Responsesto Referee #1

We thank the reviewer for the careful review of auanuscript; the comments and
suggestions are greatly appreciated. All the comtsnleave been addressed. In the following
please find our responses to the comments one éyaod the corresponding changes made
to the manuscript. The original comments are shiowtalics.
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The manuscript “Cloud condensation nuclei activitdroplet growth kinetics and
hygroscopicity of biogenic and anthropogenic Seappddrganic Aerosol (SOA)” by D.F.
Zhao and co-authors deals with sub- and supers&tdrahygroscopicity of chamber
generated SOA from representative anthropogenic &mbenic precursors, relating
observed differences to chemical variations in tewh oxidation state and mixing between
each SOA component. The paper is interesting eticgl to both aerosol thermodynamics,
atmospheric chemistry and aerosol modelling acdognfior effects of chemical ageing. It is
well-written and the discussion is overall good.db however have some additional
suggestions for clarifications and to elaborateifbrther.

General comments:

Although | generally think the discussion is veopd, the manuscript would benefit if some
of the clarity in the conclusions section wouldev@lent already at the discussion stage.

The consequences for atmospheric studies of exdelyprocesses (SOA mixing) and SOA
types studied could be emphasized a bit further.

Response:
We thank the reviewer for the supporting remarks.

In the revised manuscript, we have accepted thgestign and clarified the discussion. We
have emphasized the consequences of the SOA nagifigllows.

“On the regional scale, when an air mass from regginfluenced by anthropogenic emissions
(e.g. an urban region) transports to regions imiteel by biogenic emissions (e.g. a forest
region), the physicochemical properties of the ediXSOA formed will likely shift to be
BSOA-dominated due to the fast turnover of BVOG,, idecreasing hygroscopic growth
compared with ASOA. In contrast, when an air massfregions influenced by biogenic
emissions transports to regions with anthropogenigssions, the SOA properties will likely
remain those of BSOA due to the slow turnover ofQG/”

Concerning the description of the experiments,otld be clarified whether the ageing
processes are considered to occur in both the gakaerosol phases, or only in the gas-
phase. | was somewhat unsure of this in relatiotheomixed A- and BSOA studies and it



certainly affects the interpretation of mixing aoither thermodynamic effects vs. kinetics and
the plausibility of oligomerization. What's the m®f the different time lags chosen for
mixing A and B VOCs? Do you have homogeneous rtimieim the chamber, there is no
mention of seeds?

Response:

Although aging can occur in both the gas and garpbase, here we assume, based on the
study by Donahue et al. (2012), that dominatingh@gdccur in the gas phase. We used
oligomerization explicitly when we discussed oligenaation. This point has been clarified
in the revised manuscript as follows.

“Photochemical aging is thought to mainly happenhi@ gas phase (Donahue et al., 2012)
and to affect the particle composition by partitig) although heterogeneous oxidation and
particle phase oxidation may also play a role.”

The time lag in the experiments with sequential Vadilition was chosen in a way that
particle mass concentration generated from the\Wi@&C reached a maximum and after 1-2 h
the second VOC was added. The time lag was longenvAVOC was added first due to its
low reactivity. In the revised manuscript, we hadeled the following sentences.

“In experiments with sequential VOC addition, trecend VOC was added 1-2 h after the
SOA mass concentration generated from the firstitiadd reached its maximum.
Accordingly, the time lag was longer when AVOC wadded first due to its lower
reactivity.”

We had homogenous nucleation in the chamber andeed was used. In the revised
manuscript, we have clarified these issues asvislio

“In all the experiments, particles formed by homugeus nucleation and no seed aerosol was
added.”

I am not sure how well oligomer formation explathe hygroscopicity and CCN activity
results. Is oligomerization the most plausible argtion for the non-linear response in K to
A and BSOA fractions? It could also be non-idedlutson effects, such as codependent
solubility, possibly also leading to evaporation ssime SOA material. You could either
explain in more detail what makes you believe tist@uld be oligomers in the aerosol, e.g.
give a few more references to previous work supmpthis, or explore other explanations,
such as solubility and co-solvation effects, initanfiore detail. These would be supported by
the sub-unity K(HTDMA)/K(CCN) ratios? Instead ofenfical pathways to reducing
volatility, have you considered also thermodynamiplanations, such as Raoult's law
mixing (see e.g. Asa-Awuku, 2009)? Alternativebyy vould you make a future experiment
to get a positive detection of these oligomers?

Response:



The solubility and co-solvation effects as discdsseAsa-Awuku et al. (2009) have been
taken into account in the ASOA fraction calculatidfiere the ideal mixing of ASOA
components with BSOA components was assumedaigngle phase and that the total SOA
mass participate the partitioning of ASOA and BS@#nponents. In the case of non-ideal
mixing, the ASOA fraction would be lower. The kappABSOA will be lower than the
linear combination to an even higher extent, sggnger non-linear effects. Therefore, this
co-solvation effect is less likely to explain ourdings.

In the revised manuscript, we have clarified th&ing of ASOA and BSOA components in
Sect. 2.2.

“In the ABSOA experiments, the mass fraction of AS@ the total aerosol was estimated
using a method based on the aerosol mass yieldV&@ consumed as described by
Emanuelsson et al. (2013), where ideal mixing ofOASand BSOA components was
assumed.”

In the future experiments, conditions that can faemparable fractions of both ASOA and
BSOA, thus favorable to ASOA and BSOA interactioclsas oligomerization are preferred.
Therefore, relatively higher AVOC concentration ahdjher OH concentration (as in
experiment AB5) are desirable. This point has badded in Sect 3.2 of the revised
manuscript.

In the revised manuscript, we have further supplotte discussion of effects of oligomer
formation using more references and our filter detéollows.

“We observed the oligomer formation in these sasiég S6). Oligomer in SOA has been
found by a number of studies (Gao et al., 2004;i¢&tezet al., 2015; Tolocka et al., 2004;
Kalberer et al., 2004; Kourtchev et al., 2015; Kohev et al., 2014). Small multi-functional
products from aromatics oxidation (Hamilton et 2D05; Jenkin et al., 2003; Johnson et al.,
2005) may promote oligomerization between ASOA BB®OA components.”

Why would oganic-organic interactions decreasingtipke volatility and SOA persis-tence
lead to increases in CCN activity? In fact, idealkimy of organic components (organic
phase) would indicate strong similarities betweée different SOA types and therefore
potentially an unchanged CCN activity of their mnets, as indeed observed.

Response:

By “the interaction between ASOA and BSOA”, we nigpirefer to the oligomerization and
morphology changes (glassy states). These interactcan decrease the volatility and
decrease the CCN activity.

The ideal mixing only indicates some similaritiesteeen different SOA. Yet, even if
different OA components can mix well forming singlkase, they could still have different
detailed chemical composition and different compsecan still interact physically and



chemically (e.g. oligomerization). For example goliner can be formed in pure BSOA or
ASOA particles.

In the revised manuscript, we have clarified thigiaction in Sect 3.1.1.

“We conclude that the interaction of AVOC with BVQRidation products, such as potential
oligomerization during the photochemical oxidatidoes not affect CCN activity of the
resulting ABSOA.”

Similar droplet growth kinetics doesn’t necessarityean particles are internally well
mixed.The presence of water could lead to meltingne organic phase which could then
facilitate melting of another organic aerosol phaddaybe you could clarify a bitwhat
significance you put on the similar growth kine®ics

Response:

We agree with the reviewer's comment and we did ¢laim that growth kinetics data
indicates that particles are internally mixed. He tevised manuscript, we have clarified this
issue.

It reads now:

“Based on the droplet growth kinetics of the ABS@Ag. 3) observed in this study, no
matter whether ASOA and BSOA components are weledhin the particles, mixing issues
did not seem to affect the water uptake of padiatesupersaturated conditions. Hence, the
kinetics of ABSOA, ASOA and BSOA activation may tegarded to be similar when cloud
activation is considered.”

How are the error bars shown on K values estimatEdé@se K values are fairly low (<0.1),
but it still seems that differences are significant outside uncertainty limits?

Response:

The error bars okccny were estimated using the standard deviation gf om three
duplicate scans. The error barskgfpoma Were also estimated using the standard deviafion o
the growth factor at (¥1) % RH of at least three duplicate scans.

We are not sure which kappa the reviewer referredMe guess the reviewer referred to
Kutoma and the differences afiroma between BSOA and ASOA. The differences between
Kutoma Of ASOA and BSOA are significant and beyond theeutainty limits.

In the revised the manuscript, we have clarified liwe error bar was estimated.
Specific comments:

19913 |. 18-20: “Since different SS correspond tifecent critical sizes, this dependence
indicates a size dependent chemical compositi@eaisol (Zhao et al., 2015a).” Couldn’t it
also be dilution state and concentration dependsstiavior in the aqueous phase. What
would be the mechanism for size dependent compwBiti



Response:

The size-dependent kappa is plausibly attributettiécsize-dependent chemical composition,
although dependence of the deviation from idealityy concentration could also contribute.
But this question is beyond the scope of this mepis The details of the size-dependent
kappa and its causes are discussed elsewhere €ZBhp2015). The possible mechanisms of
the size-dependent kappa include the Kelvin effeeterogeneous oxidation and the effects
of the higher generation products.

19915 I. 13-16: “Functionalization does not signdntly change the molar volume of
organics, but it increases the van't Hoff factoredio both its interaction of polar functional
groups with water and additional dissociation effelsy carboxylic and hydroxyl group (as in
Eq. A6) (Petters et al., 2009; Tritscher et al.12D” What do you mean by the first part of
this statement? Which interactions and how do ttenge the van’t Hoff factor? How do
you define the van’t Hoff factor?

Response:

kappa is affected by the molar volume of organios the van't Hoff factor as shown in Eq.
A6. van't Hoff factor, i, is the ratio of the measd value of a colligative property to the
expected value if the solute is a nonelectroly&tr{eci and Herring, 2007; McDonald, 1953;
Low, 1969). It is the ratio of the actual concetitna of molecules or ions produced when a
substance is dissolved to the concentration ofthestance if it does not dissociate. When a
molecule dissociates, it can increase i. The iotema of polar groups with water decreases
the repulsive force between organics and waterchvttierefore increases i. The relationship
of van’t Hoff factor and kappa is discussed in jwas studies (Petters et al., 2009; Tritscher
et al., 2011).

In the revised manuscript, we have clarified thémtence as follows and added more
background information of i in the Appendix A.

“As shown in Eq. A6k is affected by the molar volume of organics andh®y van't Hoff
factor (the ratio of the actual concentration ofl@cales or ions produced when the substance
is dissolved to the concentration of the substarteoes not dissociate).”

19915 I. 19: Here you briefly mention the effectsotigomerization on surface tension

effects. | was a bit confused until reading on god may consider mentioning this either in
relation to the other surface tension discussiorafter discussion oligomers in more detail.

Maybe also clarify exactly what compensating e$fedtsurface tension you are discussing
here?

Response:

We have realized that it is not proper and closadievant to discuss the effects of
oligomerization and photochemical oxidation on acef tension here. In the revised
manuscript, we have omitted this sentence.



19916 1.18: less significant as / less significr#n?

Response:

We have corrected this to “less significant thanthe revised manuscript.
19917 1.17: similar with / similar to?

Response:

We have changed to “similar to” in the revised neamipt.

19918 |.1-7: The paragraph concerning mixing and Work of Hildebrandt et al. (2011):
here it is not entirely clear if you are talking@lt an ideal organic-organic mixture or an
ideal aqueous mixture with respect to each of tlygamics. For the latter option, | wonder
what you consider the phase of the particles to Bef?high viscosity or solid particles, it
could of course affect the mixing state upon setipiearddition to the reaction mixture. Also,
| assume you are aware of that there is no reasoaxpect that an ideal organic mixture
would entail that either organic would behave idgah aqueous solution, but it is unclear
from this paragraph, so | suggest you elaboratét ai this very interesting issue.

Response:

In this paragraph we referred to organic-organigimgi. In an extreme case, the organics in
the outer layer may hinder water uptake by orgamidie inner layer. Our findings indicate
that no matter whether the organics are well mixedot, the water uptake in supersaturated
conditions seemed not to be affected. We agreetivthreviewer's comment that well mixed
organics do not entail the ideality in the solutibmthe revised manuscript, we have clarified
this point as follows.

“A recent laboratory study by Loza et al. (2013)@ests limited mixing of different types of
SOA components in the particles formedsield. Based on the droplet growth kinetics of the
ABSOA (Fig. 3) observed in this study, no matterettter ASOA and BSOA components are
well mixed in the particles, the mixing issue diot seem to affect water uptake of particles
in supersaturated conditions. The kinetics of ABS@SOA and BSOA activation may be
regarded to be similar when cloud activation issidered.”

19920 I. 2-3: What exactly is meant by simple lineaxing and a non-linear response,
respectively? You do explain this, but | would miefit rigorously before using these terms
simply. What is the measured response, change HIiTBIMA)? Is it linear with respect to
amount of AVOC and BVOC, or ASOA and BSOA? Alsi, ASOA and BSOA mass or
volume fraction?

Response:

In the revised manuscript, we have defined it tyedirreads now:



“Such a graph can help to detect whethexih@ua of ABSOA can be described by a simple
linear mixing of thexyrpma Of BSOA and ASOA components with respect to thelume
fraction or where non-linear responsegfpua is effective.”

“... If the kytpma Of ABSOA can be described by a linear combinatibthe Kyrpuwa Of pure
ASOA and BSOA components in respect of their voldraetion, thexyrpuwa data point ...”

19921, I. 1-6: Regarding morphology, considering growth kinetic results, is this really a
plausible explanation? If both types of SOA havmilar growth kinetics to ammonium
sulphate, how would morphology explain non-linedfeas on mixed particle K? |
understand the experiments are made in differemitity regimes, but wouldn’t any
differences be enhanced at CCN conditions? Youwaay to explain this further.

Response:

Morphology effects may contribute to non-lineareett. As the reviewer noticed, the similar
kinetics was obtained in supersaturated condititmsubsaturated conditions, water uptake
flux to particles might be low and water diffusivin the more concentrated solution may be
slower than in supersaturated conditions thus ilmmithygroscopic growth of the particle.
This may be the reason that some studies obsemetickdelays in water uptake at low SS
but no kinetic delay at high SS (Engelhart et2008).

In the revised manuscript, we have improved thssussion as follows.

“In addition, if ABSOA forms a glassy state, thevkr diffusivity in the particle may hinder
water uptake thus decreasikgpma. Although similar growth kinetics of SOA to (N}4SO,
was observed in supersaturated conditions, in sutagad conditions the water diffusivity in
the particle may be limited thus limiting water aige.”

19922, I. 9: Regarding the interpretation of potehsurface tension effects, if the surface
tension effect of BSOA would be greater than faDASIn the sense that surface tension is
lower at CCN activation for BSOA, this should in opinion lead to a smaller observed
discrepancy between K(HTDMA) and K(CCN) for BSOAcesat both humidity conditions
there would then be a positive bias on K. Alsguifface tension effects were significant for
BSOA, then | would expect subsaturated hygrosdagpafi BSOA to be greater than for
ASOA, opposite to what is reported. However, seartansion effect are complex and maybe
you can clarify your line of reasoning a bit furtRe

Response:

If the surface tension effect of BSOA is greates,,isurface tension is lower than ASOA,
Kcen Of BSOA would be higher. Although low surface tiensalso cause a positive bias to
Kutoma, the surface tension effect in subsaturated ciomditis fairly small, i.e.Kytrpma IS
relatively stable. Therefore, therpmaKcenWould be smaller for BSOA, i.e. a bigger gap
betweerkytpma andkcen.



We agree that when all other parameters are the,s&surface tension effects were larger
for BSOA, Kytoma Of BSOA would be greater than ASOA. However, theerical
composition (functional groups and degree of oxatgtand the molecular mass of ASOA
and BSOA were different. For example, ASOA compdsidrere have an average lower
molar volume and higher O/C, both enhanatagoma. This was discussed in our manuscript
(Sect. 3.2 page 199109 lines 1-5).

In the revised manuscript, we have improved theusdision of this part. Now it reads:

“... If the surface tension effect for BSOA would laeger than for ASOA, i.e. lower surface
tension in supersaturated conditions, this wouddi o a highekccn for BSOA. While the
surface tension effect in subsaturated conditiosmsll, i.e.Kytpma IS relatively constant,
higherkccn of BSOA results in a larger discrepancy betwegibva andkcen.”

19922, I. 24: Concerning evaporation and condemsatausing potential artifacts, what are
the respective residence times at sub- and supeegatl water uptake? Again, | don'’t
immediately see how the limited diffusivity woulel & plausible explanation for the K
discrepancy when the growth kinetics are similar?

Response:

The residence time is around 30 s in the HTDMA rmaessent, which was described in Sect.
2.1 and around 24 s in the CCN measurement withithe in the final SS slightly lower
(Lance et al., 2006), which has been added inetis&d manuscript.

As we discussed above, the similar growth kinedtSOA to (NH),SO, was obtained in
supersaturated conditions. In subsaturated conditidiffusivity of water in glassy particles
could be the limited and could possibly limit thater uptake thus decreasing kappa.

Reference:
Asa-Awuku, A. et al. Mixing and phase partitionafgrimary and secondary organic

aerosols, Geophys. Res. Lett.36 (15), 10.1029/2009€301, 2009.



References

Asa-Awuku, A., Miracolo, M. A., Kroll, J. H., Robson, A. L., and Donahue, N. M.: Mixing
and phase partitioning of primary and secondaramigyaerosols, Geophys. Res. Lett., 36,
L15827, 10.1029/2009g1039301, 2009.

Donahue, N. M., Henry, K. M., Mentel, T. F., KierdiScharr, A., Spindler, C., Bohn, B.,
Brauers, T., Dorn, H. P., Fuchs, H., Tillmann, Rahner, A., Saathoff, H., Naumann, K. H.,
Mohler, O., Leisner, T., Muller, L., Reinnig, M. (Hoffmann, T., Salo, K., Hallquist, M.,
Frosch, M., Bilde, M., Tritscher, T., Barmet, Praplan, A. P., DeCarlo, P. F., Dommen, J.,
Prevot, A. S. H., and Baltensperger, U.: Aging iolgenic secondary organic aerosol via gas-
phase OH radical reactions, Proc. Nat. Acad. SciS.Al, 109, 13503-13508,
10.1073/pnas.1115186109, 2012.

Engelhart, G. J., Asa-Awuku, A., Nenes, A., andd?anS. N.: CCN activity and droplet
growth kinetics of fresh and aged monoterpene s#gnorganic aerosol, Atmos. Chem.
Phys., 8, 3937-3949, 2008.

Gao, S., Keywood, M., Ng, N. L., Surratt, J., Vaarngkul, V., Bahreini, R., Flagan, R. C.,
and Seinfeld, J. H.: Low-molecular-weight and ofiggric components in secondary organic
aerosol from the ozonolysis of cycloalkenes antialpinene, J. Phys. Chem. A 108, 10147-
10164, 10.1021/jp047466€, 2004.

Hamilton, J. F., Webb, P. J., Lewis, A. C., and iRgv M. M.: Quantifying small molecules
in secondary organic aerosol formed during the @loaidation of toluene with hydroxyl
radicals, Atmos. Environ., 39, 7263-7275, 10.10&6fosenv.2005.09.006, 2005.

Jenkin, M. E., Saunders, S. M., Wagner, V., antingil M. J.: Protocol for the development
of the Master Chemical Mechanism, MCM v3 (Part tB)pospheric degradation of aromatic
volatile organic compounds, Atmos. Chem. Phys183,-193, 2003.

Johnson, D., Jenkin, M. E., Wirtz, K., and Martieviejo, M.: Simulating the formation of
secondary organic aerosol from the photooxidatibrammatic hydrocarbons, Environ.
Chem., 2, 35-48, 10.1071/en04079, 2005.

Kalberer, M., Paulsen, D., Sax, M., Steinbacher, Dddmmen, J., Prevot, A. S. H., Fisseha,
R., Weingartner, E., Frankevich, V., Zenobi, R.d a@altensperger, U.: Identification of
polymers as major components of atmospheric orgaeiosols, Science, 303, 1659-1662,
10.1126/science.1092185, 2004.

Kourtchev, 1., Fuller, S. J., Giorio, C., Healy, R., Wilson, E., O'Connor, |., Wenger, J. C.,
McLeod, M., Aalto, J., Ruuskanen, T. M., MaenhaMt, Jones, R., Venables, D. S., Sodeau,
J. R., Kulmala, M., and Kalberer, M.: Molecular qmosition of biogenic secondary organic
aerosols using ultrahigh-resolution mass spectniymetomparing laboratory and field
studies, Atmos. Chem. Phys., 14, 2155-2167, 10/at9414-2155-2014, 2014.

Kourtchev, I., Doussin, J. F., Giorio, C., Mahon, B/ilson, E. M., Maurin, N., Pangui, E.,
Venables, D. S., Wenger, J. C., and Kalberer, Moleidular composition of fresh and aged
secondary organic aerosol from a mixture of biogemiatile compounds: a high-resolution
mass spectrometry study, Atmos. Chem. Phys., 153-5695, 10.5194/acp-15-5683-2015,
2015.

Lance, S., Medina, J., Smith, J. N., and Nenes,Mapping the operation of the DMT
Continuous Flow CCN counter, Aerosol Sci. Technol.40, 242-254,
10.1080/02786820500543290, 2006.



Low, R. D. H.: A Generalized Equation for the SantEffect in Droplet Growth, Journal of
the Atmospheric Sciences, 26, 608-611, 10.1175A520
0469(1969)026<0608:AGEFTS>2.0.CO;2, 19609.

McDonald, J. E.: Erroneous cloud-phy sics applawati of raoult's law, Journal of
Meteorology, 10, 68-70, 10.1175/1520-0469(1953)@0B8:ECPSA0>2.0.CO;2, 1953.

Noziere, B., Kaberer, M., Claeys, M., Allan, J.ADha, B., Decesari, S., Finessi, E., Glasius,
M., Grgic, I., Hamilton, J. F., Hoffmann, T., linanY., Jaoui, M., Kahno, A., Kampf, C. J.,
Kourtchev, ., Maenhaut, W., Marsden, N., SaarikoSk, Schnelle-Kreis, J., Surratt, J. D.,
Szidat, S., Szmigielski, R., and Wisthaler, A.: TRlecular Identification of Organic
Compounds in the Atmosphere: State of the Art ahdllEnges, Chem. Rev., 115, 3919-
3983, 10.1021/cr5003485, 2015.

Petrucci, H., and Herring, M.: General Chemistmméiples & Modern Applications, 9th ed.,
Pearson Education, Inc., , Upper Saddle River2R07.

Tolocka, M. P., Jang, M., Ginter, J. M., Cox, F.Kamens, R. M., and Johnston, M. V.:
Formation of oligomers in secondary organic aerdsoliron. Sci. Technol., 38, 1428-1434,
10.1021/es035030r, 2004.

Zhao, D. F., Buchholz, A., Kortner, B., Schlag, Rubach, F., Kiendler-Scharr, A.,
Tillmann, R., Wahner, A., Flores, J. M., Rudich, Watne, A. K, Hallquist, M., Wildt, J.,
and Mentel, T. F.: Size-dependent HygroscopicitsaReeter ) and Chemical Composition
of Secondary Organic Cloud Condensation Nuclei, pBgs. Res. Lett.,, n/a-n/a,
10.1002/2015GL066497, 2015.



