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Abstract 25 

Black carbon (BC) and its mixing state were measured with a ground-based single particle 26 

soot photometer in urban Beijing during the extremely polluted winter of 2013. Up to 70 ± 27 

14% of the BC-containing particles were thickly-coated during periods of haze, compared to 28 

37 ± 9% on non-hazy days. The thickly-coated number fraction (NFBC-thick) increased with 29 

increasing BC, reaching a plateau at ~80–90% when BC concentrations were ≥15 µg m−3 and 30 

visibility was ≤2 km. Regional inflows brought more aged, highly thickly-coated BC to 31 

Beijing during haze. The absorption coefficient showed a distinct linear correlation with BC 32 

concentration; the mass absorption efficiency (MAE) of BC was acquired, with an overall 33 

mean of 4.2 ± 0.01 m2 g−1 at 870 nm. The MAE of BC amplified with increasing ambient 34 

relative humidity. This was largely explained by the increase in NFBC-thick, which was likely 35 

due to the enhanced production of secondary aerosol under humid conditions. 36 

Keywords: haze, black carbon, light absorption, ambient humidity 37 

38 
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1 Introduction 39 

Black carbon (BC), a highly condensed carbonaceous residue arising from incomplete 40 

combustion, is a major light-absorbing component in atmospheric aerosols. In addition to the 41 

impairment of visibility, BC also affects temperature, precipitation, and thus the climate of the 42 

Earth by altering the radiative balance of the atmosphere (Jacobson, 2001, 2002; Menon et al., 43 

2002; Ramanathan and Carmichael, 2008). Globally, the positive direct radiative forcing 44 

induced by BC has been recently estimated at 1.1 W m−2, larger than that of methane and is 45 

approximately two-thirds of that of carbon dioxide (Bond et al., 2013). Regional 46 

environments and climate are more sensitive to the effect of BC than carbon dioxide and 47 

methane, because of its shorter lifetime in the atmosphere (Ramanathan et al., 2007). 48 

Moreover, the adverse effects of BC particles on human health are also of great concern 49 

because they readily adsorb toxic substances as a result of their porous structure (Pope III and 50 

Dockery, 2006). 51 

The annual BC emissions in China were estimated to have increased from 0.87 Tg in 1980 to 52 

1.88 Tg in 2009, representing ~50% of the emissions in Asia and ~19% of global BC 53 

emissions (Qin and Xie, 2012). These substantial emissions have drawn great attention to the 54 

monitoring of BC concentrations in atmospheric aerosols across China (Cao et al., 2004, 2007; 55 

Y. F. Cheng et al., 2006; Zhang et al., 2009; T. T. Cheng et al., 2010; Zhuang et al., 2014b), as 56 

well as their related radiative forcing (Xia et al., 2007; Li et al., 2010; Zhuang et al., 2014a). 57 

However, the research into the sizes and mixing states of BC-containing particles, which have 58 

strong influence on the light absorption properties of BC, has been relatively scarce studied, 59 

mainly due to the limitations of the observational methodologies (Huang et al., 2011, 2012, 60 

2013; Cheng et al., 2012; Wang et al., 2014). Laboratory experiments and theoretical 61 

computation have shown that thick coating by scattering components can enhance the 62 

absorption efficiency of typical BC particles in the ambient atmosphere by a factor of 1.5–2.0 63 

(Schnaiter et al., 2005; Bond et al., 2006), which has been utilized in climate modeling (e.g., 64 

Chung et al., 2012). The mixing state of freshly emitted BC depends on combustion 65 

conditions. For instance, freshly emitted BC particles from vehicles are externally mixed, 66 
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subsequently being transformed into an internally mixed (coated) state through an aging 67 

process associated with the condensation of reactive gases or coagulation with new 68 

photochemically generated particles (Laborde et al., 2013 and references therein). 69 

Haze, an ‘atmospheric turbidity’ phenomenon that arises due to a large amount of fine 70 

particles suspended in the air through which visibility range is less than 10 km (Wu, 2011), 71 

has become more frequent in China in recent years as a result of severe air pollution 72 

combined with complex meteorological conditions (Zheng et al., 2015). The presence of haze 73 

poses adverse effects on public health, regional climate, and, in turn, the economy. From 74 

January to February 2013, East China, including Beijing, underwent a terrible heavily 75 

polluted winter, with several consecutive and extensive air pollution events taking place, 76 

leading to degraded visibility (Figure 1A). Studies have pointed out that fossil fuel 77 

combustion is the most important source of fine particles suspended in the atmosphere over 78 

China, especially during haze episodes (Zhang et al., 2013; Huang et al., 2014). As one of the 79 

primary products from the combustion process and the dominant absorbing component, BC 80 

plays an important and unique role in light extinction and radiative forcing. Although the BC 81 

is lowly reactive in the atmosphere, the stable synoptic meteorological condition and high 82 

ambient relative humidity during haze episodes favors the formation of secondary aerosols 83 

(Sun et al., 2013; Zheng et al., 2015), which have a potential impact on the properties of 84 

BC-containing particles. In this study, we investigate the characteristics of BC-containing 85 

particles and examine how the absorption properties vary in response to their different 86 

characteristics, particularly in terms of internal mixing state, and meteorological conditions 87 

during the extreme pollution period. 88 

2 Methodology 89 

BC measurements were conducted using a single particle soot photometer (SP2, Droplet 90 

Measurement Technologies, Inc.) from 9 to 27 January 2013 on the rooftop (approximately 8 91 

m above ground level) of an experimental building at the Tower Division of the Institute of 92 

Atmospheric Physics, Chinese Academy of Sciences, which lies between the North 3rd and 4th 93 

Ring Road of Beijing (39º 58’ N, 116º 22’ E). This observation site is a typical urban site 94 
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surrounded by residential areas and is located near a busy highway. Combustion and traffic 95 

emissions are the major local sources of air pollutants. 96 

The SP2 has been widely adopted in studies of the characteristics of BC because of its high 97 

resolution and accuracy. The SP2 measures BC mass in individual particles according to the 98 

intensity of incandescent light, which is independent of the BC-containing particle 99 

morphology or mixing state (Slowik et al., 2007). For further details on the operating 100 

principles of SP2 see Schwarz et al. (2006). In this campaign, the SP2 was operated at a 101 

relatively low flow rate (30 cc/min) to reduce the multi-particle coincidence issues that occur 102 

under heavy pollution. Generally, the SP2 detects BC core sizes in the range of 0.07–0.5 µm 103 

in mass equivalent diameter, assuming a void-free material density of 1.8 g cm-3. A sharp 104 

falloff in SP2 detection efficiency has been observed at smaller BC core sizes (e.g., <1 fg or 105 

100 nm in mass equivalent diameter reported by Laborde et al. 2012b). The incandescence 106 

signals are usually saturated in the case of particles with a BC core size larger than 500 nm, 107 

leading to an underestimation of the BC masses. Therefore, a lognormal fit to the BC mass 108 

size distribution in the range of <1 µm was performed once per hour to make up the missing 109 

BC masses below 100 nm and larger than 500 nm. The incandescence signal was calibrated 110 

pre-, mid- and post-sampling using the generated standard soot particles (classic Aquadag) in 111 

the size range of 100–350 nm in mobility diameter, selected by a differential mobility 112 

analyzer. Linear calibration curves between the incandescence signals and the masses of 113 

size-selected soot particles were extracted, and were shown to be stable during the campaign 114 

(Figure S1). It is notable that recent studies have shown that Aquadag soot is more sensitive 115 

to the incandescence signals and results in an underestimation of ~25% of the measured BC 116 

masses (Laborde et al., 2012a). Thus, the BC masses directly determined according to the 117 

calibration with Aquadag soot were divided by a factor of 0.75 before the following analysis 118 

in this study. The uncertainty in BC masses determined by SP2 was ~25%, including the 119 

uncertainties inherent in mass calibration, flow measurement and the estimation of BC masses 120 

beyond the SP2 detection range (Schwarz et al., 2008; Wang et al., 2014).. Monodisperse 121 

polystyrene latex spheres (PSL) with a diameter of 269 nm were generated daily and 122 

delivered to the SP2 to check the laser intensity and instrument stability throughout the 123 

experiment. A decrease by ~30% in the peak of scattering signal was found, suggesting 124 
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caution in the use of our SP2’s scattering signals (Figure S2). However, the decrease did not 125 

influence the BC mass measurements significantly, as the three BC calibrations agreed 126 

consistently with each other throughout the campaign (Figure S1). Thus, the time-lag method, 127 

which is applicable regardless of the intensity of scattering signal, was utilized in this study to 128 

identify the mixing state of BC-containing particles. Based on the minimum in the bimodal 129 

frequency distribution of delay times between the peaks of the incandescence and scattering 130 

signal (Moteki et al., 2007), a single BC-containing particle with a time lag greater than 2 µs 131 

was recognized as being thickly-coated (BC thickly coated by other matters) (Figure S3). 132 

A photoacoustic extinctiometer (PAX, Droplet Measurement Technologies, Inc.) was set 133 

behind a silica gel diffuse dryer to measure the dry aerosol absorption coefficient (σabs) every 134 

10 seconds based on photoacoustic theories, as described by Arnott et al. (1999). The 135 

wavelength of the PAX employed is 870 nm. Calibration was carried out prior to observation 136 

using pure scattering particles (ammonium sulfate) and soot particles (classic Aquadag) at 137 

high concentrations, following the procedure suggested by the manufacturer, which is also 138 

generally described in Wang et al. (2014). Only the particulate matter with a size less than 2.5 139 

µm in aerodynamic diameter (PM2.5) was measured, by setting the inlets of the SP2 and PAX 140 

with PM2.5 cutoffs.  141 

Visibility was detected using a visibility sensor (Model 6000, Belfort) set alongside the 142 

experimental room. A high output infrared LED transmitter projects light into a sample 143 

volume and light scattered in a forward direction (42º) is collected by the receiver. The light 144 

source is modulated to provide excellent rejection of background noise and natural variations 145 

in background light intensity. The sensor’s analog output signal is proportional to visibility. 146 

Meteorological parameters including relative humidity (RH), wind velocity and direction 147 

were obtained from a 325 m tower located approximately 50 m north of our observation site. 148 

The parameters recorded at 47 m height were utilized in this study. All the mentioned data 149 

were averaged by 5-min for the following analysis. The hourly PM2.5 mass concentrations 150 

used were monitored at another urban Beijing site, Baolian, by the Institute of Urban 151 

Meteorology (Zhao et al., 2009), which is located less than 10 km away from our site. 152 
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3 Results and Discussion 153 

3.1 Visibility degradation and PM2.5 and BC increase 154 

Beijing experienced 14 haze days during the 19 day observation period, including four severe 155 

haze events with a visibility of less than 2 km, one of which an continued for a total 64 hours, 156 

extending from 09:00 AM on 12 January to 01:00 AM on 15 January 2013 (Figure 1A). 157 

During the haze events, visibility degradation corresponded to the increase in PM2.5 and BC 158 

mass concentrations (Figure 1B). PM2.5 and BC concentrations varied synchronously, with a 159 

correlation coefficient of R = 0.88 (n = 375, p < 0.001); the maximum hourly concentrations 160 

were up to 632 µg m−3 for PM2.5 and 25.3 µg m−3 for BC. On average, BC constituted 5.7% of 161 

PM2.5, which is comparable to the filter-based fractions observed in Beijing, with a value of 162 

4.5% during the winter of 2010 (Zhang et al., 2013) and 3.5% in January of 2013 (Huang et 163 

al., 2014). Notably, BC mass fraction in PM2.5 varied from 4.0% when heavy haze was 164 

present (visibility < 2 km) to 7.4% when haze was absent (Table 1), indicating aerosol 165 

components other than BC increased more during haze events. From the real-time 166 

measurements of aerosol chemical compositions during a similar period (1–16 January 2013), 167 

Sun et al. (2014) found that the role of secondary inorganic species was enhanced during the 168 

formation of the haze events. Using filter-based analysis, Huang et al. (2014) also showed that 169 

the severe haze was to a large extent driven by secondary aerosol formation. The BC 170 

concentration, with the mean of 5.5 µg m−3, is very close to the values reported by Huang et al. 171 

(2014) and Zhang et al. (2015) despite utilization of completely different methodologies 172 

(Table S1). Meanwhile, the BC concentration in this study is not considerably higher and 173 

even lower than those previously measured in urban Beijing during wintertime (Table S1); 174 

even the haze events were reported to be severely and frequently during January 2013 (Zheng 175 

et al., 2015). In summary, BC fractions (in unit %) decreased during the heavily polluted 176 

PM2.5 episodes in Beijing, though its atmospheric concentrations (in µg m−3) increased. 177 

Compared to the measurements produced using SP2 over China in wintertime, the mean BC 178 

concentration in this study is moderate. The mean BC concentrations at urban sites were 8.8 179 

µg m−3 in Xi’an (Wang et al., 2014), 7.1 µg m−3 in Shanghai (Huang et al., 2013) and 4.1 µg 180 
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m−3 in Shenzhen (Huang et al., 2012). As summarized in Table S2, the annual BC emission in 181 

Beijing is 15.75 Gg in 2009, of which 4.70 Gg (~30%) was contributed by transportation (Qin 182 

and Xie, 2012). When compared to Guangdong (i.e., the Pearl River Delta region), the total 183 

BC emission and the contribution from transportation are much smaller in Beijing, but similar 184 

in magnitude to Shanghai (Table S2). Sources other than transportation contributed the greater 185 

part of BC in Beijing. 186 

3.2 Absorption properties 187 

Figure 1C shows the time-series of σabs at 870 nm, in addition to the number fraction of 188 

thickly-coated BC (NFBC-thick), which was defined as the ratio of the number concentration of 189 

thickly-coated BC-containing particles to that of overall BC-containing particles, measured 190 

during this campaign. The 870 nm σabs varied from 0.4 to 114.2 Mm−1, and had an average of 191 

33.1 Mm−1 during the haze events and only 8.2 Mm−1 during the non-haze periods (Table 1). 192 

In addition, it is clear that its variation also worked in concert with visibility, PM2.5, and BC 193 

(Figures 1A and 1B). The overall mean σabs (23.6 Mm−1 at 870 nm) in this study is slightly 194 

higher than that measured during summer at a rural site in the Pearl River Delta region (~21.0 195 

Mm−1) (Garland et al., 2008) and in urban Shenzhen (~15.8 Mm−1) (Lan et al., 2013) during 196 

summer, but is much lower than that in urban Guangzhou in autumn (~56.5 Mm−1 at 870 nm) 197 

(Andreae et al., 2008). Note that an assumption of the inverse wavelength “Power-law” (i.e., 198 

σabs1/σabs2 = λ2/λ1) was made to convert the σabs at other wavelengths to that at 870 nm. 199 

Light absorption at 870 nm is dominated by BC, which is revealed by the high correlation (R2 
200 

= 0.97) and low y-intercept value (~0.4 Mm−1) of the linear regression of σabs against BC 
201 

concentration (Figure 2A).  The slope of the regression line represents the bulk mass 
202 

absorption efficiency of BC, an important optical property of BC (i.e., MAE = σabs / BC mass 
203 

concentration). The resulting bulk MAE at 870 nm is 4.2 ± 0.01 m2 g−1, whereas it appeared to 
204 

vary with ambient RH (Figure 2A). It does not obviously deviate from the central estimate 
205 

(~7.5 m2 g−1 at 550 nm, equivalent to ~4.7 m2 g−1 at 870 nm) of ambient BC particles 
206 

presented by Bond and Bergstrom (2006). Although based on similar methods, the mean 
207 

MAE in our study is much lower than that acquired in another urban site in China, Xi’an (7.6 
208 
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± 0.02 m2 g−1 at 870 nm, Wang et al., 2014), while it is comparable to Shengzhen (6.5 m2 g−1 
209 

at 532 nm, equivalent to ~4.0 m2 g−1 at 870 nm, Lan et al., 2013). This suggests that there are 
210 

large spatial and temporal disparities in the absorption ability of BC. 
211 

3.3 Mixing state of BC 212 

In this campaign, thickly-coated BC-containing particles constituted a significant fraction, 213 

with NFBC-thick of up to 70% in the hazy periods compared to only 37% during the non-haze 214 

periods (Table 1). Overall, there was a positive correlation between NFBC-thick and BC 215 

concentration, with an increasing trend reached saturation point at NFBC-thick = ~80–90% when 216 

BC concentrations were ~15 µg m-3 or larger and visibility was always less than 2 km (Figure 217 

2B). However, the relationship varied in response to pollution extent. As presented in Figure 218 

2B and Table S3, a negative correlation between NFBC-thick and BC concentration was 219 

observed during the non-haze periods (visibility > 10 km). However, in the haze periods 220 

(visibility < 10 km), NFBC-thick increased with increasing BC concentration. The negative 221 

correlation during clean periods can be explained by the diurnal variations of NFBC-thick and 222 

BC concentration. Usually, BC concentration is higher in the morning when more freshly (i.e., 223 

non/thinly-coated) BC particles are emitted from vehicle exhaust, whereas it is lower in the 224 

afternoon because of the elevation of mixing layer height concurrently with the formation of 225 

more thickly-coated BC particles due to the increasing production of secondary aerosols 226 

(Figure S4). The increasing thickly-coated state of BC aerosols during haze periods arises 227 

from the combined effect of aging processes from involvement in heterogeneous reactions 228 

en-route, in addition to the increasing production of secondary aerosol under stable weather 229 

conditions (Sun et al., 2013; Zheng et al., 2015).. Based on potential source contribution 230 

function analysis, Zhang et al. (2013) determined that trans-boundary transport from 231 

surrounding areas/cities is a major contributor of BC in Beijing. In the present study, we 232 

found that elevated BC and thickly-coated mixing state was closely associated with either 233 

weak winds (wind speed < 2 m s−1) or stronger southeasterly winds (wind speed ~4 m s−1) 234 

(Figure S5). Of these, the former was favorable for pollutant buildup regardless of local and 235 

long-range transported sources, and the latter brought the highly polluted airs from the 236 
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provinces of Tianjing, Liaoning, and Hebei, which are all well known heavy industrial areas 237 

(Jung et al 2009).  238 

Typical urban BC emissions were characterized by much less coating (only 9%) than biomass 239 

burning (up to 70%) (Schwarz et al., 2008). Fine sized sulfate and organics, which are 240 

prevalent in China, accounted for the coatings of BC measured downstream of China’s 241 

pollution outflows (Shiraiwa et al., 2007). Accordingly, the increase in NFBC-thick during the 242 

haze events revealed that the highly internally-mixed (i.e., thickly-coated) BC aerosols were 243 

mostly originated from regionally transported, aged BC, instead of local sources. This 244 

suggestion agrees with the results of Sun et al. (2014), showing that more than half of 245 

pollutants during haze periods in Beijing can be attributed to regional transport. 246 

3.4 Ambient humidity effect on light absorption 247 

Interestingly, as shown in Figure 2A, the MAE of BC appeared to vary with the ambient RH. 248 

The relationship was further investigated by comparing the MAE with ambient RH directly. 249 

Before that, the BC concentration was previously divided into three levels according to its 250 

percentile, with the BC concentration in the range of 25–50th percentile as the slightly 251 

polluted case, 50–75th as the moderately polluted, and >75th percentile as the heavily polluted. 252 

The comparison was independently performed at each pollution level to reduce the impact of 253 

BC concentration on the MAE. Note that the case with BC concentration <25th percentile was 254 

not presented because of the few samples at high RH during the clean periods. Positive 255 

correlations between the MAE and ambient RH are observed, with correlation coefficients of 256 

0.32 (n = 1199, p < 0.001), 0.41 (n = 1218, p < 0.001) and 0.59 (n = 1227, p < 0.001), 257 

respectively in the slightly, moderately and heavily polluted case.. Plotting the mean MAE 258 

against the increasing ambient RH bins (bin width = 10%) shows the amplification of MAE 259 

more clearly, especially in the more polluted cases (Figure 3A). As the ambient RH increases 260 

from 40–50% to 80–90%, the mean MAE enhances from 4.1 to 5.0 m2 g−1 (by ~22%) in the 261 

moderately polluted case, and 3.8 to 4.7 m2 g−1 (by ~24%) in the heavily polluted case. The 262 

increases are statistic significant at 99.9% confidence level using the student’s t-test. Simply 263 

applying the linear regression of MAE against the ambient RH, the rates of increase are 264 
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estimated to be 0.20 and 0.24 m2 g−1/10% RH, respectively in the moderately and heavily 265 

polluted case.. The increase in MAE can be largely explained by the increase in NFBC-thick in 266 

response to the increasing ambient RH. As shown in Figure 3B, the corresponding increases 267 

in the mean NFBC-thick are from 58 to 78% (by ~34%) and 71 to 84% (by ~18%) in the two 268 

polluted cases, respectively. Thickly coating by scattering components can enhance the MAE 269 

of typical BC particles in ambient atmosphere by a factor of 1.5–2.0 (Schnaiter et al., 2005; 270 

Bond et al., 2006). In-situ measurement has shown that the production of sulfate and coal 271 

combustion organic aerosol increased greatly with increasing RH during the wintertime in 272 

Beijing (Sun et al., 2013). At a certain BC concentration level, the increase in the production 273 

of secondary aerosol (e.g., sulfate and organic aerosol) with increasing ambient RH will 274 

increase the probability of BC particles becoming thickly-coated by these secondary 275 

components through the aqueous-phase reaction, resulting in the amplification of MAE. 276 

It is notable that the increase of MAE in the slightly polluted case appears to stagnate and 277 

even reverse when ambient RH is greater than 60%, despite the NFBC-thick gradually increases 278 

with increasing RH (Figure 3). Moreover, although the increase in MAE with increasing 279 

ambient RH can be largely explained by the increasing coating of BC particles in each BC bin, 280 

the relationship between MAE and NFBC-thick among the different BC pollution levels is 281 

ambiguous. The NFBC-thick was generally higher in the heavily polluted case; however, the 282 

MAE was even lower when compared to those in the slightly and moderately polluted cases. 283 

In addition to the thickness and chemical/optical properties of the coating materials, particle 284 

sizes are also likely to have a considerable impact on the absorption efficiency of 285 

BC-containing particles. The MAE of BC decreases significantly once when the BC size is 286 

larger than ~150 nm in diameter (Figure 4 in Bond and Bergstrom, 2006). The amplification 287 

of MAE with the increasing NFBC-thick might be suppressed by the increase in the BC sizes. 288 

However, this is beyond the scope of this study and would require further investigation of the 289 

aerosol sizes and chemical components. 290 

3.5 Summary and concluding remarks  291 

In this study, the BC absorption and mixing state during extremely polluted wintertime haze 292 
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events in Beijing were investigated using the advanced SP2. In January 2013, when hourly 293 

PM2.5 concentrations reached an extreme of ~632 µg m−3 in Beijing, mass concentrations and 294 

absorption coefficients of BC were simultaneously measured. The results were subject to 295 

interpretation in conjunction with various other measurements, particularly with respect to the 296 

effect of ambient RH on absorption amplification of BC aerosols. Large discrepancies in BC 297 

concentration and NFBC-thick were found between the hazy and non-hazy periods, i.e., 7.6 ± 4.8 298 

versus 2.0 ± 1.2 µg m−3, and 70 ± 14% versus 37 ± 9%, respectively, which accounted for the 299 

observed significant difference in σabs (at 870 nm) between the two periods, i.e., 33.1 ± 20.2 300 

versus 8.2 ± 5.2 Mm−1. Generally, the NFBC-thick increased with increasing BC concentration 301 

and decreasing visibility. It remained at a nearly constant NFBC-thick of ~80–90% when BC 302 

concentration approached 15 µg m−3 or higher. A distinct linear correlation between σabs and 303 

the BC concentration was shown. Thus, the bulk MAE of BC (at 870 nm) was estimated, 304 

averaging 4.2 ± 0.01 m2 g−1 while varying with ambient RH. The MAE of BC was amplified 305 

as the ambient RH increased which was largely explained by the increase in NFBC-thick. This 306 

increase was most likely due to the enhanced production of secondary aerosol under humid 307 

conditions during the cold wintertime. 308 

Through the analysis in the study, the highly thickly-coated BC was considered to be 309 

dominated by regionally transported aged BC from heavily polluted areas that surround 310 

Beijing. This also corresponded to the finding that the BC mass fraction in PM2.5 was smaller 311 

during the hazy periods (5.2%) than during the non-haze periods (7.4%), when local pollution 312 

dominated. This result further implies that better understanding of PM2.5 composition is 313 

necessary to explicitly study the optical effect of various chemical mixtures of BC aerosols. 314 

The results of our study could facilitate atmospheric chemistry and climate modeling on 315 

regional/global scales in terms of the direct forcing of BC and its influencing factors. They 316 

may also shed light on the implementation of air quality management and BC emissions 317 

control in Beijing.   318 
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Table 1. Statistical mean value ± standard deviation of BC mass concentration, BC fraction in 499 

PM2.5, absorption coefficient at 870 nm, and number fraction of thickly-coated BC (NFBC-thick) 500 

during the overall campaign (total), non-haze (visibility ≥ 10 km), haze (visibility < 10 km) 501 

and heavy haze (visibility < 2 km) episodes. 502 

 Total Non-haze Haze Heavy haze 

BC mass concentration (µg m−3) 5.5 ± 4.7 2.0 ± 1.2 7.6 ± 4.8 12.5 ± 4.7 

BC fraction in PM2.5 (%) 5.7 ± 4.3 7.4 ± 6.5 5.2 ± 3.2 4.0 ± 1.0 

Absorption coefficient (Mm−1) 23.6 ± 20.0 8.2 ± 5.2 33.1 ± 20.2 55.9 ± 18.0 

NFBC-thick (%) 58 ± 20 37 ± 9 70 ± 14 83 ± 3 

 503 

 504 

Figure 1. Time series of (A) visibility as a function of relative humidity (color scale), (B) 505 

PM2.5 and BC concentrations, and (C) absorption coefficient at 870 nm and number fraction 506 

of thickly-coated BC (NFBC-thick) during the observation period from 9 to 27 January 2013. 507 
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 508 

Figure 2. Scatter plots of (A) absorption coefficient at 870 nm and (B) number fraction of 509 

thickly-coated BC (NFBC-thick) against BC concentration, as a function of relative humidity 510 

(RH) and visibility range (VIS), respectively (color scales). The vertical and horizontal 511 

dashed lines in (B) represent the mean values of BC concentration and NFBC-thick, respectively. 512 

 513 

 514 

Figure 3. Variations of the mean (A) mass absorption efficiency (MAE) of BC and (B) 515 

number fraction of thickly-coated BC (NFBC-thick) with increasing ambient relative humidity 516 

(RH) bins at three BC pollution levels: slightly polluted case with BC concentrations in the 517 

range of 25–50th percentile (blue), moderately polluted with BC in the 50–75th percentile 518 

(green), and heavily polluted with BC > 75th percentile (red). The corresponding lines are the 519 

linear regression of (A) MAE and (B) NFBC-thick against ambient RH. The horizontal and 520 

vertical error bars represent one standard deviation. The points included in each RH bin are 521 

347, 375, 105, 116, and 192, from the low to high RH in the slightly polluted case. They are 522 

126, 318, 180, 232, 275 and 198 in the moderately polluted case, and 188, 177, 197, 300 and 523 

349 in the heavily polluted case. 524 
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� BC concentrations and mixing states were investigated using a SP2 in 

urban Beijing. 

� BC fraction in PM2.5 decreased during haze though its concentrations 

increased. 

� The number fraction of thickly-coated BC increased significantly 

during haze periods. 

� The light absorption of BC was amplified in response to the 

increasing ambient RH. 
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Auxiliary material  1 

 2 

Ambient humidity effect on light absorption amplification of black carbon in 3 

Beijing in January 2013 4 

 5 

6 

 7 

Figure S1. BC mass calibration curves of the SP2 during the campaign. The 8 

calibration factors pre-, mid- and post-sampling are very close. 9 

  10 
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 11 

Figure S2. Variations of minutely Yag Power recorded by SP2 (black) and the 12 

scattering low-gain peak height of PSL with a diameter of 269 nm performed daily 13 

during the campaign (red). A decrease by ~30% (from ~3900 to ~3000) in the 14 

scattering peak height can be found. 15 

 16 

  17 
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 18 

Figure S3. Histogram of the lag times between the incandescence and scattering peak 19 

locations at three typical pollution levels: heavily polluted (black), polluted (red) and 20 

clean (green). A bimodal distribution is found with the minimum at ~2 µs regardless 21 

of the pollution level. The BC-containing particles with the lag time greater than 2 µs 22 

were considered to be thickly coated. Otherwise, the BC-containing particles were 23 

non/thinly coated. 24 

 25 

  26 
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 27 

Figure S4444. Relationship of (a) BC concentrations and (b) the number fractions of the 28 

thickly-coated BC particles with winds. 29 

  30 
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 31 

Figure S5. Diurnal variations of PM2.5 (blue) and BC (black) mass concentrations, 32 

and the number fractions of thickly-coated BC-containing particles (NFBC-thick, green) 33 

during the (A) non-haze and (B) haze periods. 34 

35 
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Table S1. Previous studies of BC (EC) concentrations in PM2.5 in urban Beijing 36 

during wintertime. 37 

BC (EC) (µg m−3) Observation period Method Reference 

11.08 Winter 1999 TOR, DRI He et al. (2001) 

2.03 Jan. 2000 TOT, NIOSH Zheng et al. (2005) 

15.2 Dec. 2002 C/H/N Elemental Analyzer Dan et al. (2004) 

11.0 Dec. 2002 C/H/N Elemental Analyzer Sun et al. (2004) 

6.7 Winter 2005 TOT, SUNSET Han et al. (2009) 

7.5 Jan. 2010 TOR, DRI Zhang et al. (2013) 

5.5 Jan. 2013 TOT, EUSAAR_2 
Huang et al. (2014); 

Zhang et al. (2015) 

5.5 Jan. 2013 Incandescent, SP2 This study 

 38 
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Table S2. Comparison of annual BC emission (Gg) from transportation with total 59 

emission for the year of 2009 among Beijing, Shanghai and Guangdong as well as 60 

entire China, of which the latter two city/province represent the Yangtze River Delta 61 

and Pearl River Delta. Data are taken from the supplementary data of Qin and Xie 62 

(2012).  63 

Megacity / Province / Nation Transportation Total 
Beijing 4.70 15.75 

Shanghai 3.76 20.49 
Guangdong 21.47 43.37 

China 241.19 1881.01 

 64 

  65 
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Table S3. Correlation coefficients between BC mass concentration (BC) and the 66 

number fractions of thickly-coated BC (NFBC-thick) as well as their mean values in 67 

different visibility bins. 68 

 Non-haze Haze 

Visibility (km) ≥40 30–40 20–30 10–20 5–10 2–5 <2 

Samples 272 255 376 845 870 1042 813 

BC (µg m−3) 0.5±0.4 1.5±0.8 1.8±0.8 2.7±1.1 3.8±2.0 7.0±2.9 12.5±4.7 

NFBC-thick (%) 30±6 31±7 36±7 42±7 55±9 72±11 83±3 

Spearman-R -0.48 -0.42 -0.50 -0.23 0.21 0.48 0.05 

 69 


