that phase be thought of as organic or aqueous), or something else entirely?

The reviewer is raising an interesting point, although we suspect that non-phase separated
aerosol is generally dominated by water and does rarely have equal parts water and organic
matter. Whether a phase is considered mostly aqueous or mostly organic to some extent also
depends on the way composition is defined: On a molar basis, even largely organic phases are
made up mostly of water molecules (see e.g. Zuend and Seinfeld, 2012), although this does not
imply that their solvation behavior is closer to water than to an organic solvent. Ultimately, it
does not matter whether we call such an aerosol aqueous or organic. If its composition was
known, we would be able to calculate the respective partitioning. Under typical atmospheric
conditions it appears that phase separation is common, and that is why our calculations focus on
this scenario. We will delete the word aqueous in the phrase “the possibility of the formation of a
single condensed agueeus phase” and rephrase the sentence “all of the organic material present

will be in a single;largely-agueeus condensed phase”.

(2) Some data is available to compare the results in this manuscript with observations, but this has not really been attempted.
Doing so would greatly improve this manuscript by demonstrating that the described theoretical framework can be applied
to real data. For example, on page 26559 line 17-19, All of the aromatic products are solidly in the gas-phase region of Fig.
2, which the author explains by pointing out that “oxidation products of the mono-aromatic hydrocarbons ... are too volatile
to notably contribute to organic aerosol formation.” However, mono-aromatics have been found to have surprisingly high
SOA yields (5-20% under atmospherically relevant loadings: Ng et al., 2007, Wyche et al., 2009). Do the authors have any
ideas or insights into this discrepancy? Perhaps unknown products or oligomers are less volatile than currently known
products, or there are additional effects not being considered in the authors’ graphical representation? Some discussion
reconciling known observations with this theoretical representation would be warranted.

The excised portion (represented by the three dots) in the sentence on the partitioning properties
of the oxidation products of the mono-aromatic hydrocarbons is “identified by Forstner et al.
(1997)”, which is a very important qualification. While we do not contest that there is evidence
for sizable SOA yields from mono-aromatic oxidation, we would suggest that the compounds
making up this SOA are unlikely to be those identified in Forstner et al. (1997). There is
therefore no discrepancy. The reviewer quite rightly surmises that there might be higher
generation oxidation products and products of oligomerisation reactions that are responsible for
the SOA formation from mono-aromatics. We had previously encountered that the oxidation
products identified in a study (e.g. monoterpene ozonolysis in Chen and Griffin (2005)) are too
volatile to contribute notably to SOA formation. See discussion on this issue on page 13201 of
Wania et al. (2014).



We will add the following sentence for clarification: “SOA formed during the oxidation of
monoaromatics (Ng et al. 2007, Wyche et al. 2009) is therefore unlikely to be made up of the
substances identified in Forstner et al. (1997) and displayed in Fig. 2.”

Similarly, from the Jordan et al. 2008, an SOA yield can be calculated for n-alkanes, which could be qualitatively compared

with the n-alkanes shown (or the predicted SOA yields for n-alkanes and aromatics at atmospherically relevant loading can
just be found in Gentner et al., PNAS, 2012).

We have previously calculated SOA yields from the oxidation of n-alkanes of different chain

length and compared those yields with the ones calculated by Jordan et al. (2008) and measured

by Lim and Ziemann (2014). This comparison is described in section 4.2 (pages 13200-13201) of

Wania et al. (2014).

(3) At various points throughout the manuscript, I find the discussion of water effects on partitioning muddied by a conflation
between “high LWC,” which I interpret as high RH aerosols, and levels of water more typical for clouds, which to me goes
beyond simply “high LWC” and more toward “cloud droplets.” The main place I find this confusing is page 26565-66, line
19 and on: The phrase “analysis of phase partitioning that ignores liquid water in the atmosphere can lead to erroneous
conclusions” should be clarified as referring primarily to conditions in clouds, as the authors go on to point out that few

compounds shown in Fig. 6 are in the aqueous phase during LWC levels of 10 ug/m3, as is more typical of ambient aerosols
near the ground.

The application of the term liquid water content (LWC) is not limited to aerosol but is also
applied to clouds. To prevent confusion we will now avoid the phrases “low LWC” and “high
LWC” and refer more explicitly to “low LWC typical of aerosol” and “high LWC typical of
clouds” in the section 26565-66. We will also qualify the statement “analysis of phase
partitioning that ignores liquid water in the atmosphere can lead to erroneous conclusions,
especially in the presence of clouds™.
(4) At the end of the manuscript (and Figs. 10 and 11), normal alkanes are used here to gain insight into aliphatic reactions, but
functionalization reactions of unsaturated aliphatics are not explored, though these are amongst the more common reactions

in the atmosphere. Using a-pinene, mostly only dimerization is explored, but this passes up the opportunity to explore
terpene functionalization more fully to characterize its movement in the partitioning space.

We believe that our paper indeed explores the impact of functionalization of a-pinene in the
partitioning space. This is done implicitly in Figure 6 and explicitly in Figure 11. Figure 6
displays the location of various products of a-pinene oxidation in the partitioning space and
while they are not explicitly identified as being part of a specific reaction sequence, they clearly
have different levels of oxidation (note that the oxidation products are represented by differently
coloured lines depending on the number of oxygen atoms) and thus belong to multiple
generations of oxidation products. In Figure 11, the red cone on the left side of the diagram
explicitly envelopes the products formed during the oxidation of a-pinene (and was derived from
the placement of chemicals in Figure 6).

It is not clear that a-pinene functionalization will occur with the same slope as alkane functionalization, especially given that

Hodzic et al., 2014 see a slope in volatility-solubility dependence of a-pinene products closer to 1:1, as opposed to the 1:2
slope observed for alkane products.

According to our predicted partition coefficients, the slope in the partitioning space is very
similar for a-pinene and n-alkane oxidation products, i.e., the two cones in Figure 11 are parallel
to each other. Also, in both cases nitration leads more to a 1:1 decrease in Kw,g and Kwiom/g than
addition of a oxygen containing functional group, where Ky, tends to increase more rapidly
than Kwiom/c. In fact, we would not really expect widely different effects on Kw,c and Kwiom/g
depending on whether the functional group is added to an aliphatic or an unsaturated alicyclic
compound.

We appreciate being made aware of the recent paper by Hodzic et al. (2014), which displays log
H-log C* relationships for atmospheric oxidation products of different SOA precursor



compounds in diagrams (Figure 1 in Hodzic et al.) that are quite similar to the partitioning space
plots in our manuscript. We will now reference that paper in the introduction (by adding the
sentence: “Recently, Hodzic et al. (2014) placed SOA compounds in a two-dimensional space
defined by saturation concentration and effective Henry’s law constant in order to observe and
derive relationships between these two parameters for different groups of SOA compounds”).

We also compared the findings of Hodzic et al. with our observations. Among the commonalities

arc:

Wania et al.

Hodzic et al.

The red cones in Fig. 11 enveloping the oxidation

products of a-pinene and the C17 n-alkane have
similar slopes in the partitioning space.

“Similar dependencies between H and C*
are observed for products of major
biogenic and anthropogenic precursors”

In Fig. 11, the cone enveloping the oxidation
products of a-pinene is below (i.e. at a higher
Kwc indicating stronger preference for the
aqueous phase) the cone enveloping the oxidation
products of the C17 n-alkane.

“the oxidation products of biogenic
precursors are typically more soluble than
those of anthropogenic precursors (the
intercept for terpenes is larger by two
orders of magntitude than that of toluene)”

The nitrated products of a-pinene and C17 n-
alkane tend to fall along the upper edge of the
cones in Fig. 11, implying that they have a
relatively lower Kw,g (weaker preference for the
aqueous phase) compared to the oxygenated
products.

“An increase in H up to an order of
magnitude in the intercept is generally
observed for lower NOy, indicating that the
products formed are typically more water
soluble.”

The discrepancy is the one identified by the reviewer:

Functionalization of precursor compounds tends
to increase Kw,g twice as fast as Kwiom/g

“The slope of the linear regression
[between log oH and log;oC*] varies

between -0.5 and -0.9.”

We have to presume that this discrepancy has its root in the differences in the prediction of H
and C* on one hand and K, and Kwiom/g on the other. We make two observations:

- The faster increase in Kw, than Kwiom/c upon precursor functionalization was observed
when predictions are made with SPARC, ppLFER and COSMOtherm (Compare e.g. Figs.
6A, 6B and Fig. S2).

- In Hodzic et al. (2014), both C* and H were predicted with group contribution methods
(Raventus-Duran et al., 2010, Nanoolal et al., 2008), which have unknown and possibly quite
larger uncertainties for substances that are dissimilar (e.g. have a much larger number of
functional groups) from the training data set (which encompasses largely hydrocarbons and
monofunctional substances).

We will include sentences that comment on these commonalities and discrepancies, specifically
in section 3.5 we will add: “Hodzic et al (2014) also noted that the relationships between
effective Henry’s law constant and saturation concentration were similar for the products of
different precursors” and “Incidentally, this is different from what Hodzic et al. (2014) noted for
the oxidation products of different precursors: for a one log unit change in saturation
concentration, the effective Henry’s law constant only changed by 0.5 to 0.9 log units* and ”This



is in agreement with Hodzic et al. (2014), who noted that products formed during low NOy

conditions are predicted to be more soluble.”

Minor comments:

(5) Page 26548 line 1: I find it odd to repeat the exact same first sentence in the Introduction and the Abstract. Perhaps it can be
reworded slightly to be less repetitive.

We will rephrase the first sentence of the Introduction to: “The phase distribution of oxidized

organic compounds between the gas phase and the condensed phases present in the atmosphere,

and how that distribution is affected by atmospheric and chemical variables, is central to the
understanding and quantification of the formation of secondary organic aerosol.”

(6) Page 26548 line 20-21: Include a reference for the sentence "lower tempetatures shift the gas/aqueous phase equilibrium of
volatile substances, such as a-pinene and n-alkanes, to the gas phase", as this is counterintuitive.

This sentence will be deleted in response to a comment by anonymous referee #1.

(7) Page 26549 line 21-22: While Donahue et al. 2011, 2012 are referenced later, they should also be included in this citation as
they describe one of the recent quintessential uses of graphical tools to understand partition. For a more complete list I also
recommend, though by no means think it is absolutely necessary, to include the carbon number by polarity grid of Pankow
and Barsanti, Atmos. Env., 2009, possible the carbon number by oxygen number model of Cappa and Wilson, ACP, 2012,

and the various work of Isaacman et al. using GCxGC and GCxMS to categorize SOA constituents through graphical
analysis.

We will now also cite here the papers suggested by the reviewer.
(8) Page 26549 line 28-29: Saturation concentration is more accurately "defined as", not "shown to be" "the reciprocal of a gas-

particle partitioning coefficient" and can/should be briefly described here, as many people find it confusing that our
community so often discusses vapor pressure in mass concentration units.

The sentence will be rephrased as suggested and the following phrase will be added: “and
typically derived from saturation vapour pressure”

(9) Page 26550 line 20 and throughout: should be "partitioning coefficient" in place of "partition coefficient"
“Partitioning coefficient” will be replaced with “partition coefficient” throughout.

(10) Page 26550 line 25: missing the word "is" after Kxy.

The three words “has units of”” got lost during type setting and will be added again.

(11) Page 26553 line 26-29: a bit more discussion of the central region is warranted. While the white triangle is clear described,
there is presumably a region in which a compound is majority in one phase, but the non-majority fraction is split between

the other two phases. These are, as I understand it, the regions within the dashed lines of Fig. 1A, which should be made
clearer or discussed in the text.

We will add the sentence: “Finally, the two triangular areas with bow-shaped flanks, surrounding
the white triangle and being delineated by dashed lines, encompass properties of chemicals that
partition mostly in one phase, with the remainder split between the other two phases.”

(12) Page 26555 line 22: A reference or online availability should be given for SPARC
We will add a reference to Hilal et al. 2004.

(13) Page 26556 line 1: which n-alkanes?
We will add the phrase: “with 8 to 17 carbons”
(14) Page 26561, Fig. 4: It is interesting and worth noting (and frustrating to those of use that study partitioning), that nearly all

the products of terpenes and aromatics fall in the SV-OOC and the SV-WSOC region, so exist most likely in all three states
in the atmosphere.

We agree. This issue is discussed in more detail in section 3.4 with respect to a.-pinene oxidation
products. While these substances not necessarily exist in all three states at the same time, they
can occur in all three states depending on the prevailing atmospheric conditions (temperature,
LWC, OAL, salinity, etc.). We will add the following sentence: “Figure 4 reveals that higher
generation oxidation products of monoterpenes and mono-aromatic hydrocarbons fall mostly into
the SV-OOC category in the centre of the partitioning space, indicating that they may partition to



a significant extent into gas, aqueous and WIOM phase depending on the prevailing atmospheric
conditions. This also means that their exact placement in the space is important, because it will
affect the predicted phase distribution.”

(15) Page 26564, line 14-23, and Fig. S3: Use of the terms “high” and “low” are confusing. I interpret “low” as a decreased in
Kxy, thus, “prediction of Kwiom/g appear to be generally biased low relative to SPARC predictions and the Ky, appear to
be biased high” should be an arrow to the lower left, not upper right, so that the tip of the arrow has a higher value in Ky,
and a lower value in Kwjowm/g, unless I am somehow mistake. This continues to be confusing in line 19-21. It appears from
Fig. S3 that for the compounds with a long uncertainty line, the ppLFER value in up and to the left of the SPARC value, so

it is more toward the gas-phase, not “unduly favouring the aqueous phase.” In general, I find this paragraph confusing, and
several times, compounds are referenced but not labeled on any figures.

The reviewer is correct and we appreciate their very careful reading of our manuscript. We had
erroneously labeled Figure S3: the origin of the arrows corresponds to the ppLFER predictions
and the tip of the blue arrows corresponds to the SPARC predictions. In other words, the
descriptions in the text were correct, but the figure was not. We will correct Figure S3
accordingly and also add labels to identify compounds that are explicitly mentioned in the text.
(16) Page 26565 line 16: It is somewhat speculative to suggest that it is implausible that activity coefficients vary by several
orders of magnitude. What few measurements of partitioning do exists (i.e. Williams et al., 2010), shows effective activity
coefficients several orders of magnitude from ideality. These may be inaccurate as they ignore partitioning into an aqueous
phase, but they were also measured in a relatively dry environment, so phase separation is not necessarily likely. I agree that

it is suspect that SPARC differs from the other two, but observations do support that gas-particle organic partitioning is still
poorly understood.

SPARC in this case was used to predict solvation in pure organic solvents, not in complex,
potentially multiphase, ambient aerosol. Based on data in Park et al., 1987, the activity
coefficient in different organic solvent can indeed vary widely (by about two orders of
magnitude), but not as widely as predicted here by SPARC. We thus still believe that the range
of Ksoenvg predicted by SPARC is implausible.

(17) Page 26567 line 22: typo, “be” should be “ by”
We agree.
(18) Page 26567 line 27: “functionalization roughly increases the Ky, by two log units for every log unit increase in log

Kwiom”- Interestingly, and perhaps unsurprisingly, this is in agreement with the relationship between Henry’s law and
vapor pressure observed for alkanes by Hodzic et al., 2014.

Based on Table 1 in Hodzic et al. (2014), the relationship between the effective Henry’s law
constant A and the saturation concentration C* for the oxidation products of the C-18 n-alkane
under low NOy conditions is: logjo(H) = -0.51 log;o(C*) + 6.43.

In other words for a one log unit change in C*, H changes by half a log unit. Surprisingly this is
the opposite of what we observed: Ky, changes by two log units for every one log unit change
in Kwiomg. We have no explanation for this discrepancy, but point out that the trend we
observed was obtained using ppLFER, SPARC and COSMOtherm predictions. We also believe
our results to be more plausible: functional groups that result from oxidation should increase the
interactions with water more than the interactions in the pure phase, i.e., should affect the Henry
Law constant to a larger extent than the saturation concentration in the gas phase.
(19) Fig. 1: At first glance, units and thresholds are confusing. Based on the definition of Kx/y as m® of phase Y per phase X, the
50% line in Fig. 1 seems like it should be at log K = 0. The reason as I understand it that this is not the case is due to volume
ratios, made clear in equations 5 through 9 and discussion on page 26553, but these are introduced after Fig. 1 (which is first

mentioned on line 8 of page 26551), so the first look at Fig. 1 is very confusing. Perhaps consider referencing the equations
in the caption of Fig. 1. Or adding axes that showing fraction in each phase log 'X/'Y in each phase.

During typesetting, the words ‘“has units of” was deleted from line 25 of page 26550. Kxy is
therefore not defined as “m’ of phase Y per m’ of phase X”, but merely has units of “m’ of phase
Y per m® of phase X”.



When Figure 1 is first referenced on line 8 of page 26551 (“In Fig. 1a, logKw/,c and logKwiom/G
are used to define such a space.”) it is only to introduce the two axes and no reference is made to
what is displayed in the coordinate system. At this point it is not necessary to understand the
entire figure.

The caption to Figure 1 is already very long and we are reluctant to add more text. It has a focus
on describing what is being displayed and not on how it is being constructed (i.e. the underlying
equations) and we are doubtful that it would be feasible to write a caption that would allow a
complete understanding of the figure without also reading the main text.

Unfortunately, we do not understand the comment on adding axes.

(20) Fig. 2: The families of products are very clear in n-alkane oxidation. Presumably the horizontal spacing is carbon number,
and the vertical diagonal spacing are degrees of oxygenation. It would be helpful to label families or carbon number in some way
to remove the guess work from interpreting the blue dots.

We will add labels identifying the C-8 and C-17 compound among the n-alkanes, as well as the
precursors.

(20) Fig. 6: Describe the red outlined regions in the caption

We will add the following sentence to the caption of Figure 6: “The red lines encircle regions
where chemicals fall whose contribution to SOA formation would not be considered, if the
aqueous phase in an aerosol (solid line) or in a cloud (dashed line) were ignored.”
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