11

12

13

14

15

16

18

19

20

21

22

23

24

v

The density of ambient black carbon retrieved by a new method: [ m7: variations o the

Jmplications to CCN prediction /{ B T importance

Jingye Ren’ 2, Fang Zhang®", Lu Chen?, Jieyao Liu!

ICollege of Global Change and Earth System Science, Beijing Normal University,
Beijing 100875, China

2Shenzhen Key Laboratory of Organic Pollution Prevention and Control, School of MEE T : 2School

Civil and Environmental Engineering, Harbin Institute of Technology (Shenzhen),
518055 Shenzhen, China

*Correspondence to: Fang Zhang (zhangfang2021@bhit.edu.cn)




28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

)

Abstract.
The effective density of black carbon (BC) is a crucial factor relevant to its aging /{ MIES T : morphology and mixing state

degree that would add uncertainty in evaluating its climate effect. Here, we have /{Mjl{%?:devemp

developed a new method to retrieve the effective density of jnternally mixed BC in the /{MB;%T: ambient

atmosphere combining field observations conducted on 15 November -14 December

2016 in urban Beijing with the Kéhler theory. The uncertainty of the, retrieval method /{ﬂﬂﬂli%?: new

was evaluated within 30 %, which is primarily caused by assumptions of the

hygroscopic parameter of organics and the fraction of primary organic aerosols in non-

hygroscopic or hygroscopic mode. Using the method, we obtain that the ambient /{ MEE T new

dnternally-mixed BC, accounting for 80+20 % of total BC aerosol particles, is retrieved MES T - BC density during the campaign varies widely from
0.14 to 2.1 g cm3, with a campaign mean density of

with campaign mean density of 1.1+0.6 g cm™ during the observed periods. The 1.11+0.54 g cm for

. . . . . . 587 : that t:

retrieved yesult is comparable with that reported in the literatures. By applying a lower MT: that accounts
MRS T: 79+18

(0.14 g cm®) and upper (2.1 g cm®) limit of the retrieved BC density in cloud \ \mm%?:_

condensation nuclei (CCN) number concentrations (Ncen) gstimation, we derived that A 7 values fall within the range of typical density of
internally-mixed BC

neglect of such variations jn BC density, led to an uncertainty of -28 %~11 % in MIBR T : We further examined the sensitivity of
MB& T : prediction to

predicting Ncen at supersaturations of 0,23 % and 0,40 %. We also find that the Ncen is -
MiER T : of

more sensitive to the variations of BC density when it is <1.0 g cm™® _This illustrates a a MIB& T, showing

MR T : calculating

necessity of accounting for the effect of BC density on CCN activity closer to source

MBRT:2

regions where the BC particles are mostly freshly emitted. The CCN closure achieves B2 T : 4 % by varying the BC density within the retrieved

ranges.

when introducing the retrieved real-time BC density and mixing state. This study ST illustrating

provides a unique way of utilizing field measurements to infer ambient BC density and THER T : such

|
|
|
|
|
|
|
|
|
|
)
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highlights the importance of applying yariable BC density values in models when

predicting CCN and assessing its relevant climate effect.

1 Introduction

Black carbon (BC) aerosols, as the major absorber of solar radiation, play a vital
role in energy budget and climate of the earth-atmosphere system by affecting the
radiative forcing and cloud properties (Flanner et al., 2007; Ramanathan and

Carmichael, 2008). The Jight-absorbing_capability induced by BC is related to its

density and morphology (Zhang et al., 2008; Rissler et al., 2014), which can be
modified after mixing with other atmospheric aerosol particles (Khalizov et al., 2009;
Xue et al., 2009). Changes in its physicochemical properties would also regulate its
ability to serve as cloud condensation nuclei (CCN) and further indirectly affect the
radiative balance by affecting the clouds process (Yuan et al., 2008; Wang et al., 2011).
Owing to the complex evolution of the mixing state, density and morphology of BC,

the contribution of BC particles to CCN budgets is still not well understood.

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

//{ MiBR T : varying

///{ #iE& 7: capability of

///{ MR T : understand

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 { ME: T . While after aging,

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,

3

//{ MiBRT: D.

MB& T : 2019).
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and other processes (Riemer et al., 2004; Zhang et al., 2008; Liu et al., 2013; Zhang et

al., 2020a), forming the internally mixed BC (In-BC) particles consisting of BC core { WEET

: 2020). The structure of BC

and other chemical components (Cheng et al., 2006; Zhang et al., 2016). The BC

structure would be more compact with regular shapes (Pagels et al., 2009; Zhang et al.,

2008; Wang et al., 2017), and the effective density of internally mixed BC are changed

accordingly with the reconstruction (Liu et al., 2019b). The density and morphology of { WEET: H.
BC particles are closely related to its sources, mobility size, coating thickness, coating B - 2019
777{ MEET: after aging
material and its chemical composition (Zhang et al., 2008; Pagels et al., 2009; Peng et
al., 2016; Zhang et al., 2022). A wide range of BC density has been reported in previous
studies (Lide 1992; Mcmurry et al., 2002; Park et al., 2004; Kiselev et al., 2010). Recent
field measurements have indicated that the average BC density js ~1.2 g cm™ in the { MEE T of BC

ambient atmosphere (Zhang et al., 2016). Field measurements have also indicated that

a considerable fraction of externally mixed/uncoated BC exists (Clarke et al., 2004;

Cheng et al., 2012), although a higher proportion of internally mixed/aged BC particles { BT

:; Chen et al., 2020) and even

in the ambient atmosphere were observed (Schwarz et al., 2008; Massoli et al., 2015,

: than that internal/

mEET
| MERT

:). While, in

Chen et al., 2020). In climate models, the BC was generally assumed_completely

internally-mixed and treated to have a void-free spherical structure and a density value

of 1.8 g cm™ (Bond et al., 2013). This may lead to bias in estimating the climate gffect { WEET

: effects

driven by BC.
Previous study based on a case study show that when the aging degree of ambient

particles is low, the BC density (~1.8 g cm™®) under the spherical assumption will lead

to the overestimation of particle hygroscopicity by 40-50 % and the overestimation can { HEET

: particles

4
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be explained almost 100 %, using the effective density of fresh BC (~0.45 g cm™) (Fan { MERT: by

et al. 2020). This indicates the importance of using reasonable BC density values in the

calculation of particle hygroscopicity. In addition, when estimating the CCN number

concentration, a significant bias of =35 % ~ +20 % was found due to the assumption of { M T caused by

particle mixing state (Ren et al., 2018). However, these studies have not yet accounted { IS T : account

for such impact of BC density and mixing state on CCN prediction due to lack of real
time measurement data.

The mixing state and the density of BC particles 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 { HEET: H.

al., 2019b; Yu et al., 2020), etc. However, such techniques or measurements are not { MEE T 2019

available in many previously conducted filed campaigns. In this study, we develop a
novel 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 Kohler theory (Petters and Kreidenweis, 2007). The uncertainty of the
new retrieval method was evaluated. The retrieved results were also compared and
validated with existing observations. In addition, the effect of BC density and mixing
state on prediction of CCN number concentrations is further evaluated through a

sensitivity and closure test by accounting for the retrieved real-time variations of BC
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density and mixing state.

2 Field measurements and methodology

2.1 Field measurements

Measurements in this study were conducted from 15 November to 14 December
2016 at a typical urban site of Beijing (39.97°N, 116.37°E, 49 m above sea level). The
site locates at the Institute of Atmospheric Physics, Chinese Academy of Sciences,
which is mainly influenced by the surrounding cooking, road traffic and residential coal
burning emissions during the home heating periods (Sun et al., 2016). The detailed
information about the sampling site was presented in previous studies (Sun et al., 2015;
Zhang et al., 2019). The number concentration of condensation nuclei (CN) at each size
was measured by a scanning mobility particle sizer, which is equipped with a
differential mobility analyzer (DMA; model 3081, TSI) and a condensation particle

counter (CPC; model 3772, TSI). Subsequently, the mono-dispersed particles were

introduced into a Droplet Measurement Technologies CCN counter (CCNc, DMT;
Lance et al., 2006) to measure CCN number concentration. A hygroscopic tandem
differential mobility analyzer (HTDMA) system was used to measure the hygroscopic
growth factor (Gf) (Tan er al., 2013). Here, four diameters of 40, 80, 110, 150, and 200
nm are selected in the campaign. Gf is defined as the ratio of the mobility diameter at
the given RH to the dry diameter (Petters and Kreidenweis, 2007). The nonrefractory
submicron aerosol chemical composition was measured by an Aerodyne high-

resolution time-of-flight aerosol mass spectrometer (HR-AMS; Xu et al., 2019),
6

///{ HIB& T : Then

_—| MiB& T : Aerosol Chemical Speciation Monitor (ACSM; Sun
etal., 2015
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including sulfate, nitrate, ammonium, chloride, and organics. Two factors, including a
non-hygroscopic primary organic aerosol (POA) and hygroscopic secondary organic

aerosol (SOA) were classified by positive matrix factorization (PMF) with PMF

algorithm (v4.2) method (Paatero and Tapper, 1994) and followed the procedures

reported in Ulbrich et al, (2009). The refractory black carbon mass loading was

///{ HHIB& 7 : using

///{ MBRT: .,

measured by an aethalometer (model AE33, Magee Scientific Corporation). Both the
nonrefractory materials and BC mass concentration were measured with diameters <
1.0 um. The detailed description of the instrument operation and data process have been
described in details elsewhere (Ren et al., 2018; Xu et al., 2019; Zhang et al., 2019; Fan

et al., 2020).

2.2 Retrieving the mixing state and density of BC

2.2.1 Retrieving the mixing state of BC

The Gf probability distribution function (Gf-PDF) for a specified diameter can be
retrieved firstly based on the TDMAInv algorithm (Gysel et al., 2009). The x-PDF can
be further calculated based on the Gf-PDF (Fan et al., 2020). Size-resolved « is derived
using x-Kohler theory based on hygroscopic growth factor (Gf) (Petters and

Kreidenweis, 2007),

Kgf = G —1)- [R]—H exp (LAMWJ - 1] Q)

RTp,,DyG

where Gf is hygroscopic growth factor, RH is the relative humidity in the HTDMA

(90 %), Dy is the dry diameter, oy, is assumed to be the surface tension of pure water,

{ﬂﬂﬂlﬁ??:.
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R is the universal gas constant, T is the temperature, M, and p,, is the molecular mass,
and the density of water, respectively.

The x-PDF patterns of particles in different sizes always present two modes: nearly
hydrophobic (NH) mode with xgr< 0.1 and more hygroscopic (MH) mode with xgf> 0.1

(Fig. S1). Firstly, based on the x-PDF patterns, the number fraction (NF) of the total

nearly hydrophobic group with the boundary of [0, 0.1] was calculated according to the /{ BT

: by using }

following equation:

NF = [ c(k, Dp) dx (2)

here, the x-PDF, represented by ¢ (x, Dp), was normalized as | c(x, D,) dx =1, where /{m]l&??

: Here }

x can be replaced by xgt, Dp is the selected electrical mobility diameter in the campaign.

The nearly hydrophobic mode consists of both externally mixed POA (Ex-POA or /{ HET

: Considering the

MBRT:

external

bare POA) and externally mixed BC (Ex-BC). Since the number fraction of the nearly:

\\{ MR T:

hydrophobic POA would change with the emission and aging processes, in this study,

MERT:

POAin

MERT:

)
)
Here, }
)
)

we have applied different values for the number fractions of hydrophobic POA (NH- \
MERT

: mode (NFnh-poa) Was assumed to be 70 % according

POA) under clean (91 %), moderately polluted (70 %), and heavily polluted conditions to the simultaneous measurements (Liu et al., 2021), and the
rest 30 % of POA is assumed mixed

(31 %) by referring the literature (Liu et al., 2021a), as shown in Fig. S2. The number BT

: other hygroscopic aerosols. And thus,

concentration of Ex-BC was then calculated using the total number fraction of NH il

: fraction

o)

mode minus the number of NH-POA.
NPOA—containing = Ntotal X NFPOA—containing
Nbare—POA = NPOA—contaL'ning X NFbare—POA

_Nex—s¢c = Nyu — Npare—poa (3)

where Npoa-containing aNd NFpoa-containing are the number concentration and fraction of
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POA-containing particles, Niotal iS the total number concentration, Npare-poa and NF pare-

poa are the number concentration and fraction of pare POA particles, and Ny _is the /{WJ&%T: NH-POA. Then, the

number of nearly- hydrophobic group.

The number size distribution of the externally mixed BC (nex-sc (log Dp)) can be /[MB;%T: external

calculated based on the particle number size distribution (PNSD) and the number

fraction of the hydrophobic mode of BC (NFex-gc) as follows:

ngx-pc(10g DP) = NFy_gc X 1 (log Dp) @& —{wrr ©

where n (log Dy) is the function of the aerosol number size distribution, Dy is the
mobility diameter.
By assuming that the particles are spherical (Rader and McMurry, 1986), the mass

size distribution of Ex-BC (Mex-sc) was obtained as follows:

Mgy_pc(logDp) = %Dp3anx—BC (log Dp) '@/{’W%T 4)

where Dy is the mobility diameter, p is the effective density of Ex-BC, and nex-sc (log

Dp) is the function of the number size distribution of Ex-BC, respectively. By reviewing 4 M T : Here

and summarizing the existing results about, we show that typical values of density for /{mﬁj: assume

. ] . . 7 : the Ex-BC effecti
the freshly emitted or externally mixed BC observed in the winter of urban Beijing or RIRET: the Ex BC effective

ME& 7 is 0.40 g cm® according to previous measurements

North China Plain spans over 0.14-0.50 g cm™, with mean of ~0.40+0.10 g cm™ (Fig. reported...

MIBRT: (

)
|
|
]

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 MERT:).

The Ex-BC mass size distributions

average pexsc Of 0.4 g cm™ was psed for calculating the mass concentration of

{MIJB,%T: modelled as a single

externally-mixed BC in our study. The uncertainty analysis exhibits that the variations
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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 to 0.6 g cm™, 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 /{MI%T

:S2

MERT:

mass concentration of Ex-BC can be calculated from the integration of the mass size

MiERT

: 2019

distribution:

Den
Mex-pe = 5 Myy_pc(log Dy) d log(Dy) (6) | mmr:

Min-Bc = Mpc — MEgx-BC QL//{ MERT:

where Dstart and Deng are the lower and upper size limit, Mex-sc (log Dp) is the function

of the Ex-BC mass size distribution. We then obtained the bulk mass concentration of

internally mixed BC (min.sc) by subtracting mexec from the bulk BC mass /{mnm

concentration measured by AE33 in gquation /. MERT:

2.2.2 Retrieving the density of BC

For retrieval of the density of BC, the principal idea is to use the measured xgr 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 /{ HEET

: ACSM

concerned. First, since the ZSR rule is o assume the aerosol particles are internally /{MJ&%T

: with an assumption of

mixed, the xgr value of the more MH mode (xgr-mn) is thus applied for retrieving the

10



305  density of internally,_mixed BC. Second, since the size distribution of BC number //{MIJIQT:—

306  concentration is usually with peaks between 100 and 200 nm (Liu et al., 2019a; Yu et { MEET: D.

. . . 271 2019
307 al., 2020; Zhao et al., 2022), the wgi.mn Value of particles in accumulation mode was ikl

""{ MEE T, which

308 averaged and applied for the retrieval. Previous studies showed an independence of gt

309  wHON particle size when the Dp >100 nm during the campaign period (Fan et al., 2020);._//{ MES T : ), was averaged and applied for the retrieval.

310  Therefore, the average of xg-mn in accumulation mode is reasonable for the

311  determination of the In-BC density. In addition, because the inversion including

312  measurements from HTDMA and HR-AMS, a total mass closure of the measured { MEL T : ACSM

313  aerosol particles was conducted between the two techniques by comparing the mass

314  concentration of PM: and the results are well consistent (Fig. S5). The density of ////{m“ﬁjzsg

315 internally,mixed BC (In-BC), pin-sc is then derived from the following equations: { BT -
Vinor, n— n—
316 Kgf-MH = Kchem = Xi &iKi = %m’; Kinurgﬁ% Ksoa + VLMZZA Kpoa + ?mtzlc Kpc (vﬁl/{ MBRT: 7

317  where xgr-m is the hygroscopic parameter of the more hygroscopic (MH) mode, #chem

318 s the hygroscopic parameter of aerosol particles in the mixed composition and can be

319  calculated based on chemical volume fractions using a simple rule (Stokes and //{ngby

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

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

322 internal-mixed particle. Vinorg, Vsoa and vin-poa are the volume of the inorganic, SOA

323 and internally mixed POA species, and can be calculated as follows: v;,g.y = —22¢

Pinorg '

324 vy = ’ZS‘”‘, and vin_pos = @. Viotal IS the total volume of all the species and can be
SOA POA

Dinorg  Tsoa | Mincpos | TinoBC | gquation (8), xec and xpoa are MER T the

inorg  Psoa Ppoa Pim-pc

325  written as v,y =

v

\“’[ MEET:7

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

11
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_ Min-BC
Pin-BC = Tinorg msoa (g) MBRT: 8
Pinorg 0TI p50a S04 m m m
I g inorg_msoA_Min-POAy
Kgf-MH Pinorg PSOA PrPOA

where, min-sc is the mass concentration of jnternally mixed BC, Minorg and Msoa are the /{ MRS T internal-

mass concentrations of the inorganic species and SOA, which are measured by the AMS. 4 MEET: ACSM

min-poa IS the mass concentrations of jnternally mixed POA and can be calculated /{mﬁj: internal-

Subtracting the mass fraction of NH-POA from the total mass concentrations of POA, /{MB;%T: by using

pinorg, psoa and proa are the density of the inorganic species, SOA and POA. Since the

#IB& T : minus the mass fraction of NH-POA.

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 /{ MER T : 2007).

inorganic salts as follows:

NNH4NO; = MINO3
NNm,Hs0, = Min(2nggz- — Nyt + Nnog, Mna — N3 )
N(NH,),50, = MaX(Nyy; — Moy — Ngoz- 0)

Ny,so0, = Max(0,ngpz- — Ny + Ninoy) (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 o, was zero in this campaign. Three inorganic salts

including NH4HSO4, (NH4)2SO04, and NHsNOz were applied in our study. The densities
MIE& 7 : and organics

for inorganic salts were faken from previous studies (Gysel et al., 2007; Wu et al., 2016). B T referred

L. . . . & T : the articles published
Here the densities for three inorganics are 1.78, 1,77 and 1.72 g cm™, respectively. By

{mﬂlﬁ%?: 79

summarizing the previous studies (Gysel et al., 2007; Dinar et al., 2006), 1.4 g cm=was \mjp@?; And

12
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selected as the density of SOA (psoa). The density of POA (peoa) is assumed o be 1.0 BEET: and

ME& T as 1.4 and

Considering the cooking organic aerosols represent a high contribution to POA in urban BET:

g cmfor urban environments, which is similar to the lubricating oil (Wu et al., 2016). §M#T e

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 jnorganic components are 0.56 for NH4HSOa4, MES T : each pure component was refereed from Petters &

#IBS 7 : compounds, the « values

)

Kreidenweis, 2007 and Gunthe et al., 2009. For the
0.48 for (NH4)2SO4 and 0.58 for NH4NO3, along with the best-fit values for the three
\[mm

inorganic salts (Petters & Kreidenweis, 2007 and Gunthe et al., 2009). The xsoa is

J

assumed to be 0.15 according to the field studies in urban areas (Chang et al., 2010;

Kawana et al., 2016).

Note that, this method fails to retrieve the BC density when organics account for —{ B&7 (G&A) [1]

a large fraction (>60 %). This is because that a higher fraction of OA usually

corresponds to lower total volume of all the species (Fig. S6), vielding negative values

for vinsc introduced in equation 11. As a result, 61,% of the data observed during the —{ Ba#T @A) [2]

campaign were valid for calculating the BC density.

__ VinorgKinorgtVsoakKsoa 11
Um-Bc = . . Vinorg — Vsoa — vln—POA% )

Kgf-MH

Similarly, the bulk density of BC (pbu-sc) is calculated with the same method as

that for calculating the pin-sc,When calculating the poui-sc, the bulk g value measured ———{ B&h7 (BA) [3]

by HTDMA is applied with the assumption of all the aerosol particles are internally

mixed.

13
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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 or hygroscopic

mode would add uncertainty in the inferred values of ambient internally, mixed BC /‘ MIER T : -mixed BC density.

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 NFu-

poa. However, a real-time variation of the NFnH-poa 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.

and Fig.2.

The figures show that the In-BC density gradually decreases with the increment of

the NFnn-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

14

#iE& 7: 1. Within a typical atmospheric observed range of
50-90 % for the NFnh-poa (Liu et al., 2021), the assumption
on NFnh-poa can lead to relative deviations (uncertainty) of -
20 %-+30 % for the retrieved BC density (Fig. 2a).

BET (EAN) [4]
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decreases very slightly as pex-sc increases (Fig. 2¢), 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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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

NFnhH-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).

In addition, unlike inorganics, (eg., NHsHSO4, (NH4)2SO4 and NH4NO3z), which

MBRT:,

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;
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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 /‘ MBS T: 20 %+

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 /{ T [4]: 2b).

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 % MER7: 10

{ MBET:5% <object>

17



477

478

479

480

481

482

483

484

485

486

487

488

489

490

491

492

493

494

495

496

respectively (Fig. 3c, d). For pex-sc, it exhibits that the gvolution 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 gquation 12, is 21 %-+29 %

as shown in Fig. 3f.

5= Jz?ﬁ&?

3 Results and Discussion

3.1 Retrieved mixing state and density of BC: comparison and validation

Figure 4a shows retrieved time series of the mixing state of ambient BC during the \ﬂ‘\‘
L

campaign. Large temporal variations of the mass fraction of jnternally and externally | ||

mixed BC are presented during the observed period at the sites. The temporal changes

should be related to the atmospheric aging process or diurnal variations of emissions |

(Liuetal.,2019a; Fan et al., 2020). Statistically, the average mass fraction of externally \

and internally_mixed BC is 20+18 % and 80+20 % respectively, showing that most of

the BC particles were aged and internally, mixed with other components. Previous

studies at urban sites have shown that the co-existence of the externally mixed BC in
the ambient atmosphere (Schwarz et al., 2008; Cheng et al., 2012; Chen et al., 2020)
due to continuous combustion processes (e.g., vehicle exhaust and residential sector)

(Wang et al., 2017; Liu et al., 2019a). Our results are basically comparable with those |

| MiB& 7 : 2020 found that the mass fraction of internal mixed

18

\\
‘\ corresponds to lower total volume of all the species (Fig.

BT : 2c...c, d). Similarly...or pex-sc, it exhibits that the
variations....volution of the pex-sc would Figure 2. Relative
deviations of the number fraction of nearly hydrophobic (NH)
POA...ould lead 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).

cause

#iE& 7 (...n calculating In-BC density (Fig. 2e) in retrieved

In-BC density...e) when increasing the values of pex-sc from
0.10... to 0.60... g cm™, which represents a typical range of
pEx-BC...IN ambient atmosphere (Wu et al., 2019; Liu et al.,
2020). A combined uncertainty (8) caused by the multiple
factors (&i), which is calculated by the ...quation 9...2, is -

23 %-+31...1 %-+29 % as shown in Fig. 2f -

WBT: © }

_E#7 [1]: Note 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

EF#7T [2]: % of the data observed during the campaign
were valid for calculating the BC density.

__ VinorgKinorgtVsoaKsoa
Vm-Bc =~ .. —

— v — v, —
\ Kgf-MH inorg SOA

| | £#7T [3]: When calculating the peuk-c, the bulk xqr value
|| measured by HTDMA is applied with the assumption of all
\\ the aerosol particles are internally mixed.

‘ HHIB& T : S4), yielding negative values for vin.sc introduced in
equation 10. As a result, 62

MiER T : 10)
Similarly, the bulk density of BC (pbui-sc) is calculated with
|| the same method as that for calculation the pin-sc.

HiB& T : 3a...a shows retrieved time series of the mixing state
of ambient BC during the campaign. Large temporal
variations of the mass fraction of internal...nternally and

T#7 [6]: directly measured or indirectly retrieved
previously reported results. For example, Chen et al.,

BC particles was nearly to be
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Figure 4. (a) Time series of the mass fraction of the retrieved internal- and external- /{m&e?: 3

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.

irectly measured or indirectly retrieved previously reported results. For example, Chen BT (&) [6]

et al., 2020 found that the mass fraction of internally mixed BC particles was nearly to

be ~80-90 % in summer of Beijing based on VTDMA measurements. Liu et al. (2020), /‘ B T: .

using a tandem system with an aerodynamic aerosol classifier and SP2, reported that

the mass fraction of jnternally BC-containing particles would increase with increasing /{m{]ﬁy: internal

size and reach ~70 % in Beijing. Overall, the mass fraction obtained in our study is

comparable with those reported in urban Beijing. Previous studies also displayed that
19



634

635

636

637

638

639

640

641

642

643

644

645

646

647

648

649

650

651

652

653

654

655

the significant diversity of the BC mixing state among emission conditions and coating

process (Shiraiwa et al., 2008; Pan et al., 2017; Zhang et al., 2020b). Accordingly, the /{ﬂﬂﬂ&%?: 2020

densities of the bulk and jnternally mixed BC present apparent fluctuations as shown in /{ MR T : internal

Fig. 4b, which is significantly affected by the variations of BC emission sources and its /{ MEET:3b

rapid aging process. The density of the In-BC during daytime was generally higher than /{ MEE T : were

that at night (Fig. 4c). The elevated BC density during daytime is likely due to that the /{MB%T: 3

_J _J _J _J _J

strong photochemical processes promote the aging of BC particles, which resulted in a

conversion from uncompacted structure to compact and regular spherical shapes of BC

(Qiao et al., 2018; Liu et al., 2019b; Zhou et al., 2022). The lift in BC density around ﬂ IR T: 2018 H. Liu et al., 2019; Zhou et al., 2022). The

slightly decreases were observed both in the bulk BC and In-

20:00 LT might indicate that the BC particles would be rapidly coated with the SIA

particles and continuously aged in the polluted period due to the heterogeneous

reactions of SIA in urban regions (Zhang et al., 2016; Peng et al., 2017). Actually,

following the haze evolution, the fraction of nearly hydrophobic group reduced rapidly

(Fig. S7). Consequently, the average density of In-BC increased obviously from the

clean conditions to the polluted periods (Fig. S8). A slight decrease was observed in the

bulk BC density during traffic hours. This is likely associated with the continues

fHE& T : more

this period. The diurnal cycle in In-BC density js consistent with the coating thickness ¥ cycles

ﬂﬂill@?: are

measured by a tandem CPMA-SP2-DMA-SP2 (Liu et al., 2020), demonstrating that the

emissions (e.g., vehicle exhaust) that lead to uncoated or uncompacted BC particles in 2{“#7 urban regions.

MiBR T : that

new method can derive the density of ambient BC particles reasonably. Averagely, the iR 1 : internal-

MiBRT: 73

bulk and jnternally mixed BC densities are with campaign averaged values of 0.7+0.5 /[MB;%T: %

and 1,1+0.6 g cm respectively, which are much less than 1.8 g cm®, implying that the /{Mjﬁ%?z 1

—

MBRT: 54

(D | U | U | W | U | G | U | U | U
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BC particles is not a void-free spheres in the urban atmosphere. The results of In-BC

density are comparable with that observed at the other sites in North China Plain (NCP)

as shown in Fig. 4d, illustrating that the BC effective density retrieved by this method /{MB;%T: 3d

is within the range of field measurements.
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Figure 5. The probability distribution function (PDF) of the retrieved density of bulk

and In-BC and the measured density distribution spectrum of BC from different sources

reported in literatures.

Based on both field measurements (e.g. Lide 1992; Zhang et al., 2016; Wu et al.,

2019; Liu et al., 2019b) and laboratory studies (e.g. McMurry et al., 2002; Park et al.,

MERT: H.

MBR T : 2019

BT : Mcmurry
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2003, 2004; Olfert et al., 2007; Kiselev et al., 2010; Gysel et al., 2011, 2012), the BC

density from diverse combustion sources or representing different aging degree has

been pbtained and ranges widely from 0.14 to 2.1 g cm™, as has been summarized and

shown in Fig. 5. Mean probability distribution function (PDF) of the density of bulk

and In-BC retrieved by this study js also presented in Fig. 5. It shows that the retrieved

density of bulk BC exhibits a dominant mode with a peak value of 0.7 g cm™, which is /

situated between the typical density range of those externally, mixed and internally,

mixed BC measured previously. For the In-BC, the PDF is with a peak value at 1.1 g |

cm3, but ranges widely from ~0.5 to 2.5 g cm™3, which indicates various morphologies, |

different aging degree and compositions of ambient BC particles due to the complex |
impact of multiple local sources and aging processes during the observed period in |
urban Beijing. Overall, the retrieved values for In-BC fall within the range of typical e“

internal mixed BC reported in the literatures, verifying the reliability of our inversion |

results.

3.2 Sensitivity of predicted Ncen to changes of BC density

Aprevious study showed that the use of an inaccurate density value of BC particles

would result in large bias in estimating x of ambient aerosol particles with the ZSR |

mixing rule (Fan et al., 2020), as would further lead to uncertainties in prediction of
Ncen and relevant climate effects. Considering the large variation range of BC density
during the campaign, which is closely associated with its morphology or degree of its \

aging, we further examine the sensitivity of critical supersaturation (Sc), critical

100

80 1

60 +

Counts

40 +

20

0

 mmBulk-BC

In-BC

Lide 1992

Han et al., 2019
Mullins et al., 1987
Slowik et al., 2004
Liv etal., 2019
Zhang et al., 2008
Pagels et al., 2009
Zhang et al., 2008
Peng et al., 2016
Peng et al., 2017
Zhang et al., 2016
Ghazi et al, 2013
Rissler et al., 2014
Peietal., 2018
Kiselev et al., 2010
Memurry et al., 2002
Zhang et al., 2008
Pagels et al., 2009
Peng et al., 2017
Peng et al_, 2016
Wu et al., 2019
Liu et al., 2020
Park et al., 2004
Park et al., 2003
Maricg et al., 2004
Olfert et al., 2007
Olfert et al., 2007
Kondo et al., 2011
Gysel et al., 2011
Moteki et al., 2010
Gysel et al., 2011

0

MERT:

Figure 4. The probability distribution function (PDF) of the
retrieved density of bulk and In-BC and the measured density

distribution spectrum of BC from

Effective

different sources reported

22

in literatures.

HB& T : It has been studied }
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density value of BC particles will .




734

735

736

737

738

739

740

741

742

diameter (Dcut) and predicted Nccen to variations of BC density (Fig. ). Here, we use 4 MEET:5

the critical diameter and particle number size distribution to calculate Nccn. The method T# T [7]: to derive the critical diameter is based on Kahler
theory and ZSR rule.
1o derive the critical diameter is based on Kohler theory and ZSR rule - —
T#7 [8]: to evaluate the effect of BC density and mixing
b \ \ state on prediction of CCN number concentrations. The
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density from 0.14 to 2.1 g cm at $=0.40 % (c) and $=0.23 % (d), the black solid line

is the 1:1 line; Diurnal variations in the ratio of predicted-to-measured Nccn at S=0.40 %

(e) and S=0.23 % (f).
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The results show that, by varying the value of density from 0.14 to 2.1 g cm™ that

represents the lower and upper limit of BC density in the atmosphere, the Dcut reduces { M),

apparently at a given supersaturation (S) (Fig. 6a), or similarly, the S¢ decreases rapidly { HEET: 5a

for a given particle size (Fig. 6b). The results show that the changes of the Deut and Sc { MEET:5b

are more sensitive when the BC density is below 1.0 g cm™. And the effects on the Dyt
and S¢ both gradually weakened with the increase of BC density. This shows that it is
critical to apply more accurate BC density for the aerosol particles with low aging
degree in predicting CCN and its climate effect. Accordingly, the ratios of predicted-

to-measured Nccn ranged from 0.72 to 1.11 by varying the BC density from 0.14 to 2.1

g cm at the typical S of 023 % and 0,40 % (Fig. 6c, 6d), showing an estimation //{MJIQT:Z

{ﬂﬂﬂl‘%?ﬂl

uncertainty of -28 %-11 % in Nccn prediction.
B2 T : 5¢, 5d

The diurnal variations in the ratio of predicted-to-measured Nccn at S=0.40 % and

0.23 % are shown to examine the response of the BC density on Nccn prediction at

different time periods (Fig. 6e, 6f). By applying the lower limit of density value of 0.14 { MER T : 5e, 5F

g cm3, the prediction is much worse compared to the use of the density of 2.1 g cm? at

nighttime (00:00-06:00 LT), when the latter is much closer to the real density of ambient

BC (Fig. 4c). The prediction is improved substantially by applying the value of 0.14 g { B T: 3¢

cm™ during evening rush hours (18:00-20:00 LT), during which the ambient BC

particles is disturbed by the traffic emissions (Fig. 4c). And now, the prediction becomes { MRS T : more externally-mixed with smaller densities
. 3 . . . {MB,%T: 3c
worse by applying the value of 2.1 g cm™, and an obvious overestimation by up to ~40 %

is shown. The results further illustrate that it is critical to account for the real-time

mixing state and density of BC particles in Nccn prediction, particularly in those regions { MES T : in particular

24
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with heavy traffic and residential coal emissions.

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

etal., 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, —{ B#7 (&) [8]

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.

3.3 Using the real-time variations of BC density and mixing state to predict Nccn

Figure 7 exhibits the comparisons between predicted and measured Nccn at S of /{WJ&%T:

0.23 % and 0.40 % by accounting for the retrieved real-time variations of BC density /{m&%y;

.. . . R4
and mixing state. It shows that the Nccn can be well predicted with a slope of 1.01 and ikl
MERT: 0.98
.02 at S of 0,23 % and 0,40 % respectively (Fig. i i B T: 0.97
deviation. The slight deviation is primarily due to the fixed value of the density for the e 7 2
MERT:4
externally mixed BC caused by the retrieved method, especially during noontime and BIE: T 62, 6b
evening rush periods (Fig. 7c and 7d). JMFR 7 : underestimation
MBS 7 : an underestimation
MR T : 6C
MipR 7 : 6d
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825  overrated during the evening traffic hours and nighttime may be due to the
826  underestimation of the number fraction of Ex-BC. Overall, the dependence of the CCN
827  prediction on S is due to the size dependence of x and mixing state (Zhang et al., 2017,
828  Liuetal., 2020; Xu et al., 2021). The better closure at S=0.23 % is because that the bulk /[MJB;%T: 2
829  « of particles is closer to that the critical diameter corresponding to S=0.23 %, with Dy /{M&%T: 2
830  of 100-150 nm. Similarly, the effect on CCN prediction induced by the bulk mixing
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state would be more critical for smaller particles, corresponding to the critical diameter
at high S.

Overall, when considering the effective density of BC relevant to its mixing state,
the CCN closure achieves. Previous studies have shown that the fresh emitted BC
particles may convert from fractal-like aggregates to a compact structure and its density

would increase with the aging process (Pagels et al., 2009; Rissler et al., 2014; Peng et

al., 2016; Liu et al., 2019b; Zhang et al., 2020a, 2022), but the actual density of In-BC //{ HEET: H.

may be lower than 1.8 g cm in the ambient atmosphere according to this study. {m&grzolg
MR T: 2020
Therefore, the currently applied value represents a density of the void-free structure of
BC particles may cause an overestimation in CCN prediction.
4 Conclusions
The mixing state and effective density of BC changed through heterogenous
chemistry process and thus would cause uncertainty in evaluating its CCN activity. In { MR T : causes
this study, we develop a new method to retrieve the mixing state and effective density
of ambient BC using field measurements and the Kohler theory. The uncertainty of the
new retrieval method was evaluated within +30 %, which is primarily caused %mw?by%sumpﬁons of
/| BRT: -

assuming the xsoa and the fraction of primary organic aerosols in non-hygroscopic or { ——

/

hygroscopic mode. The retrieved results show that most of the BC particles were aged / //{ MRS 7
,{’/ / {ﬂﬂ'ﬂ%?: 73

MBRT: 46

and internally,_mixed with other components, with mean mass fraction of 80+20 %. ,%
//

//
Averagely, the retrieved densities of the bulk and internal-mixed BC are 0.7+05 and // /| #B&7:11

MIBRT: 54

11406 g cm™ respectively, but ranges widely from ~0.1 to 2,5 g cm?, indicating /

”J{ BT : 4

(D | U | U | U | U | G | W | W
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various morphologies, different aging degree and compositions of ambient BC particles
due to the complex impact of multiple local sources and aging processes during the
observed period. The retrieved results are basically comparable with the previous
observations in North China Plain.

Further examination shows the Nccn prediction is with uncertainties of -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” { BEET: 2

[ﬂﬂﬂlﬁ?:él

3 that represents the lower and upper limit of ambient BC particles. Moreover, the
prediction is found more sensitive to the variability of BC density when it is <1.0 g cm’
3, suggesting a great significance to account for the effect of BC density for the aerosol
particles with low aging degree when evaluating the climate effect. The CCN closure
achieves when introducing the retrieved real-time BC density relevant to its mixing

state. This work provides a unique way of utilizing field observations to infer ambient

BC density and highlights the current assumption of a void-free structure of BC //{ngcurrenﬂy

particles in models would cause large uncertainties in CCN prediction and in the

relevant climate effect evaluation.
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