Referee #1

I thank the referee for carefully reading the manips and for the constructive comments that help
improving the paper. The comments are listed intdelow (in black font), while the replies are give
in blue font; text that has been added to the n@aipiss shown in red font.

This manuscript presents a new-ish model of nucleand growth (modified from a previous model
to allow for evaporation of the smallest acid-babesters), and this model is used to estimate
thermodynamic parameters of the small clusters étying the model to match measurements of
nucleation rates from CLOUD measurements. The nwaipis$s suited for ACP and is mostly ready for
publication, but | have some comments that | wailkkkelto be addressed before final publication.

(1) How important is the role of coagulation ingbesimulations? If | understand correctly, onehef t
motivations for having a model of the broad sizgriiution is to include coagulational losses afyea
clusters, but coagulation was not discussed begtatohg that it was part of the model at the enthef
introduction.

| agree, that the effects of coagulation shouldubider highlighted. In the version published in RO

the effect of coagulation can currently be seemftbe increase in the GR in Figure 6 for the low
temperature (208 K). At this temperature the re¢dyi small evaporation rates lead to significaostér
concentrations (relative to the monomer of sulf@iad), which leads to enhanced growth rates. The
effect of this “hidden” sulfuric acid (in clustersh particle growth and nucleation has been desgrib
recently (Lehtipalo et al., 2016; Rondo et al., @0More information regarding this effect was adide
to Section 3.4:

“This effect is pronounced at 208 K with some amiapwhich indicates that considering only the
condensation of monomers is not sufficient for sameditions. Not only growth can be effected by
coagulation but also new particle formation ratesrefore, the implementation of a full coagulation
scheme (S| Text S1) is important for the presardyst

(2) L153-156: From context, I'm pretty sure youtedking about the sulfuric acid / DMA system here,
but it be good to be explicit such that the read@®w~ you aren't talking about the sulfuric acid /
ammonia system. “For the reason, the sulfuric Adichethylamine system can be. . ."

Agreed, the sentence has been changed to:

“For this reason, the sulfuric acid-dimethylamitystem can be treated as quasi-unary and the kinetic
approach (all cluster evaporation rates equal z@edjls very good agreement between modeled and
measured particle concentrations and formatiors raer a wide range of particle diameters.”

(3) L160: Is the upper diameter limit of 295 nm betause the patrticles in the CLOUD experiments
did not grow larger than this? If not, what is teason for this limit? In the atmosphere, partitheger
than this size can contribute a significant amadrnbe condensation and coagulation sinks.

| agree, that in the atmosphere larger particlesn azontribute significantly to the
condensation/coagulation sink. The model is theeafiot restricted to the mentioned size. By indreps
the number of bins and/or the width of the binsgda diameters can be considered. However, as the
referee points out, at the given sulfuric acid @ntations and durations of the experiments theghear
diameters always stayed below the stated size.

The following sentence was added to the end ofitsieparagraph of Section 2.2 in order to poirs th
out:
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“Choosing a larger number of bins and/or geomdgator would result in a larger upper size limit,
which was, however, not necessary in the presedy st

(4) Section 2: Personally, | think about how nut@aimpacts the size distribution and how the size
distribution feeds back on nucleation. | have adagsalitative understand about how dS and dHeelat
to evaporation rates, but not a complete undersignticertainly expect that some readers will have
thought about nucleation thermodynamics a lot aod'tveed to see any background; however, | doubt
that I'll be alone in wanting to see a short sactiescribing the mathematical relationship betvwteen
thermodynamic parameters and the evaporationAateminimum please reference where we can find
this discussion.

In the ACPD version of the manuscript a referec8ltText S2 is provided in L196/L197. SI Text S2
describes the relationship between the evaporedierand the thermodynamic parameteksddd ).
Further explanation on the relationship betweerperation rate andH¥dS is given in Section 2.2
(L196-L200).

However, it is probably good to provide a bit dibinrmation (and the reference to the Sl) alreadijexar
Therefore, the following information was addedtte end of the first paragraph of Section 2:

“The thermodynamic parameters (enthalpy chandeadd entropy changeSaiue to the addition or
removal of a molecule) are required in order t@wobthe evaporation rate of a cluster. The mathiealat
relationship betweenH] dSand the evaporation rate are provided in the supghtary information (Sl
Text S2).”

(5) L408-411: So in the real atmosphere (withoutsyathe straight line is appropriate? Or | suppits
is then the coagulation sink to determine the roeakity of the curve?

The referee is correct. The ratio of the arrivad raf the condensing vapor to its loss rate detegmi
whether the relationship betwegiand vapor concentration is a straight line (oagalbg-plot) or not.
When this ratio is high, the relationship is ratteear; at a small ratio it is non-linear. In CLOUno
pre-existing particles are present; therefore, Vesk is the main sink for the condensing vapoi(s);
the atmosphere the loss is determined by the ceatien sink on larger (pre-existing) particles.

The sentence in Section 3.2 has been modifiectctade the information that the shape of the cuare ¢
also be influenced by pre-existing particles:

“The curvature is due to the fact that the survprabability of subcritical clusters (i.e., clustdyelow
the nonamer) can be strongly affected by lossegtls or pre-existing particles (Ehrhart and Cugtiu
2013).”

(6) L443-450: Does it matter that the model is pvedicting when the overpredicted, ¥alues are 1E-
4 cm-3 s-1 and slower? There rates are trivials Thay be worth noting, even though it's good to
discuss that it is an overprediction.

| agree, that a comment should be added that dashrates (<1e-03 or 1e-04 s-1) are generally not
relevant - at least at the high temperatures,near ground level. The following was added:

“However, the slow rates of ®10° or 1x10* s* are not atmospherically relevant near the ground i
most cases.”



(7) Figure 6 and associated discussion: Theserarlyrates for which size of particle? Do the $§ine
converge for larger particle sizes?

In the previous version a particle diameter ofrinYwas chosen. In the revised figure (see below, ne
Figure 6) a particle diameter of 2.4 nm is usedgctviis more comparable to other studies on sulfuric
acid-ammonia nucleation. This information is aldded to the revised figure caption:

“The NHs; concentration was set ta10° cnt® (blue and red curve); for all calculations a dgnsf 1615
kg nt® and a particle mobility diameter of 2.4 nm wasdjske diameter of the particles was calculated
assuming a molecular mass of 151 amu (2 water aminionia molecule per sulfuric acid molecule).”
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For larger diameters the lines do not converge,the model still predicts a significant fasteowth
rate at 208 K compared with 278 K. In general,ttagnitude of the growth rates decreases, however,
with increasing size (see also discussion in Niemiet al., 2010).

(8) L464-465: Why couldn’t a parameterization bedm#or growth rates? Overall, I'm a bit confused
to all of the discussions throughout about pararzetiions not being able to do various things.
Parameterizations can do anything you want so &sngpu have the data to make them.

The last remark by the referee is exactly the pdinhodel like SANTIAGO can yield the growth rates
(for all different sizes) even though they were explicitly measured or parameterized. However, the
reviewer is correct that growth rates could alspa®meterized from existing data. In order toifglar
this the end of Section 3.4 was modified as follows

“The possibility of deriving growth rates with tineodel is an important feature that is not included
the parameterization for the CLOUD new particleration rates by Dunne et al. (2016). The modeled
growth rates enable further comparison to experatetata and the future study of particle growth to
climatically relevant diameters.”



(9) L548: When mapping between concentrations aixihgnratios, what pressure (and temperature)
are you assuming? For a given mixing ratio, theesgronding concentration is about 5x smaller in the
tropical upper troposphere than in the boundargriay

Whenever a mixing ratio is reported it refers te gresent temperature (the pressure in the CLOUD
chamber is always 1 bar); this means that 1 pp20&tk correspond to 340’ cnT but to 2.%10’ cnT

3 at 292 K. Therefore, in Figure 5 the unit-€imas been chosen. To make this clear, the following
information was added to the caption of Figure 4:

“The color code indicates the ammonia mixing rdfar the respective temperatures indicated in the
figure panels and a pressure of 1 bar); the greysys indicate pure binary conditions.”

(10) L553-554: Are the growth rates throughout ding particle growth rates? RH can greatly impact
the wet particle growth rates.

In the cited references and in the CLOUD experis@at attempt has been made to dry the particles.
Therefore, the growth includes the effect of watgoor; however, at the present conditions this seem
to have only an effect via the condensation ofwsidfacid. Depending on the RH, the sulfuric acid
molecules contain a different number of water malles (Hanson and Eisele, 2000). This can lead to
some effect on the growth rate. Nieminen et all(@®eport that the growth rates differ by a faaibr

~2 depending on whether no water is attached teuleric acid molecule or three water molecules ar
attached. The effect of water on the growth rate taken into account for the generation of the ¢ginow
rate curves from Figure 6 (described in the replgdmment (7)).

(11) L640: Is this ratio of 4 representative of thean error or the mean bias?

The factor of 4 (ratio for n = 125 experiments) is calculated from the follogveguation:

r = % . Z?:l 10|109(1model,i)_109(]exp,i)|

It is therefore, the average ratio between modetetimeasured new particle formation rate. Because
the absolute values are used, it is rather the rranthan the mean bias.

“The average ratio between modeled and measuradsifitund to be as small as a factor of ~4 (mean
error) for a wide range of conditions (208 K to 2R2 sulfuric acid at atmospherically relevant
concentrations, e.gz, 5x10° cn® at 208 K andk 2x10° at 292 K) when using the best fit parameters.”
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Referee #2

I thank the referee for carefully reading the manips and for the constructive comments that help
improving the paper. The comments are listed intdelow (in black font), while the replies are give
in blue font; text that has been added to the naipiss shown in red font.

Andreas Kirten presents the extension of his pwsvimodel for sulfuric acid — dimethylamine
nucleation. The model is extended to include ewapmr intended for modelling sulfuric acid -
ammonia nucleation. The main goal of the work iglérive new thermochemical parameters from
CLOUD data. Understanding the mechanisms of salfacid nucleation is of general interest and the
presented model provides a great addition to tbkdoa.

The manuscript is well written and structured andah recommend publication in Atmospheric
Chemistry and Physics and the following minor comtadiave been addressed.

(1) Line 161: How computationally heavy are thdseuations? It would be beneficial to indicate the
runtime that a typical simulation takes.

The simulation using one set of thermodynamic patars for calculating the error from equation (3)
(for 125 CLOUD experiments) takes ~10 seconds otesktop personal computer (3.4 GHz i7
processor). For the Markov chain 500,000 steps wer®rmed (100,000 per chain); this amounts to a
total calculation time of ~60 days. However, as tioeed, a single simulation of a new particle
formation event only takes ~0.1 s (10 s/ 125)wrage.

The following information was added to the endhs first paragraph of Section 2.2:

“Compared with the earlier study by Kirten et 2018) the number of bins is reduced in order toced
computation time; the simulation of one new pagticrmation event (several hours of nucleationgsak
~0.1 s on a personal computer with a 3.4 GHz pemrée's

(2) Line 167-169: The maximum amount of ammoniaeuoles in the simulations are not allowed to
exceed the number of acid molecules. How well is #ssumption justified? Based on quantum
chemical data (Olenius et al 2013, Elm et al 2@iv3¥ulfuric acid - ammonia clusters this assumption
seems somewhat reasonable, but it might be woltraat checking that the omission of clusters with
one more base molecule than acid molecule preset ia large source of errors.

The dominating evaporation channel of a clustgB,A+1 should be the loss of an ammonia (B)
molecule. Further, the evaporation rate of B frogB,A«1 should be faster compared with the loss of B
from A:Bx. Therefore, the growth of clusters along the aoits should occur via 8 rather than
AxBy=x+1 (because the concentration aBé-x+1 should be lower). From these arguments the eroon f
the omission of ABy-x+1 clusters should be relatively small. Testing thressoning with further
simulations would require a far-reaching updatthefmodel (further differential equations, see &{T
S1 as well as 8 free parameters more, etc.) whahldwequire significantly more computation time.
Most likely the result would be that the effectloé ABy=«+1 addition is small.

Supporting arguments that the concentrations &A1 clusters are small compared with those of
A.By<x can be found from mass spectrometric measuremieriise study by Kirkby et al. (2011) and
Schobesberger et al. (2015) no clusters were fmthfor the sulfuric acid-ammonia system whereenor
base than acid was detected by a high resoluti@s s@ectrometer, i.e., the measured ion clustees we
all of the sort HS@(H>SQy)a(NHs)p<a-1. The observation that they always contained os® denmonia
than neutral sulfuric acid can be explained byf#ut these were not electrical neutral clustersidut
clusters with one bisulfate ion. This H8@cts as an electron donor (= Lewis base) andftreréhe
clusters with equal ammonia and acid seem not tstdtfde. Of course, these observations apply for
6



charged clusters but qualitatively their chemistmpports the fast evaporation rates for clustetis wi
more B than A found by the quantum chemical cataha.

Further information concerning the justificatiom fbe chosen nucleation scheme was added to Section
2.2 (second paragraph):

“The assumption that no clusters are allowed tlmaitain more base than acid is based on fast
evaporation rates that have been found for suckter from quantum chemical calculations
(Schobesberger et al., 2015; Elm et al 2017; Yal.e2018); the assumption is further supported by
mass spectrometric measurements that could nottifidesuch clusters (Kirkby et al., 2011,
Schobesberger et al., 2015).”

The reference to Schobesberger et al. (2015) waéedad the reference list.

(3) Line 170-172: In the pentamer and larger chsstteere is not differentiated regarding the amadint
bases. How large a source of errors does this gggmiead to? Surely, the 5 sulfuric acid cluster
without any bases or only 1-2 ammonia moleculesereare not very stable.

| agree that the pentamers with a low base coatenlikely not very stable. That is the reason wiey
binary nucleation is not well represented at eled@a¢mperature and also the ternary nucleatiorght h
temperature and low ammonia concentration (seaégu However, even for relatively low ammonia
concentrations nucleation seems to proceed maialythe tetramer with three ammonia molecules
(Figure R1 below). The found3ivalue for this cluster is -16.5 kcal miait 278 K. Therefore, the larger
clusters with low ammonia content probably do nlatypa significant role. For most atmospheric
situations where nucleation at warm temperaturelims sulfuric acid and ammonia, the ammonia
concentration is probably higher than the sulfagal concentration. Therefore, for each arrivingl ac
also at least one ammonia molecule can be addélisT$upported by an observed ~1:1 ratio between
acid and base in clusters (Kirkby et al., 2011;t&iiet al., 2014). For very low ammonia conceruregi
and high temperatures SANTIAGO should not be usectxactly that reason. The clusters with low
ammonia content become more relevant and theirgeggle beyond the tetramer causes inaccuracies
(Figure 5); however, for the stated ranges thecttian error is probably small.

A quantitative analysis of this effect would bewatteresting; however, same as for comment (2} a |
of effort would be necessary to perform such aystiithe effect of truncation is further discussed in
Section 4.2.
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Figure R1: Cluster concentrations (number of acid molecules on the y-axis and number of ammonia
molecules on the x-axis) for two different scenarios. A) Ammonia concentration of 2.5x10” cm® and B)
ammonia concentration of 2.5x10"° cm?® The sulfuric acid concentration is 6.5x10° cm® and
temperatureis 278 K for both smulations.

(4) Line 182-185: While the results would most likeot be drastically different, the simplificatiaf
the evaporation rates, put a very strict constpaithe nucleation mechanism. Can it be quantifiad h
much this simplification influences the results?

| agree that it would be good to compare the reswith further model calculations that include all
possible evaporation channels. As mentioned imtaeuscript this would increase the number of free
parameters drastically (from 22 to 40) and duééorton-linearity of the problem the computationetim
by a big factor. Therefore, this simplification cairthe moment not be evaluated quantitatively.

In the manuscript some discussion regarding theldioation is included at the end of Section 4.2.

(5) Line 188-193: It seems like an odd choice tketaome of the cluster thermodynamics from a

different study and not fitting them like the remiag. Why was this choice made?

This choice was made based on two reasons:



i) The number of free parameters should be as samglbssible in order to keep the computation time
reasonably small. At the moment 22 free parameter$eing used, including the pure acid dimer and
trimer would increase this number to 26.

i) The cluster evaporation rates of the pure aaider and trimer were explicitly measured by Hanson
and Lovejoy (2006) and it was shown, e.g., by Etirbigal. (2016) that they can be used to pretiet t
new particle formation rates in the binary systeuaately. In fact, Ehrhart et al. (2016) usedlasst

of the CLOUD new particle formation rates from iresent study (based on the Dunne et al., 2016 and
Kilrten et al., 2016 data) to test the SAWNUC (Sidfidcid Water NUCleation) model for sulfuric
acid-water binary nucleation. In my opinion, adultl uncertainty would therefore be introduced by
fitting/optimizing these evaporation rates in thregent study as it can be accepted that they descri
the binary nucleation channel quite accurately.

In order to justify the choice made the followingsvadded to Section 2.2%(@aragraph):

“The thermodynamic parameters for the two smalpeisé acid clusters (Aand A) are taken from a
study where the parameters were derived from fldve tmeasurements (Hanson and Lovejoy, 2006).
Ehrhart et al. (2016) showed that a numeric moate$tilfuric acid-water binary nucleation using thos
data can well replicate new particle formation sateeasured at CLOUD.”

(6) Line 408-411: It should be mentioned that cdatipn can also be the cause of the curvaturedn th
line.

| agree, this comment was also made by Revieweorhient (3)); the relevant sentence was changed
to:

“The curvature is due to the fact that the survpralbability of subcritical clusters (i.e., clustdrelow
the nonamer) can be strongly affected by wall twgzre-existing particles (Ehrhart and Curtius, 201

(7) Line 481-482: Looking at Table 1 it appeard tha quantum chemical values taken from Ortega et
al 2012, fits quite well with the estimated valuessng the optimization method. This is also evident
from comparing Figure 2 with Figure S1. Perhaphduld be further emphasized that the optimization
of the values is more or less redundant and thatgom chemically obtained entropy values are quite
accurate.

| agree that this comment should be considered.ré%ised manuscript now includes the following
statement in the last sentence of the first papdgia Section 4.1.1:

“However, no large differences can be found betwkennitialized and optimized values, which can
be interpreted such that the quantum chemical kzdions yield accurate results fog.d
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