We thank the referee for the constructive commenmitsch are added in full below (in black
font). Our replies are given in blue font diredliyer the comments; text that has been added to
the manuscript is shown in red font.

Anonymous Refer ee #1

This paper presents revised calculations of nucleaate of CLOUD7 ternary nucleation of
sulfuric acid-dimethyl amine-water (278 K, 38% Ritjfuric acid concentration between 1e6
and 3e7 cm and dimethylamine mixing ratio of ~40 pptv; shoianAlmeida et al., Nature
2013), and concludes that under this base-domimaditiow temperature conditions, DMA-
THN takes place in kinetic regime, that is, codlisilimited coagulation of clusters (without
nucleation barrier; and no effects of evaporataes for HSQi-DMA). The conditions with
high concentrations of DMA and low temperaturesnsde be plausible for barrier-less
nucleation, although it is still difficult to conale this with limited knowledge of
thermodynamics of nucleation (e.g., BHN, THN or)IIN'his recalculation is useful to the
community. | suggest to tone down other conclusantsremove the simulation of atmospheric
NPF with low amines (Section 3.6), as describedwel

1) The authors conclude that the CLOUD7 resultsansistent with Jen et al. ACP 2016 flow
tube THN experiments; the latter was undertakea ldgh temperature and acidic conditions
(6e9 cn, tens of pptv of amines, and near 300 K). If theth take place via the same collision-
limited coagulation processes, this is most likbcause of very different reasons. For
CLOUD?7, this is due to low temperature and high DM¥ad for Jen et al., this is due to
exceedingly high sulfuric acid (so that nucleatrates are sensitively dependent on base
concentrations). To show they are consistent, st tvay is to use the current nucleation
algorithm to re-calculate nucleation rates usiregdkperimental data from Jen et al. If even 0.1
pptv DMA makes nucleation kinetic (at both acidnddasic conditions and both low and high
temperatures), then di-amines (Jen et al., GRL R8h6uld not further enhance nucleation
rates, which is not the case. Also, ammonia angiesrlso should not enhance nucleation (Yu
et al.,, GRL 2012; Glasoe et al., JGR 2015). Sg,ithan overstatement: “using this model, the
findings from the present study and the flow tubxpegiment can be brought into good
agreement.”

First of all, we would like to clarify some of tiséatements made in the comment:

We do not claim that nucleation is collision-cotid for all conditions of the Jen et al. studies.
The reviewer is correct that in some cases (edpeaidow base to acid ratios), diamines yield
even higher formation rates, compared with the amiiThis observation alone indicates that
sulfuric acid-dimethylamine new particle formati@not entirely collision-controlled for all
conditions.

The CLOUD data and the model inter-comparison stmmever, that nucleation can proceed
at rates that are compatible with collision-corl@@Inucleation. This is due to the fact that the
dimethylamine mixing ratio is ~100 times higher @flv, i.e. Xk10° cm®) compared with the
highest sulfuric acid concentration ¢10’ cn®) in CLOUD. Under these conditions, the
modeled cluster concentrations are essentiallyngigee to the use of non-zero evaporation
rates as long as these are as small as reportéehist al. (2016a). This is explained in section
2.5 of the manuscript, where the evaporation ratedisted.



However, when using a low DMA mixing ratio (0.1 pptthe modeled new particle formation
rates (including the evaporation rates from Jeal.e2016a) are significantly lower than for
collision-controlled nucleation (by about a facbé~100, see Fig. 3, lower panel).

It is true however, that we have not shown yet thitmodel can replicate all of the flow tube
results by Jen et al. (2014, 2016a, 2016b). Stildlitatively the studies agree very well. This
can, e.g., be seen from the experiments by Jdn (@046b) for amines and diamines. At high
base to acid ratio particle formation reaches teplavalue that is similar for all the different
bases. This shows that eventually, the new pafficleation rates are indistinguishable from
collision-controlled nucleation. Only at low base acid ratio (< ~0.5) particle formation
decreases with lower base concentrations. For ttasditions, the diamines studied by Jen et
al. (2016b) can actually lead to even more efficRF compared with DMA. However, this
can probably be explained by even lower evaporattes for some of the clusters that can still
evaporate at slow rates in the sulfuric acid-DMAteyn Ke a1e1= 0.1 ', ke asg1= 1 S, ke ass2

= 1 s!, keass1 = 0 s1, see section 2.5). The same can be true for thergigtic effects
(interaction between amines and lifeported by Glasoe et al. (2015): additional ifization

of some clusters can occur that are still not elytstable for pure sulfuric acid-DMA nucleation
at low base to acid ratio.

These points are now explained in more detail atice 3.5:

“The conditions are only such that, due to the HIWA mixing ratio, most of the clusters
(including the monomer) probably contain as manyAidolecules as sulfuric acid molecules;
this results in very stable cluster configuratig@stega et al., 2012). When DMA mixing ratios
are low, most sulfuric acid clusters contain, hogrewenly a small number of DMA molecules.
As these clusters can evaporate more rapidly,ubeat formation rate is slowed down (Ortega
et al., 2012; Hanson et al., 2017). For low bas#ctd ratios, it can therefore matter whether a
cluster is stabilized by a dimethylamine, a diam(ien et al., 2016) or by both an amine and
an ammonia molecule (Glasoe et al., 2015). Thisecgulain the more efficient NPF due to
diamines or the synergistic effects involving arsiaead ammonia at low base to acid ratios. At
high base to acid ratios, the differences in tliecélve evaporation rates become small (Jen et
al., 2016b).”

With our model we have not attempted to recalcudiitef the Jen et al. (2014, 2016a, 2016b),
Glasoe et al. (2015) and Hanson et al. (2017) teaslthis would be beyond the scope of our
manuscript. Rather than this, a comparison is neWopmed with a formula presented by
Hanson et al. (2017) that summarizes their resuitsulfuric acid-DMA nucleation from the
flow tube studies. This formula, i.e.,

162001{) ( N, )3 (DMA)
T cm—3 cm—3

1.5

Ji.anm = exp (—129 +

is provided in the revised manuscript (new equafi®) in section 3.3) and a comparison
between its values and the results from the prestadiy is shown in Fig. 1 and Fig. 3, lower
panel.

In addition to the changes mentioned above, to ems$dthe reviewers concern, we have
attempted to highlight that the good agreement éetwour measurements, the model results
and the flow tube study is so far only found fog tonditions of high base to acid ratios (and
DMA). These changes are mentioned in the following.
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» We have changed the statement in the abstract

“Using this model, the findings from the presentdst and the flow tube experiment
can be brought into good agreement.”

to

“Using this model, the findings from the presendstand the flow tube experiment can
be brought into good agreement for the high baseitbratios (~100) relevant for this
study.”

> Section 4:

“Even when evaporation rates for the less stabisters are introduced in the model
(Jen et al., 2016a) the resulting particle fornratates are effectively indistinguishable
from the kinetic model results for CLOUD7 conditgn

Changed to:

“Even when evaporation rates for the less stahlstets are introduced in the model
(Jen et al., 2016a) the resulting particle fornratates are effectively indistinguishable
from the kinetic model results for CLOUD7 condit&ofi.e., at the high dimethylamine
to acid ratio of ~100).”

> Section 5:

“This indicates that the data from the flow tubedst by Jen et al. (2016a) and from
CLOUD (Kdirten et al., 2014) are consistent.”

Changed to:

“This indicates that the data for sulfuric acid-etmylamine from the flow tube study
by Jen et al. (2016a) and from CLOUD (Kirten et2014) are consistent for the high
base to acid ratio relevant for this study (dimé&thyne to sulfuric acid monomer ratio
of ~100).”

2) The authors also conclude that in the boundaygrl (temperature > 245K), even with 0.1
pptv level of dimethylamine, nucleation would predewith the collision limited process. The
section 3.6 is too speculative and should be rechev&ee below minor comments in detail, to
improve the paper quality.

After including the calculated formation rates framecently published study by Hanson et al.
(2017) in Fig. 1 and Fig. 3, lower panel, the fallog became evident:

The Hanson et al. (2017) equation (now also inaudethe manuscript, see equation (10) in
section 3.3) is predicting lower NPF rates forsh®all DMA mixing ratios compared with our



model. This indicates that there exists some uaicgyt for the low DMA mixing ratios
regarding nucleation as no experiments have beele @tamixing ratios below 1 pptv.

Therefore, we agree with the referee and have rethbig. 4 together with the corresponding
discussion (section 3.6) from the manuscript.

3) Note, DMA is the only amine that so far CLOUDedsand published, but there are other
amines that can be as effective as DMA as terrnaeygiss, such as trimethylamine (Yu et al.,

GRL 2012; Glasoe JGR 2015; Jen GRL 2016; Hansah,elPC 2017), diamines (Jen GRL

2016) and even methylamine (Chen et al., EST 2Chén et al., JPC 2016). And these amines
are present in almost everywhere in our environratahytime, especially within the boundary

layer.

We agree with this comment. From what we found fthenliterature, DMA and TMA behave
very similar in terms of nucleation and the testdthmines (ethylene diamine,
tetramethylethylene diamine and butanediamine/pcitne) seem to be at least as efficient (Jen
et al., 2016b). These substances have been measumaging ratios above several pptv and
therefore it is a very important question to whetieat they are responsible for new particle
formation in the atmosphere. We hope that our maiiscan stimulate further research in this
direction.

4) Also, some assumptions used in this study hagmarant limitations (in addition to

evaporation rates at 278 K). For example, RH hasifesant effects on both nucleation and
growth rates of sub-3 nm patrticles, as shown by fiobe experiments, even within a wide
range of temperatures covering both CLOUD7 ancefah conditions (Yu et al., 2017). Yu et
al. also showed that growth rates are not constdhin the sub-3 nm particle size.

It is true that RH can have a significant effectnanv particle formation rates (e.g. Duplissy et
al., 2016, etc.). However, the mentioned study byetal. (2017) reported results for the binary
system of sulfuric acid and water; base moleculewnly present at contaminant level NH
< 23 pptv, methylamine < 1.5 pptv and dimethylamin@.52 pptv). The influence of RH on
ternary nucleation (involving sulfuric acid, watend NH or amines) is far less studied.
However, a recent study based on quantum chemagallations indicates that RH has only a
very small effect on new particle formation ratesly a factor of less than 1.5 over the range
of 0 to 100% RH) for dimethylamine (Olenius et aD17).

Regarding the growth rates, the study by Yu e{28l17) showed that the particle growth rate
does not change significantly over the range frdn7+to 2.2 nm (Fig. 1 in Yu et al., 2017). For
larger particles, no data were shown in their paion. However, the study by Kirten et al.
(2015a) investigated the size dependency of thetyrates for collision-controlled nucleation;
no significant size dependency was found withindize range for 1.7 to 3.2 nm.

The growth rate does however change with temperatnd relative humidity. This can have
several reasons:

— For very low temperatures (or very stable clustemijcleation will approach the
collision-controlled situation. Under such condisp a significant contribution to
growth from clusters is expected (Lehtipalo et2016).



— The base contaminant can increase with higher RtHeasontaminants can originate
from the water supply or because of wall effecterehwater displaces base molecules
from the chamber or flow reactor walls (e.g. Vastiret al., 2014).

— Additional water molecules lead to faster partgiewth at higher RH because the water
is brought in with the condensing sulfuric acidsadfuric acid includes more water
ligands at increasing RH (Hanson and Eisele, 2000).

While all the factors can contribute to accelerggemvth at varying conditions, they indicate
nothing about the size-dependency of the growth ras stated earlier, the growth rate size-
dependency seems to be relatively weak for coflisiontrolled nucleation. As the data from
the present study are consistent with collisiontiadied nucleation and new particle formation
for the sulfuric acid-dimethylamine-system has besported to be almost insensitive to RH
(Olenius et al., 2017), only brief information ab&H effects has been added (to section 4):

“Water could play a role at higher relative humst although quantum chemical calculations
suggest that it plays only a minor role in NPFtfar system of sulfuric acid and dimethylamine
(Olenius et al., 2017); this contrasts the sulfagm-water system (see e.g. Zollner et al. 2012,
Duplissy et al., 2016; Yu et al., 2017).”

Possible effects of water leading to a shift inpleticle size distribution are mentioned also in
section 4.

5) Please provide detailed tables of variablesfsBources used in models in supporting
material, including evaporation rates for clusters.

In the light of this comment, the equations fronctem 2.5 were moved to an appendix
(Appendix A). Furthermore, a new table (Table 1svealded to the manuscript; this table
indicates the evaporation rates and for what moalellations they were included.

6) Please remove redundant sentences.

It is not clear to which sentences this commengfisrring to. However, in the context of other
comments some statements were removed or rewhNiterhope that this adequately addresses
the reviewers request.

7) Line 66: At the surface level, in fact sulfusicid can be as high as the conditions of CLOUD7
(very frequently), and amines/ammonia are abun(® above). Rather, the problem is high
temperatures and high surface area. The questionder these conditions, the very low 0.1
pptv of DMA can make nucleation proceeding kindlyjcavithout any other species?

As stated above (reply to comment 2), we do nabcthat new particle formation is kinetic at
DMA = 0.1 pptv. In addition, the evaporation ratesd in the present study were derived for
temperatures at ~300 K (Jen et al., 2016a), thexefioey should well represent the conditions
for relatively warm conditions (see also discussiogection 4 of the manuscript).

Regarding the condensation sink, the reviewer isect The conditions for the simulations
shown in Figure 4 (removed, see comment 2)) alerafean (condensation sink of 2516
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1. However, the measured condensation sink fobtineal forest in Hyytiala/Finland are close
to this value (see also reply to comment 19)).&bigher condensation sink, the expected new
particle formation rates would be reduced and piissible that this can explain the absence of
nucleation even when amine mixing ratios are nedihigh.

However, rather than depleting the growing clustéts condensation sink can also have the
effect of depleting the amines. Kirten et al. (2)ltave observed that the amine mixing ratios
can be reduced by up to a factor 5 during newg@arttbrmation events compared to days when
no nucleation is observed. As amines are not pediut the gas phase (unlike sulfuric acid),
their clustering with sulfuric acid monomers andafinsulfuric acid clusters/particles very
likely can lead to significant reduction in the aeaimixing ratios. This would indicate that new
particle formation involving amines in the atmosgheould be self-limiting, i.e., after an initial
burst of particles, new particle formation coulddb@ved down soon after when amine mixing
ratios decrease. This effect could most stronglgdugsed by the newly formed clusters and
particles that can significantly contribute to t@ndensation sink. However, the CS is most
often determined from size-distribution measuremstdrting above ~3 nm and therefore does
not include the newly formed clusters and smajjesticles.

Since the section showing the atmospheric simulatioas been removed (see comment 2
above) a short summary of this effect is addeti¢ccbnclusion section (section 5):

“High time resolution (several minutes or better)the amine measurements during nucleation
events is also important. This can show, whethanasncan be significantly depleted during
NPF. As amines are not produced in the gas phasi&gsulfuric acid), their clustering with
sulfuric acid monomers and small sulfuric acid ®us/particles very likely can lead to a
significant reduction in the amine mixing ratiodifien et al., 2016b). This would indicate that
new particle formation involving amines in the aspbere could be self-limiting, i.e., after an
initial burst of particles, new particle formatiocould be slowed down soon after when amine
mixing ratios decrease.”

8) Line 82: please cite Yu and Lee, EC, 2012; Yioale ACP 2014.

Done.

9) Line 88: clarify that Kirkby et al. Nature 20b8nclusion is based on CLOUD chamber
studies, and this yet needs to be verified by apimesc measurements, in pristine forests during
the night, for example.

The sentence was modified as follows to clarifyt tha Kirkby et al. (2016) study is based on
chamber experiments:

“These highly-oxygenated molecules have been foaindcleate efficiently in a chamber study
even without the involvement of sulfuric acid, esp#ly when ions take part in the nucleation
process (Kirkby et al., 2016).”

10) Line 137: indicate the detection limit and tinesolution of the IC method used to detect
amines.



The sentence was changed to include the requesgtechation:

“The mixing ratio of dimethylamine was determinedibn chromatography with a detection
limit of 0.2 to 1 pptv at a time resolution betweghand 210 minutes (Praplan et al., 2012;
Simon et al., 2016).”

11) Line 148: “time-rate-of-change™?

The expression “time-rate-of-change” was replacetime derivative”.

12) Line 264s?

The factorsj is 0.5 when =j and 1 otherwise. It is explained at the end ofige@.2.

13) Lines 320327: what is the exact sulfuric acid backgroundelefwithout OH)? Is it
dependent on S{r temperature? Why do you have to discount thifiirsc acid?

For the chemical system relevant for the presemys(SQ, Oz, H-O and DMA without the
presence of UV light) we have no evidence for gdigant dark production of sulfuric acid.
Therefore, we consider any measuress@®; at zero UV as instrumental background. This
follows also from a direct comparison between théependently calibrated nitrate CIMS
(Karten et al., 2011; Kurten et al., 2012) andaté@rCI-APi-TOF (Kurten et al., 2014). When
UV light produces significant ¥$Qs both instruments agree quite well, whereas at @&fthe
CIMS showed significantly higher g$0Q4] compared to the CI-APi-TOF during the DMA
experiments. For this reason, it is justified tdtsact the CIMS background from the
concentrations measured during periods with aed/atV light.

The sentence in the last paragraph of section &4 ehanged to indicate that the CIMS
background was an instrumental artifact:

“However, taking into account a subtraction of thmstrumental background (reaching
sometimes values above 1R10n3) leads to a shallower slope fér7nmVvs. sulfuric acid and
brings the corrected CIMS values in a good agreémvéh the sulfuric acid measured by the
CI-APi-TOF.”

14) How did you know that is not "real” sulfuricide

See reply to previous comment.

15) Line 474: kag1=0.1, 1, 10(?)%?
We thank the reviewer a lot for realizing this raist. The sentence should read:

“The evaporation rates considered kygig1 = 0.1 &', ke ass1 = 1 st andke aze2= 1 st (Jen et
al., 2016a).”



16) Line 481: 40 or 20 pptv? (earlier it was memid as 20 pptv).

Earlier it was mentioned that DMA was always préser20 pptv or higher. 40 pptv are an
average mixing ratio.

17) Line 497: 1 pptv DMA is still larger than 5e¢€ sulfuric acid, so this is a base dominant
environment. So, this is again quite different friva Jen-ACP-2016 condition.

It is true that 1 pptv (= ca. %50’ cn®) of DMA is higher than $10° cn® of sulfuric acid;
therefore, the reviewer is correct that this canditan still be considered base-dominated.

The discussion about Fig. 3, lower panel, includes the data from Hanson et al. (2017).
Their equation was included to the manuscript (aguation (10)) and corresponding data were
added to Fig. 1 and Fig. 3 (lower panel). In additithe statements about the agreement
between the flow tube and the CLOUD studies weveseel.

18) Line 507: Why would you assume that Hyytiald kav DMA around 0.1 pptv, because
CI-APi-TOF did not measured DMA? Remove.

Sipila et al. (2015) detected no DMA above the d&ta limit (0.12 pptv) of their instrument
in Hyytidla. Therefore, a mixing ratio of ~0.1 pptan be regarded as an upper limit for this
site.

A very recent study (Hemmila et al., 2017) reporteglv amine measurements from
Hyytiald/Finland. While DMA was below the detectibmit of the instrument (ca. 0.2 pptv),
on some days up to ~3 pptv were measured in th@lgase. For trimethylamine, a monthly
average of 0.1 to 0.2 pptv was reported. In thegaiphase, the monthly averages ranged from
around 0.5 to 4 pptv. These numbers can be takeuidsnce that the mixing ratios for DMA
and TMA are non-zero in Hyytiald/Finland — at leastsome days — and that their contribution
to new particle formation should be considered.eanlier study from Makela et al. (2001)
found an enrichment of DMA in particles during reation events.

However, as mentioned before in response to com(@gsection 3.6 was removed.

19) Line 517: CS =2102 st is very clean, compared to most of boundary lapaditions.

It is true that this condensation sink is rather lut it is representative of the environment for
which this model study was performed. Data shownDOada et al. (2017) indicate a
condensation sink which is on averaget@2 s* during new particle formation event days in
Hyytidla/Finland. As section 3.6 was removed, tBjshowever, not further discussed in the
manuscript.

20) Line 527535: why assume DMA is anti-correlated with OH (doeOH oxidation)? In

fact, atmospheric measurements, even by the autkorgen et al., ACP 2016; Jen et al., GRL

2017) and others (You et al., ACP 2014; Yao etdlP 2016), consistently showed that amines

have the same diurnal cycles as ambient tempesathigher concentrations during the day
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than at night. This indicates that the main sinlmines in the atmosphere is condensation to
aerosols, and not the oxidation by OH or photoly¥mu et al., ACP 2014).

In line 527 we suggest that DMA can be depletethbynewly formed particles. OH oxidation
would be another possibility (line 525/526). Thesetved diurnal cycle of amines (higher
during the day) can have several reasons, e.gnger emissions due to elevated temperature,
or some repartioning of condensed amines from énesal to the gas phase. However, this
would be the case for the unperturbed atmospheitagw nucleation). If new particles are
formed (containing sulfuric acid), these shouldasctn additional sink for the amines, which
could bind to the growing acidic particles. Thesloate of DMA molecules on a sulfuric acid
dimer alone is ca.X11l0* s* (product between the collision rate; %1€’ s, and a sulfuric acid
dimer concentration of<IL0° cm3, see Kurten et al., 2016b). Considering the ot rate of
DMA on nucleating clusters, would correspondinglgrease the condensation sink for DMA
significantly. Therefore, new particle formationositd lead to some depletion of amines, if
their mixing ratio does not strongly exceed thdwsid acid concentration.

In addition, the mentioned publications (You et 2014; Kurten et al., 2016b; Yao et al., 2016)
showed no clear correlation between temperaturea (olear daily pattern for most of the

amines). In fact, the Yao et al. (2016) study shdbwemaximum for the C2-amines in the
morning, which would actually be consistent witle tonsumption of amines by new particle
formation. The other studies (You et al., 2014, t&fdret al., 2016b) showed no significant
variation of any of the amines, except for the @4 &6 amines, which peaked during mid-day.
Since these data, however, showed averages over sags including days with and without

nucleation it is hard to draw any solid conclusions

21) Lines 535-541: remove.

The whole section 3.6 was removed (see commento2egptherefore, this comment is
obsolete.

22) Lines 559560: reword this conclusion here and at other glace

The whole sentence was deleted.

23) Line 560 and on: Please see Yu et al., JGR 2A1RH effects on J and GR for sub-3 nm
particles. Please cite this paper.

As mentioned before (reply to comment 4) we dothioik that RH has a very strong effect on
the new particle formation and growth rates for ¢beditions of the present study (sulfuric
acid-dimethylamine system).

However, we have changed the paragraph in sectamfdllows:

“Water could play a role at higher relative humiht although quantum chemical calculations
suggest that it plays only a minor role in NPFtfe system of sulfuric acid and dimethylamine

(Olenius et al., 2017); this contrasts the sulfagm-water system (see e.g. Zollner et al. 2012,
Duplissy et al., 2016; Yu et al., 2017). In additidt is not exactly known how temperature

influences the cluster evaporation rates (Hansah,e2017).”

9



24) Line 564 and on: Please see Hanson et al.20PT Evaporation rates are highly dependent
on thermodynamics data. Cite this.

Done (see reply to comment 23).

25) Line 641: Zhao et al., 2014 — if | recall catig, this cited study intentionally included

excessively high sulfuric acid in the inlet of CIMtBsee SA-DMA clusters, rather than directly
measure the “existing” SA-DMA clusters from ambiairt (This is very similar to Jen et al.

flow tube environment, where acid exceeds baserdsting instrumentation mechanics, if
compare cluster-CIMS vs. CI-TOF?)

It is true that some measurements in the Zhaao €2@11) study were made whena3®: was
added to the cluster-CIMS inlet. However, measuregmeere also made without the addition
of H.SQu. The observed signals during these measurements st consistent with the
presence of neutral sulfuric acid amine cluster.
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