Response to Interactive comment on “A broad supersaturation scanning (BS2) approach
for rapid measurement of aerosol particle hygroscopicity and cloud condensation
nuclei activity” by H. Su et al.

General comments

The authors present a new way of measuring the critical water vapour supersaturation
required for activation of particles, termed broad supersaturation scanning (B2S) method.
This new approach enables (according to the authors) fast measurements and easy data
analysis, which can be implemented, with simple technical adjustments, to existing (and
broadly used) instruments such as the DMT-CCNC. The method may be used for long-term
measurements of atmospheric aerosols.

The novel approach for the B2S method is very interesting and the results from model
simulations accompanied by measurements with a nano-CCNC give good support for the
interpretations and conclusions made in the paper. As emphasized by the authors, there is a
need for fast and well-controlled measurements of the critical supersaturation, both of
ambient aerosols as well as for laboratory generated aerosols.

Response:

We thank CerinaWittbom for the positive evaluation, very thorough and constructive
comments/suggestions. We have revised the manuscript accordingly, with detailed responses as listed
below.

Comments:

Why is the method termed broad supersaturation scanning (B2S)? As | understand, the
measurement of the whole S distribution is instantaneous? What is the scanning part of the
method? Could there be a more suitable name for the method?

Response:

Yes, the measurement of the whole S distribution is instantaneous. Under ideal conditions, we
don't need to scan the supersaturation since a single scan will cover all supersaturation values
between 0 and Smax. In practice, supersaturation corresponding to F,<0.2 cannot be used (as
explained in S.3.1 and Fig. 4), and multiple scans are needed. So we name each scan broad
supersaturation scanning (BS2) to indicate its difference compared to the previous method.

Comments:

To simplify and make the concept of B2S more approachable for the reader, the authors
exemplifies and makes comparisons with the commercially available CCNC from DMT, which |
think is good in general. However, the DMT-CCNC is mentioned to a degree where one expects



to see results from experiments using the same instrument. Therefore, | suggest the authors to
remind the reader that the B2S-method is tested only with the nano-CCNC (for example in the
first paragraph in the Methodology section when the concept is introduced). | further suggest
that the authors include a table of nomenclature and missing equations, the latter may be placed
in the supplement.

Response:

Suggestions were taken. We have revised the text in the Methodology section to clarify the fact
(inserted text in blue):

"For easy understanding, we introduce the BS2-CCNC in comparison with previous designs of
DMT-CCNC (note that the experimental evaluation in Sect. 3.3 was performed with a nano-CCNC
instead of the DMT-CCNC) "

We have included a table of notation. Can the referee specify which missing equations we should
include?

Notation (frequently used symbols and acronyms)

Symbol Unit Quantity
BS2 Broad supersaturation scan
CCN Cloud condensation nuclei
CCNC Cloud condensation nuclei counter
Dy m Dry particle diameter
Fact Number fraction of activated aerosols particles in the CCN counter
HTDMA Hygroscopicity tandem differential mobility analyser
M, kg mol* Molar mass of water
R JK*mol*  Universal gas constant
r M (unless Radial distance to the centerline of the activation unit
specified)
S % Water vapor supersaturation
Saerosol % Critical activation supersaturation of aerosol particles
Simax % Maximum water vapor supersaturation at the centerline of a CCN counter

Smin % Maximum water vapor supersaturation at the edge of the aerosol flow in the




activation unit

Stube % Maximum water vapor supersaturation in the axial direction for a given r
T K Temperature

WOx Tungsten oxides

K Effective hygroscopicity parameter

o Geometric standard deviation in a lognormal « distribution

Ol Jm? Surface tension of water

Pw kg m? Density of pure water

Comments:

In general, the paper is well written and concise, however in some sections a more descriptive
text would be appreciated. | have a few comments that the authors should address prior to
publication.

Specific comments

Page 9714, line 25: Its desirable to add references for the two methods for determining CCN
activities.

Response:

We have added the following references in the revised manuscript (Dusek et al., 2006;Frank et
al., 2006;Moore and Nenes, 2009;Snider et al., 2010;Kuwata et al., 2008;Gunthe et al.,
2011;Rose et al., 2011;Petters et al., 2009;Wex et al., 2009).

Comments:

Page 9715, lines 3-16: The reason for developing and using the new approach is, as this
paragraph declares, that a fast scanning of S is important for ambient measurements. However,
the authors could also emphasize that there is a need for a method measuring rapid changing
laboratory generated aerosols.

Response:

We have included such statement in the revised manuscript:

"Fast scan of S is important for measurements of ambient or laboratory generated CCN with high
temporal variability. "

Comments:



Page 9715, line 17: Please clarify if the measurements are supposed to be performed for size-
resolved measurements.

Responses:

We have specified that it is supported to be size-resolved:

" This study presents a new approach, termed broad supersaturation scanning (BS2) methods, which
measures the activation of size-resolved CCN simultaneously over a continuous range of S."

Comments:

Page 9715, line 19: Specify “infinitely small”.

Responses:

Since we can fix S, the time for a single scan can be considered as zero. We have revised the text
as " which measures the activation of size-resolved CCN simultaneously over a continuous range of S by
a single scan."

Comments:

Page 9715, line 22: The author states that “..., B2S-CCNC may be built with simple
modifications of existing DMT-CCNC. . As I understand, no modifications are needed of the
instrument. Instead, a change in settings of the aerosol-to-sheath flow ratio is implemented.
Please, clarify if the instrument need a change in settings, or modifications of the hardware
and/or software, either in this part of the manuscript or later (e.g. at page 9716, line 26).
Response:

For a moderate change of the aerosol-to-sheath flow ratio, the DMT-CCNC doesn't need to be
modified while a very high aerosol-sheath flow ratio (e.g., up to 9:1) will introduce turbulence to
the activation chamber and break the working principle of DMT-CCNC. We have revised the
text accordingly as

" the measured aerosol particles are introduced with a wider inlet of {erwith a high aerosol-to-sheath flow
ratio} and distributed in a broad cross-section of the activation tube"

Comments:

page 9716, line 5: Stube is stated as (and shown in the figure) a function of r. Due to the
relevance of Stube in the analysis as well as future use of the B2S-method it is desirable to
include the function in the paper or in the supplementary material.

Response:

We have given the equation:

"S=0.3069*c0s(0.1401*r), in which the unit of S is % and the unit of r is millimeter."

Comments:
page 9716, line 20: Please clarify what you mean by “The interval of Stube scans determines



the uncertainty of Saerosol. ” Do you mean the number of S-steps in a spectrum?
Responses:

Yes, that's what we meant. We have clarified that by adopting the referee's suggestion.
"The number of S scans/steps in a spectrum determines the uncertainty of Saerosol.”

Comments:

page 9716, line 26: (1) The concept of the approach is to “make use of the whole S
distribution inside the activation chamber”, changing the aerosol-to-sheath flow ratio. The
sheath-to-aerosol flow rate is preferably set to 10 for the DMT-CCNC (or aerosol-tosheath=
1/10). During measurements this ratio can be adjusted, for low concentrations to get
sufficient counts, and for high concentrations to minimize coincidence in the OPC. How will
low vs. high concentrations affect the B2S-method performance? Are there wall-losses,
buoyancy or other effects to account for when changing the aerosol-to-sheath ratio?

Responses:

Since the BS2 analysis requires size-resolved measurements, relatively small amounts of aerosol
particles are sampled in each scan. Thus the coincidence of particles in the OPC under high
aerosol concentrations is less problematic compared to that in bulk CCN measurements. On the
other hand, a higher aerosol-to-sheath flow ratio will increase the counts and instrument
sensitivity. Overall, we expect that the BS2 method will be less sensitive to the change of aerosol
concentrations compared with the traditional method.

For a high aerosol-to-sheath ratio, the most critical effects may be the generation of turbulence in
the mixing of aerosol and sheath flows. Since the generation of supersaturation in a DMT-CCNC
requires a laminar flow, it won't work under turbulent conditions. But according to our FLUENT
calculations, the stable laminar flow can be achieved under some modifications of the DMT-
CCN instrument. The full development of the BS2-CCN instrument, calibration and implication
are planed for a future study.

Comments:

Page 9717, lines 2-4: (2) Fact is here “calculated by integrating the activation fraction function
g(X) over the cross section of the aerosol flow...”. Particles in the centerline (r=0, subjected to a
higher S) should have a different flow rate than particles closer to the wall (subjected to
decreasing S) due to the parabolic velocity condition in the instrument. Has this been considered
and how will this affect the results of Fact? Will it also affect the time resolution of the
instrument, if central and peripheral parts of the flow, corresponding to different critical
supersaturations, have different residence times in the instrument?



Responses:
This is a very good point. By considering the different flow speed v(r), Equation (1) will be
changed to

_ J.Orvg(saerosol _Stube)rdr 1 |f X< O

F = in which g(x) = _ 1
et Irvrdr in which g(x) {0 50 (1)
0

Applying a flow velocity profile of v(r) = vi*(1 - r’/R?), the dependence of Fac; 0N Sacrosor Will
change as shown in Fig. R1. Since the dependence is still monotonic and can be determined by
the calibration, it will not influence the data analysis procedure of BS2-CCN measurements.
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Figure R1: Plotting of the activation supersaturation of aerosol particles Saerosol 2gainst the
activation fraction F, for a BS2-CCNC. One mistake was found in the calculation of the
original Fac-Saerosor relation and was updated here (as labeled "w/o velocity profile™).

Comments:

(3) How will Fact be affected by doubly/multiply charged particles? For the nano-CCNC the
problem of doubly/multiply charged particles is minor. However, for measurements of
ambient as well as laboratory-generated particles of larger particles this issue has to be taken
into account. It would be desirable and give more credibility of the method to include a
discussion and/or modelling results concerning this issue.



Response:

As the reviewer pointed out, the effect of the multiple charges is not negligible in BS2
measurement. However, the influence of the multiple charges and transfer function broadening
can be corrected if multi-size (e.g., 20 diameters) measurements are performed. The size
distribution of CN from CPC, and CCN from CCNC can be inverted separately with a standard
SMPS/DMPS inversion algorithm. Then the size-resolved F4 can be calculated from those two
inverted size distributions. Figure R2 shows an example of Fy derived from raw (blue) and
inverted (red) size distributions, for lab-generated ammonium sulfate particles. We have included
this information in the revised manuscript.
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Figure R2. An exemplary F4.; with (labeled as "inverted")/without (labeled as "raw") correction
for doubly charged particles

Comments:
(4) Depending on the size chosen by a DMA, the broadening factor will be less or more. Usually,
this is reflected in the resulting S-scan from the CCNC (by a more or less steep slope). How



will the broadening factor affect the results of the Fact — Saerosol relationship? Is there a
certain size interval/range where the B2S method is applicable? Is there a limit in the sheath to
aerosol flow ration, below which the assumption of the DMA broadening is insignificant?

What would be the authors’ recommendation?

Response:

This is a good point. DMA will also lead to a broadening. According to our experience, the
broadening due to the DMA transfer function (aerosol/sheath flow ratio of 1:10) is smaller than
that due to the hygroscopcity distribution of particles (Su et al., 2010). As shown in Fig. 4, the
impact of broad hygroscopicity distribution has little effect on the retrieved « at the Fye; > 20%.

According to Eq. (2), we have dInD, = —%d Inx . Since dInZ, ~-dInD,, we can estimate the

AZ
equivalent mobility bandwidth from the range of x by ZZp ~ %(BIn o,) inwhich 3Inox
p

represents almost the whole (99.7%) hygroscopic distribution and AZ/2 is the half width. For a
ok of 1.7 as in Fig. 4, the corresponding AZ,/Z,, is 0.46. So we would recommend a threshold
value of 0.46 for the aerosol to sheath flow ratio to ensure the quality of BS2-measurement.
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Comments:

I lack a discussion and/or modelling results regarding sources of errors (including the issues
listed above: (1) effect of changing the aerosol-to-sheath ratio, (2) different flow rates for
particles in different parts of the laminar flow, (3) influence of doubly/multiply charged
particles, and (4) effects of the broadening factor from the DMA). | suggest a section for
discussing uncertainties and errors.

Response:
We have included a new section which summarizes our discussions on uncertainties and errors as
presented above.

Comments:
Page 9717, line 15: Equation (2) is valid for #>0.2 derived from CCNC measurements
(according to Petters and Kreidenweis, 2007), and if small numerical errors are acceptable it



can be used for lower numbers of x. It would be useful for the reader if the authors could
comment on this. For example, will this affect the results from the measurements (Figure 6

(©)).

Response:

In our nano-CCNC measurements (Fig. 6¢), we did not use Equation (2) but a numerical iteration
method to determine k. Since the personal computer nowadays is fast enough for numerical
analysis, we would rather not recommend using a simple approximation (Equation 2) for
practical applications. We have included such statement in the revised manuscript. The
difference between Equation (2) and the numerical method (more accurate) is shown in Fig. R3.
It shows that the accuracy of the solution not only depends on k but also on the particle size.
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Figure R3: Comparison of supersaturation S determined by different methods. The dry particle
size is labeled in in the legend. The "Approx" represent the result determined by Eq. (2) while
the other represent the result determined by numerical iteration.

Comments:

Page 9718, lines 8-9: According to the authors, the adjustment of Smax may be performed by
changing the temperature gradient (AT) in the flow tube. Will the performance be affected by
a change in AT? Le. is the performance the same for low and high AT?

Response:



Comments:

Page 9718, lines 11-16: Here the authors state that size-resolved CCN measurements can be
performed. Can polydispersed measurements also be performed and coupled with for example
results from SMPS-measurements? Please comment.

Response:

We think it will probably not work for polydispersed measurements because there will be
multiple solutions (n bins correspond to n x, which can not be solved with only one equation).
By assuming a uniform x value for the whole size range, we can solve for x but we are not sure
how useful this parameter could be.

Comments:

Page 9722, lines 9-11: please clarify if the B2S-method is for size-resolved measurements or
not.

Response:

We clarify that it is for size-resolved measurements.

Comments:

Page 9730, Figure 6 (b) and (c): Including error bars of the calibration curve and
measurement results would add important information and credibility to the figures. Is the
measurement point of tungsten oxides (WO) independent from the calibration?

Response:

We have included the error bars in Fig. 6 as suggested. The relative variation is ~ 2% to 5%. In
Fig. 6, the point of tungsten oxides is part of the calibration data.

Technical corrections

Page 9714, line 11: change "is” to "may ... be” (or similar) in the sentence: "Model
simulations show that the B2S approach may also be applicable for measuring CCN
activation of...”

Response:

Corrected.

page 9714, line 2: change “budge” to “budget”
Response:
Corrected.



page 9715, line 20: change “the” to “a’, i.e. “...a fast determination of x,...”"
Response:
Corrected.

page 9716, line 18: add “an infinite number of” inside the brackets, i.e. “(because it
corresponds to an infinite number of values of Saerosol) ”

Response:

Corrected.

Page 9717, linel6: change “c#$%is the surface tension of water” to “o’() is approximated by
the surface tension of water”

Response:

We see the point of the referee. In the paper of Petters and Kreidenweis (2007), ¢ was defined as
the surface tension of the droplet (solution). However, it is difficult to known the real o for
practical CCN measurements. Since the value of k depends on the choice of o, it is important to
treat the surface tension in the same way to make different CCN/k measurements comparable.
Thus we defined an "effective™ k which is determined by the k-Kohler approach by using the
surface tension of water instead of that of the droplet/solution. Here “effective” means that the
parameter accounts not only for the reduction of water activity by the solute but also for surface
tension effects (Su et al. 2010; Rose et al., 2008; Gunthe et al., 2009). In the revised manuscript,
we clarify that « determined by Eq. (2) is an "effective™ « and we direct the readers to the
reference Su et al. (2010).

Page 9718, line 19: change “For aerosol particles of the same composition (...), its Saerosol
and xvalues...” to “For aerosol particles of the same composition (...), their Saerosol and
values...”
Response:

Corrected.

Page 9719, lines 3-5: The statement indicates more than one background site, please add more
references.

Response:

Su et al. (2010) is a paper that introduces the concept of kappa distributions and use literature
data at different sites to demonstrate the concept and the data retrieval methods. Since the



literature we cited does not give any kappa distribution, we cite only Su et al (2010) for such
statement.

page 9719, lines 25-27: Please include some descriptive text concerning the probability
density function of the 4 distribution (#—PDF, in Figure 5 (a)).
Response:

... have two lognormally distributed modes with the same o, of 1.5, and a mode x of 0.3 and 0.01 (Rose
et al., 2011), respectively. The distribution of each mode can be described by the probability density

function x—PDF as

___a _ (logk—logkgl)2>
x—PDF = exp( 2(log 0,)2 V2rlog o,

exp (_ (logx—logxgz)z) Eq (3)

2(log 0,)?

page 9720, lines 26-27: Is this adjustment of Smin the same as changing the aerosol-to-sheath
ratio? Please clarify.

Response:

Changing the width of aerosol flow results in a change of the aerosol-to sheath flow ration.
However, simply changing the aerosol to sheath ratio may disturb the flow conditions of CCN
counter and breaks its working principle. From this aspect, it is not the same as adjusting the
inlet design. We further clarify that in the revised manuscript

"The adjustment of Smin can be done by changing the width of the aerosol flow with new design
of inlets.”

page 9721, line 13: add the figure character, “Figure 6 (a) ...”, page 9721, line 20: add the
figure character, “Figure 6 (b) and (c)...”

Response:

Corrected

Page 9722, line 6: change “can’ to “may”, i.e. “It may also be applicable...”
Response:

Corrected.

Page 9722, lines 13-14: change “...are especially well suited...” to “...may be well suited...”
or similar. Due to the fact that no long-term measurements have been performed.

Response:

Corrected.

page 9729, Figure 5 (a) caption. include “(x—PDF)” in the sentence “The shaded isolines
describe the probability density function of a two-mode « distribution. *“ And add the reference



(Rose et al., 2011) of the figure.
Response:
Corrected.

page 9729, Figure 5 (b) caption: emphasize that these are modelled results and not retrieved
from measurements.

Response:

Corrected.

Supplement, Figure S1 caption: Are the circles pure water droplets? Please clarify. This figure
is exactly the same (including figure caption) as Figure 2 in Wang et al. (2015).

Response:
The circles are for k= 0. We have clarified that in the revised manuscript. The figure is a re-use of
Wang et al. (2015), we have included "reprint with permission" in the figure caption.
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