A point-by-point response
Dear Editor,

We are very pleased to submit a revised manuscript entitled with “The density of
ambient black carbon retrieved by a new method: implications to CCN prediction” for
possible publication in journal of ACP.

We'd like to thank you for your efforts and time on handling the paper. We also
would like to thank the reviewers for their valuable comments and suggestions, all of
which have been considered carefully during the revision (a point-by-point response to
reviewers as follows). We believe all the comments from the reviewers have been

addressed, and the paper have been greatly improved after the revision.

Yours sincerely,
Fang Zhang
On behalf of all authors

Comments from the editor:

The revised manuscript has been improved a lot. However, | would suggest that the

authors address the following issues raised by the reviewer: 1. please clearly state the
reason and uncertainty of the assumptions in the deriving of the effective density; 2.
the chemical components of the non-BC component and BC coating should be different,

the uncertainties should be discussed; 3. the number fraction of the BC-containing

particles in the ambient particle is (less than 25%) low, so is it reasonable to attribute
the uncertainties of the CCN number concentration to the BC density;
Re: Thanks for the editor’s constructive comments and suggestions.

Regarding to the first concern about the reason and uncertainty of the
assumptions in the deriving of the effective density, we have addressed this issue

carefully in section 2.3 of the revised paper, or as follows:

2.3 Uncertainties and limitations



For the retrieval, the assumptions on the values of ksoa, proa, psoa and pex-sc as
well as the fraction of primary organic aerosols in non-hygroscopic mode would add
uncertainty in the inferred values of ambient internally mixed BC density. For example,
the freshly emitted POA particles might consistently be coated with secondary particles
during the aging process, resulting in changes of the NFnH-poa. However, a real-time
variation of the NFnH-poa is not yet available due to the lack of such measurement data.

Applying only rough fractions of hydrophobic POA for three different
atmospheric conditions could still cause uncertainties. Also, the densities of POA and
SOA may differ due to their precursors, emission sources and the formation
mechanisms in ambient atmosphere (Alfarra et al., 2006; Reyes-Villegas et al., 2018).
The density of Ex-BC is generally characterized by the morphology and size (Wu et al.,
2019). In addition, the value of ksoa spans largely due to the variations in the emissions
of gas precursors and formation processes under different atmospheric conditions
(Zhang et al., 2015; Liu et al., 2021b). Therefore, we examined the sensitivities of In-

BC density to the variations of these factors, as exhibited in Fig. 1 and Fig. 2.
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Figure 1. Sensitivities of In-BC density to the variations in the number fraction of

nearly hydrophobic (NH) POA and hygroscopic parameter of OA (ksoa) (a), POA

In-BC density (g cm™=)

In-BC density (g cm™)



density (b), SOA density (c) and the externally mixed BC density (d).

The figures show that the In-BC density gradually decreased with the increment
of the NFnH-roa, implying the high fraction of bare POA particles corresponded to the
early aging stage of aerosol particles. With the increase of xsoa, the In-BC density was
generally reduced, but with small fluctuations (Fig. la, Fig. 2b). This suggests a
complex impact of assumptions of xsoa on the retrieved BC density. In addition, the In-
BC density decreased slightly as pex-sc increased (Fig. 2e), suggesting applying a larger
pex-sc would derive smaller values for In-BC density. The In-BC density was
insensitive to the changes of the density of POA and SOA, showing an almost negligible

effect on the retrieved results (Fig. 2c and d).
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Figure 2. Sensitivity of the In-BC density to variations in the number fraction of nearly
hydrophobic (NH) POA (a), the hygroscopic parameter of SOA (b), the POA density
(c), the SOA density (d), the externally mixed BC density (e) and the harmonic mean
of multiple factors (f).

The uncertainty analysis shows that, by comparing the results based on the mean
fraction of the NFnH-poa With a typical atmospheric observed range of 50-90 % for the
NFnH-poa (Liu et al., 2021a), the assumption on NFnH-poa can lead to relative deviations
(uncertainty) of -17 %~ +27 % for the retrieved BC density (Fig. 3a).

In addition, unlike inorganics (eg., NH4sHSO4, (NH4)2SO4 and NHiNOs), for



which the hygroscopicity has been already well-understood (Petters and Kreidenweis,
2007), the hygroscopicity of organic species varies largely due to the complexity in
organic aerosol constituents. Therefore, the assumption of the values of xsoa will add
the uncertainty in the calculation of BC density. Previous studies have suggested that
the organics have a wide range of x values ranging from 0.05 to 0.3 (Jimenez et al.,
2009; Mei et al., 2013). Thus, the sensitivity test has also been done to examine the
effect due to changes in xsoa on calculating the density of BC (Fig. 1a). The result
shows that the assumption of xsoa values can cause an average relative deviation of -

10 %~+3 % in calculating the density of In-BC (Fig. 3b).
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Figure 3. Relative deviations of the number fraction of nearly hydrophobic (NH) POA
to the In-BC density (a), the hygroscopic parameter of OA to the In-BC density (b), the
POA density to the In-BC density (c), the SOA density to the In-BC density (d), the
externally mixed BC density to In-BC density (e) and the combined deviations based
on multiple factors mentioned above (f).

However, the sensitivity test shows that the impact of both the proa and psoa
variations on the BC density estimation was very small or even negligible (Fig. 1b, c).
By varying the proa from 0.85 to 1.5 g cm™ and the psoa from 0.9 to 1.65 g cm™
according to the literature (Noureddini et al., 1992; Alfarra et al., 2006; Reyes-Villegas

et al., 2018; Kostenidou et al., 2007), the retrieval uncertainties in the BC density were



both within £5 % (Fig. 3c, d). For pex-sc, it exhibited that the evolution of the pex-sc
could lead to an average deviation of -16 %~+9 % in calculating In-BC density (Fig.
3e) when increasing the values of pexsc from 0.1 to 1.0 g cm™, which represents a
typical range in ambient atmosphere (Wu et al., 2019; Liu et al., 2020). A combined
uncertainty (6) caused by the multiple factors (&), which was calculated by equation

(12), was -26 %~ +29 % as shown in Fig. 3f.

5= / n 8’ (12)

In addition, it should be noted that the mass concentration of BC obtained from
AE33 based on aerosol light absorption may lead some uncertainties. However, the
comparison of the simultaneously measured data by SP2 with those by AE33 during
the campaign shows that the temporal variations of BC mass concentrations measured
by the two techniques were well consistent (Fig. S8). Note that the BC mass measured
by SP2 is occasionally low probably because of the low detection efficiency in small
size (McMeeking et al., 2010; Schwarz et al., 2006). In addition, the SP2 is unable to
quantify the BC mass beyond a certain limit because of the saturation of electronic
devices recording signals (Pileci et al., 2021). We show that, compared the results that
were retrieved if applying the BC mass measured by SP2, the BC density retrieved
based on AE33 can be 18 % higher. Given the measurement bias from SP2, this
overestimation indicates an upper limit of the uncertainty.

For the second comment about the uncertainties from differences in
composition of the non-BC and BC-containing particles, we also have included
statements and more discussions (see lines 228-236) or as follows,

“...Third, since only one hydrophobic and/or one hygroscopic mode was observed
by the HTDMA in most cases during the campaign (Fig.S1, S5), the chemical
components of the more hygroscopic (MH) mode at a given diameter should contain
both these hygroscopic non-BC and the coatings on BC-containing particles, which
would be measured by the HR-AMS instrument together. Therefore, by subtracting the
externally mixed POA in non-hygroscopic mode (see section 2.3), the concentration

and mass fraction of each component measured by HR-AMS can represent the overall



chemical composition of MH modes, and thus was applied in the ZSR mixing rule for
the retrieval of the density of internally mixed BC in this study ...”

For the third comment, some statements have been added in the revised
version or as follows,

Lines 95-102 “...Moreover, although the BC accounts for very small mass
fractions (5~10 %) in total fine aerosols, according to our previous field observed
results, the BC-containing particles could contribute 60 %-78 % toward the total
number concentration in urban Beijing (Chen et al., 2020). This is comparable to the
other results using SP2 instrument, which measured that the number fractions of the
coated BC-containing aerosols could be as high as about 50-80% at the field sites in
north China (Liu et al., 2019b; Zhao et al., 2022). Therefore, the effect of BC density
on the uncertainty of CCN prediction should be concerned carefully...”

Lines 528-532 “... In addition, although the BC accounts for small mass fractions
in ambient fine aerosols, according to the measurements simultaneously conducted at
the site, the BC-containing particles could contribute 60 %-78 % toward the total
number concentration in urban Beijing (Chen et al., 2020). Our results further highlight
the effect of BC density on the uncertainty of CCN prediction should be concerned

carefully ...”

Comments from the reviewer 1:

There are some minor issues needed to be resolved before accepting for the final

publication. A list is given below:

1. Itisstrongly suggested that the authors carefully doublecheck the manuscript before
submitting the next revision.

Re: Thanks a lot, the manuscript has been carefully double checked.

2. Abstract: L29, November 14; L32-33, it is not necessary to say “in non-hygroscopic

or hygroscopic mode”, | suggest to remove this expression; L36, literature (lower case);

L38, concentration (singular).

Re: revised. L29, from 15 November to 14 December 2016. L36, and L38, revised.

L32-33, the sentence has been revised as “The uncertainty of the retrieval method was



evaluated within £30 %, which was primarily caused by assumptions on both the
hygroscopic parameter of organics and the proportional distribution of primary organic
aerosols in different hygroscopic modes”

3. L167, referring to.

Re: revised.

4.1.190, a mean of.

Re: revised.

5. L274 and throughout the whole manuscript, the numbers after “equation”are
suggested to be consistent, either in the parentheses or just the numbers.

Re: Thanks for the comments, revised.

6. L284, with secondary particles; L286, measurement data; L294, “And”should be
deleted.

Re: revised.

7.1L.299, Fig. 2., check throughout the paper. There should be a space between the Fig.
and the figure number.

Re: revised.

8. L306, corresponds to.

Re: revised.

9. L324, for which, otherwise the conjunction which does not have a role in the clause.
Re: revised.

10. L332, kSOA values.

Re: revised.

11. L337 and throughout the manuscript, literature. Use singular instead of plural form.
Re: revised.

12. L.348, with those by AE33, data is in plural form.

Re: revised.

13. L353-354, what is “electronic devices recording signals™?

Re: As detailed description by Pileci et al. (2021), the SP2 is unable to quantify rBC
mass above a certain limit due to the saturation of the electronics that record the signals.
This saturation limit can be varied via detector gains, with typical settings resulting in
upper limits of quantification ranging from DrBC = 500 nm to around DrBC = 1 pm.
Consequently, the total BC mass may be underestimated if BC cores greater than the
upper limit of quantification contributes substantially to total BC mass.

Pileci, R. E., Modini, R. L., Bertd, M., Yuan, J., Corbin, J. C., Marinoni, A., Henzing, B., Moerman,



M. M., Putaud, J. P., Spindler, G., Wehner, B., Miller, T., Tuch, T., Trentini, A., Zanatta, M.,
Baltensperger, U., and Gysel-Beer, M.: Comparison of colocated refractory black carbon (rBC)
and elemental carbon (EC) mass concentration measurements during field campaigns at several
European sites, Atmos. Meas. Tech., 14, 1379-1403, https://doi.org/10.5194/amt-14-1379-
2021, 2021.

14. 355, were retrieved if applying...

Re: revised.

15. L356, given the measurement bias, no “that” in between.

Re: revised.

16. L3509, 3.1 subsection title is suggested to change to “A comparison and validation

of retrieved mixing state and density of BC”

Re: Thanks for the comments, revised.

17. L.362, present not presented.

Re: revised.

18. L367, that should be deleted, and this is not a clause.
Re: revised.

19. L378, Chen et al. (2020).

Re: revised.

20. L380, the “,” between “using a tandem... SP2” should be deleted.

Re: revised.

21. L383, what is “those” being represented? it seems to referring to the mass fraction.
Re: The sentence has been revised as “Overall, the mass fraction obtained in our study
was comparable with that reported in urban Beijing”.

22. L.385, coating processes.

Re: revised.

23. L388, what is its referring to? BC density or BC, from the sentence, it seems BC
density. Suggested to be modified.

Re: revised. The sentence has been revised as “Accordingly, the densities of the bulk

and internally mixed BC present apparent fluctuations as shown in Fig. 4b, which is
significantly affected by the variations of BC emission sources and BC aging
processes”.

24. 1L.390, due to that? What is “that”for? Please delete.
Re: revised.
25. L393, lift? rising seems better.



Re: revised.

26. L394, with secondary inorganic aerosol.

Re: revised.

27. L400, the continuous or the continuing.

Re: revised.

28. L404-405, The campaign average values of the bulk and internally mixed BC
densities are ....

Re: revised.

29. L407, are not void-free spheres.

Re: revised.

30. L408, with those observed at other sites....

Re: revised.

31. L410, within the range of density from field measurements.

Re: revised.

32. L415-416, there is a “,"after e.g.

Re: revised.

33. L4109, as was summarized and ...

Re: revised.

34.L422, a peak value at ..., because it is not the peak value.

Re: revised.

35. L433, in large biases.

Re: revised.

36. L436, same issue as #23.

Re: The sentence has been revised as “Considering the large variation range of BC
density during the campaign, which is closely associated with BC morphology or
degree of BC aging ...”

37. L448, represents the range of BC density in the atmosphere. The lower and upper
limits are just two values.

Re: revised. The sentence has been corrected as “The results show that, by varying the
value of density from 0.14 to 2.1 g cm™ that represents the range of BC density in the
atmosphere...”

38. L451, delete “And”.

Re: revised.

39. L461, much worse than the use of...



Re: revised. “much worse compared to the use of ...” has been corrected to “much
worse than the use of ...”

40. L462, at night or during nighttime.

Re: revised. “at nighttime” has been corrected to “at night”

41. L465, particles are; delete “And now”.

Re: revised.

42. 1466, delete “,”.

Re: revised.

43. L468, delete “those”.

Re: revised.

44. 1473, as the fraction of organics is.

Re: revised.

45. L480, the reference from Ren et al. (2018).

Re: revised.

46. Subsection title is suggested to change to “NCCN prediction based on the real-time
variations of BC density and mixing state.

Re: Thanks for the suggestion, revised.

47. Figure 7. Predicted CCN number...

Re: revised.

48. L494, what are those periods?

Re: The sentence has been revised as “The diurnal variations in the ratio of predicted-
to-measured Ncen shows the Ncen can be underestimated by up to 15 % at S=0.40 %
during noontime.”

49. L498-499, A better closure at S=0.23% is because the bulk k of particles is closer
to that at the critical diameter of 100-150 nm.

Re: revised.

50. L504, what is CCN closure? Do you mean CCN number concentrations? Same in
L531.

Re: Closure study for CCN provides an indirect way to evaluate the effects of aerosol
microphysical properties (eg., particle size distribution, chemical composition, mixing
state and etc.) in calculating CCN number concentrations. When the bias between the
predicted and measured CCN concentrations is small or even negligible, it means the
closure achieves. Some descriptions about this issue have been included in the text, see
lines 457-468 or as follows:



“...Closure studies provide a useful way to investigate the importance of aerosol
properties to CCN concentration prediction. If the closure study is achieved, it means
the bias between the predicted and measured CCN concentrations is within £15%
(Chang et al., 2007). The detailed calculation methods are presented in the supporting
information (SI: Methods) or the reference in Ren et al. (2018) ...”

51. L521, range or ranges.

Re: revised.

52. L526, The uncertainties of the NCCN prediction are -28 % ~11 %...

Re: revised. The sentence has been revised as “Further examination shows the
uncertainties of the Nccen prediction were -28 % ~11 % at the typical S of 0.23 % and
0.40 % by varying the BC density from 0.14 to 2.1 g cm that represented the range of
ambient BC particles.”

53. L529, the variations of BC density.

Re: revised. The sentence has been corrected as “Moreover, the prediction was found
more sensitive to the variations of BC density when it was <1.0 g cm™, suggesting a
great significance of accounting for the effect of BC density for the aerosol particles
with low aging degree when evaluating the climate effect.”

54. L530, a great significance of accounting for...

Re: revised. Same as reply 53.

55. L541, in future studies.

Re: revised. “in further studies” has been corrected to “in future studies”.

56. L542, provide more comprehensive understanding of the variations of BC density.
Why do you use variability?

Re: Thanks for the comments, “variability” has been corrected to “variations”.

57. Assessing not accessing.

Re: revised.

Comments from the reviewer 2:

This manuscript is much better than before.
My major concern is (1) that there are too many assumptions in the deriving of the
effective density.

Re: Thanks for the comments. We are well aware of the uncertainty of such a new



method due to the assumptions. Therefore, as we addressed in section 2.3, a
comprehensive analysis of the reason and uncertainty of this method has been presented
in the revised paper. See section 2.3 or as follows:

2.3 Uncertainties and limitations

For the retrieval, the assumptions on the values of ksoa, proa, psoa and pex-sc as
well as the fraction of primary organic aerosols in non-hygroscopic mode would add
uncertainty in the inferred values of ambient internally mixed BC density. For example,
the freshly emitted POA particles might consistently be coated with secondary particles
during the aging process, resulting in changes of the NFnH-poa. However, a real-time
variation of the NFnh-poa is not yet available due to the lack of such measurement data.

Applying only rough fractions of hydrophobic POA for three different
atmospheric conditions could still cause uncertainties. Also, the densities of POA and
SOA may differ due to their precursors, emission sources and the formation
mechanisms in ambient atmosphere (Alfarra et al., 2006; Reyes-Villegas et al., 2018).
The density of Ex-BC is generally characterized by the morphology and size (Wu et al.,
2019). In addition, the value of ksoa spans largely due to the variations in the emissions
of gas precursors and formation processes under different atmospheric conditions
(Zhang et al., 2015; Liu et al., 2021b). Therefore, we examined the sensitivities of In-
BC density to the variations of these factors, as exhibited in Fig. 1 and Fig. 2.

The figures show that the In-BC density gradually decreased with the increment
of the NFnH-roa, implying the high fraction of bare POA particles corresponded to the
early aging stage of aerosol particles. With the increase of xsoa, the In-BC density was
generally reduced, but with small fluctuations (Fig. la, Fig. 2b). This suggests a
complex impact of assumptions of ksoa on the retrieved BC density. In addition, the In-
BC density decreased slightly as pex-sc increased (Fig. 2e), suggesting applying a larger
pex-sc would derive smaller values for In-BC density. The In-BC density was
insensitive to the changes of the density of POA and SOA, showing an almost negligible
effect on the retrieved results (Fig. 2c and d).

The uncertainty analysis shows that, by comparing the results based on the mean

fraction of the NFnn-poa With a typical atmospheric observed range of 50-90 % for the



NFnH-poa (Liu et al., 2021a), the assumption on NFnH-poa can lead to relative deviations
(uncertainty) of -17 %~ +27 % for the retrieved BC density (Fig. 3a).

In addition, unlike inorganics (eg., NH4sHSO4, (NH4)2SO4 and NHaNOs), for
which the hygroscopicity has been already well-understood (Petters and Kreidenweis,
2007), the hygroscopicity of organic species varies largely due to the complexity in
organic aerosol constituents. Therefore, the assumption of the values of xsoa will add
the uncertainty in the calculation of BC density. Previous studies have suggested that
the organics have a wide range of x values ranging from 0.05 to 0.3 (Jimenez et al.,
2009; Mei et al., 2013). Thus, the sensitivity test has also been done to examine the
effect due to changes in xsoa on calculating the density of BC (Fig. 1a). The result
shows that the assumption of xsoa values can cause an average relative deviation of -
10 %~+3 % in calculating the density of In-BC (Fig. 3b).

However, the sensitivity test shows that the impact of both the proa and psoa
variations on the BC density estimation was very small or even negligible (Fig. 1b, c).
By varying the proa from 0.85 to 1.5 g cm™ and the psoa from 0.9 to 1.65 g cm?
according to the literature (Noureddini et al., 1992; Alfarra et al., 2006; Reyes-Villegas
et al., 2018; Kostenidou et al., 2007), the retrieval uncertainties in the BC density were
both within £5 % (Fig. 3c, d). For pex-sc, it exhibited that the evolution of the pex-sc
could lead to an average deviation of -16 %~+9 % in calculating In-BC density (Fig.
3e) when increasing the values of pex-sc from 0.1 to 1.0 g cm, which represents a
typical range in ambient atmosphere (Wu et al., 2019; Liu et al., 2020). A combined
uncertainty (6) caused by the multiple factors (&i), which was calculated by equation

(12), was -26 %~ +29 % as shown in Fig. 3f.

5= / n 52 (12)

In addition, it should be noted that the mass concentration of BC obtained from
AE33 based on aerosol light absorption may lead some uncertainties. However, the
comparison of the simultaneously measured data by SP2 with those by AE33 during
the campaign shows that the temporal variations of BC mass concentrations measured

by the two techniques were well consistent (Fig. S8). Note that the BC mass measured



by SP2 is occasionally low probably because of the low detection efficiency in small
size (McMeeking et al., 2010; Schwarz et al., 2006). In addition, the SP2 is unable to
quantify the BC mass beyond a certain limit because of the saturation of electronic
devices recording signals (Pileci et al., 2021). We show that, compared the results that
were retrieved if applying the BC mass measured by SP2, the BC density retrieved
based on AE33 can be 18% higher. Given the measurement bias from SP2, this
overestimation indicates an upper limit of the uncertainty.

(2) the chemical components of the non-BC component and BC coating should be
different; the uncertainties should be discussed.

Re: Some statements about this have included in the revised text (see lines 228-236) or
as follows,

“...Third, since only one hydrophobic and/or one hygroscopic mode was observed
by the HTDMA in most cases during the campaign (Fig.S1, S5), the chemical
components of the more hygroscopic (MH) mode at a given diameter should contain
both these hygroscopic non-BC and the coatings on BC-containing particles, which
would be measured by the HR-AMS instrument together. Therefore, by subtracting the
externally mixed POA in non-hygroscopic mode (see section 2.3), the concentration
and mass fraction of each component measured by HR-AMS can represent the overall
chemical composition of MH modes, and thus was applied in the ZSR mixing rule for
the retrieval of the density of internally mixed BC in this study ...”

(3) the author contributes the uncertainties of the CCN number concentration to the BC
density. To my best knowledge, the number fraction of the BC-containing particles in
the ambient particle is (less than 25%) low based on the SP2 measurement.

Re: According to our previous field observed results, the BC-containing particles could
contribute 60 %-78 % toward the total number concentration in urban Beijing (Chen et
al., 2020), which is comparable to the results using SP2 instrument at the field sites in
north China (Liu et al., 2019b; Zhao et al., 2022). Therefore, the effect of BC density
on the uncertainty of CCN prediction should also be concerned. We have included some
statements in the revised paper or as follows:

Lines 95-102 “...Moreover, although the BC accounts for very small mass



fractions (5~10 %) in total fine aerosols, according to our previous field observed
results, the BC-containing particles could contribute 60 %-78 % toward the total
number concentration in urban Beijing (Chen et al., 2020). This is comparable to the
other results using SP2 instrument, which measured that the number fractions of the
coated BC-containing aerosols could be as high as about 50-80% at the field sites in
north China (Liu et al., 2019b; Zhao et al., 2022). Therefore, the effect of BC density
on the uncertainty of CCN prediction should be concerned carefully...”

Lines 528-532 “... In addition, although the BC accounts for small mass fractions
in ambient fine aerosols, according to the measurements simultaneously conducted at
the site, the BC-containing particles could contribute 60 %-78 % toward the total
number concentration in urban Beijing (Chen et al., 2020). Our results further highlight
the effect of BC density on the uncertainty of CCN prediction should be concerned
carefully ...”

(4) 1 also doubt the meaning of the retrieved BC density in this work.

Re: The effective density of BC is a crucial factor relevant to its aging degree that would
add uncertainty in evaluating its climate effect. However, as we stated in the
introduction section of manuscript, the mixing state and the density of BC particles are
usually directly measured by several techniques, such as VTDMA-SP2 (Zhang et al.,
2016b), or DMA-SP2 (Olfert et al., 2007; Rissler et al., 2014; Wu et al., 2019), and
DMA-CPMA-SP2 system (Liu et al., 2019b; Yu et al., 2020), etc. But, such techniques
or measurements are not available in many previously conducted filed campaigns. In
this study, we develop a new method for retrieving the mixing state and effective
density of ambient BC particles by combining field measured hygroscopic growth
factor and aerosol chemical composition and Koéhler theory. This study provides a
unique way of utilizing field measurements to infer ambient BC density and highlights
the importance of applying variable BC density values in models when predicting CCN
and assessing its relevant climate effect. The method is with some limitations. However,
a comprehensive uncertainty analysis has been made in the paper so that the scientists

can use it more scientifically.
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