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Abstract. Black carbon (BC) mass size distribution (BCMSD) is crucial in both environment and climate system due to BC’s 12 

intense size-dependent absorption of solar radiation. BC-containing particles of size larger than 700 nm (BC>700) could 13 

contribute to larger than half of bulk BC mass concentration. Unfortunately, previous methods concentrated on BC-containing 14 

particles less than 700 nm because of technical limitation. The contribution of BC to absorption and radiative effect could be 15 

underestimated without consideration of BC>700. In this study, equivalent BCMSD (eBCMSD) from 150 nm up to 1.5 m was 16 

measured at high time resolution of 1 h for the first time by an aerodynamic aerosol classifier in tandem with an aethalometer 17 

in two field campaigns over eastern China, namely Changzhou located in the Yangtze River Delta and Beijing located in the 18 

North China Plain. The results revealed that the value of eBCMSD in both Changzhou and Beijing increased with increasing 19 

pollution. The pattern of eBCMSD in Changzhou (Beijing) was mostly bimodal (unimodal) peaking at 240 and 1249 nm (427 20 

nm). The peak diameter of eBCMSD in Changzhou did not shift significantly with increasing pollution (240 to 289 nm). In 21 

contrast, the peak diameter of eBCMSD in Beijing shifted towards larger size from 347 to 527 nm with increasing pollution, 22 

indicating the aging process in urban site was different from that in regional background site. eBCMSD in both Changzhou 23 

and Beijing had significant diurnal cycle with smaller (bigger) value of eBCMSD during daytime (nighttime). Equivalent 24 

BC>700 (eBC>700) was ubiquitous and varied significantly with different locations and pollution levels. The campaign-averaged 25 

contribution of eBC>700 to bulk eBC mass concentration (meBC,bulk), bulk absorption coefficient (ab,bulk) as well as estimated 26 

direct radiative forcing of eBC (DRFeBC) in Changzhou and Beijing were 27.8 (20.9 ~ 36.5) % and 24.1 (17.5 ~ 34.2) %,19.6 27 

(15.8 ~ 24.6) % and 25.9 (19.6 ~ 33.7) %, as well as 20.5 (18.4 ~ 22.2) % and 21.0 (16.3 ~ 26.1) %, respectively. meBC,bulk, 28 

ab,bulk as well as DRFeBC of eBC>700 in Changzhou (Beijing) varied by 3.6 (5.1) times from 0.11 (0.07) to 0.40 (0.36) g m-3, 29 

3.2 (5.5) times from 0.54 (0.63) to 1.75 (3.45) Mm-1 as well as 2.4 (4.7) times from 0.1 (0.1) to 0.24 (0.47) W m-2, respectively, 30 

with the aggravation of pollution. The contribution of eBC>700 to meBC,bulk and ab,bulk had significant diurnal cycle with higher 31 
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(lower) fraction during daytime (nighttime) in both Changzhou and Beijing. A case study indicated that the contribution of 32 

eBC>700 to meBC,bulk, ab,bulk and DRFeBC could reach up to 50 %, 50 % and 40 %, respectively. It was highly recommended to 33 

consider whole size range of BC-containing particles in the model estimation of BC radiative effect. 34 

1 Introduction 35 

  Black carbon (BC) is the strong light-absorbing carbonaceous particle (Bond and Bergstrom, 2006) from incomplete 36 

combustion of fossil fuel or biomass (Bond et al., 2004). Absorption of BC reduces atmospheric visibility (Moosmuller et al., 37 

2009) and has warming effect on the climate system (Bond, 2001). BC radiative effect had considerable uncertainties. 38 

Estimated BC radiative effects from different models did not even converge to same order of magnitude (Bond et al., 39 

2013;Szopa et al., 2021). 40 

  Previous estimation of BC radiative effect was based on bulk BC mass concentration (mBC,bulk) from emission inventory 41 

and prescribed mass absorption cross section (MAC) (Bond et al., 2013). Both mBC,bulk and MAC was influenced by BC mass 42 

size distribution (BCMSD), which was one of the BC microphysical properties. BC radiative effect was highly sensitive to 43 

BCMSD (Matsui et al., 2018), and BCMSD could result in obvious variation in aerosol radiative forcing (Zhao et al., 2019). 44 

BCMSD depended on the emission source essentially. For example, the peak diameter of freshly emitted BCMSD from fossil 45 

fuel was generally smaller than that from biomass burning (Berner et al., 1984;Artaxo et al., 1998;Schwarz et al., 2008). After 46 

BC was emitted to the ambient environment, BCMSD was influenced by aging process, during which BC optical properties 47 

underwent remarkable changes (Zhang et al., 2008). For instance, BC could be coated by other non-BC materials during 48 

atmospheric transport. The existence of non-BC coating enhanced BC absorption and this phenomenon was termed as “lensing 49 

effect” (Fuller et al., 1999). The accurate quantification of lensing effect was a critical challenge in estimating BC radiative 50 

effect (Liu et al., 2017). and the information of BCMSD was required to resolve the influence of “lensing effect” on BC 51 

radiative forcing. 52 

  Guo (2016) reported that elemental carbon (EC, Petzold et al. (2013)) containing particle larger than 2.1 m accounted for 53 

27.6 ~ 35.2 % of bulk EC mass concentration (mEC,bulk). Wang et al. (2017) reported that EC-containing particle larger than 54 

1.1 m accounted for 40.6 ~ 65.5 % of mEC,bulk. Wang et al. (2022) indicated EC-containing particle larger than 1 m 55 

contributed to 50 ~ 54 % of mEC,bulk. Therefore, BC-containing particle larger than 1 m contributed to significant part of total 56 

BC mass. Wang et al. (2022) found that these large carbon-containing particles were super-aggerated BC particles with fractal 57 

structure or BC-containing particles with massive coating from secondary processes. Chakrabarty et al. (2014) found that the 58 

optical property of these super BC aggeragates could be significant. It should be noted that current characterization of BC-59 

containing particle larger than 1 m could be only achieved through offline microscopy analysis (Chakrabarty et al., 2014) or 60 

EC mass size distribution (ECMSD) measurement by off-line thermo/optical organic carbon/elemental carbon analysis of 61 

size-segregated filter-based samples (Chow et al., 2001). The resulting time-resolution of ECMSD was 24 ~ 48 h. Considering 62 

that the typical time scale of BC aging was 4 ~ 18 h (Peng et al., 2016), current measured ECMSD could not resolve 63 
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atmospheric aging of BC-containing particles larger than 1 m. Actually, current method capable of measuring BC-containing 64 

particle on time scale of BC aging was limited to size less than 700 nm, namely laser-induced incandescence technique 65 

(Schwarz et al., 2006). The characterization of BC-containing particles larger than 700 nm (BC>700) during atmospheric aging 66 

was still unclear. The contribution of BC>700 to absorption and BC radiative forcing was lack of study. 67 

  In this study, equivalent BC (eBC, Petzold et al. (2013)) mass size distribution (eBCMSD) up to 1.5 m was measured with 68 

a time resolution of 1 h to study the evolution of equivalent BC>700 (eBC>700) as well as the contribution of eBC>700 to bulk 69 

eBC mass concentration (meBC,bulk), bulk absorption coefficient (ab,bulk) and eBC direct radiative forcing. The size referred to 70 

the particle size, not the BC core size, in this study. eBCMSD was determined by an aerosol aerodynamic classifier (AAC, 71 

Cambustion, UK, Tavakoli and Olfert (2013)) in tandem with an aethalometer (model AE33, Magee, USA, Drinovec et al. 72 

(2015), AAC – AE33) based on the method proposed by Zhao et al. (2022). eBCMSD was measured in two different locations 73 

of eastern China to study the spatial difference of eBC>700. Direct radiative forcing of eBC (DRFeBC) was estimated by the 74 

Santa Barbara DISORT (discrete ordinates radiative transfer) Atmospheric Radiative Transfer (SBDART) model (Ricchiazzi 75 

et al., 1998). 76 

  The structure of this study was organized as follows. Section 2 introduced the field measurement, instrumental setup, and 77 

details about estimation of DRFeBC. Section 3 discussed the evolution as well as mass, absorption and radiation contribution 78 

of eBC>700 based on the field measurement. Section 4 came to the conclusions. 79 

2 Methods 80 

2.1 Field measurement 81 

  The AAC-AE33 system was first applied to a field measurement in Changzhou, Jiangsu Province, China (119°36′E, 31°43′82 

N), situated at the Yangtze River Delta, from May 17th to June 3rd in 2021 (Summer). Changzhou was between two meta cities, 83 

namely Nanjing (82 km to the northwest) and Shanghai (187 km to the southeast). There were no emission sources around 84 

the measurement site in Changzhou. Thus, pollution around the site was dominated by regional transportation and the 85 

measurement site in Changzhou was a typical regional background site (Zhao et al., 2022). 86 

Then, the AAC-AE33 was deployed in Beijing, China (116°18′E, 39°59′N), located in the North China Plain, from October 87 

29th 2021 to January 25th 2022 (Winter). The measurement site was near 2 busy streets, namely Zhongguancun Street to the 88 

west and Chengfu Road to the south. Therefore, the measurement site in Beijing was representative of urban environment 89 

Zhao et al. (2019). 90 

2.2 Instrumental setup 91 

  The instrumental setup for eBCMSD measurement was illustrated in detail by Zhao et al. (2022) and introduced here briefly. 92 

As shown in Fig. 1, a PM10 inlet (16.67 L min-1) was used to sample ambient aerosol particles. Then particles passed through 93 

a silica gel diffusion drier, where relative humidity (RH) was decreased to less than 30 %, before sampled by the AAC-AE33. 94 

AAC-AE33 measured size-resolved absorption coefficient (ab,size-resolved) at a flow rate of 3 L min-1 in Changzhou and 2 L 95 
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min-1 in Beijing, respectively. AAC was set to scan 12 logarithmically equally distributed aerodynamic sizes ranging from 96 

200 nm to 1.5 m in Changzhou and 150 nm to 1.5 m in Beijing, respectively. It should be pointed out that particle diameter 97 

(Dp) was aerodynamic size in this study. Particles of each scanned size were sampled for 5 min, so the time resolution of 98 

ab,size-resolved came to 1 h. The measured ab,size-resolved at wavelength of 880 nm by AE33 was used to derive eBCMSD because 99 

BC was the major contributor of aerosol absorption at 880 nm (Ramachandran and Rajesh, 2007). 100 

The principle of retrieving ab from AE33 was proposed by Hansen et al. (1984) and described here briefly. Aerosol-laden 101 

flow with flow rate of F flew into AE33, where the aerosol particles were collected on a region with area of S of a filter. The 102 

filter was illuminated by light sources at specific wavelengths. Part of the light transmitted through the particle-laden (particle-103 

free) area of the filter and the transmitted light intensity was denoted as I (I0). The light attenuation ATN was defined as 104 

ATN =  −100 ⋅ ln (
𝐼

𝐼0
).                                            (1) 105 

Assume ATN changed by ATN in time interval of t, the attenuation coefficient ATN was defined as 106 

𝜎ATN =
𝑆

100⋅𝐹
⋅

ΔATN

Δ𝑡
.                                               (2) 107 

The light attenuation was actually caused by both absorption of paticles and scattering of particles as well as the filter, which 108 

was called multi-scattering effect. The multi-scattering effect was corrected based on the study of Zhao et al. (2020), where a 109 

parameter Cf = 2.9 was introduced to derive ab: 110 

𝜎ab =
𝜎ATN

𝐶f
.                                                     (3) 111 

Besides multi-scattering effect, loading effect was also required to be corrected, namely, the change in ATN was not linearly 112 

dependent on aerosol loading. Drinovec et al. (2015) developed “dual-spot” technique to correct loading effect, which was 113 

adopted by this study. 114 

MAC was required to convert absorption coefficient to eBC mass concentration. The size-dependent MAC was modeled 115 

based on the scheme proposed by Zhao et al. (2021) at wavelength of 880 nm, which required size-resolved particle number 116 

concentration (Nsize-resolved). Concisely, took 700nm of Dp as an example, the number fraction of BC-containing particle (fBC) 117 

was assumed a fixed parameter (0.35), and the number concentration of BC-containing particle (NBC) at could by derived by 118 

𝑁BC = 𝑓BC ⋅ 𝑁size−resolved ⋅ Δlog𝐷p,                                                  (4) 119 

Where logDp was the logarithmic width of the Dp size bin. The fixed-fBC assumption led to ~ 3 % uncertainty in derived 120 

meBC. We assumed that all BC-containing particles at Dp of 700 nm had the same core size DBC. An optimal DBC was found 121 

so that calculated absorption (ab,calc) matched measured absorption (ab,meas), namely 122 

𝜎ab,calc = 𝜌BC
𝜋

6
𝐷BC

3 ⋅ MACMie ⋅ 𝑁BC = 𝜎size−resolved ⋅ Δlog𝐷p = 𝜎ab,meas,                   (5) 123 

where BC was density of BC and assumed to be a fixed value (1.8 g cm-3), MACMie was Mie-calculated MAC at Dp of 700 124 

nm and the optimal DBC. eBCMSD at Dp of 700 nm could be calculated by 125 



5 

eBCMSDDp=700nm =
𝜎ab,size−resolved 

MACMie
.                                                  (6) 126 

The assumption on the MAC led to ~ 24 % uncertainty on derived meBC. It should be noted that dust was not considered in 127 

this study. Nsize-resolved was measured by a scanning mobility particle sizer (SMPS, TSI, USA) at 0.3 L min-1 as well as an 128 

aerodynamic particle sizer (APS, TSI, USA) at 5 L min-1 in Changzhou and an AAC in tandem with condensation particle 129 

counter (CPC, TSI, USA, AAC – CPC, Johnson et al. (2018)) at 1 L min-1 in Beijing, respectively. AAC-AE33 measured 130 

ab,size-resolved and determined eBCMSD synchronously. Therefore, the contribution of eBC>700 to both bulk absorption and 131 

meBC,bulk could be quantified simultaneously. 132 

In this study, the bulk mass concentration of eBC-containing particle (meBC,bulk) was defined as 133 

𝑚eBC,bulk = ∫
d𝑚eBC

dlog𝐷p
dlog𝐷p

1500 nm

200 nm
,                                                     (7) 134 

where 
d𝑚eBC

dlog𝐷p
 was eBCMSD, and the lower limit of integral was 200 nm in both Changzhou and Beijing for the convenience 135 

of comparison. The bulk mass concentration of eBC>700 (meBC,bulk,>700) was defined as 136 

𝑚eBC,bulk,>700 = ∫
d𝑚eBC

dlog𝐷p
dlog𝐷p

1500 nm

700 nm
.                                                 (8) 137 

The contribution of eBC>700 to meBC,bulk (fm,>700) was defined as 138 

𝑓m,>700 =
𝑚eBC,bulk,>700

𝑚eBC,bulk
× 100 %.                                                        (9) 139 

It should be noted that BC-containing particle of Dp lower than 200 nm and greater than 1500 nm was not considered in this 140 

study, which leads to discrepancy between true fm,>700 (𝑓m,>700) and estimated fm,>700. By simple mathematical analysis, it 141 

could be proofed that 𝑓m,>700 in the range of 142 

1

2
(𝑓m,>700 +

∫
d𝑚eBC
dlog𝐷p

dlog𝐷p
+∞

1500 nm

∫
d𝑚eBC
dlog𝐷p

dlog𝐷p
1500 nm

200 nm

) < 𝑓m,>700 < 𝑓m,>700 +
∫

d𝑚eBC
dlog𝐷p

dlog𝐷p
+∞

1500 nm

∫
d𝑚eBC
dlog𝐷p

dlog𝐷p
1500 nm

200 nm

,                (10) 143 

where ∫
d𝑚eBC

dlog𝐷p
dlog𝐷p

1500 nm

200 nm
 was actucally meBC,bulk, in this study. 144 

Similarly, the bulk absorption coefficient (ab,bulk) was defined as 145 

𝜎ab,bulk = ∫
d𝜎ab

dlog𝐷p
dlog𝐷p

1500 nm

200 nm
,                                                       (11) 146 

where 
d𝜎ab

dlog𝐷p
 was ab,size-resolved. The bulk absorption coefficient of eBC>700 (ab,bulk,>700) was defined as 147 

𝜎ab,bulk,>700 = ∫
d𝜎ab

dlog𝐷p
dlog𝐷p

1500 nm

700 nm
.                                                   (12) 148 

The contribution of eBC>700 to ab,bulk (fab,>700) was defined as 149 

𝑓ab,>700 =
𝜎ab,bulk,>700

𝜎ab,bulk
× 100 %.                                                         (13) 150 

2.3 Estimation of direct radiative forcing of equivalent black carbon 151 

  The direct radiative effect was one of the BC characteristics that arouse extensive concerns. The SBDART model was 152 
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employed to study the characteristics of DRFeBC. Specifically, the instantaneous DRFeBC was estimated at the top of 153 

atmosphere (TOA) under the cloud-free condition. Wavelengths from 250 nm to 4 m were simulated in this study. Direct 154 

radiative forcing of aerosol (DRFaerosol) was defined as (Zhao et al., 2018): 155 

DRFaerosol = (𝐹aerosol,↓ − 𝐹aerosol,↑) − (𝐹clearsky,↓ − 𝐹clearsky,↑),                             (14) 156 

where 𝐹aerosol,↓  ( 𝐹aerosol,↑ ) was downward (upward) radiative irradiance flux at TOA with aerosol, and 𝐹clearsky,↓ 157 

(𝐹clearsky,↑) was downward (upward) radiative irradiance flux at TOA without aerosol. Direct radiative forcing of aerosol 158 

without eBC (DRFaerosol,noneBC) was defined as: 159 

DRFaerosol,noneBC = (𝐹aerosol,noneBC,↓ − 𝐹aerosol,noneBC,↑) − (𝐹clearsky,↓ − 𝐹clearsky,↑),            (15) 160 

where 𝐹aerosol,noneBC,↓ (𝐹aerosol,noneBC,↑) was downward (upward) radiative irradiance flux at TOA with aerosol except eBC. 161 

The DRFeBC was defined as the difference between DRFaerosol and DRFaerosol,noneBC: 162 

DRFeBC = (𝐹aerosol,↓ − 𝐹aerosol,↑) − (𝐹aerosol,noneBC,↓ − 𝐹aerosol,noneBC,↑).                     (16) 163 

Similarly, the direct radiative forcing of eBC>700 (DRFeBC,>700) was defined as: 164 

DRFeBC,>700 = (𝐹aerosol,↓ − 𝐹aerosol,↑) − (𝐹aerosol,noneBC,>700,↓ − 𝐹aerosol,noneBC,>700,↑),          (17) 165 

where 𝐹aerosol,noneBC,>700,↓ (𝐹aerosol,noneBC,>700,↑) was downward (upward) radiative irradiance flux at TOA with aerosol 166 

except eBC>700. The contribution of eBC>700 to DRFeBC (fDRF,>700) was defined as 167 

𝑓DRF,>700 =
DRFeBC,>700

DRFeBC
× 100 %.                                                       (18) 168 

  SBDART simulation required information of surface albedo, vertical profiles of meteorological parameters and aerosol 169 

optical parameters. Surface albedo was acquired from Moderate Resolution Imaging Spectroradiometer (MODIS)/Terra 170 

surface reflectance data with temporal and spatial resolution of 1 d and 0.05° (MOD09CMG). The gridded data around the 171 

measurement site was averaged to represent surface albedo of the measurement site. 172 

The vertical profile of meteorological parameters included vertical profile of pressure, temperature, water vapor and ozone, 173 

which were obtained from the fifth generation ECMWF (European Center for Medium Range Weather Forecasts) reanalysis 174 

data for global climate and weather (ERA5). The ERA5 data had temporal and spatial resolution of 1 h and 0.25° with 38 175 

vertical layers from surface to about 50 km above surface. At each layer, the gridded data around the measurement site was 176 

also averaged to represent meteorological parameters of the measurement site. The time resolution of meteorological 177 

parameters was averaged to daily to match that of surface albedo. 178 

The vertical profile of aerosol optical parameters included the vertical profile of bulk aerosol extinction coefficient (ext,bulk), 179 

single scattering albedo (SSA) and asymmetry factor (g) at different wavelengths, which were parameterized based on the 180 

study of Zhao et al. (2019) and described here briefly. The bulk aerosol particle number concentration (Nbulk) was 181 

parameterized according to aircraft study by Liu et al. (2009). Dry Nsize-resolved at different heights had the same shape after 182 

normalized by corresponding Nbulk. The parameterization of meBC,bulk and eBCMSD was the same as Nbulk and dry Nsize-resolved. 183 
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As for mixing state, 51% of eBC mass was assumed externally mixed and the rest of eBC mass was assumed internally mixed 184 

with core-shell geometry (Ma et al., 2012) in each size bin. For the case of aerosol without eBC-containing particle (larger 185 

than 700 nm), eBCMSD (larger than 700 nm) was set to 0. The aerosol optical parameters varying with height-dependent RH 186 

were calculated by Mie scattering theory and -Kohler theory (Petters and Kreidenweis, 2007) assuming hygroscopic growth 187 

parameter of 0.22 (Tan et al., 2019). The refractive indices of eBC, water and non-eBC material without water were assumed 188 

1.8 + 0.54i (Kuang et al., 2015), 1.33 + 10-7i and 1.53 + 10-7i (Wex et al., 2002), respectively. The refractive index of non-189 

eBC material mixed with water after hygroscopic growth was derived by volume-weighted rule (Wex et al., 2002). In short, 190 

real-time measured eBCMSD and Nsize-resolved were used as boundary condition at ground level to construct parameterized 191 

vertical aerosol profile. When calculating aerosol optical parameters at each altitude, mixing state of BC-containing particle 192 

was assumed to be the same at each altitude, each time and each Dp. With the above information, the vertical profiles of 193 

ext,bulk, SSA and g could be calculated based on Mie theory. The time resolution of aerosol optical parameters was averaged 194 

to daily to match that of surface albedo. 195 

3 Results and discussion 196 

3.1 Case study 197 

  A pollution episode took place from October 31st, 2021 to November 6, 2021 in Beijing, which was used for case study to 198 

illustrate the large variability of eBC>700. The geometric mean diameter (�̅�p) of eBCMSD was defined as 199 

log �̅�p =
∫ log 𝐷p⋅

d𝑚eBC
d log 𝐷p

d log 𝐷p

∫
d𝑚eBC
d log 𝐷p

d log 𝐷p

,                                                      (19) 200 

which was used to depict the spectral variation of eBCMSD because eBCMSD did not always had an explicit modal pattern 201 

and the corresponding peak diameter was not always easy to be distinguished. 202 

With the development of pollution, �̅�p  shifted apparently from around 400 nm to around 600 nm (Fig. 2a). meBC,bulk 203 

(meBC,bulk,>700) increased from less than 0.5 (0.15) g m-3 to as large as 2.5 (1.0) g m-3 by 5.0 (6.6) times. ab,bulk (ab,bulk,>700) 204 

increased from less than 4 (1) Mm-1 to as large as 25 (10) Mm-1 by 6.3 (10.0) times. DRFeBC (DRFeBC,>700) increased from 1 205 

(0.2) W m-2 to as large as 4 (1) W m-2 by 4.0 (5.0) times. It could be seen that the variability of eBC>700 was significant. fm,>700, 206 

fab,>700 and fDRF,>700 increased from about 20 %, 20 % and 20 % to as large as 50 %, 50 % and 40 %, respectively (Fig. 2b), 207 

clearly showing important role of eBC>700 in BC mass, absorption as well as radiative effect. 208 

3.2 Equivalent black carbon mass size distribution 209 

3.2.1 Overview 210 

The timeseries of eBCMSD in Changzhou and Beijing was shown in Fig. S1a and Fig. S1b1 – S1b4. eBCMSD was 211 

presented with normalized probability density function (pdf) to study general characteristics of eBCMSD. Figure 3a1 and 3a2 212 

were the normalized pdf over the whole campaign of Changzhou and Beijing, respectively. It could be seen that eBCMSD in 213 

Changzhou was significantly different from that in Beijing. There were two modes in the median of eBCMSD in Changzhou, 214 
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which peaked at around 240 nm and 1249 nm, respectively. Yu et al. (2010) found 3 modes in ECMSD, namely modes around 215 

300 nm, 1 m and 5 m, and named the 3 modes as condensation mode, droplet mode and coarse mode, respectively. 216 

Following the nomenclature by Yu et al. (2010), the mode peaking at 240 nm and 1249 nm could be termed as condensation 217 

mode and droplet mode, respectively. In contrast, only condensation mode was identified in median eBCMSD in Beijing, 218 

which peaked at 427 nm. The variation of eBCMSD, defined as the difference between upper quartile and lower quartile, in 219 

Changzhou was overall smaller than that in Beijing. The variation of eBCMSD value in Changzhou (Beijing) ranged from 220 

0.52 (0.54) g m-3 to 0.91 (1.73) g m-3 with average value of 0.75 (1.05) g m-3. The maximum upper quartile of eBCMSD 221 

in Changzhou was 1.58 g m-3. In comparison, the upper quartile of eBCMSD in Beijing could reached up to 2.14 g m-3, 222 

indicating the evolution of eBCMSD in Beijing was more drastic than that in Changzhou. 223 

3.2.2 Evolution with respect to pollution level 224 

In order to investigate the evolution of eBCMSD under different pollution stages, eBCMSD was grouped into 3 periods: 225 

(1) clean period in which meBC,bulk was lower than 0.5 g m-3, (2) transitional period in which meBC,bulk was greater than 0.5 226 

g m-3 but lower than 1.0 g m-3, (3) polluted period in which meBC,bulk was greater than 1.0 g m-3. Data from clean, 227 

transitional and polluted period accounted for 22.6 % (30.9 %), 51.3 % (31.9 %) and 26.0 % (37.2 %) of total data in 228 

Changzhou (Beijing), respectively, showing that Changzhou (Beijing) was dominated by transitional (polluted) period in this 229 

study. 230 

In the clean period, there was no distinct difference in eBCMSD between Changzhou (Fig. 3b1) and Beijing (Fig. 3b2). 231 

Neither eBCMSD in Changzhou nor eBCMSD in Beijing exhibited obvious modal structure in the size range of measurement. 232 

The value of eBCMSD in both Changzhou and Beijing decreased with increasing Dp in general. For Changzhou (Beijing), 233 

the median of eBCMSD decreased from 0.87 (0.47) g m-3 at 200 nm to 0.26 (0.26) g m-3 at 1500 nm with average value of 234 

0.42 (0.34) g m-3. The variation of eBCMSD in Changzhou (Beijing) was 0.24 (0.24) g m-3 ~ 0.47 (0.55) g m-3 with 235 

average value of 0.32 (0.35) g m-3, showing that the variation of eBCMSD in Changzhou was comparable to that in Beijing. 236 

As polluted stage evolved to transitional period, the value of eBCMSD increased in both Changzhou (Fig. 3c1) and Beijing 237 

(Fig. 3c2) compared to that in clean period. The variation of eBCMSD in Changzhou (Beijing) reached 0.41 (0.44) g m-3 ~ 238 

0.86 (0.86) g m-3 with average value of 0.53 (0.61) g m-3, about twice as much as that in clean period. It could be seen that 239 

the value of median and variation of eBCMSD in Changzhou were comparable to that in Beijing. However, the pattern of 240 

eBCMSD in Changzhou was obviously different from that in Beijing. The peak value of median eBCMSD located at 240 241 

(347) nm in Changzhou (Beijing). Median eBCMSD in Changzhou exhibited two modes, namely condensation mode and 242 

droplet, with boundary at around 866 nm. In comparison, median eBCMSD in Beijing only had one mode, namely 243 

condensation mode. It should be noted that two modes (one mode) meant that there were two distinct groups (one group) of 244 

BC-containing particles with respect to Dp, not the BC core size (DBC). The difference in peak diameter of condensation mode 245 

between Changzhou and Beijing was as large as 107 nm. Median eBCMSD at clean period was subtracted from that at 246 
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transitional period to study eBC mass increment at each Dp, as shown in Fig. S4a1. It could be clearly seen that mass increment 247 

in Changzhou peaked at 289 nm and 1249 nm, contributing to condensation mode and droplet mode in eBCMSD, respectively. 248 

In contrast, mass increment in Beijing only peaked at 385 nm, contributing to condensation mode in eBCMSD. 249 

As the pollution stage came to polluted period, the value of eBCMSD increased drastically in both Changzhou (Fig. 3d1) 250 

and Beijing (Fig. 3d2) compared to that in clean period. Both the median value and the variation of eBCMSD increased with 251 

the development of pollution. The median eBCMSD increased to 0.88 (0.61) ~ 2.12 (2.45) g m-3 with average value of 1.49 252 

(1.52) g m-3 in Changzhou (Beijing), about 4 times as much as the median eBCMSD in clean period. The variation of 253 

eBCMSD in Changzhou (Beijing) reached 0.60 (0.73) ~ 1.11 (1.06) g m-3 with average value of 0.92 (0.94) g m-3, about 3 254 

times as much as that in clean period. The difference in pattern of eBCMSD between Changzhou and Beijing became more 255 

distinct. Median eBCMSD in Changzhou clearly exhibited a bimodal structure where the condensation mode and droplet 256 

mode peaked at 289 nm and 1249 nm, respectively. Median eBCMSD in Beijing exhibited a unimodal structure where the 257 

condensation mode peaked a 527 nm. As shown in Fig. S4b1, the peak of mass increment in Changzhou (Beijing) shifted 258 

from 289 (385) nm to 347 (527) nm, varied by 58 (142) nm. The significant difference in the shift of peak indicated that aging 259 

processes in regional background site was significantly different from that in urban site. 260 

3.2.3 Contribution of equivalent black carbon-containing particle larger than 700 nm to bulk equivalent black carbon 261 

mass concentration 262 

The median (lower quartile ~ upper quartile) of meBC,bulk was 0.73 (0.52 ~ 1.03) g m-3 in Changzhou and 0.79 (0.43 ~ 1.31) 263 

g m-3 in Beijing (Fig. 4a1). The median of meBC,bulk was comparable between Changzhou and Beijing. The variation of 264 

meBC,bulk in Changzhou, 0.51 g m-3, was smaller than that in Beijing, 0.88 g m-3. meBC,bulk,>700 in Changzhou was overall 265 

comparable to that in Beijing (Fig. 4a2). meBC,bulk,>700 was 0.20 (0.13 ~ 0.32) g m-3 in Changzhou and 0.18 (0.10 ~ 0.33) g 266 

m-3 in Beijing. Therefore, eBC>700 was ubiquitous. Considering that the variation of meBC,bulk,>700 in Changzhou, 0.19 g m-3, 267 

was comparable to that in Beijing, 0.23 g m-3, the larger variation in meBC,bulk in Beijing was mainly from eBC-containing 268 

particles less than 700 nm. fm,>700 was 27.8 (20.9 ~ 36.5) % in Changzhou and 24.1 (17.5 ~ 34.2) % in Beijing (Fig. 4a3), 269 

indicating that eBC>700 was overall one quarter of meBC,bulk. fm,>700 in Changzhou was slightly larger than that in Beijing, which 270 

was contributed by droplet mode of eBCMSD in Changzhou. A summary table with respect to meBC was presented in Table 1. 271 

The statistics of mass contribution of eBC>700 were studied with different pollution stages. As shown in Fig. 4a1, meBC,bulk 272 

increased from 0.41 (0.33 ~ 0.45) g m-3 in clean period through 0.71 (0.58 ~ 0.83) g m-3 in transitional period to 1.33 (1.16 273 

~ 1.71) g m-3 in polluted period by 3.2 times in Changzhou and increased from 0.32 (0.22 ~ 0.41) g m-3 in clean period 274 

through 0.73 (0.61 ~ 0.85) g m-3 in transitional period to 1.47 (1.21 ~ 1.82) g m-3 in polluted period by 4.6 times in Beijing. 275 

As shown in Fig. 4a2, the change of meBC,bulk,>700 with pollution level was substantial in both Changzhou and Beijing. For 276 

Changzhou, meBC,bulk,>700 increased from 0.11 (0.07 ~ 0.15) g m-3 in clean period to 0.20 (0.14 ~ 0.27) g m-3 in transition 277 

period, and reached 0.40 (0.29 ~ 0.50) g m-3 in polluted period, increasing by as large as 3.6 times from clean period to 278 
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polluted period. For Beijing, meBC,bulk,>700 increased from 0.07 (0.05 ~ 0.12) g m-3 in clean period to 0.17 (0.11 ~ 0.23) g 279 

m-3 in transition period, and reached 0.36 (0.25 ~ 0.52) g m-3 in polluted period, increasing by as large as 5.1 times from 280 

clean period to polluted period. The change in meBC,bulk and meBC,bulk,>700 was overall consistent with the development of 281 

pollution, leading to unconspicuous change in fm,>700 (Fig. 4a3). fm,>700 in Changzhou changed from 28.5 (20.3 ~ 36.0) % in 282 

clean period through 28.4 (20.7 ~ 36.9) % in transitional period to 27.4 (22.6 ~ 36.2) % in polluted period. fm,>700 in Beijing 283 

varied from 26.2 (18.4 ~ 36.8) % in clean period through 22.8 (16.3 ~ 32.3) % in transitional period to 23.8 (18.1 ~ 31.9) % 284 

in polluted period. 285 

3.2.4 Diurnal cycle 286 

  It could be seen clearly that the value of eBCMSD during daytime was overall lower than that during nighttime in both 287 

Changzhou (Fig. 5a1) and Beijing (Fig. 5a2), indicating that eBCMSD was regulated by planetary boundary layer or 288 

difference in surface emission source (Liu et al., 2019). For Changzhou (Beijing), eBCMSD from 10:00 to 18:00 (08:00 to 289 

18:00) was obviously lower that from 20:00 to 06:00 (20:00 to 06:00). Accordingly, meBC,bulk in Changzhou reached minimum 290 

of 0.56 (0.48 ~ 0.88) g m-3 at 12:00 and maximum of 0.97 (0.80 ~ 1.24) g m-3 at 21:00 (Fig. 5b1). meBC,bulk in Beijing 291 

reached minimum of 0.65 (0.42 ~ 1.02) g m-3 at 14:00 and maximum of 1.08 (0.55 ~ 1.52) g m-3 at 00:00, (Fig. 5b2). The 292 

apparent diurnal cycle was found in the condensation mode of eBCMSD, which was mostly less than 700 nm. In contrast, 293 

diurnal cycle was not obvious for eBCMSD larger than 700 nm for both Changzhou and Beijing. Consequently, neither 294 

meBC,bulk,>700 in Changzhou (Fig. 5c1) nor meBC,bulk,>700 in Beijing (Fig. 5c2) exhibited obvious diurnal cycle. meBC,bulk,>700 in 295 

both Changzhou and Beijing fluctuated around 0.2 g m-3, consistent with Sect. 3.2.3. Combining the diurnal variation of 296 

meBC,bulk and meBC,bulk,>700, fm,>700 was negatively correlated to meBC,bulk according to Eq. (9) with higher value during the 297 

daytime and lower value during the nighttime. fm,>700 reached maximum of 35.4 (26.6 ~ 41.1) % at 09:00 and reached 298 

minimum of 23.6 (13.9 ~ 30.8) % at 21:00 in Changzhou (Fig. 5d1). fm,>700 reached maximum of 31.0 (20.8 ~ 36.9) % at 299 

15:00 and reached minimum of 23.5 (16.1 ~ 27.8) % at 01:00 in Beijing (Fig. 5d2). 300 

3.3 Size-resolved absorption coefficient 301 

3.3.1 Overview 302 

 The general characteristics (timeseries) of ab,size-resolved in Changzhou and Beijing was shown in Fig. 3a3 (Fig. S2a) and Fig. 303 

3a4 (Fig. S2b1 – S2b4), respectively. The median ab,size-resolved in both Changzhou and Beijing both exhibited unimodal 304 

structure. For Changzhou (Beijing), ab,size-resolved had maximum value of 7.88 (10.59) Mm-1 at 416.1 (427.2) nm and minimum 305 

value of 1.63 (2.90) Mm-1 at 1500 (1500) nm with average value of 5.39 (6.21) Mm-1. The maximum value was 4.9 (3.7) 306 

times as large as minimum value in Changzhou (Beijing), showing the significant dependence of absorption on particle size. 307 

Dp which had higher median value of ab,size-resolved corresponded to larger variation on the whole. The variation of ab,size-308 

resolved ranged from 2.25 (2.82) Mm-1 at 1500 (1500) nm to 7.43 (17.90) Mm-1 at 500 (527) nm with average value of 4.99 309 

(8.97) Mm-1 in Changzhou (Beijing). The variation of ab,size-resolved was as large as the median value of ab,size-resolved in both 310 
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Beijing and Changzhou, showing the large variability of BC absorption. The variation of ab,size-resolved in Beijing was overall 311 

1.8 times as large as that in Changzhou, indicating that the evolution of ab,size-resolved in different sites could be significantly 312 

different. 313 

3.3.2 Evolution with respect to pollution level 314 

  ab,size-resolved was grouped into 3 periods based on meBC,bulk as described in Sect. 3.2.2. In clean period, the value of ab,size-315 

resolved overall decreased with increasing Dp in both Changzhou (Fig. 3b3) and Beijing (Fig. 3b4), and the pattern of ab,size-316 

resolved had no obvious modal structure. In Changzhou (Beijing), the value of ab,size-resolved decreased from 4.67 (3.43) Mm-1 at 317 

200 (427) nm to 0.88 (1.80) Mm-1 at 1500 (1500) nm with average value of 2.95 (2.49) Mm-1. The variation of ab,size-resolved 318 

in Changzhou (Beijing) ranged from 1.06 (1.57) Mm-1 to 2.72 (3.12) Mm-1 with average value of 2.04 (2.47) Mm-1. 319 

  During the transitional period, the unimodal pattern could be identified in both Changzhou (Fig. 3c3) and Beijing (Fig. 320 

3c4). Median ab,size-resolved peaked at 416 (427) nm with value of 7.80 (10.04) Mm-1 in Changzhou (Beijing). Median ab,size-321 

resolved in clean period was subtracted from that in transitional period to study absorption increment at each Dp, as shown in 322 

Fig. S4a2. The increment of ab,size-resolved in Changzhou (Beijing) had maximum value of 3.94 (6.61) Mm-1 at 416 (427) nm 323 

and minimum value of 0.66 (1.15) Mm-1 at 1500 (1500) nm. The increment of absorption was most at around 420 nm and 324 

least at 1500 nm, showing the significant difference in the change of absorption at different Dp with the development of 325 

pollution. The maximum increment of absorption in Beijing was 1.7 times as large as that in Changzhou. Hence, the evolution 326 

of absorption could be different substantially in different locations. The variation of ab,size-resolved in Changzhou (Beijing) 327 

ranged from 1.94 (2.32) Mm-1 to 4.03 (6.43) Mm-1 with average value of 3.08 (4.45) Mm-1, increasing by about 1.5 times 328 

compared to clean period. 329 

  In the polluted period, the unimodal pattern of ab,size-resolved was significant in both Changzhou (Fig. 3d3) and Beijing (Fig. 330 

3d4). Median ab,size-resolved peaked at 416 (527) nm with value of 16.79 (25.85) Mm-1 and had minimum value of 2.85 (4.23) 331 

Mm-1 at 1500 (1500) nm in Changzhou (Beijing). Compared to transition period, peak diameter remained unchanged in 332 

Changzhou but increased by 100 nm in Beijing, indicating the evolution of ab,size-resolved with aging process was different 333 

between regional background site and typical urban site. The increment of absorption in Changzhou (Beijing) was most 334 

significant at 416 (527) nm with value of 12.93 (22.94) Mm-1 and least at 1500 (1500) nm with value of 1.97 (2.44) Mm-1, as 335 

shown in Fig. S4b2. It could be seen that the diameter of increment in absorption remain unchanged in Changzhou and shifted 336 

by 100 nm in Beijing, indicating that absorption at different Dp varied differently at different locations with the deterioration 337 

of pollution. The variation of ab,size-resolved in Changzhou (Beijing) ranged from 2.19 (3.82) Mm-1 to 9.05 (15.61) Mm-1 with 338 

average value of 5.72 (8.22) Mm-1, increasing by about 3 times compared to clean period, indicating that the variability of 339 

ab,size-resolved increased with the development of pollution. 340 

3.3.3 Contribution of equivalent black carbon-containing particle larger than 700 nm to bulk absorption coefficient 341 

  It could be seen from the timeseries of ab,size-resolved in both Changzhou (Fig. S2a) and Beijing (Fig. S2b1 – S2b4) that 342 
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absorption of eBC>700 was nonnegligible. ab,bulk was 4.93 (3.53 ~ 7.24) Mm-1 in Changzhou and 6.37 (3.31 ~ 11.68) Mm-1  343 

in Beijing on the whole, as shown in Fig. 4b1. Both median and variation of ab,bulk in Changzhou were less than that in 344 

Beijing. ab,bulk,>700 was 1.03 (0.62 ~ 1.59) Mm-1 in Changzhou, accounting for 19.6 (15.8 ~ 24.6) % of ab,bulk, and 1.47 (0.81 345 

~ 2.83) Mm-1 in Beijing, accounting for 25.9 (19.6 ~ 33.7) % of ab,bulk, respectively, as shown in Fig. 4b2 and Fig. 4b3. It 346 

could be clearly seen that eBC>700 contributed to substantial part of total absorption, and should be explicitly considered in 347 

BC radiative estimation. A summary table with respect to ab was presented in Table 1. 348 

  With the aggravation of pollution, the change of meBC,bulk in Changzhou was overall in agreement with that in Beijing (Fig. 349 

4a1). However, the change of ab,bulk with the development of pollution was different between Changzhou and Beijing (Fig. 350 

4b1). In the clean period, ab,bulk in Changzhou with value of 2.71 (2.30 ~ 3.28) Mm-1 was comparable to that in Beijing with 351 

value of 2.47 (1.65 ~ 3.28) Mm-1. In the transitional period, ab,bulk was 4.83 (4.04 ~ 6.02) Mm-1 in Changzhou and 5.93 (4.72 352 

~ 7.33) Mm-1 in Beijing. The deviation in ab,bulk was about 1 Mm-1 between Changzhou and Beijing. In the polluted period, 353 

ab,bulk was 9.61 (7.99 ~ 11.93) Mm-1 in Changzhou and 13.65 (10.94 ~ 17.59) Mm-1 in Beijing. The deviation in ab,bulk came 354 

to 4 Mm-1 between Changzhou and Beijing. It could be seen that with the development of pollution, the change of ab,bulk in 355 

Changzhou was less than that in Beijing. MACbulk, defined as the ratio of median ab,bulk to median meBC,bulk, changed from 356 

6.61 (7.72) m2 g-1 through 6.80 (8.13) m2 g-1 to 7.23 (9.29) m2 g-1 in Changzhou (Beijing). The increase in MACbulk in both 357 

Changzhou and Beijing with the aggravation of pollution indicated the aging of BC. MACbulk in Changzhou was overall lower 358 

than that in Beijing and increased slower than that in Beijing with the development of pollution, indicating that the BC 359 

properties and aging process in Changzhou (regional background site) differentiate from that in Beijing (typical urban site). 360 

  ab,bulk,>700 in both Changzhou and Beijing increased with the development of pollution, as shown in Fig. 4b2. ab,bulk,>700 361 

increased from 0.54 (0.62 ~ 1.59) Mm-1 through 0.96 (0.72 ~ 1.32) Mm-1 to 1.75 (1.53 ~ 2.36) Mm-1 in Changzhou and 362 

increased from 0.63 (0.43 ~ 0.91) Mm-1 through 1.36 (1.01 ~ 1.79) Mm-1 to 3.45 (2.46 ~ 5.34) Mm-1 in Beijing. ab,bulk,>700 363 

increased by 3.2 (5.5) times in Changzhou (Beijing). The relative increase of ab,bulk,>700 was overall consistent with that of 364 

ab,bulk in both Changzhou and Beijing. As a result, there was no significant change in fab,>700 with the development of pollution 365 

(Fig. 4b3). fab,>700 varied from 19.8 (15.2 ~ 23.8) % through 19.3 (15.9 ~ 25.3) % to 19.6 (15.5 ~ 24.5) % in Changzhou and 366 

varied from 27.9 (20.7 ~ 36.4) % through 23.2 (17.8 ~ 30.7) % to 26.7 (20.4 ~ 34.7) % in Changzhou. It could be seen that 367 

the increase of ab,bulk,>700 in Changzhou was less than that in Beijing with the development of pollution. Specifically, 368 

ab,bulk,>700 in Beijing was 2.0 times larger than that in Changzhou, showing that the change of ab,bulk,>700 with the aggravation 369 

of pollution could be different significantly in different sites. 370 

3.3.4 Diurnal cycle 371 

  ab,size-resolved exhibited clear diurnal cycle in both Changzhou (Fig.5a3) and Beijing (Fig. 5a4) with lower value of ab,size-372 

resolved during daytime and higher value during nighttime. Accordingly, ab,bulk had minimum value of 3.51 (3.16 ~ 4.26) Mm-373 

1 at 14:00 and maximum value of 7.20 (3.80 ~ 10.58) Mm-1 at 01:00 in Changzhou (Fig. 5b3). ab,bulk had minimum value of 374 
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3.96 (2.97 ~ 9.10) Mm-1 at 14:00 and maximum value of 7.86 (4.04 ~ 13.19) Mm-1 at 00:00 in Beijing (Fig. 5b4), reflecting 375 

the regulation by planetary boundary layer. In contrast, neither ab,bulk,>700 in Changzhou (Fig. 5c3) nor ab,bulk,>700 in Beijing 376 

(Fig. 5c4) exhibited obvious diurnal cycle. Therefore, fab,>700, inversely proportional to ab,bulk, had higher value during 377 

daytime and lower value during nighttime. For Changzhou, fab,>700 reached maximum at 09:00 with value of 25.3 (20.4 ~ 378 

27.4) % and came to minimum at 21:00 with value of 16.6 (13.0 ~ 19.6) % (Fig. 5d3). For Beijing, fab,>700 reached maximum 379 

at 10:00 with value of 30.4 (21.1 ~ 36.3) % and came to minimum at 01:00 with value of 24.5 (17.2 ~ 28.1) % (Fig. 5d4). 380 

3.4 Direct radiative forcing of equivalent black carbon 381 

3.4.1 Overview 382 

  The timeseries of DRFeBC in Changzhou and Beijing was shown in Fig. S3a1 and Fig. S3b1 – S3b4, respectively. It could 383 

be seen that DRFeBC varied significantly in both Changzhou and Beijing. DRFeBC was estimated to be 0.93 (0.70 ~ 1.39) W 384 

m-2 in Changzhou and 1.10 (0.65 ~ 2.00) W m-2 in Beijing, respectively (Fig. 4c1). The variation of DRFeBC was as large as 385 

the median value of DRFeBC, clearly indicating the large variability of BC radiative effect. DRFeBC increased substantially 386 

with the aggravation of pollution (Fig. 4c1). DRFeBC increased from 0.38 (0.38 ~ 0.38) W m-2 through 0.77 (0.70 ~ 0.98) W 387 

m-2 to 1.67 (1.29 ~ 2.07) W m-2 by 4.4 times in Changzhou and from 0.42 (0.33 ~ 0.66) W m-2 through 1.17 (0.79 ~ 1.45) W 388 

m-2 to 2.41 (1.68 ~ 2.86) W m-2 by 5.7 times in Beijing with the development of pollution. A summary table with respect to 389 

DRFeBC was presented in Table 1. 390 

3.4.2 Contribution of equivalent black carbon-containing particle larger than 700 nm to direct radiative forcing of 391 

equivalent black carbon 392 

  DRFeBC,>700 was estimated to be 0.19 (0.13 ~ 0.26) W m-2 in Changzhou and 0.20 (0.13 ~ 0.37) W m-2 in Beijing (Fig. 4c2), 393 

respectively, which accounted for 20.5 (18.4 ~ 22.2) % and 21.0 (16.3 ~ 26.1) % of DRFeBC (Fig. 4c3), respectively. Therefore, 394 

eBC>700 contributed to an important portion of BC radiative effect. With the aggravation of pollution, DRFeBC,>700 increased 395 

substantially and was different regionally (Fig. 4c2), DRFeBC,>700 increased from 0.10 (0.10 ~ 0.10) W m-2 through 0.17 (0.12 396 

~ 0.26) W m-2 to 0.24 (0.22 ~ 0.30) W m-2 by 2.4 times in Changzhou and from 0.10 (0.08 ~ 0.12) W m-2 through 0.20 (0.17 397 

~ 0.24) W m-2 to 0.47 (0.34 ~ 0.71) W m-2 by 4.7 times in Beijing. The characteristics of fDRF,>700 with increasing pollution 398 

was complicated (Fig. 4c3). fDRF,>700 varied from 25.0 (25.0 ~ 25.0) % through 21.1 (20.3 ~ 22.3) % to 17.6 (15.5 ~ 18.9) % 399 

in Changzhou, exhibiting a decreasing trend. However, fDRF,>700 varied from 24.4 (17.4 ~ 27.7) % through 18.4 (15.4 ~ 24.5) % 400 

to 21.5 (19.1 ~ 26.9) % in Changzhou, without systematical change. 401 

4 Conclusions 402 

  Black carbon (BC) mass size distribution (BCMSD) was an important factor influencing environmental and radiative effect 403 

of BC. However, current BCMSD measurements mainly focused on BC-containing particle less than 700 nm. The 404 

characteristics of BC-containing particle greater than 700 nm (BC>700) remained uncertain due to limit in technique. In this 405 

study, the characteristics of equivalent BC>700 (eBC>700) were measured and studied based on field measurements in eastern 406 
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China. 407 

  Equivalent BCMSD (eBCMSD) was measured from 150 nm up to 1.5 m with time resolution of 1 hour based on the 408 

method proposed by Zhao et al. (2022), where eBCMSD was determined by an aerodynamic aerosol classifier (AAC) in 409 

tandem with an aethalometer (model AE33, AAC – AE33) and size-resolved particle number concentration was measured 410 

concurrently to model the influence of particle size on mass absorption cross section (Zhao et al., 2021). AAC – AE33 was 411 

applied to two field measurements in eastern China, namely Changzhou located in the Yangtze River Delta from May 17th to 412 

June 3rd in 2021 and Beijing located in the North China Plain from October 29th 2021 to January 26th 2022. Changzhou was 413 

a regional background site and Beijing was a typical urban site. The direct radiative forcing of eBC (DRFeBC) was estimated 414 

by Santa Barbara DISORT (discrete ordinates radiative transfer) atmospheric radiative transfer (SBDART) model (Ricchiazzi 415 

et al., 1998). 416 

  eBCMSD was different between Changzhou and Beijing. Campaign-averaged eBCMSD in Changzhou exhibited two 417 

modes, peaking at 240 nm and 1249 nm, respectively. In contrast, campaign-averaged eBCMSD in Beijing exhibited one 418 

mode, peaking at 427 nm. eBC>700 was ubiquitous in both Changzhou and Beijing. The campaign-averaged mass, absorption 419 

as well as radiative contribution of eBC>700 to buk eBC mass concentration (meBC,bulk), bulk absorption coefficient (ab,bulk), 420 

as well as DRFeBC in Changzhou and Beijing were 27.8 (20.9 ~ 36.5) % and 24.1 (17.5 ~ 34.2) %,19.6 (15.8 ~ 24.6) % and 421 

25.9 (19.6 ~ 33.7) %, as well as 20.5 (18.4 ~ 22.2) % and 21.0 (16.3 ~ 26.1) %, respectively, manifesting the important role 422 

of eBC>700 in environment and climate. Both eBCMSD and size-resolved absorption coefficient (ab,size-resolved) exhibited 423 

diurnal variation with lower value during the daytime and higher value during the nighttime in both Changzhou and Beijing. 424 

  With the aggravation of pollution, the evolution of eBCMSD and ab,size-resolved in Changzhou was significantly different 425 

from that in Beijing. The peak diameter of eBCMSD shifted from 240 (347) nm to 289 (527) nm in Changzhou (Beijing) and 426 

the peak diameter of ab,size-resolved shifted from 416 (427) nm to 416 (527) nm in Changzhou (Beijing), indicating the aging 427 

process in regional background site was distinct from that in urban site. Both the value of eBCMSD and ab,size-resolved increased 428 

with the development of pollution in both Changzhou and Beijing. Accordingly, meBC,bulk, ab,bulk and DRFeBC in Changzhou 429 

(Beijing) increased by 3.2 (4.6) times, 3.5 (5.5) times and 4.4 (5.7) times, respectively. meBC,bulk, ab,bulk and DRFeBC of eBC>700 430 

in Changzhou (Beijing) increased by 3.6 (5.1) times, 3.2 (5.5) times and 2.4 (4.7) times, respectively, clearly showing the 431 

large variation of eBC>700. Case study exhibited that contribution of eBC>700 to meBC,bulk, ab,bulk and DRFeBC could increase 432 

from 20 % to 50 %, from about 20 % to 50 % and from 20 % to 40 %, respectively. Therefore, BC>700 is an important part of 433 

BC-containing particles and it was highly recommended to take BC>700 into account in both BC field measurement and model 434 

evaluation of BC climate effect. 435 
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Figure 1: Instrumental setup used in this study. Instruments used to measure Nsize-resolved was colored with red (green) for 557 
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Changzhou (Beijing). 558 

 559 

 560 

 561 

Figure 2: (a) eBCMSD from October 31st 2021 to November 6th 2021 in Beijing and (b) the corresponding fm,>700 (red 562 

solid line), fab,>700 (green dashed line) as well as fDRF,>700 (black dotted line with triangle marker). The black solid line 563 

was �̅�𝐩. 564 

 565 

 566 

 567 
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 568 

Figure 3: Normalized pdf of eBCMSD measured in (a1 – d1) Changzhou and (a2 – d2) Beijing as well as ab,size-resolved 569 

measured in (a3 – d3) Changzhou and (a4 – d4) Beijing. (a1 – a4), (b1 – b4), (c1 – c4) and (d1 – d4) were statistics over 570 

the whole campaign, clean period, transitional period and polluted period. Red solid line and red dashed lines were 571 

median and lower as well as upper quartiles. 572 
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 586 

Figure 4: Box plots of (a1) meBC,bulk, (a2) meBC,bulk,>700, (a3) fm,>700, (b1) ab,bulk, (b2) ab,bulk,>700, (b3) fab,>700, (c1) DRFeBC, 587 

(c2) DRFeBC,>700 and (c3) fDRF,>700 over the whole campaign (All), clean (C), transitional (T) as well as polluted (P) period, 588 

respectively. The box extended from the first quartile to the third quartile with a line at the median. The whiskers 589 

marked 5 % and 95 % percentile. The circle inside the box was the mean value. Statistics from Changzhou (Beijing) 590 

were colored red (green). The 95 percentile of meBC,bulk,>700 under polluted period for Beijing (a2) was 1.00 g m-3. The 591 

95 percentile of ab,bulk,>700 and that under polluted period for Beijing (b2) was 7.80 and 10.30 Mm-1, respectively. The 592 

95 percentile of DRFeBC,>700 under polluted period for Beijing (c2) was 1.41 W m-2. 593 

 594 
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  595 

Figure 5: Diurnal variation of (a1) eBCMSD, (b1) meBC,bulk, (c1) meBC,bulk,>700, (d1) fm,>700 in Changzhou; (a2) eBCMSD, 596 

(b2) meBC,bulk, (c2) meBC,bulk,>700, (d2) fm,>700 in Beijing; (a3) ab,size-resolved, (b3) ab,bulk, (c3) ab,bulk,>700, (d3) fab,>700 in 597 

Changzhou and (a4) ab,size-resolved, (b4) ab,bulk, (c4) ab,bulk,>700, (d4) fab,>700 in Beijing. Red solid line and green dashed 598 

lines were median and lower as well as upper quartiles. 599 
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Table 1: Summary of evolution of meBC, ab and DRFeBC. 613 



23 

 
size 

range 

clean transition polluted average 

Changzhou Beijing Changzhou Beijing Changzhou Beijing Changzhou Beijing 

meBC 

bulk 0.41(0.33~0.45) 0.32(0.22~0.41) 0.71(0.58~0.83) 0.73(0.61~0.85) 1.33(1.16~1.71) 1.47(1.21~1.82) 0.73(0.52~1.03) 0.79(0.43~1.31) 

> 

700 

nm 

0.11(0.07~0.15) 0.07(0.05~0.12) 0.20(0.14~0.27) 0.17(0.11~0.23) 0.40(0.29~0.50) 0.36(0.25~0.52) 0.20(0.13~0.32) 0.18(0.10~0.33) 

ab 

bulk 2.71(2.30~3.28) 2.47(1.65~3.28) 4.83(4.04~6.02) 5.93(4.72~7.33) 9.61(7.99~11.93) 13.65(10.94~17.59) 4.93(3.53~7.24) 6.37(3.31~11.68) 

> 

700 

nm 

0.54(0.62~1.59) 0.63(0.43~0.91) 0.96(0.72~1.32) 1.36(1.01~1.79) 1.75(1.53~2.36) 3.45(2.46~5.34) 1.03(0.62~1.59) 1.47(0.81~2.83) 

DRFeBC 

bulk 0.38(0.38~0.38) 0.42(0.33~0.66) 0.77(0.70~0.98) 1.17(0.79~1.45) 1.67(1.29~2.07) 2.41(1.68~2.86) 0.93(0.70~1.39) 1.10(0.65~2.00) 

> 

700 

nm 

0.10(0.10~0.10) 0.10(0.08~0.12) 0.17(0.12~0.26) 0.20(0.17~0.24) 0.24(0.22~0.30) 0.47(0.34~0.71) 0.19(0.13~0.26) 0.20(0.13~0.37) 
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