A point-by-point response to reviewers

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.

I'd like to thank you for your efforts and time on handling the paper. | 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



A point-by-point response to reviewer
Reviewer #1

The manuscript presents a method for retrieving BC density and implications for CCN
prediction. Since the BC density is difficult to measure, it is worth trying to develop
new methods for retrieving accurate BC density from available measured data. It is
quite interesting. However, more work needs to be done with the manuscript before it
can be accepted.

It is not clear how the mixing state and the density of BC are retrieved based the
description in the methodology section (2.2)?

The definition of mixing state is especially not clear. What exactly the mixing state is
referred to? Internal? External? Do the authors mean the mass size distributions for the
internal and external BC?

Re: (1) To make it more clearly that how the mixing state and the density of BC are
retrieved, we just have broken the section (2.2) to two parts section 2.2.1 and 2.2.2, to
introduce the methods to retrieve the mixing state and density respectively (see the
revised text).

And, regarding to the definition of BC mixing state, in this study, the BC mixing
state refers to the heterogeneity of the BC aerosol population. Freshly emitted BC
particles, are usually externally mixed in the atmosphere, however, they generally
undergo aging processes by condensation, coagulation as well as oxidation (Ivleva et
al., 2007; Peng et al., 2016) and gradually become internally mixed (coated) with other
chemical components. Here, the number or mass concentration fraction of the internally
mixed (coated) and externally mixed (uncoated) BC is respectively retrieved from the
hygroscopic and hydrophobic mode of Gf-PDF measured by HTDMA system.

Some statements have been added in the revised text, see Lines 60-69, or as follows:
“... BC particles, with diesel vehicles, industrial and residential coal combustion
as major sources, are ubiquitous in urban environments (Bond et al., 2013; Dameto et
al., 2017; Li et al., 2017; Liu et al., 2019a). The mixing state of BC describes the
distribution of the bare BC and coating masteries among the aerosol population.
Typically, freshly generated BC exists in the form of chain aggregates and initially
uncoated, which is known as externally mixed BC (Ex-BC). When the BC particles
were emitted, they generally mix with other materials by condensation, coagulation,
and other processes (Riemer et al., 2004; Zhang et al., 2008; Liu et al., 2013; Zhang et



al., 2020), forming the internally mixed BC (In-BC) particles consisting of BC core and
other chemical components (Cheng et al., 2006; Zhang et al., 2016) ...”

(2) In Section 2.2, the mass size distribution of externally mixed BC (Ex-BC) was fit
using the log-normal distribution which was given in the references (Wu et al., 2017;
Liu et al., 2019a; Zhao et al., 2022). Detailed description about the method to retrieve
the mixing state of BC (the Ex-BC and In-BC) are given in Lines 183-209, or as follows:

“... By assuming that the particles are spherical (Rader and McMurry, 1986), the
mass size distribution of Ex-BC (Mex-sc) was obtained as follows:

Mgx—pc(logDp) = = D,° pngy_pc(log Dp) (5)

where Dy is the mobility diameter, p is the effective density of Ex-BC, and nex-sc (log
Dy) is the function of the number size distribution of Ex-BC, respectively. By reviewing
and summarizing the existing results about, we show that typical values of density for
the freshly emitted or externally mixed BC observed in the winter of urban Beijing or
North China Plain spans over 0.14-0.50 g cm, with mean of ~0.40+0.10 g cm™ (Fig.
S3), in the size range of 100 to 300 nm, where the mass concentration of externally
mixed BC accounted for a large proportion in urban Beijing (Geller et al., 2006; Peng
et al., 2016, 2017; Wu et al., 2019; Liu et al., 2020; Zhao et al., 2022). Therefore, an
average pex-sc Of 0.4 g cm™ was used for calculating the mass concentration of
externally-mixed BC in our study. The uncertainty analysis exhibits that the variations
of the pex-sc could lead to an average deviation of +10 % in the calculating In-BC
density (Fig. 2e) by increasing the pex-sc from 0.1 to 0.6 g cm3, showing a small impact
on the retrieved result. Uncertainty analyses due to the variations of pex-sc were given
in section 2.3.

The mass size distribution of Ex-BC was fit using the log-normal distribution as
shown in Fig. S4 (Wu et al., 2017; Liu et al., 2019a; Zhao et al., 2022). Thus, the bulk
mass concentration of Ex-BC can be calculated from the integration of the mass size

distribution:
Den
MEgx_Bc = stmi Mgy_gc(log Dp) dlog(Dp) (6)
Myp—Bc = Mpc — MEgx-BC (7)

where Dstart and Deng are the lower and upper size limit, Mex-sc (log D) is the function
of the Ex-BC mass size distribution. We then obtained the bulk mass concentration of
internally mixed BC (min.ec) by subtracting mexsc from the bulk BC mass



concentration measured by AE33 in equation 7 ...”

The density is calculated by equation 8, so in the calculations, there must be lots of
assumptions for the relevant parameters. How each parameter in the equation is
determined? Those need to be clearly described. It is obviously not well illustrated in
the current version.

Re: thanks a lot for the comments. In the revision, we just have clarified and added
some illustrations for the relevant parameters in equation 8, and an uncertainty analysis
of each assumed parameter has been done, see Lines 210-347, as follows (see Figs. R1
and R2):

“2.2.2 Retrieving the density of BC

For retrieval of the density of BC, the principal idea is to use the measured gt to
calculate the density of BC based on the Zdanovskii—Stokes—Robinson (ZSR) mixing
rule (Stokes and Robinson, 1966; Zdanovskii, 1948) with the chemical composition
measured by AMS (Petters & Kreidenweis, 2007). In the retrieval, several aspects are
concerned. First, since the ZSR rule is to assume the aerosol particles are internally
mixed, the xqf value of the more MH mode (xgr-mn) IS thus applied for retrieving the
density of internally mixed BC. Second, since the size distribution of BC number
concentration is usually with peaks between 100 and 200 nm (Liu et al., 2019a; Yu et
al., 2020; Zhao et al., 2022), the xqt.mn Value of particles in accumulation mode was
averaged and applied for the retrieval. Previous studies showed an independence of xgt.
mH On particle size when the Dp >100 nm during the campaign period (Fan et al., 2020).
Therefore, the average of xgrmn In accumulation mode is reasonable for the
determination of the In-BC density. In addition, because the inversion including
measurements from HTDMA and HR-AMS, a total mass closure of the measured
aerosol particles was conducted between the two techniques by comparing the mass
concentration of PM; and the results are well consistent (Fig. S5). The density of
internally mixed BC (In-BC), pin-sc is then derived from the following equations:

Vinorg 1. Vsoa VIn-P0A VIn-BC
; - Ksoa + Kpoa + K 8
Vtotal inorg Vtotal so4 Vtotal PoA Vtotal BC ( )

Kgf-MH = Kchem = gk =
where xgr.mH IS the hygroscopic parameter of the more hygroscopic (MH) mode, xchem
is the hygroscopic parameter of aerosol particles in the mixed composition and can be
calculated based on chemical volume fractions using a simple rule (Stokes and

Robinson, 1966; Petters & Kreidenweis, 2007), «i is the hygroscopic parameter of each



pure composition and & is the volume faction of the individual components in the

internal-mixed particle. Vinorg, Vsoa and Vin-roa are the volume of the inorganic, SOA

and internally mixed POA species, and can be calculated as follows: v;,o-g = Dinorg

1
Pinorg

Vson = %, and vp,_poa = m;’:; 94 viotal is the total volume of all the species and can be

Minorg MmsoA Min—PoA Mn—BC

+ +———=+——. In equation (8), xec and xkpoa are

written as v,y =
inorg Psoa Ppoa Pm-Bc

assumed to be 0. Then, the pin-sc can be calculated based on its mass concentration and

volume as follows:

_ Min-BC
Pin-BC = Tinorg  .msoa 9)
Pinorg ‘%79 Psoa S04 Minorg MspA Min—POA
( )
Kgf-MH Pinorg PSOA  PPOA

where, min-sc IS the mass concentration of internally mixed BC, minorg and msoa are the
mass concentrations of the inorganic species and SOA, which are measured by the AMS.
Min-poa IS the mass concentrations of internally mixed POA and can be calculated
subtracting the mass fraction of NH-POA from the total mass concentrations of POA.
pinorg, psoa and ppoa are the density of the inorganic species, SOA and POA. Since the
AMS measures the concentrations of the organic and inorganic ions, including SO4%,
NOs", NH4", CI. Here inorganic species were derived by applying a simplified ion
pairing scheme (Gysel et al., 2007) to convert mass concentrations of ions to the
inorganic salts as follows:

NNHLNO; = TINO3Z
NNH,HS0, = MIN(2Ng02- — Nyt + Moz, Mnat — No3)
N(NH,),50, = MaX( Nyt — NNoz — Nspz-, 0)
Ny,so, = Max(0,ngoz- — Nyt + Nnoz) (10)

where n represents the number of moles, then the mass concentrations were obtained
by the number of moles times the molar mass of each inorganic salts. Because the
maximum value of the ny,so, was zero in this campaign. Three inorganic salts
including NH4HSO4, (NH4)2S04, and NH4NO3 were applied in our study. The densities
for inorganic salts were taken from previous studies (Gysel et al., 2007; Wu et al., 2016).
Here the densities for three inorganics are 1.78, 1.769 and 1.72 g cm™, respectively. By
summarizing the previous studies (Gysel et al., 2007; Dinar et al., 2006), 1.4 g cm=was



selected as the density of SOA (psoa). The density of POA (proa) is assumed to be 1.0
g cm™ for urban environments, which is similar to the lubricating oil (Wu et al., 2016).
Considering the cooking organic aerosols represent a high contribution to POA in urban
environments, a density of 0.85 g cm™ chosen as the mean density for the rapeseed oil
and oleic acid (Reyes-Villegas et al., 2018) was also used to evaluated the result as
shown in section 2.3. The values of « for inorganic components are 0.56 for NHsHSO4,
0.48 for (NH4)2SO4 and 0.58 for NH4NOs3, along with the best-fit values for the three
inorganic salts (Petters & Kreidenweis, 2007 and Gunthe et al., 2009). The xsoa IS
assumed to be 0.15 according to the field studies in urban areas (Chang et al., 2010;
Kawana et al., 2016) ...”

“2.3 Uncertainties and limitations

For the retrieval, the assumptions on the values of ksoa, proa, psoa and pex-ec as
well as the fraction of primary organic aerosols in non-hygroscopic or 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 the secondary particles during the aging process, resulting in changes of the NFnH-
poa. However, a real-time variation of the NFnH-roa IS not yet available due to the lack
of such measurements data. Applying the rough fractions of hydrophobic POA only
under 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). And the density of Ex-BC is generally characterized by the morphology and
size (Wu et al., 2019). In addition, the value of xsoa spans largely due to the variability
in the emissions of gas precursors and formation processes under different atmospheric
conditions (Zhang etal., 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 decreases with the increment of
the NFnH-roa, IMmplying the higher fraction of bare POA particles correspond to the early
aging stage of aerosol particles. With increase of xsoa, the In-BC density is generally
reduced, but with small fluctuations (Fig.1a, Fig. 2b). This suggests a complex impact
of assumptions of xsoa on the retrieved BC density. In addition, the In-BC density
decreases very slightly as pex-sc increases (Fig. 2e), suggesting applying a larger pex-sc
would derive smaller values for In-BC density. The In-BC density is 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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Fig. R1 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
fractions of the NFnH-poa With a typical atmospheric observed range of 50-90 % for the
NFnH-Poa (Liu et al., 2021a), we show that 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., NHsHSO4, (NH4)2SO4 and NH4sNO3z), 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 has a wide range of « 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 value can cause an average relative deviation of -10 %-+3 % in
calculating the density of In-BC (Fig. 3b).
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Fig. R2 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 is very small or even negligible (Fig. 1b, c). By
varying the ppoa from 0.85 to 1.0 g cm™ and the psoa from 1.2 to 1.4 g cm™ according
to the literatures (Noureddini et al., 1992; Alfarra et al., 2006; Reyes-Villegas et al.,
2018), the retrieval uncertainties in the BC density are within =5 % and +1 %
respectively (Fig. 3c, d). For pex-sc, it exhibits that the evolution of the pex-sc could lead
to an average deviation of +10 % in calculating In-BC density (Fig. 3e) when
increasing the values of pex-sc from 0.1 to 0.6 g cm=, which represents a typical range
in ambient atmosphere (Wu et al., 2019; Liu et al., 2020). A combined uncertainty (5)
caused by the multiple factors (&), which is calculated by equation 12, is -21 %-+29 %
as shown in Fig. 3f.

5= /z’;:l 5;° (12)”

The authors attribute the density fluctuations of the internally mixed BC and the bulk
BC to the mixing state and the rapid aging from the variation of emissions (Fig. 3b&c).
However, how the changes of emissions affect the parameters contributing to the
density remains unexplored. For example, how the parameters in equation 8 are affected



by changing the emissions? In addition, it is difficult to discriminate the in-BC and ex-
BC in Fig. 3a. It is suggested to change the color of the in-BC to increase the contrast
between them.

Re: It is a good point to include some discussions about how the changes of emissions
affect the parameters contributing to the density. In equation 9 for the revised text, as
the reviewer commented, the assumptions on the parameters, e.g. ksoa, proa, Can cause
errors or bias to the retrieved value of BC density because of the changes in emissions
and atmospheric processes of the particles. For example, the aging process may change
the number fraction of the nearly-hydrophobic POA particles. Here, the observed
fraction of bare POA from the total POA particles (bare POA and POA-containing)
from the contemporaneous observations in literature (Liu et al., 2021a) was referred.
Also, the variations of pex-sc have been demonstrated from the diesel exhaust (Park et
al., 2003) to urban environments (Rissler et al., 2014; Wu et al., 2019). Additionally,
the density of POA, SOA and the hygroscopic parameter of SOA (ksoa) may also vary
in different environments due to the changes in emissions or atmospheric aging
processes of particles. For example, Wu et al. (2016) showed that the POA density was
like the value of lubricating oil (1.0 g cm™). As the cooking organic aerosols represent
a high contribution to POA in urban environments, the POA density might decrease.
Thus, we investigated the sensitivity of variations of ppoa to the BC density by ranging
the proa from 0.85 to 1.0 g cm™ according to the literatures (Noureddini et al., 1992;
Alfarra et al., 2006; Reyes-Villegas et al., 2018). Similarly, the SOA density may differ
due to their precursors and the formation mechanism. For example, the effective density
for the 1,3,5-trimethylbenzene SOA ranged from 1.35-1.40 g cm™, while that for a-
pinene SOA ranged from 1.29-1.32 g cm™ (Alfarra et al., 2006). The hygroscopicity of
OA varies largely depending on the chemical composition, types, and emissions of gas
precursors under different environmental conditions (Fan etal., 2020; Zhang
et al., 2015), with a wide range of x values from 0.05 to 0.3 (Jimenez et al., 2009; Mei
etal., 2013).

For these reasons, we have investigated the sensitivities of In-BC density to the
variations of the assumptions on the parameters in Section 2.3 (Lines 316-346, Fig. R2)
or as follows:

“... The uncertainty analysis shows that, by comparing the results based on the
mean fractions of the NFnH-roa With a typical atmospheric observed range of 50-90 %
for the NFnh-roa (Liu et al., 2021a), we show that 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., NHsHSO4, (NH4)2SO4 and NH4NOs3), 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 has 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 value 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 ppoa and psoa
variations on the BC density estimation is very small or even negligible (Fig. 1b, c). By
varying the proa from 0.85 to 1.0 g cm™ and the psoa from 1.2 to 1.4 g cm™ according
to the literatures (Noureddini et al., 1992; Alfarra et al., 2006; Reyes-Villegas et al.,
2018), the retrieval uncertainties in the BC density are within =5 % and +1 %
respectively (Fig. 3c, d). For pex-sc, it exhibits that the evolution of the pex-sc could lead
to an average deviation of +10 % in calculating In-BC density (Fig. 3e) when
increasing the values of pex-sc from 0.1 to 0.6 g cm=, which represents a typical range
in ambient atmosphere (Wu et al., 2019; Liu et al., 2020). A combined uncertainty (5)
caused by the multiple factors (i), which is calculated by equation 12, is -21 %-+29 %
as shown in Fig. 3f ...”



(2) According to the reviewer’s suggestion, the color of the Fig 3a has been adjusted
(Fig. R3 or Fig. 4) as follows,
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Fig. R3 (a) Time series of the mass fraction of the retrieved internal- and external-
mixed BC; (b) Time series of the retrieved density of the bulk and internal- mixed BC
(In-BC); (c) Diurnal variation of the retrieved density of bulk and In-BC; (d)
Comparison of the results of the derived In-BC density in this study with that reported
in literatures.

Pertinent to comment #2, what factors determine the retrieved BC density? Are they
explicit in equation 8? How the correlations between those factors and the BC density?
Can the authors explore more on this?

Re: Thanks for the comments. For the retrieval, the assumptions on the values of xsoa,
proA, psoa and pexsc as well as the fraction of primary organic aerosols in non-
hygroscopic or hygroscopic mode would add uncertainty in the inferred values of
ambient internally-mixed BC density. To investigate the main factors determining the
retrieved BC density, we evaluate the sensitivities of In-BC density to the variations of
these factors in Section 2.3. The results suggest that the number fraction of non-
hygroscopic POA (NFnn-poa) and the hygroscopic parameter of SOA have larger



impacts on the estimation of BC density compared to other factors. The correlations
between NFnH-roa, Ksoa, proa, psoa as Well as pexsc and the In-BC density are
quantified as shown in Fig. R1 or Fig. 2.

Some discussions about this have been included in the revised paper, see Lines 298-
306, as follows:

“...The figures show that the In-BC density gradually decreases with the
increment of the NFnh-roa, implying the higher fraction of bare POA particles
correspond to the early aging stage of aerosol particles. With increase of xsoa, the In-
BC density is generally reduced, but with small fluctuations (Fig.1a, Fig. 2b). This
suggests a complex impact of assumptions of xsoa on the retrieved BC density. In
addition, the In-BC density decreases very slightly as pexsc increases (Fig. 2e),
suggesting applying a larger pex-sc would derive smaller values for In-BC density. The
In-BC density is insensitive to the changes of the density of POA and SOA, showing
an almost negligible effect on the retrieved results (Fig. 2cand d) ...”

The calculation of critical size is based on pure water assumption for the surface tension
and water density, which may cause uncertainties. The authors should discuss the
uncertainties associated with the assumption.

Re: It is true that there may be some uncertainties by assuming the surface tension (o)
and water density in calculating the critical diameter. The organic matter in particles
can act as surfactants to lower the surface tension of the particles and hence increase
the CCN activity (Ovadnevaite et al., 2017). The effect of the surface tension on CCN
activity have been explored in both filed and laboratory studies (McFiggans et al., 2006;
Meng et al., 2014; Ovadnevaite et al., 2017; Cai et al., 2018; Hu et al., 2020). For
example, Ovadnevaite et al. (2017) found that a reduction of o from 0.072 to 0.049 J
m~2 was required to meet with the CCN measurement for the higher supersaturations
(SS). Cai et al. (2018) also suggested that the CCN number concentration would be
undepreciated if the surface tension of pure water was used. Meng et al. (2014) showed
that the surface tension depression may be more pronounced at small particle sizes,
which is because the organics are more concentrated on small particles. These results
suggest that the usage of the surface tension of pure water would overestimate the
critical diameter and underpredict CCN number concentration but more pronounced at
small particle sizes. In our study, the SS for CCN activity was set to 0.23 % and 0.40 %,
which represent the common supersaturation conditions for stratiform or moderately
convective clouds (Moteki et al., 2019), with larger critical diameters of about 90 nm



and 70 nm. Some discussions about their effect on the critical diameter and CCN
number concentration have been included in the revised paper, see Lines 459-469, as
follows:

“... It should be noted that the assumption of the surface tension of water would
overestimate the critical diameter and underpredict CCN number concentration. While
the surface tension depression might be more obvious for the small size particles (<60
nm), as the fraction of organics are higher at small particles size (Meng et al., 2014, Cai
et al., 2018). Here, in this study, we calculated the critical diameters at supersaturations
of 0.40 % and 0.23 %, typical values in cloud, corresponding to larger sizes (> 70 nm
and 90 nm) of aerosols. Therefore, the uncertainties from the application of the surface
tension of pure water should be negligible (< 10 %). Here, three schemes were assumed
to evaluate the effect of BC density and mixing state on prediction of CCN number
concentrations. The detailed calculation methods are presented in the supporting
information (SI: Methods) or referenced from Ren et al., 2018 ...”

In addition, the density of water would change with temperature, which might
bring some bias in calculating the critical size. Here, in our study, to make the results
comparable, all the parameters were adjusted to standard conditions in the x-Kdohler
relationship (eg., temperature, density water) (Petters & Kreidenweis, 2007). Some
introductions about the uncertainty of water density have been added in the supplement,
or as follow:

“... By applying the hygroscopicity parameter xchem iNnto x-Kohler relationship
(Petters & Kreidenweis, 2007), the critical diameter or activation diameter (Dcut) can be
obtained at a given supersaturation (S). Thus, the CCN concentration can be predicted
by using the critical diameter and particle number size distribution.

The equations used in the estimating Nccn are as follows,

Den
CCNyye = [ " n(log Dy)d log D, (1)

Dcut

where Dcyt is the critical diameter, Deng is the upper size limit of the particle number size
distribution (PNSD), n (log Dyp) is the function of the aerosol number size distribution.

)

where x is the hygroscopicity parameter, S is a given supersaturation, My is the

3 443 _ 4'("s/an/lw
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Deye =
molecular weight of water, o, is the surface tension of pure water, pw is the density of
water, R is the gas constant, and T is the absolute temperature. Here the parameters T
and pw were adjusted to standard conditions (T=298.15K) ...”



In Fig. 5, what is the measured Nccn. What method is this based on? Are they the same
for the Nccn in Fig. 5 and Fig. 6? How are the differences between the CCN number
concentration predicted based on the retrieved BC density and based on the HTDMA?
Can the authors discuss more on this?

Re: The Ncen in Fig. 5 was measured by a Droplet Measurement Technologies CCN
counter (CCNc, DMT; Lance et al., 2006), which is widely used in the measurement of
CCN number concentration. During the field campaigns, atmospheric particles were
sampled after a PM2s impactor and then dried by a Nafion tube before being measured
by instrument. The relative humidity of the sample flow was below 30 %. Polydisperse
dry aerosol was neutralized with a Kr-85 diffusion charger and introduced into a
differential mobility analyzer (DMA, TSI 3081) to output mono-dispersed particle. The
mono-dispersed aerosol is then split between a condensation particle counter (CPC, TSI
3772) with flow rate of 0.5 L min~* and a Cloud Condensation Nucleus counter (CCNC,
DMT) with flow rate of 0.5 L mint. At each particle dry size, the CCN number
concentration measured by the CCNc can be obtained, hereby the Nccn was obtained
by integrating over the size range. Detailed description about the instrument and data
correction can be found in Ren et al., 2018 and here a brief introduction was given in
this study. The measured Nccn in Fig. 5 and Fig. 6 are same.

Therefore, in this study, the effect of BC density on CCN activity was investigated
through the CCN closure of the measured Nccn and the precited Ncen. The measured
Ncen is based on the measurement of CCN counter, not HTDMA. The precited Nccn is
calculated by using the critical diameter and the particle number size distribution. The
critical diameter is calculated based on Kohler theory and ZSR rule. For a
multicomponent particle, the Zdanovskii—Stokes— Robinson (ZSR) mixing rule (Stokes

and Robinson, 1966) can also estimate xchem USing chemical composition data:
Kchem = Xi &K (1)

where ¢ and x;i are the volume fraction and x for the ith chemical component,
respectively.

The BC density was retrieved based on the closure between the xgr from HTDMA
and xchem. The xgr IS derived using x-Kohler theory based on hygroscopic growth factor
(Gf) (Petters and Kreidenweis, 2007). The xchem is calculated based on chemical volume
fractions by using the ZSR rule according to the equation 1.



Minor comments: there are a lot of typos, ill-sentences which need to be cleared in the
revised version.

Title: 1 am not quite sure this is a new method

Re: Previously, the BC density are usually directly measured by several techniques,
such as an integrated system of a volatility tandem differential mobility analyzer and a
single particle soot photometer (VTDMA-SP2) (Zhang et al., 2016), or a differential
mobility analyzer with a SP2 (DMA-SP2) (Olfert et al., 2007; Rissler et al., 2014; Wu
et al., 2019), and a differential mobility analyzer—centrifugal particle analyzer—single-
particle soot photometer (DMA-CPMA-SP2) system (Liu et al., 2019b; Yu et al.,
2020), etc. To our knowledge, this is, for the first time, we derived the BC density by
using the by combining field measured hygroscopic growth factor and aerosol chemical
composition and Kohler theory. Therefore, we think it is a new method.

L40-41, such an effect

Re: The sentence has been revised “We also find that the Nccn is more sensitive to the
variations of BC density when it is <1.0 g cm™. This illustrates a necessity of accounting
for the effect of BC density on CCN activity closer to source regions where the BC
particles are mostly freshly emitted.”

L44: applying varying BC density, an awkward phrase, please change it

Re: The phrase has been revised “applying variable BC density”

L50: The light-absorbing capability

Re: Revised.

L57: well understood

Re: Revised.

L61 and others: While after aging, this is strange since it is just one sentence. There are
some more the same issues throughout the manuscript.

Re: The sentence has been revised as “When the BC particles were emitted, they
generally mix with other materials by condensation, coagulation, and other processes
(Riemer et al., 2004; Zhang et al., 2008; Liu et al., 2013; Zhang et al., 2020) ...” The
other sentences throughout the manuscript with the same issues have been revised (see
the revised text).

L63: The BC structure.

Re: Revised.

L71: the average BC density

Re: Revised.



L74: than that internal/ aged BC ..., seems a broken sentence

Re: The sentence has been revised as “Field measurements have also indicated that a
considerable fraction of externally mixed/uncoated BC exists (Clarke et al., 2004;
Chengetal., 2012;), although a higher proportion of internally mixed/aged BC particles
in the ambient atmosphere were observed (Schwarz et al., 2008; Massoli et al., 2015;
Chen et al., 2020).”

L76: internally doesn’t need a hyphen after the word

Re: Revised.

L78: climate effect

Re: Revised.

L81: particle hygroscopicity

Re: Revised.

L85: was found caused by?

Re: The sentence has been revised as “In addition, when estimating the CCN number
concentration, a significant bias of —35 % ~ +20 % was found due to the assumption of
particle mixing state (Ren et al., 2018).”

L87: yet accounted for

Re: Revised.

L94: reference cited, format is not consistent

Re: Revised.

L116: change “Then” to “Subsequently”

Re: Revised.

L120: Here, four diameters

Re: Revised.

L126: by using, “by” should be deleted. Please check throughout the manuscript

Re: Thanks a lot. Revised.

L128: et al., 2009. I am not sure this can be cited like this way. Please check throughout
the manuscript

Re: Revised.

L141, where Gf is .... This still belongs to the above paragraph, why it needs to be
dented? Check all the occasions.

Re: Revised.

L157-158: assumed mixed with the other?



Re: The method of retrieving the mixing state of BC has been revised. “Since the
number fraction of the nearly-hydrophobic POA would change with the emission and
aging processes, in this study, we have applied different values for the number fractions
of hydrophobic POA (NH-POA) under clean (91 %), moderately polluted (70 %), and
heavily polluted conditions (31 %) by referring the literature (Liu et al., 2021a), as
shown in Fig. S2.”

L158: And thus to “Thus”

Re: Revised.

L160: externally mixed

Re: Revised.

L174: mass size distributions was modeled as?

Re: The sentence has been revised as “The mass size distribution of Ex-BC was fit
using the log-normal distribution as shown in Fig. S4 (Wu et al., 2017; Liu et al., 2019a;
Zhao et al., 2022).”

L182: by minus? by subtracting

Re: Revised.

L188: is with an assumption of to assumes

Re: Revised.

L193-194: which showed an independence on particle size when the Dp >100 nm
during the campaign period (Fan et al., 2020), was averaged and applied for the retrieval.
It is hard to understand what this sentence means

Re: The sentence has been revised as “Second, since the size distribution of BC number
concentration is usually with peaks between 100 and 200 nm (Liu et al., 2019a; Yu et
al., 2020; Zhao et al., 2022), the xgr-mH value of particles in accumulation mode was
averaged and applied for the retrieval. Previous studies showed an independence of xgr.
mH on particle size when the Dp >100 nm during the campaign period (Fan et al., 2020).
Therefore, the average of xgmn in accumulation mode is reasonable for the
determination of the In-BC density.”

L209: in equation (7), no article “the”. Check all occasions

Re: Revised.

L219-220: were taken from previous studies

Re: Revised.

L221-222: assumed to be

Re: Revised.



L222: The values of ... was?

Re: The sentence has been revised as “The values of « for inorganic components are
0.56 for NHsHSO4, 0.48 for (NH4)2.SO4 and 0.58 for NH4sNOs3, along with the best-fit
values for the three inorganic salts (Petters & Kreidenweis, 2007 and Gunthe et al.,
2009).”

L235: unlike inorganics, which the hygroscopicity, what is “which” referred to?

Re: Here “which” is referred to the inorganics, such as NHsHSO4, (NH4)2.SO4 and
NH4NOs. The sentence has been revised as “In addition, unlike inorganics (eg.,
NHsHSO4, (NH4)2SO4 and NH4NO3), 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.”

L272: for calculating the ...

Re: Revised.

L273: with the assumption of to assuming

Re: Revised.

L278: internally and externally mixed

Re: Revised.

L280: the atmospheric aging process

Re: Revised.

L287: with both those?

Re: Revised.

L289/303/315: internally mixed

Re: Revised.

L305: The density of the In-BC during daytime was

Re: Revised.

L309: The slight decreases

Re: Revised.

L313: The diurnal cycles in BC density are consistent with those measured

Re: Revised.

L322: McMurry

Re: Revised.

L330: Mean probability distribution function (PDF) of the density of bulk and In-BC
retrieved by this study is

Re: Revised.



L332: with a peak value

Re: Revised.

L333: externally mixed and internally mixed

Re: Revised.

L338: typical internal mixed BC

Re: Revised.

L341: A previous study showed that the use of an inaccurate density value of ...

Re: The sentence has been revised as “A previous study showed that the use of an
inaccurate density value of BC particles would result in large bias in estimating « of
ambient aerosol particles with the ZSR mixing rule (Fan et al., 2020), as would further
lead to uncertainties in prediction of Nccn and relevant climate effects.”

L345: what “it” represents here?

Re: “it” represents the BC particles.

L350: on predicted CCN number concentrations

Re: Revised.

L360: in the atmosphere),

Re: Revised.

Section 3.3, use 0.23% instead of 0.2%

Re: The SS levels, eg., 0.20 % and 0.40 % were set in the CCNc instrument. The
operation SS of CCNc was calibrated using pure ammonium sulfate particles following
Rose et al. (2008). The corrected SS levels were 0.23 % and 0.40 %. The SS level of
0.20 % has been revised to 0.23 %.

L414: would cause

Re: Revised.

L417-418: by assumption of to assuming

Re: Revised.

L435: the current assumption

Re: Revised.



A point-by-point response to reviewer
Reviewer #2

This study attempts to derive the “density” of BC from the hygroscopic growth factor
measured by the HTDMA and total BC mass by the aethalometer. | appreciate the
authors’ effect to derive the density of BC from measurements not directly linking with
BC. This is indeed challenging from a bulk HTDMA measurement to derive BC
information, as the BC only constitutes of a small fraction of ambient atmospheric
particles. However, the current method is still not convincing. The crucial points are:

1)The total hydrophobic particle number was measured, and a fixed fraction of 70% of
hydrophobic OA is used to obtain the hydrophobic BC from the total. This fixed “70%”
is obviously not correct. Additionally, how have you got the number concentration of
OA.

Re: Thanks a lot for the comments.

(1) Itis true that, the POA particles would be mixed with the secondary inorganic or
organic particles during the aging process. The number fraction of the nearly-
hydrophobic POA would change with the emission and aging processes. As the
reviewer commented, instead of using a fixed fraction of 70%, we just have applied
different values for fractions of hydrophobic POA under clean, moderately polluted,
and heavily polluted conditions by referring the literature (Liu et al., 2021a). Updated
results have been given in the revised manuscript. However, a real-time variation of the
fractions of hydrophobic POA is not yet available due to the lack of such measurements
data. Using the variable fractions of hydrophobic POA only under three different
atmospheric conditions could still cause uncertainties. An uncertainty analysis has also
been conducted (Section 2.3), showing that the assumption on NFnH-roa can lead to
relative deviations (uncertainty) of -17 %-+27 % for the retrieved BC density (Fig. R1
or Fig. 2a).

Some discussions about this issue have been included in the revised paper, see section
2.3 or Lines 298-319, as follows:

“... The figures show that the In-BC density gradually decreases with the
increment of the NFwnn-poa, implying the higher fraction of bare POA particles
correspond to the early aging stage of aerosol particles. With increase of xsoa, the In-
BC density is generally reduced, but with small fluctuations (Fig.1a, Fig. 2b). This

suggests a complex impact of assumptions of xsoa on the retrieved BC density. In



addition, the In-BC density decreases very slightly as pexsc increases (Fig. 2e),
suggesting applying a larger pex-sc would derive smaller values for In-BC density. The
In-BC density is 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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Fig. R1 Sensitivity of the In-BC density to variations in the number fraction of nearly
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Fig. R2 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).

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

(2) method to obtain the number fraction of POA

Some description about the method to calculating the number of POA has been given
in the revised text, see Lines 162-176 or as follows:

“... The nearly hydrophobic mode consists of both externally mixed POA (Ex-
POA or bare POA) and externally mixed BC (Ex-BC). Since the number fraction of the
nearly-hydrophobic POA would change with the emission and aging processes, in this
study, we have applied different values for the number fractions of hydrophobic POA
(NH-POA) under clean (91 %), moderately polluted (70 %), and heavily polluted
conditions (31 %) by referring the literature (Liu et al., 2021a), as shown in Fig. S2.
The number concentration of Ex-BC was then calculated using the total number fraction
of NH mode minus the number of NH-POA.

NPOA—containing = Ntotal X NFPOA—containing
Nbare—POA = NPOA—containing X NFbare—POA

Ngx—gc = Nyuw — Npare—poa (3)

where Npoa-containing @1d NFpoa-containing are the number concentration and fraction of
POA-containing particles, Niota IS the total number concentration, Npare-poa and NF pare-
poa are the number concentration and fraction of bare POA particles, and Nnw is the
number of nearly- hydrophobic group ...”

2) A fixed effective density of 0.4 g cm-3 is assumed for hydrophobic BC to derive its
mass, which is not correct. The effective density of BC obviously depends on the
particle shape and it can’t be fixed.

Re: Thanks for the comments. It’s true that there is some bias in deriving the mass
concentration by assuming a fixed value for pex-sc. Generally, the pex-sc would change
as a function of the mobility diameter and its morphology (Park et al., 2003; Rissler et



al., 2014; Wu et al., 2019). By reviewing and summarizing the existing results about,
we found that typical values of density for the freshly emitted or externally mixed BC
observed in the winter of urban Beijing or North China Plain spans over 0.14-0.50 g
cm3, with mean of ~0.40+0.10 g cm™ (Fig.R3 or Fig. S3), in the size range of 100 to
300 nm, where the mass concentration of externally mixed BC accounted for a large
proportion in urban Beijing ((Peng et al., 2016, 2017; Wu et al., 2019; Liu et al., 2020;
Zhao et al., 2022). Therefore, an average pex-sc of 0.4 g cm™ was used for calculating
the mass concentration of externally-mixed BC in our study. The uncertainty analysis
exhibits that the variations of the pex-sc could lead to an average deviation of £10 % in
the calculating In-BC density (Fig. 3e) by increasing the pex-sc from 0.1 t0 0.6 g cm,
showing a relatively small impact on the retrieved result. A summarized figure of the

existing results about pex-sc.and sensitivity test has been included in the revised paper.
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Fig. R3 Summary of the ambient externally mixed BC density particles in North China
Plain from literatures.

3) By the following very complicated calculations, are you attempting to derive the BC
density only for the hydrophilic mode? It is very confusing here as you have just used
a fixed density of 0.4 but now why performing such calculation again.

Re: In this study, only when retrieving the density of internally-mixed BC, we assumed
the density of the externally mixed BC is 0.4 g cm™; when retrieving the bulk BC
density, however, we didn’t apply such assumption.

Since the Gf-PDF measured by the HTDMA can reflect the mixing state of aerosol
particles (Tan et al., 2013; Hong et al., 2018; Chen et al., 2022), and the hydrophobic
mode generally refers to components like freshly emitted BC or POA, which are
externally-mixed with the aerosol particles populations; while the hydrophilic mode is

those secondary inorganic or organic salts and aged BC. In this study, we think the aged



BC is hydrophilic and should be internally mixed with the secondary inorganic or
organic salts, so defined as internally mixed BC. To retrieve the density of internally-
mixed BC density, we assumed the density of the externally-mixed BC, pex-ec, is 0.4 g
cm; As described in Section 2.2.1, we first retrieved the mixing state of BC based on
the Gf-PDF. After obtaining the number fraction of the externally mixed BC from
measured Gf-PDF, the pex-sc was used to calculate the mass concentration of the
externally mixed BC (mex-ec). Then, the mass concentration of the internally mixed BC
(min-ec) was calculated by subtracting mex-sc from the bulk BC mass concentration
measured by AE33, and finally, the min-sc was used for retrieving the density of
internally-mixed BC as described in Section 2.2.2.

Scientific significance to retrieve the density of internally-mixed BC: since
the BC particles experience rapid aging once they were emitted to the atmosphere,
particularly, in the polluted urban regions, the BC could undergo more rapidly aging to
internally mixed with other components compared to that in relative clean atmosphere
(Peng et al., 2016). It has been observed that more than 80 % BC are internally-mixed
with other components in the atmosphere (Chen et al., 2020). During aging, the
physiochemical properties (morphology, density, hygroscopisity and CCN activity, etc.)
of BC could be very different depending on its aging degree (Zhang R et al., 2008;
Zhang F et al., 2022). however, in the current models, the internally-mixed BC density
was treated as a void-free sphere throughout its atmospheric lifetime, which caused
biases in the calculation of the BC absorption enhancement and CCN activity of In-BC
particles. Therefore, it is with great scientific significance of understanding the density
of the internally-mixed BC particles.

The effective density of BC can be obtained through combing the SMPS and mass
measurement as many people did (as the authors are aware), | can’t really understand
why the authors have spent such efforts using an HTDMA measurement to perform
such analysis (but this instrument is not intrinsically designed for such application).

Re: Yes, although various techniques have been developed to quantify the mixing state
and density of BC in recent years, as we addressed in the Introduction section. However,
such techniques or measurements are not available in many previously conducted filed
campaigns. To obtain insights on the real-time variations of BC density in the polluted
urban atmosphere, and to further study the effects of BC density variations on CCN
activity and prediction, in this study, we attempt to retrieve the mixing state and

effective density of ambient BC particles by combining field measured hygroscopic



growth factor and aerosol chemical composition and Kohler theory (Petters and
Kreidenweis, 2007). We think that the current work is with scientific significance for
that the effective density of BC is a crucial factor relevant to its aging degree that would
add uncertainty in evaluating its climate effect. As the reviewer #1 commented, “...
Since the BC density is difficult to measure, it is worth trying to develop new methods
for retrieving accurate BC density from available measured data. It is quite
interesting ...”

Actually, the reviewer #2 also commented that “... This is indeed challenging from
a bulk HTDMA measurement to derive BC information, as the BC only constitutes of
a small fraction of ambient atmospheric particles. However, the current method is still
not convincing...”. We are greatly appreciated for these insightful comments, which
has let us think this work more deeply and revise it more carefully. Especially, for the
methods, we have conducted more analyses and evaluations of the assumed parameters
which may lead to uncertainties in the retrieved results in the Section 2.3. The overall
uncertainty of the retrieval method was evaluated within £25 %. Regarding to the small
fraction of ambient BC particles as the reviewer #2 commented, we have noted that,
this method fails to retrieve the BC density when organics account for a large fraction
(>60 %). This is because that a higher fraction of OA usually corresponds to lower total
volume of all the other species like BC, yielding negative values for vin-sc introduced
in equation 11. As a result, 39 % of the data observed during the campaign were
excluded when calculating the BC density.

In addition, according to the reviewer’s comments, in the revise version, instead
of using a fixed fraction of 70%, we just have applied different values for fractions of
hydrophobic POA under clean, moderately polluted, and heavily polluted conditions by
referring the literature (Liu etal., 2021a). Updated results have been given in the revised
manuscript. Also, we compared our results with the laboratory and field measurements
reported in the literature. It shows generally good agreement with the previously
reported values, indicating that the method is feasible.
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