Responses to Reviewers’ Comments on Manuscript acp-2017-199
(A new balance formula to estimate new particle formation rate:

reevaluating the effect of coagulation scavenging)

We thank the reviewers for their time, efforts, and thoughtful comments that help to improve this
manuscript. We have addressed the comments in the following paragraphs and made corresponding
changes in the revised manuscript. Comments are shown as blue italic text followed by our responses.
Changes are highlighted in the revised manuscript and shown as bold text in the responses. Line numbers
quoted in the following responses correspond to the revised manuscript. In addition, the format of

references has been updated.

Reviewer #1:

Comment:

This work proposed a new formula to estimate particle formation rates during nucleation event. This
method emphasizes the importance of coagulation scavenging effect among newly formed particles,
especially in polluted urban area. The manuscript fits well to the scope of ACP and presents valuable
methods/results. Thus I recommend it to be published after the following moderate/minor comments listed

below have been adequately addressed.

1) In the abstract (page 1, lines 28-29): The authors stated or cited previous study (Guo et al., 2014):
“Continuous growth of nucleated particles also provides increasing aerosol surface area for
heterogeneous physicochemical processes, which may contribute to haze formation.” Is this
conclusion/statement correct? Although many NPF events were regularly followed by an increasing of
particle mass, this only indicates a high abundance of condensable vapors in the atmosphere. Actually,
the newly formed particles can only grow up to 60~100 nm. The contribution by particles smaller than
100 nm to total aerosol surface area is not significant. Maybe the large number of grown particles can,
through the coagulation process, grow into a larger size range, where they could contribute more
efficiently to the particle mass concentration or particle extinction. But I think it is not proper, or at least
it may result in certain misunderstanding, to directly connect the NPF (or continuous growth of nucleated

particles) with haze formation. Please consider this issue.

Response: We appreciate this suggestion and it was well taken. Statement and citation on haze formation
were removed. The sentence was revised as “Continuous growth of nucleated particles also provides

increasing aerosol surface area for heterogeneous physicochemical processes.”

2) In section 3 Experiment, did you consider the diffusion loss in the DMA and neutralizer, as
recommended by Wiedensohler et al., (2012)?

Response: Yes, both diffusion losses in the DMA and neutralizer were considered during data inversion.



The sentence was revised as “A C++ program was used to invert particle size distribution from raw
counts while incorporating diffusion losses inside the sampling tube, diffusion losses and charging
efficiencies of the bipolar neutralizers, penetration efficiencies and transfer functions of DMAs,

and detection efficiencies of CPCs (Hagen and Alofs, 1983; Jiang et al., 2011a).”

3) Lines 138-141, why you chose 28000 cm™ as a boundary, from visual expression or mathematic

calculation? Could you explain it more?

Response: 28000 cm was determined visually, however, the estimated J; s appears to be insensitive to
the exact value of the boundary. We revised the relevant paragraph (pages 6-7, lines 163-173) to better

illustrate this.

4) And in line 326, do you mean Fig. 2b?

Response: Thanks, corrected.

5) Since you measured particle number size distributions down to ~1.5 nm, could you compare the J, s
between direct measurements (e.g., results in Fig.2b) and estimated using the experimental formula
(Eq.11 in Kulmala et al., 2012). It would be interesting to check the uncertainty using the experimental

formula to estimate J; 5 in strong nucleation events.

Response: We had done these comparisons before submitting this manuscript. The estimated J15 using
the semi-empirical formula proposed by Kerminen & Kulmala (2002) and updated in following studies
(e.g., Eq.11 in Kulmala et al., 2012) were higher than those estimated using the new formula proposed
in this study. We suspect that the fundamental assumptions made to derive the semi-empirical formula
might be violated when coagulation sink is high. However, detailed derivations of the semi-empirical
formula (including all the assumptions) are not readily available that make it difficult to reach conclusive

findings. In addition, simulated NPF events will help to better address this issue.

6) Maybe it is better to move all the equations in section 4.2 to section 2, and only discuss the comparison

results here.

Response: Thanks, we moved all the equations in section 4.2 to section 2.2.

7) I think it is unfair to include Eq. 8 in the discussion of section 4.2. Based on what [ understand, it uses
the different upper bound (6 nm), which is much lower than the bound (25 nm) in other equations. The
better agreement of estimated J, s is due to the “closer” CoagSy, (dn =4 nm) used in Eq. 8. Could you
recalculate J; s using Eq. 8 with the same upper bound (25 nm) and different CoagSy (dn = 2,3,4... nm),
how the result correlates with that of Eq. 1.



Response: “Closer” does not necessarily mean better (as shown in Fig. R1, Jis was overestimated when
dm =3 nm). Estimated Ji s using different dm with the same upper bound differ with each other in CoagSnk

only, and the relationship between CoagSnk and Coags$ has been illustrated in Eq. (B9).
CoagSnk = >’ Coag$, - N,
%=k (BY)

As shown in Fig. R1, the estimated J; 5 using Eq. (5) when d,, = 4 nm was generally in good agreement
with that estimated using Eq. (1). However, their relative ratio gradually increased with time. This is
because that newly formed particles gradually grow into large particles and larger particles correspond
to smaller CoagS. Since CoagSnk is affected by particle size distributions, the attempt to simplify the
expression of CoagSnk using a constant CoagsS,, will result in uncertainties in the estimated .J; 5. Thus,

we suggest not to use a single CoagSn to estimate CoagSnk, especially during intense NPF events.
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Figure R1: Comparison of formation rates estimated using Eq. (5) with different dm. The estimated Ji.5 using

Eq. (1) is plotted as a reference.

We include Eq. (8) because it was widely used in previous studies. We revised the discussions on Eq. (8)
as “J1.s estimated using Eq. (8) agreed well with that estimated using Eq. (1), however, it does not
mean that 6 nm serve as a better upper size bound than 25 nm. The good agreement between results
estimated using Eq. (1) and (8) is because that the estimation of CoagSnk tends to be more accurate
when using an average CoagS» in a narrower size range and the underestimation in this case is

coincidently cancelled out by the overestimation of formation rate caused by neglecting CoagSrc.”



(page 8, lines 208-211).
8) Please also include the New Delhi case (Kulmala et al., 2005) in Fig. 6a. It also showed high CS

values.

Response: We updated Fig. 6a and related discussions to include New Delhi case.

9) Did you observed any relatively clean nucleation events during this campaign? How about the

comparison of different formula in clean case?

Response: Although NPF events occurred on comparatively clean days, no clean (weak) NPF events
were observed in Beijing during this campaign. We tested the new formula using NPF data observed in
the clean atmosphere of Tibet. In this case, CoagSnk is a minor term in the estimated J, and thus Eq. (5)—
(8) generally agreed well with Eq. (1). At the end of Appendix B, it is stated that as “In relatively clean
environment with weak NPF events, Eq. (B6) may work well since the calculated Jk is mainly

predominated by dN/dt. (page 17, lines 458-459)”

10) There are several grammar mistakes in the text, please carefully check.

Response: Thanks, we carefully checked the manuscript again.




Reviewer #2:

Comment:

A new method to estimate particle formation rates has been proposed by the authors which is an
improvement to existing ones with respect to taking coagulation into account. This seems to be an
important improvement when analysing new particle formation events in polluted conditions, such as
Beijing, where the method is applied. Also, a nice comparison with some previous approaches is
presented. The topic fits well to ACP and deserves publication, but some major modifications are first
necessary. In addition, the manuscript suffers from several grammatical errors as well as unclear writing

(some of the points I have commented below but many not). A thorough language-check is thus essential.

1) Eq. 1 and Appendix A: I believe that Eq. 1 is a direct consequence of the GDE and does not require
the rather complicated derivation of Appendix A. If one starts with the continuous GDE, integrates it
from dy to d,, and finally writes the coagulation terms in discrete form with the bins - then Eq. 1 is self-

evident (or can be derived in 3 lines)?
Response: We disagree with the reviewer on this comment. The continuous GDE is shown in Eg. (R1)
Friedlander, 2 Kuang et-ak., 2012),d,. dy. d;
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Jk+1 still remains unsolved such that derivation presented in Eq. (A4)-(A5) is essential. Note that although
Eg. (B1) is correct in the continuous space of particle diameter (as shown in Fig. R2), one can not simply

substitute it into Eq. (R1), since Eq. (B1) underestimates Ji in the discrete space as illustrated in Fig. 1

and Eq. (B2).
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Figure R2: Schematic of the general dynamic equation in the continuous form.

If starting with a size region in a macroscopic point of view, one can only obtain approximate formulae

such as Eq. (5) that was originally reported by Kulmala et al., 2001.



It should be clarified that GDE in the continuous form is only an approximation of that in the discrete
form. The approximation tends to be accurate when d, >> d (the size of the critical nuclei). That is the
reason why we started with the discrete GDE and stated that “Practically, Eq. (A7) is only an estimation
of Eq. (AS)” (page 12, line 323) when converting it into the continuous form.

We believe that Appendix A is one of the essential parts of this study. Only by knowing detailed
derivations and assumptions made during the derivations, one can better understand and evaluate

different approaches.

2) Eq. 1: The writing under the summation symbol is very small font and almost unreadable. It has to be
made more clear. Also, does the validity of the equation require a bin structure such that (d;) 3 + (dj+1)"3

be= (dy)"3 ?
Response: We increased font size for Eq. (1) and (A7) to make them more readable. We also added the

d3+d,=d? d3+d, 2 =d;

following sentence “The defined relationships, and 9, are to assure

that all particles smaller than dg are accounted for only once.” (page 12, lines 326-327).

3) Page 3, line 84: What does "not included" mean here?

Response: We revised the descriptions as “particles with diameters of du are not accounted for” in

page 3, line 83 and other places.

4) Page 4, lines 112-113: Why is information about size distribution below d_k needed, when applying

equation 4?

Response: Because in the discrete GDE,

Je=n-GR, ) (B2)

Please refer to page 15, lines 401-408 for detailed discussions.

We added “(See Appendix B)” in lines 113-114.

5) Page 4, discussion after Eq. 4 and Page 7, lines 195-196: The main problem in Eq. 9 is that GR and
n are not estimated at 1.5 nm in an optimal way but above it, isn 't it. If, instead of using the range 1.5-

2.5, one would use 1 - 2, the result would be much better?

Response: Yes. The result using 1-2 nm was closer to but still lower than that estimated by Eq. (1). Note
that the following issues still remain:
a) The coagulation effect is still dominating in the 1-2 nm size range. Net coagulation effect is not equal

to zero when estimating Jis using the size range of 1-2 nm. Simply neglecting CoagSnk will lead to an



underestimation.

b) The continuous GDE is out of function at dy if d is the critical size, i.e., Eq. (1) and Eqg. (9) using the
size range of 1-2 nm both lead to uncertainties when estimating Jx. However, since Ji is partially
estimated using particles much larger than di (at which the continuous GDE is almost accurate) in Eq.
(1), its result is relatively credible.

¢) The 50% cut-off size of the prototype DEG-UCPC used in this study was ~1.4 nm (mobility diameter)
and the minimum detected atmospheric particle size was ~1.2 nm. Practically, uncertainties of the
measured particle size distributions become higher for particles smaller than 1.5 nm.

Therefore, we did not discuss the result using the size range of 1-2 nm. Eq. (9) using the size range of
1.5-2.5 nm was compared and discussed because similar formula (e.g., Eq. (B5)) was used in previous

studies.

6) Page 5, lines 137-139: Why "varying upper size bound"? And why 28,000 cm~3? Furthermore, I don’t

understand the sentence "d, is equal to 25 nm rather that d, when calculating dN/dt..."???

Response: We tried to minimize the influence of background aerosols by determining a upper size
boundary for new particles. The maximum size of particle formed due to nucleation increases with time,
so the upper size bound, dy, varies with time.

28000 cm® was determined visually. It is an approximate boundary as shown in Fig 2(a). The estimated
J1.5 was found to be insensitive to the exact value of the boundary.

When estimating Jis using varying upper size bound, the dN/dt term was calculated using fixed size
range, since the influence on particle number concentration due to varying size range might be larger
than that of background aerosols.

We revised section 4.1 (page 6, lines 163-173) to better illustrate these issues.

7) How do you determine GR?

Response: in page 5, lines 124-125, we added “Growth rates in all formulae in section 2.2 were

estimated using the mode-fitting method suggested in Kulmala et al. (2012).”

8) Appendix B, page 15, line 393: I am not sure that the statement "Equation B2 is a mathematical truth"”
is correct, especially if (k-1) refers to a (wide) bin? The physical process of condensation is by monomer

additions.

Response: k-1 refers to the specific diameter di.1, corresponding to particles containing k-1 molecules



(one molecule less than that of the critical nuclei). Size bins in this study are referred as half-open
intervals, e.g., [d;, di+1) in Eq. (1).
We added “where k is the number of molecules contained by the particle” in page 15, lines 384-

385, and replaced “a mathematical truth” with “theoretically correct” in page 15, line 401.

9) Much of Appendix B is repetition of the main text. Can it be shortened and combined with the main

text so that any Appendix would not be necessary?

Response: We removed the repetition part in Appendix B. The purpose of Appendix B is to illustrate
differences between the new formula and previous approaches. Estimated formation rates using different
formulae are concisely compared in the main text, while appendix B helps to better illustrate these
comparisons. In addition, minor differences between Eq. (B6) and the new formula are also presented in

Appendix B. Thus, we prefer to keeping the shortened Appendix B.

10) It is really interesting to see the performance of the different approaches when applied to
experimental data. The paper would, however, become even better if validation of the new method would
be demonstrated with synthetic data, for which the answer is known. I am not saying that this is a

necessity for this paper, but something for the authors to consider.

Response: We appreciate this suggestion. Simulated data for both weak and intense NPF events help to

further evaluate different approaches. It can be a topic of following study.



