Responses to the Reviewers.
We thank both Reviewers for their thorough comments that have improved this paper.

Reviewer comments are first in bold followed by the responses. The line numbers refer to the revised
manuscript. Revised sections of the paper are highlighted in yellow.

Reviewer 1 (Dr. Hudson)

This manuscript of aircraft field measurements in the Arctic summer ought to be published after
numerous corrections and changes that | have listed.

Response - We are very grateful to Dr. Hudson for his careful and detailed consideration of this work.

1) CDNC is an awkward representation of cloud droplet concentrations. It is used by fewer authors
because, for instance, Nc is shorter. Some use Nd but that should be reserved for drizzle drops. Or in
this manuscript where only concentration at 0.6% is used N0.6%. CCN concentrations should be NCCN.
CDNC differs from CCNC by only one of 4 capital letters and D and C between C and N are not so easily
distinguished, this is too confusing. | had to constantly reread to be sure of which one was referred.
Supersaturation should be abbreviated S to save a lot of space.

Response — We have not changed CDNC as it is descriptive and maintains a more consistent approach to
all of the abbreviations in this case. In order to avoid confusion and provide more clarity, we have
changed CCNC to CCNC(0.6%). Further, we have abbreviated supersaturation to “S” as suggested.

2) The CCN-limited regime of Mauritsen needs further description. This is not the sort of well accepted
concept that seems to be implied in this manuscript. It has apparently not been cited in other papers.
If it has, then please cite. It is only in this original paper where it is not referred to as Mauritsen except
in the author list. Most importantly, it is incorrect to say that there is no aerosol limitation. Within this
regime there may not be a linear relationship (or any relationship) between Nc and NCCN but the
mere fact that Nc is so low is because NCCN is that low. This cannot be dismissed as no aerosol effect
below the Mauritsen limit. There seem to be two separate aspects. One is the apparent loss of
linearity (or any relationship) between aerosol and droplets at low concentrations. The other seems
to deal with long and perhaps short wave radiative differences between the regimes.

Response — The CCN-limited regime is documented in Mauritsen et al. (2011). We have discussed the
nature and consequence of the limit, but the details can be found in the reference. As Reviewer 2
suggests, it seems that our data set is the only one currently available to address in some way the
relationship among the aerosol, CDNC and LWC below the Mauritsen limit. That is one explanation for
the apparent lack of general acceptance of this regime. We agree that we cannot say there is no aerosol
limitation. Our data only suggest the absence of change in the CDNC and LWC associated with change in
the aerosol. We acknowledge your point that a reduction of the aerosol has led to this regime, but we
are focused on what controls the CDNC and LWC within this regime. On lines 40-44 of the abstract, we
have revised the text accordingly. On lines 585-588, we now state “The LWC do not correlate with either
the N50 or the N100 (Supplement Fig. S8), suggesting that small changes in the aerosol alone within the
Mauritsen limit do not have a profound effect on the LWC. Larger changes in the aerosol may shift the



LA cloud into the region above the Mauritsen limit, which appears to be the case for July 8.” Finally, on

lines 645-647 of the conclusions, we now state “The LWC of the points below the Mauritsen limit all fall
below the study-mean LWC, and the LWC increases with the CDNC. Neither the CDNC nor the LWC are

positively correlated with the pre-cloud aerosol (N50 or N100).”

3) Yum and Hudson (2001), which is cited, showed strong NCCN vertical gradients with much lower
NCCN at lower altitudes. This seems consistent with the lower Nc of LA than HA clouds. They
attributed the low low altitude NCCN to cloud scavenging because when there were no clouds low
altitude NCCN was higher and the vertical gradient disappeared. This “scavenging” must have been
due to coalescence among droplets that reduce Nc and thus NCCN. Brownian scavenging would also
be at work but would reduce only the small interstitial particles that should not serve as very good
CCN. Hudson et al. (2015; JGRA) demonstrates the effects of coalescence scavenging. Coalescence
cannot and should not be so easily dismissed as it seems to be in this manuscript. Coalescence is
probably even more active in warmer summer than spring. Thus, the low low-altitude Nc and NCCN
are not necessarily (probably not) due to low NCCN natural sources. Low NCCN is what is left after
cloud scavenging. See also Wylie and Hudson (2002; JGR). Scavenging would be a reason that Nc and
NCCN would not be related. Furthermore, coalescence results in larger (lower Sc) CCN. Furthermore,
droplet and aerosol measurements at such low values are more uncertain and thus it is difficult to
dismiss relationships.

Response — There is no doubt that scavenging contributed to the cleanliness of the atmosphere in this
study. The presence of cloud will reduce some of the smaller interstitial particles, and some particles can
be reduced by rainout and washout. We don’t see evidence for larger CCN as reflected in the N100. Also
we have evidence (Willis et al., ACPD, 2016, and other work in preparation) that ultrafine particles are
replenished in the very clean air in the absence of cloud and above cloud. We cannot answer the
question as to whether the scavenging that contributes to this relatively clean atmosphere results from
the sampled clouds or whether it due to past cloud events. We don’t dismiss collision-coalescence (C-C),
but when the observations indicate that you have between 1 and 5 droplets per cc that are 20-30 um in
diameter, it is hard to expect C-C to be significant. It is possible that C-C was a factor in leading up to
that point, but we have no observations to help with that. The other factor is that these high VMD, low
CDNC clouds (or fogs) were sampled over polynyas; the cloud or fog was formed by moisture from the
polynyas cooling in the air above under relatively low wind conditions. So these are relatively isolated
clouds that are unlikely to generate large numbers of activated droplets for any aerosol concentration.

4) There seems to be a recurring error. If this is not an error much more explanation needs to be given
to such counterintuitive results. Higher concentrations in HA clouds should be associated with lower
cloud supersaturations (S) and activation of only larger particles. Lower concentrations of LA clouds
should result in higher S and activation of smaller particles. The latter is stated a couple of times. But
in several (at least 3) places it is stated that HA clouds make higher S than LA clouds. This seems
contradictory to other statements in the manuscript. If this is somehow true then it is big news and
requires much further explanation.

Response — This is not an error. It stems partly from the very low concentrations of larger particles
everywhere measured, but it is not only particle concentrations that control the S. The S is higher in the
HA clouds (>200 m) because they have weak-modest updrafts associated with them, whereas the LA
clouds (<200 m) are near the surface and either are fogs or similar to fogs. We have added some
discussion to Sections 2.3 and 3.2 for clarification: lines 265-277 and 458-464.



5) Hegg et al. (1995; JAM and 1996; JGR) and Radke et al. (1976; JAM) also made Arctic CCN
measurements, the latter in June.

Response — The Radke et al reference has been added: line 527.

In the process of commenting on several manuscripts by Asian authors, whose native

languages do not include articles, | have been forced to conclude that articles are often overused,
especially the definite article. This is more of a tendency on this side of the Atlantic. Brits tend

to shun the more than Americans; i.e., “call police” or “go to hospital” rather than “call the
police” or “go to the hospital”. Since in earlier decades | noticed that Canadians had British
English tendencies | am surprised at the overuse of the definite article in this manuscript.
Perhaps this is Americanization. Since continental Europeans would tend more toward British
English and since this is a European journal it seems appropriate to cull the thes. Moreover,
when nearly every noun is preceded by the, the loses whatever impact the has.

Response — Thank you. We have considered each suggestion of the Reviewer and culled many of the
“the”s. We have also made many of the various little changes as suggested by the Reviewer. We do not
respond individually to those many specific comments below, but the changes are identified in the
revised manuscript.

L27. Delete 2nd the.

L28. Delete 2nd the.

L34. Space before 50.

L35. Higher concentrations for HA clouds should produce lower S. Smaller particles are more
likely associated with LA clouds.

Response — Refer to our response to the Reviewer’s comment 4 above.

L37-40. Line 37, “(CCN)-limited regime of Mauritsen” and 38, “In that CCN-limited regime”
are contradicted by line 40, “suggesting no aerosol limitation.” Just what does CCN-limited
mean? Why is this Mauritsen regime called CCN-limited? Within this regime the CCN do not
appear to cause any limitation because Nc is not related to NCCN.

Response — This has been modified in response to both Reviewers. See also, our response to the
Reviewer’s comment 2 above.

L48. Delete the.

L49. Delete 2nd the.

L52. Delete 2nd the. Change last the to a.

L53. Delete last the.

L59. Delete last the.

L59-61. Is this a trend over time or a constant factor?

Response — The evaluation used climate models to consider observed temperature variations over a 90-
year period. It includes GHGs as well as aerosols. Nothing is constant over that time.

L68. Delete the.
L77. Hudson et al. (2010) could be cited here as well.



Response — Added: line 86.
L81. Insert that before may.
Response — Inserted.

L82-5. This sentence is too long and thus too confusing.
L83. Delete —based.

Response — This segment has been re-written: lines 73-93.

L90-1. Not clear. How is this required?

Response — The sentence has been re-written: line 94.

L98. Insert to be after considered.

Response — “considered” removed.

L100. Delete 2nd, 3rd and 4th the. Delete 2nd of. Move effects after aerosol.

L112. Delete the. Concentration plural.

L114. Delete the twice. Delete within. Delete , and. Move cloud in front of microphysics.
Period after microphysics.

L115. Insert Moreover, . concentration plural. Was to were.

L131. Delete are. Delete ing. Period after droplets. Change which will to This would.
L156. Delete nm. Change 1 pm to 1000 nm.

Responses: These corrections have been made.

L161. Is this the internal pressure of the instrument? If so then so note.

Response — It is stated that this is the pressure in the inlet to the CCN instrument, which means that is
also the internal pressure in the chamber.

L191-3. Say that vertical wind could not be measured rather than this round-about statement.

Response — The statement is correct in reference to gusts. These instruments do not measure broad
scale vertical winds.

L202. Delete at. Insert of after off.
Response — Done: line 209.
L219. Could this be intense.

Response — intensive is removed.



L229-30. For the entire project or period 2?

Response — For the study period. Sentence re-written: lines 233-237.
L250. Change The latter to Descent.

Response — Re-written: lines 259-266.

L252. Delete based on.

Response — Not changed.

L254. Delete 2nd and 3rd the.
L274-6. Seems to be adiabatic?

Response — It does appear to be close to adiabatic, except near the top. We now mention this on line
328.

L276. What is the alternate cloud formation?

Response — There has been discussion that entrainment from above cloud, or mixing from the top down,
can influence CDNC. There may be some possibility of radiative cooling as the air is transported.

L279. Is this not nucleation, which should not be called scavenging?
Response — This has been changed to “nucleation scavenging”: line 310.
L281-2. Citation.

Response — We consider this to be is a well-known problem with cloud sampling from aircraft. If the
Reviewer has a particular reference, we would be happy to add it.

L286-8. Closure of what concentrations. More explanation.

Response — We stated that is was “closure of number concentrations.”

L288. Either values or compares need to lose s.

Response — Removed “values” and changed to compare: line 319.

L289. Why?

Response — The number concentrations of particles > 30 nm compares with the CDNC. That indicates
that particles as small as 30 nm participated in the nucleation of the cloud droplets. Even smaller
particles may have contributed if 1) one considers the maximum instead of the average and 2) if there

are variations in the chemistry that make some of the particles larger than 30 nm insufficient CCN.

291-2. Depends on composition.



Response — We have added that this estimate of S is for ammonium sulphate: lines 321-322.

L294. This comparison seems out of context. Is there a reference for this? If this is so
important it should not be just supplementary. These Atlantic measurements should have the
same scrutiny as the Arctic measurements.

Response — The Atlantic measurements do have a reference, but this discussion (and supplemental
figure) has been removed as it was mistakenly added in response to one of Reviewer 2’s initial

comments.

L302. There seems to be more variability at all altitudes. Delete the twice. Move overall right
after and.

Response — Re-written: lines 324-333.

L327. Delete 2nd the. Add s to equal.

L329. Insert apparently after were.

L332. Delete the twice.

L346-7. Explain this transfer.

Response — If the droplets are formed from moisture evaporated from the polynya and then they settle
out over the ice, it effectively is moving water from the polynya to the surrounding ice. We have re-
written it as “... giving those droplets the potential to gravitationally settle over an hour or so, which
could result in the transfer of water from the polynya to the downwind ice.”: line 376.

L351. In to within.

Response — Corrected.

L363. Reached low or high?

Response —added “above the surface”: line 394.

L368. Delete 2nd the. Delete be.

Response — Done.

L372. Why/how is this characteristic of vertical mixing?

Response — If cloud is generated by adiabatic lifting from below, VMD (and LWC) increase with height
and CDNC are constant.

L396. Apparently this is the cloud threshold used in this study. This needs to be stated clearly.
This is a rather low threshold, many use 0.03 or 0.1.

Response —Agreed that it is low, but that can be attributed to the nature of the environment, the
absence of deep cloud and the sampling of the low cloud, particularly that within the Mauritsen limit.



The discussion has been moved to lines 281-285. We have also added it to the abstract (line 32) and the
conclusions (line 619)

L397. Delete first seconds.

Response — Done.

L398. How about a standard deviation.

Response — When are divided between periods and between altitudes, there are insufficient data to
produce a normally- or lognormally-distributed distribution. Thus, the sample sizes are insufficient to
produce meaningful standard deviations. Instead, we have added the 5" and 95" percentiles to Tables 1

and 2. The full data ranges are indicated in the figures.

L402. In-situ volume apparently means ambient volume. STP is apparently in parentheses? So
state.

Response — We have added that to the Table caption.

L411. For above 200 m is awkward.

Response — Re-written: lines 442-446.

L413. Figs.

Response — Corrected.

L414. To above 25 is awkward.

Response — Changed: line 446.

L415-6. Can’t this be more precise?

Response — The precise values are in the Table.

L427-8. Needs citation.

Response — The LA clouds (<200 m agl) were close to the surface, and (as stated) some or all may have
been technically fogs. They were formed by advection of warmer moist air over a cooler surface (the
July 8 LA cloud was likely the result of that process since the cloud moved from Baffin Bay westward
along Lancaster Sound where water temperatures were lower), by radiation cooling or by the passage of
very cold air over a warm moist surface (also known as sea smoke; the clouds over the polynyas were
likely sea smoke with possibly some advection fog component associated with the sea smoke moving

from the polynyas over the ice surfaces.) We include this discussion on lines 458-464.

L428-9. Why would vertical motions not be responsible for clouds?



Response — As described above. There will be some vertical motion associated with the sea smoke, but it
is relatively small and the cloud (or fog) depths are relatively thin. There also may be some vertical
motion associated with orographic features, as we mentioned for one case. Release of latent heat will
generate some lifting too, but the LWCs are quite low.

L432. Delete the.
L440. R2 does not match Fig. 7a.

Response — Corrected: line 478.
L444. What is they?
Response — Corrected: line 479.

L445. Delete the thrice. Delete by evaporation of droplets. That phrase seems to sort of
contradict without reducing Nc.

Response — Evaporation retained but now preceded by “partial”: lines 483-484.

L447. Rate of cooling with altitude? Greater vertical wind (W)? But this will not affect LWC,
which depends on distance from cloud base not W.

Response — The sentence is focused on the LA clouds that are impacted more by horizontal transport
than vertical transport.

L448-51. Perhaps increased Nc will reduce coalescence but not increased LWC.

Response — If it is significant, collision-coalescence (C-C) will reduce the CDNC. If precipitation results
from the C-C, the LWC will also be reduced. Conversely, without C-C, the CDNC and LWC will remain

higher.

L451. This is not really an increase but rather higher LWC than otherwise.

Response — Thank you, we have corrected it to read “Changes in collision-coalescence will affect the
CDNC and LWC in similar ways: more collision-coalescence, lower CDNC and lower LWC due to

precipitation.”: lines 488-489.

L453-4. Eliminate commas. Change which to that. This is a restrictive clause rather than a
nonrestrictive clause.

Response — Changed, thank you.
L460-1. Explain.

Response — We have removed this discussion and moved the associated Figure to the supplement (now
Figure S7): lines 493-495.

L461. Relationship plural. Insert is after it.



Response — Removed.

L461-3. Why?

Response — As discussed above.

L462. Um to um.

Response — Removed.

L463. Fig. 8 does not have panels.

Response — Removed.

L482-3. Of course they do not.

Response — Do you have a particular reference we should include?
L483. Delete necessarily. 2nd to to of.

Response — “necessarily” kept, but “to” changed to “of”: line 511.
L488. Less surface area.

Response — condensation sink is correct.

L501-5. This appears to be stated incorrectly, backwards. If not much further explanation is
required for these extremely unusual results.

Response — The results are correct. See response to the Reviewer’s comment “4” above.
L525-6. How and why?

Response — It is discussed on the lines immediately following the statement.

L536. Insert below 16 after points.

Response — Re-written: lines 550-560.

L537. Last the to these.

L542. Delete the twice.

L543. Comma after clouds.

L544. Insert that before the.

Response — Segment re-written in response to the other Reviewer.



L546. Delete 1st the. Change 2nd the to that.
L544-7. Which differences are referred to here? If it is among the July 5 measurements then ok.
But otherwise not.

Response — Re-written: lines 573-578.

L555-6. Has this been demonstrated previously? If so cite. | do not see how you can discount
coalescence. Or why this is needed.

Response — That discussion has been removed.
L558. Must be referring to vertical wind? So state.

Response — As discussed in response to the Reviewer’s comment “L427-8", we are not only referring to
vertical wind to derive cooling.

L565. Aerosol impact is ubiquitous. Nc below Mauritsen is caused by low NCCN. You cannot
get around this.

Response — We agree that overall the aerosol has some impact, but we are focused on the question of
whether within the Mauritsen limit small increases in the aerosol concentrations increase the LWC, and
we see no evidence for that. This has been re-written.

L590-1. Again this is the cloud threshold and should be so stated.

Response —added to line 619.

L605. And to with.

Response —added a “the”: line 636.

L606. LA clouds with lower Nc should have higher not lower S.

Response — As above.

L609. Insert relatively clean after for.

Response — Added: line 640.

L621-2. All samples exhibit a clear influence of the aerosol. There are differences between the
two regimes.

Response — Agreed, we have re-written this and removed the offending wording: lines 645-649.
L623. Not sure you can call them polluted.

Response — Revised to read “formed in seemingly more polluted air...”: line 652-653.



L625. There is no proof of natural sources.

Response — Smaller particles in the summertime Arctic have been linked to natural sources, and we now
have the Willis et al. (ACPD, 2016) reference that discusses a case of aerosol derived from the open
waters we were flying over; used on lines 605 and 626. Regardless, we do not explicitly state that these
particles are from natural sources: we say that such particles “can have a broad impact...”: lines 654-655.

Table 1. Explain parentheses. Apparently no distinction of LA and HA?

Response — Values in parentheses are now explained. There is no distinction between LA and HA in
Table 1.

Table 2. got to at?

Response — Corrected.

Most figures need tic marks.

Response — Tic marks added to Figures 4 and 5. All other figures have them.

When there are various panels there should not be repetition of every axis label and title. This
correction could help allow larger panels. Many panels are small and difficult to read.

Fig. 3. Is a prime example. It is not necessary to write the horizontal axis titles for a-d as they
are the same as the panels below. The horizontal axis ranges could also be adjusted so that it is
not necessary to write the labels for a-d as they can be the same as those below. B, d,f and h do
not need vertical axis titles and labels as they are the same as a, c, e and g respectively.
Response - Figure 3 has been modified accordingly.

Fig. 6 should be landscape with panels side-by-side and then only one vertical axis title and label
would be necessary for a. Panels should then be moved closer to each other. Moreover, the
figures could be larger.

Response — Done.

Fig. 7 Vertical axis titles and labels for b should be removed and panels moved closer together.
Orange appears yellow.

Response — Figure adjusted.

Fig. 8. Is it July 17 or 11? With so few data points probability or significance levels should be
shown. This could also be done for Fig. 7.

Response — It is July 17. The caption has been corrected. A discussion of the significance of the slopes at
a 95% confidence level has been added to the caption. Also, this figure has been moved to the

supplement.

Fig. 9. Rescale horizontal for a (0-700) and remove labels. Or make landscape with panels



side-by-side with the same vertical scales thus removing b labels. There are no blue data points
and yellow seems to be mislabeled.

Response — The x-axes are not the same. Blue changed to black asterisk in the caption.

Fig. 10. Reverse the axes of b so that CCN is the horizontal for both and then the horizontal title
and label can be removed from panel a. Or reverse axes of a and plot side-by-side using
landscape.

Response — The figures were set up as they are to a) shown the association of CDNC with CCNC and b)
the association of CCNC with the aerosol number concentrations.

Fig. 11 caption. In-situ probably means ambient. July 7 appears yellow not orange. July 5 is
blue not red.

Response — Adjustments made.

Reviewer 2

The topic of this manuscript is very interesting and worthy of study. The authors provide information
on clean liquid clouds in the Arctic that will help us more fully understand the Arctic radiative system,
particularly during the under-studied, cleaner summertime environments. The study improves our
mechanistic understanding of how aerosols affect these clouds and it provides a needed basis for
understanding how changes from anthropogenic aerosols affect the Arctic. This is a topic of relevance
and importance. In principle, | think this manuscript may be worthy of publication. However, there are
a few changes and clarifications that | would like to see before finally recommending acceptance for
publication.

First, the paper could really benefit from a more complete discussion of uncertainties and, in some
places, a more thorough statistical analysis. | suggest the authors more fully a) substantiate of some of
the claims, b) compare to findings from other works, and c) clarify what is known, not known, and
what is just a best guess. The section that was most problematic was the discussion of their methods
and assumptions regarding calculating activation size from aerosol concentrations and CCN. | provide
more detailed comments and suggestions in the specific comments below.

Secondly, the paper would be more useful to the community if the writing and organization were
altered to provide more clarity. | was frequently confused throughout the manuscript about what the
authors were doing and why, and | had to re-read some parts multiple times over to understand those
parts. Some parts of the manuscript could benefit from more selectively discussing relevant
information and eliminating irrelevant information; other parts of the paper would be improved by a
more detailed explanation of why the reader should be interested. It might be helpful if the authors
could consolidate some of the written information into useful figures or tables. There were also, in my
opinion, a high level of references to the supplementary material — to the point that the manuscript
does not stand well on it’s own. | have given more specific comments and suggestions regarding these
points below.



Response — We thank the reviewer for acknowledging the importance of the work and for emphasizing
that the summertime Arctic has been under-studied. Also, we greatly appreciate the extremely
thorough review. Since the general comments of the reviewer are referred to the specific comments, we
respond only to the specific comments.

Specific comments

Most important comments:

1) In the introduction, the authors argue that particles in the 20-100 nm diameter range can become
CCN in low aerosol environments. As best | can tell, outside this paper, their initial argument is based
only on one previous study (Leaitch et al., 2013). Since a) globally, environments with such low
aerosol are fairly rare, b) this hypothesis is not commonly known of or accepted in the community,
and c) this hypothesis is a fundamental question/argument to their paper, the authors should
describe their reasoning for this argument more fully. For example, if available, the authors should
provide more literature references to support the existence of this process. It would also be helpful to
expand on why specifically the findings of the Leaitch et al. (2013) paper support the author’s
hypothesis. Adding this context will make it easier to evaluate the work.

Response — As suggested by the questions set out at the end of the introduction, the work takes more of
a phenomenological approach as opposed to setting a hypothesis and testing it; i.e. the work is not
predicated on Leaitch et al. (2013). We have re-written this segment (lines 73-93), adding references to
Hudson (GRL, 2010), Korhonen et al. (JGR, 2010), Heintzenberg et al (1994 and 2006) and Lohmann and
Leck (2005). We also added reference to Heintzenberg et al. (2015) in connection with the possibility of
a cloud-processed minimum in the size distributions. We would appreciate learning about any other
relevant references that we have missed.

2) In this paper, the authors make the case that small particles do nucleate cloud droplets based on
the following assumptions. First, they assume that the cloud is only incorporating aerosols from below
the cloud. Second, they assume that aerosols are preferentially nucleated by size, with larger particles
being nucleated first. Thus, they estimate the activation sizes of CCN from the number of CCN in-cloud
and the number of aerosols below-cloud in various size classes. However, the various uncertainties in
these assumptions need further discussion. What about the impacts of chemistry and hygroscopicity
of the individual particles? What about in-cloud aerosol processing or entrainment from above or
from the sides? What about precipitation from above? (was there any? Multi-layer clouds are very
common in the Arctic). A more clear and straightforward introduction into their assumptions and the
uncertainties in these assumptions would be helpful.

Response — We use the aerosol within 50 m of cloud base to define the pre-cloud aerosol for many but
not all of the higher-altitude (HA) clouds. Also, it is not entirely an assumption. The purpose of section
2.3.1 (mistakenly labelled as 2.4.1) is to document the reasoning behind our approach to assessing the
pre-cloud aerosol for the HA clouds. We see evidence for cloud-top entrainment in some cases (e.g. July
17, Fig. 3d). We don’t see a lot evidence that entrainment influenced the CDNC other than through
evaporation and mixing with dry air, but there is one case (July 19, Figure 3) where the observations
suggest and consequently we assume that the cloud-top aerosol contributed to the CDNC. Carbon
monoxide (CO) is used specifically to help trace connections from the various outside regions of the
cloud; e.g. Figure 3c and 3e exhibit small increases in CO from inside cloud to above cloud. Further, in
the example of Figure 3¢, the CDNC decrease near cloud top, whereas the aerosol concentrations above
cloud top are higher. Cases with cloud layers and how we treat them are considered in Section 2.3 and
Figure 3: specifically, cases July 19 and 20. The July 20 case is a situation with three vertically stacked



cloud layers. With respect to the low-altitude (LA) clouds, we do not use the below-cloud aerosol
because the clouds were too low to sample under. In section 2.3.2, we demonstrate our approach to
assessing the pre-cloud aerosol for the LA clouds. Further, we discuss in a number of places how our the
results differ between using the mean and maximum CDNC, including Section 4 where we state that
higher estimates of S will be obtained using the maximum CDNC; that is a consequence of entrainment.
We have edited sections 2.3 (lines: 269-294; 308-309; 324-334; lines 348-351) to try to enhance these
points.

On the reviewer’s second point, we do assume the larger particles are nucleated first and
smaller particles subsequently. This paper is only about comparing number concentrations, and
variations in the particle chemistry will lead to the possibility that particles smaller that we currently
estimate activated. We have added a sentence to the conclusions to this effect (lines 631-634).

The reviewer further questions the absence of some discussion of in-cloud processing, and
precipitation. We have added that there was no significant precipitation from the clouds used for study
here, while noting that some of the larger droplets in the LA clouds may be considered precipitation; but
these are considered in the discussion of data below the Mauritsen limit. In-cloud processing, including
chemical transformation, scavenging of interstitial particles and collision-coalescence, reduces particle
number concentrations, whereas the process described by Orellana et al. (2011) may enhance particle
number concentrations after cloud evaporation. We now mention in-cloud processing, in the form of
chemical transformation, in the introduction as another means of considering activation sizes (lines 87-
89). We discuss in-cloud processing in the form of collision-coalescence in connection with the low-
altitude clouds, but it is unclear how the other in-cloud processes impact these results, since in
estimating the pre-cloud aerosol we theoretically account for effects of previous in-cloud processing.
Effects of in-cloud processing on subsequent clouds have no direct bearing on this work; there could be
broader implications in terms of climate, but it is beyond our scope. We note that some impacts of
clouds on particle number concentrations are one part of another work from this study (Burkart et al., in
preparation).

3) Other uncertainties that should be discussed more:

a. Impacts of meteorology on the results. Section 2.3 describes (in way too much detail, | think) the
conditions of the study. A lot of information is presented there, but much of it is not directly relevant
to evaluation of the key points of the manuscript. At the same time, some very important information
is missing, like cloud types (e.g., stratus, cumulus, etc.), cloud sizes, lifetimes, and whether
precipitation was occurring. In the summary and conclusions section, it was briefly mentioned that
some of the clouds were stratus clouds, but there was no mention of how many. This information
should be added sooner and with more detail. There should also be a more thorough discussion of
how meteorology and/or surface conditions might or might not affect the results.

Response — As above, defining the ‘pre-cloud’ aerosol is a critical aspect of these sorts of studies, which
is the motivation for section 2.3. We believe that it is directly relevant, adding to the integrity of the
paper.

We agree that an earlier discussion of the cloud types is important, and we have added that in
the preamble in section 2.3 (lines 252-259). The higher-altitude clouds were either stratus or
stratocumulus. The low-level clouds were fog or stratus.

We apologize for not specifying that the clouds were absent of precipitation as indicated by the
2D imaging probes. We have included in lines 259-266 a statement to indicate this. An addendum to
this is that droplets in a couple of the low-altitude clouds were very low in number and relatively large in
size (30-40 um). Based on the settling speeds of such droplets, some might view them as precipitation.



General aspects of the meteorology are discussed in section 2.3, and one clear effect of the
meteorology is the cleansing of the air. That effect is clearly an important aspect of these observations
and it is discussed elsewhere in the paper. We enhanced discussion about the nature of the LA clouds on
lines 458-464. Otherwise, the paper is about the effects of particles on the clouds, and in that regard we
think we have sufficiently addressed the central impacts of the meteorology.

b. Reliability of in-cloud measurements. Were the in-cloud CCN values reliable? What about the
aerosol measurements (I know the authors said these were not used in the analysis, but they are
shown in Fig. 3)? From what | understand, lot of instruments do not function as well in cloud as out of
cloud.

Response - We had stated that the in-cloud aerosol measurements are shown for completeness only,
but we should have made that statement earlier. The discussion of the in-cloud measurements is now
on lines 288-294. From inside of cloud, only the CDNC, CO and thermodynamic measurements are used.
It would be nice to be able to say that the aerosol (including CCN) measurements inside cloud are
reliable in order in order to help with number closure, but we can’t. Unless a sampling system is
employed that is designed specifically to enable in-cloud sampling, which was not the case here, in-
cloud measurements are unreliable due to issues of drying and partial drying associated with the inlet
and a particular instrument as well as droplet shattering on the inlet.

c. The ability to adequately characterize the influence of smoke from the CO and aerosol data alone
(e.g., P.27, 1. 595). On P. 14, I. 311 Koellner et al., 2015 is referenced to say that the very slightly
elevated CO was from BB. However, | do not think it is appropriate to cite a non-peer reviewed
conference abstract to make a point here. Also, CO levels of 100+ ppbv are still quite low compared to
other measured CO values in the Arctic, and other summertime studies still count values of CO above
this level as “background air” (e.g., Sakamoto et al. (2015, doi:10.5194/acp-15-1633-2015)). Also,
particle concentrations were still quite low, weren’t they? The authors might consider restating this
sentence to mention that the CO levels were elevated compared to your other days, perhaps due to
dilute BB, but that they were still pretty clean. From what | understand, photochemical destruction of
CO would lower average CO values in the summer compared to other seasons, making it additionally
difficult to compare aerosol:CO values to assess influence from biomass burning smoke. Also, there
are other source of CO and aerosols besides smoke, and being a gas, CO is an imperfect smoke aerosol
tracer to begin with. Anyways, | think the claim that these air masses were influenced by smoke is
more uncertain than is currently presented.

Response — Thank you. We have moved the Koellner et al. reference to inside the text so that it is not
considered a peer-reviewed reference (lines 342-346). The basis for assuming contributions from
biomass burning are 1) the trajectory transport pattern shows the air arrived from the location of forest
fires in the NWT of Canada, 2) the CO does increase and 3) the size distribution to larger sizes. These
points suggest a BB contribution. We feel that a detailed discussion of the CO is for another paper.

d. P. 24, 1. 536: there is an awful lot of scatter (understandably) in figure 11; thus I think there should
be some discussion of the uncertainties of the 16 cm-3 limit the authors use as their estimate of the
Mauritsen limit. Relatedly, on this line | would not call it “the Mauritsen limit”, but rather, “our best-
guess Mauritsen limit.”

Response — We changed “the Mauritsen limit” to “our best estimate of the Mauritsen limit” on lines
550-552, 555, 567 and 572. The consequence of using a value of 10 cm?is discussed: lines 582-585. We



note that the scatter exists about the mean LWC curve for points above our estimate of the Mauritsen
limit, whereas the points below all lie well below the mean LWC curve.

4) Other key information that was missing or unclear:
a. In the introduction/methods there was not a clear, concise description of how the questions would
be tested, and how the methods would provide useful information. Please add.

Response — We have modified the general approach to addressing the questions: lines 129-131.

b. Given that 62 different clouds were examined, it was not clear to me why a select few were chosen
for more detailed analysis. Please provide this information.

Response — There were 62 cloud “samples”. The numbers of individual clouds were fewer, since more
than one profile was conducted through a cloud layer. We have added a few words to clarify this and
the reason for the selections on lines 281-290.

¢. Why were LA and HA clouds specifically separated at 200 m?

Response — We apologize that this was not made clear, and a short discussion of this point is now found
on lines 272-273. The LA clouds were in the boundary layer, indistinguishable from the surface in flight,
and we were unable to sample below the cloud due to proximity to the surface. An additional reason for
the separation is that we were able to sample below all HA clouds. We have added further discussion of
the nature of the LA clouds relative to the HA cloud to section 3.2 (lines 458-464).

d. p. 13, . 292: “for 20 nm particles to activate, the water supersaturations in the bases of the clouds
would have had to reach about 1.5%.” How was this calculated?

Response — This is an estimate based on Kéhler equilibrium theory. We now indicate this on lines 321-
323.

5) There is a heavy reliance on the supplementary figures, and it makes it harder on the reader to
have to download another document and scroll through just to understand the main text. It would be
better to just put the relevant figures in the main text.

Response — We moved some figures to the supplement as a result of previous review comments. We
have further moved Figure 8 to the Supplement as the associated details mostly encumbered the
discussion. We feel the Figures are appropriately distributed, but we would be happy to move a figure
the Reviewer considers particularly relevant.

6) | think the authors are actually underselling a couple things:

a. the fact that no one has observed this Mauritsen hypothesis in the field before. This point makes
their work more exciting and | think they could emphasize it more.

b. the fact that the clouds they are describing are so clean. As noted in the general comments, a better
baseline of clean clouds provides a much-needed basis for understanding how changes from
anthropogenic aerosols affect the Arctic and this lends importance to the study. This point could also
be emphasized more.

Response — Thank you. We have re-written the abstract to try to highlight these points a little.



Other specific comments:

7) Statements that should be backed up more with further statistical analysis:

a. p. 14, 1. 304: “The VMD exceed 20 um compared with a peak value of about 15 um for the July 7
profile.” Is this statistically significant difference? Also, please give more information on why this
statement is relevant to the paper.

Response — The question as to whether the difference in the VMD is statistically significant is interesting.
Because of the similarities in the LWC profiles and the inherent relationship among CDNC, LWC and
VMD, we can address the question using both the CDNC and the VMD. The CDNC range between 150
cm™ and 250 cm™ in the case with the lower VMD and 20 cm™ and 75 cm™ in the case with the higher
VMD. Since there is no overlap of the CDNC, the means are significantly different. We can also look at
the range of the VMD for each case. In one case, the VMD range from about 7.5 um to 15 um for the
LWC varying from 0.05 to 0.25 g m™. In the other case, they range from about 10 um to 20 um for the
same range of LWC values. Again, there is no overlap of the VMD for similar values of the LWC
indicating that the VMD are significantly different. It is relevant only because it is a simple
demonstration of the basis for the cloud albedo or Twomey effect. We have re-written this discussion
accordingly: lines 324-338.

b. P.22, I. 491: where did you get the 40% value from? Is this statistically relevant?

Response — This is based on the median of the 38 samples of HA cloud (Table 2) and the regression in
Figure 9b. We are unclear what hypothesis we should be testing for statistical significance.

c. P.23 1. 503: you say there is a significant difference. What methods did you use to determine the
significance, and how significant is it?

Response — In Figure 9a, 14 of the 16 points lie well below a 1:1 line. Therefore, the mean
supersaturation inferred from the LA points is less than 0.6%.

8) Other missing or unclear information:

a. P.24, I. 524: “the vertical dashed green line represents the Mauritsen limit below which the cloud
may produce a net warming for an increase in the CDNC. ” 1) in the earlier text, this limit was
estimated as 10 cm-3, and in the figure it is estimated at 16 cm-3. Since you bring up the figure here
first, can you please describe here why there is this difference, and not on line 535, where it is
mentioned first? 2) Also, please state why you say in the above text that below this line the cloud can
produce net warming. Are you relying on the Mauritsen model results for this statement? If so, please
say so.

Response — Thank you. We have addressed both concerns on lines 550-560.

b. P25, 1.558-560: “Variations in other processes, such as mixing or the rate of cooling, may be
responsible for the correlation of CDNC and LWC. In these cases, there is sufficient aerosol so as not to
be a limiting factor for the CDNC.” How do you know that?

Response — Thank you. “sufficient aerosol” is incorrect. In response to this and a comment from
Reviewer 1, we have replaced that statement with “It can be argued that some aerosol must exist for



these clouds to form, but these observations show no association of changes in either the CONC or LWC
with changes in the aerosol”: lines 585-588.

c. P.26L 1. 577: “The lower- and higher-CO points overlap over a CDNC range of 16 cm-3 to 160 cm-3.”
The way this is phrased is a little confusing. | am not sure how it tells you “that 20-100 nm particles
from natural sources can have a broad impact on the range of CDNC in clean environments.” (l. 579-
580)

Response — We have changed it to read: “In this clean environment, the contributions from 20-100 nm
particles have a broad impact on the range of CDNC, affirming the large uncertainty associated with
estimating a baseline for the cloud albedo effect discussed by Carslaw et al. (2013).” Lines 607-609.

d. P, 4, 1. 81, “remote sensing particle Na do not reflect the size distribution” can you reword to make
this sentence clearer, e.g., small particles are not observable, or something like that? | think this could
be a very important point for your argument, so it is important to make sure it is clear. (also, please
add a reference)

Response — In response to this comment and others, we have re-written this segment: lines 73-81.

e. P. 11, I. 236: can you explain what you mean by saying that clouds were sampled more frequently
during period 1 because of “better visual contrast”? | am confused.

Response — The issue is of course that ice and snow as backgrounds can make visual definitions of cloud
more difficult, and this is a particular problem for the Arctic. During part 1, the clouds, in particular the
low-level clouds, were more clearly defined compared with part 2 when high overcast in the region
reduced contrast. We have re-written the statement as “Cloud was sampled on eight of the 11 flights,
more frequently during period 1 due to safer flight conditions associated with better visual contrast
between clouds and surrounding surfaces as well as...” Lines 244-245,

f. Lines 292-300: It is not really explained why the authors are comparing and contrasting the July 7
case with some other unrelated cloud case. Can this be made more clear, or taken out?

Response — This was added in response to the Reviewer’s preliminary comments for ACPD that asked for
comparisons. Clearly, we misunderstood. We have removed it from the main text and supplement.

9) Abstract: The authors might consider adding a sentence on what this all means for the bigger
picture.

Response — We have revised the end of the abstract in response to your comment 6 above. Otherwise,
we feel that it is too easy to speculate incorrectly.

10) I agree with Dr. Hudson that the authors should consider using a different to describe cloud
droplet number concentration and concentration for cloud condensation nuclei concentration.
Currently, the authors use CDNC and CCNC, respectively, and these abbreviations look quite similar,
which could lead to some confusion.

Response — As in our response to Reviewer 1, we respectively decline this suggestion. To reduce the
potential for confusion, we now write CCNC as CCNC(0.6%) where we refer to our measurements.



11) p. 13, I. 288: “The N30 values compares most closely with the mean CDNC...” [l did not see that in
Fig. 3a?]

Response — The N30-100 must be added to the N100 to derive the N30. It was discussed early in a
general sense, but we have added it explicitly to line 318.

12) p. 11, I. 246, why are all Na concentrations for particles < 100 nm diameter taken from the SMS,
when you also have TSI data down to 5 nm from a different instrument?

Response — Total number concentrations of particles larger than 5 nm were obtained from the TSI 3787,
but that is without any information on size distribution. The size distribution information from 20 nm to
100 nm was obtained from the BMI SMS, and size distributions from 70 nm to 1 um were from the
UHSAS. Overall, the different measurements compared reasonably well. See our response to your next
comment.

13) Did SMS and UHSAS match up fairly well in their overlapping section and generally speaking?
Because each might have different artifacts, do you have evidence that these artifacts are either
small, or at least similar?

Response — Calibration information is given in the supplement. Also in the supplement we show an
example of the comparison between the UHSAS and SMS for one flight (Figure S3). For the nominal
overlap region of the two instruments (70-100 nm), we had to use the 77-100 nm range from the SMS to
derive the closest agreement with the UHSAS over 70-100 nm. We use the SMS up to 100 nm because it
provided slightly higher number concentrations over the 70-100 nm range, making our results for the
activation sizes more conservative.

14) p. 12 1. 272: you say it is one of several profiles through the same cloud. How do the other profiles
compare?

Response — They compare well. They are represented by most of the points clustered between CDNC
values of 150 cm-3 and 200 cm-3 in Figure 7b. We have re-written it to say “One of several similar
profiles...” on line 302.

15) P. 16, |. 351: “The CO mixing ratio is slightly higher in the cloud (81 ppbv) than above (79 ppbv).” |
doubt that is statistically significant and outside the error of the instrument. | suggest taking this
sentence out.

Response — We have left it in to reference the CO measurement, but we have added that the difference
may not be significant: lines 387-388.

16) Fig. 8: Are each the points the mean (or median, or something like that) of an individual cloud?
Can that be stated more clearly in the caption? Why are clouds within each flight considered
separately from each other?

Response — The points are taken from the 62 points that are the basis for the analysis. For clarity, we
have added the following to the beginning of section 3: “All analyses are based on the 62 cloud points
(24 LA points and 38 HA points) as discussed in section 2.3.” See lines 430-431. A selection of the LA



clouds are considered individually in order to demonstrate that the linearity between the LWC and
CDNC occurs within some individual clouds, and that it is not just a result of combining the LA points.

17) p. 21, I. 463: There is no figure 8a. Did you mean Fig. 8? If so, can you be more clear about why
LWC and VMD indicate anything for Fig. 8?

Response — This figure has been moved to the supplement and the associated discussion abbreviated.
Technical remarks

1) Fig. 1: can you add an inset that shows Canada, and where Resolute Bay is relative to the larger
region? It would also be helpful to show which areas are land vs. ocean.

Response — Added.

2) It would be useful to edit Section 3.4.1 for clarity (it is currently 13-sentence paragraph, so breaking
it up would help).

Response — The paragraph has been shortened to 10 sentences.

3) Section 2.4.1 could be substantially shortened, and made into a table or figure to better elucidate
the main points the author wishes to get across. One suggestion would be to add this information on
supposed activation sizes into Fig. 3.

Response — Section 2.4.1 was mistakenly numbered in the original manuscript. It should be 2.3.1, and
has been corrected in the revision. We agree that this section is difficult, but it is the basis for the
analysis and therefore we believe it is important. The individual cases of the section are relatively short.
While the discussion in section 2.3.1 focusses on how we estimated the pre-cloud aerosol size
distribution, it is not the point of the paper to document precise activation sizes, since that level of
detail has meaning only in the specific circumstances. Overall, we simply wish to show that when
considering cloud droplet nucleation in the summertime Arctic, one must take into account the
possibility that particles as small as 20 nm may be a source of viable CCN. As above, we have added to
section 2.3 the reasons for this section: lines 286-288.

4) p. 11, I. 242: “Number concentrations [of particles] greater than 100 nm”?

Response — Added on lines 250-251.

5) p. 13, I. 289: by, “in the mean ” do you mean “on average”?

Response — Changed on line 319 and 353.

6) p. 14, I. 302: more variability in what specifically?

Response — This segment has been re-written: lines 324-334.

7) Fig. 4a: is CO the same axis as altitude, as in Fig. 4b?

Response — Thank you. The CO label has been added.



8) Fig. S7: Caption says LWC and VMD should be shown, but | only see CDNC

Response — There are three vertical profile plots side-by-side: one for CDNC, one for LWC and one for
VMD.

9) Fig. 9: caption says blue, but the points are yellow and black symbols.
Response — Thank you. That has been corrected.

10) P22, 148: “The CDNC are plotted against the N50 in Fig. 9b showing that the mean activation size
[of HA clouds] was often close to 50 Inm.”

Response — Thank you. “of HA clouds” has been added to line 517.

11) Figure 10: what is this? All the samples? Caption and discussion in the text need to be more clear.
Response — On lines 281-285, in Section 2.3, we now indicate how the 62 cloud data points were
derived. All the points in the figures 7-10 are based on that data set. We mention on line 438-440 that
the CCN data set was limited to 44 points due to instrument problems. We have explained this again in
the caption of Figure 10.

12) Figure 11: you refer to red dots, but | think you meant blue dots

Response — Thank you. That has been corrected.

13) Figure S8: do these points represent averages of single clouds? Please specify.

Response — These points are the subset of the 62 that fall below the estimated Mauritsen limit. That has
been added to the caption.

14) P.25, I. 554: “In this low CDNC environment, where cloud droplets may grow large enough to be
gravitationally removed from the cloud without the support of collision-coalescence.” Reference?

Response — We have removed that particular discussion to avoid confusion.

15) P. 25, I.: The reader is referred to the Fig. 11 caption. This information would be more appropriate
for a table or for the text.

Response — We have moved that information to the text and re-written the discussion on lines 573-578.

16) P.26, I. 577: The reference of Burkart et al., 2015 is another conference abstract and is not a
suitable reference.

Response — On lines 605 and 626, we now refer to Willis et al. (ACPD, 2016) in this context.

17) P. 16, I. 355: “particles [of] about 50 nm”?



Response — Corrected (line 392).
18) Table 1 and 2 can be combined into 1 table.

Response - There are some details in the “Measurement” column that differ between the two tables.
Also, combining them to produce 8 columns of means and medians can make it more difficult to sort
through the numbers, especially since we added percentiles based on a request of Reviewer 1.

19) P21, 1. 475: It is stated that, “As shown in the plot of CDNC versus N100 (Fig. 9a), particles smaller
than 100 nm activated in most cases”, but on p.11 it is said that, “/Number concentrations greater than
100 nm (N100) are taken from the UHSAS.” So on line 475, instead of “smaller than”, did you mean
“greater than”?

Response — We intend to say that particles smaller than 100 nm are activated because the CDNC are
larger than the N100. We have re-written it (lines 501-503) to read “The CDNC are plotted versus N100
in Fig. 8a, separated between LA and HA samples. The CDNC are most often higher than the N100 and
more so for the HA samples, which indicates that particles smaller than 100 nm activated in most cases
and most often in the HA clouds.” Hopefully that is clearer.

20) P. 27, 1. 612: I’d suggest saying ~16 instead of simply 16.

Response — We now refer to it as an estimate.



