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Abstract 21 

Atmospheric black carbon (BC) consists of two subfractions, char and soot, formed 22 

through different combustion processes and possessing distinct physicochemical properties. 23 

Here, we investigated the sources, precipitation-driven removal, and attenuation-derived 24 

apparent light absorption of char and soot in PM2.5 at a regional background site in the 25 

Yangtze River Delta region, China, using a positive matrix factorization model constrained 26 

by 14C-Latin Hypercube Sampling estimates. Char dominated BC mass (77.5 ± 12.7%), with 27 

higher concentrations in winter and autumn, whereas soot exhibited the opposite seasonal 28 

pattern. Wintertime char was mainly contributed by biomass burning (42.0%) and coal 29 

combustion (34.2%), consistent with enhanced regional transport from northern China. 30 

Traffic-related sources, including gasoline/diesel combustion and road dust, dominated char 31 

in spring (40.8%) and summer (48.7%), while heavy-oil combustion dominated in autumn 32 

(42.8%), potentially reflecting coastal/marine shipping emission. Soot was largely 33 

fossil-derived, with coal combustion dominating in winter (74.9%) and traffic-related sources 34 

prevailing in other seasons (58.3-65.4%). Precipitation exhibited a distinct selective 35 

scavenging effect, removing char, particularly biomass-derived char, more efficiently and 36 

consequently reducing its absorption. By contrast, soot concentration remained statistically 37 

unchanged, whereas its apparent absorption and MAE increased with precipitation amount, 38 

which is potentially linked to humidity-related changes in particle mixing state. These results 39 

demonstrate that source- and subfraction-dependent wet scavenging alters BC composition 40 

and apparent absorption, with important implications for interpreting BC observations and 41 

improving model representations in remote background/receptor regions. 42 
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1 Introduction 45 

Atmospheric black carbon (BC) particles play a crucial role in climate change, serving 46 

as an effective short-lived climate forcer (Chen et al., 2013; Li et al., 2024; Lohmann et al., 47 

2020; Réveillet et al., 2022; Zeng et al., 2024). The environmental impacts of black carbon 48 

remain considerably uncertain, in part attributable to its heterogeneity (Cai et al., 2023; Geng 49 

et al., 2024; Zhang et al., 2021b). BC generally refers to all thermally altered carbonaceous 50 

substances formed by the incomplete combustion of fossil fuels or biofuels under low-oxygen 51 

conditions (Blanco-Donado et al., 2022; Coppola et al., 2022; Fierce et al., 2016; Liu et al., 52 

2017; Réveillet et al., 2022). However, numerous studies have shown that BC can be 53 

subdivided into two categories based on the Thermal-Optical Analysis: char and soot (Han et 54 

al., 2008; Han et al., 2009), which have distinct formation mechanisms. Char is mainly 55 

generated from the combustion of solid residues (e.g., residential heating and agricultural 56 

fires), forming porous and oxygen-rich particles with high organic carbon content (Cai et al., 57 

2023; Geng et al., 2024; Han et al., 2018). In contrast, soot is considered to form from 58 

volatile compounds that recondense from the high-temperature gas phase, with a smaller 59 

particle size, characterized by compact and hydrophobic aggregates dominated by elemental 60 

carbon (Han et al., 2022; Lohmann et al., 2020; Zhang et al., 2021b). physicochemical 61 

properties, atmospheric lifetimes, and radiative efficiencies (Cai et al., 2023; Geng et al., 62 

2024; Zhang et al., 2021b). 63 

The differences in physicochemical properties, such as hydrophilicity, light absorption 64 

properties and atmospheric lifetimes, are associated with formation pathways and combustion 65 
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sources (Cai et al., 2023; Han et al., 2018; Han et al., 2022; Zhang et al., 2021b). For example, 66 

soot generally exhibits higher mass absorption efficiencies (MAE) than char from the same 67 

source, except for biomass burning (BB) emissions where char can be more light-absorbing 68 

(Yang et al., 2025; Yu et al., 2025). The aging process further changes the mass concentration 69 

and MAE of char and soot, resulting in discrepancies when estimating BC radiative effects 70 

(Yu et al., 2025; Yu et al., 2026). Therefore, separating and quantifying the sources of char 71 

and soot, along with elucidating their physicochemical properties, are essential for a 72 

comprehensive understanding of their environmental and climatic impacts (Blanco-Donado et 73 

al., 2022; Cai et al., 2023; Geng et al., 2024; Zhang et al., 2021b). 74 

Wet deposition (i.e., precipitation) is the dominant atmospheric removal pathway of BC, 75 

accounting for 60~85% of total BC deposition (Huang et al., 2010; Réveillet et al., 2022; 76 

Sharma et al., 2013; Zhang et al., 2025a). Previously, numerous studies have similarly 77 

pointed out the source-dependent wet removal effect of BC, generally showing more efficient 78 

removal of BC emitted from BB (BCbb) than fossil-fuel-derived BC (BCff). For instance, a 79 

substantially higher wet scavenging ratio was reported for BCbb (0.45) than for BCff (0.13) in 80 

the Nanjing urban area (Yu et al., 2026). Furthermore, 14CBC measurements revealed higher 81 

BCbb proportions in rainwater or snow than in aerosol samples over the remote Tibetan 82 

Plateau region (Li et al., 2025), Alert in Canada (Rodríguez et al., 2020), and the urban area 83 

of Switzerland (Szidat et al., 2006; Zhang et al., 2015b). These observations suggested a 84 

source-dependent selective scavenging effect of BC aerosols occurred across both remote and 85 

urban environments worldwide. Considering that BCbb was mainly composed of char, while 86 

relatively high soot content was measured in BCff (Cai et al., 2023; Han et al., 2018), it is 87 
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crucial to clarify the effects of wet deposition on the content and light absorption properties 88 

of atmospheric form- and source-specific BC for assessing its radiative forcing. 89 

Previous studies have shown that char to soot (char/soot) ratios are influenced by fuel 90 

types (biofuel vs. fossil fuel) and combustion conditions (e.g., flaming vs. smoldering), 91 

limiting their robustness as source diagnostic indicators and introducing considerable 92 

uncertainty in source apportionment (Chow et al., 2004; Han et al., 2007;Chen et al., 2007; 93 

Xie et al., 2026; Liu et al., 2024). The positive matrix factorization (PMF) model, when 94 

integrated with molecular and elemental chemical fingerprints, enables quantitative 95 

attribution of char and soot contributions from multiple sources (Liang et al., 2016; Zheng et 96 

al., 2017), but the approach remains susceptible to considerable subjectivity, especially in 97 

factor selection and profile interpretation (Feng et al., 2024; Liang et al., 2016). Radiocarbon 98 

(14C) can accurately distinguish BCbb and BCff (Cao et al., 2017; Huang et al., 2014; Zhang et 99 

al., 2021a; Zhang et al., 2010; Zhang et al., 2015c; Zhang et al., 2015d), but lacks the 100 

resolution to further separate different sources. Consequently, the 14C-constrained PMF 101 

method can significantly improve the objectivity and accuracy of source apportionment 102 

(Wang et al., 2023; Yang et al., 2025; Zhang et al., 2022; Wang et al., 2017b; Zong et al., 103 

2016). This approach is particularly effective for complex mixed-source aerosols, such as 104 

those typically observed at background or remote sites (Wu et al., 2025; Feng et al., 2024; 105 

Wang et al., 2026). 106 

Background sites, characterized by limited local emissions, are ideal for evaluating the 107 

impact of anthropogenic emissions on atmospheric constituents via regional transport (Zhang 108 
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et al., 2015a; Zhang et al., 2012). Consequently, background/receptor-observations are widely 109 

employed to constrain BC emission inventories and evaluate model performance (Cheng et 110 

al., 2017; Liu et al., 2025b; Zhu et al., 2020). These sites are also well suited to investigating 111 

transport-related aging and wet scavenging removal of char and soot, as regional transport 112 

dominates while contributions from short-duration local emission events remain limited (Li et 113 

al., 2025). 14C measurements, when combined with organic tracers and statistical uncertainty 114 

propagation, have been widely used to constrain fossil and non-fossil contributions to 115 

carbonaceous aerosols at regional background and receptor sites. In particular, the Latin 116 

Hypercube Sampling (LHS) method provides a practical framework for quantifying 117 

uncertainties in source-specific emission ratios and measured carbonaceous components 118 

(Gelencsér et al., 2007; Szidat et al., 2009; Yttri et al., 2024; Yttri et al., 2011), and has been 119 

applied in previous organic aerosols and BC source apportionment studies in Europe and 120 

China (Niu et al., 2013; Yu et al., 2023; Zhang et al., 2024; Zhang et al., 2015c; Zhao et al., 121 

2022). This integrated framework of radiocarbon and tracers proves especially valuable at 122 

background and receptor sites, where aerosols are regionally mixed and source signatures 123 

become altered during transport. For instance, it was quantified that the modern carbon 124 

fraction of BC was approximately 73 ± 12% (61% ~ 88%) by the 14C-LHS method during 125 

winter at five background sites of the China Meteorological Administration Atmosphere 126 

Watch Network (CAWNET; Zhang et al., 2024). 127 

In this study, year-round PM2.5 samples were collected at the Lin’an site, a key regional 128 

background site within the Yangtze River Delta (YRD) region, exhibiting a relatively high 129 

level of fossil-derived pollution by regional transport from anthropogenic sources (Zhang et 130 
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al., 2024). The concentration of char and soot, as well as their light absorption properties, 131 

were measured based on the thermal-optical method. Building on the established 14C-LHS 132 

estimation framework, the source contributions of char and soot were accurately quantified 133 

using a PMF model constrained by 14C-LHS estimates. The impact of precipitation on the 134 

concentrations and light absorption of char and soot was further discussed, aiming to clarify 135 

source-dependent selective removal of char and soot, and to provide valuable insights for 136 

environmental policy formulation and climate effect assessment. 137 

2 Materials and Methods 138 

2.1 Field Sampling 139 

Lin’an regional atmospheric background monitoring station (30°17’N, 119°45’E, 140 

138.6m ASL) was set up in the YRD region by CMA according to the World Meteorological 141 

Organization (WMO) guideline for regional Global Atmosphere Watch (GAW) Station. The 142 

sampling site is on the top of a hill with a relative height of about 100 m, surrounded by 143 

rolling hills covered by patches of pine and bamboo forest, far from urban areas, with 144 

minimal local pollution, which serves as a regional receptor for air masses from the YRD 145 

region. Aerosol samples were collected using medium-volume samplers (Qingdao Laoshan) 146 

in Lin’an from Dec. 2019 to Jan. 2020, Mar. to May 2020 and May to Aug. 2020 as well as 147 

Aug. to Nov. 2020, with a flow rate of 100 L·min-1 for 23 h. Finally, the number of valid 148 

samples collected was 27 in winter, 30 in spring, 37 in summer and 35 in autumn, 149 

respectively. The sampling method was described in detail elsewhere (Wu et al., 2025; Zhang 150 

et al., 2024). 151 

https://doi.org/10.5194/egusphere-2026-6403
Preprint. Discussion started: 10 November 2026
c© Author(s) 2026. CC BY 4.0 License.



9 

2.2 Laboratory Analysis 152 

2.2.1 BC, Char and Soot 153 

BC (also called elemental carbon, i.e., EC) was analyzed with a DRI Model 2001 154 

thermal/optical carbon analyzer (Atmoslytic Inc., Calabasas, CA) following the 155 

IMPROVE_A thermal-optical reflectance (TOR) program. The temperature protocol was 140, 156 

280, 480, and 580 °C in pure helium, producing four organic carbon (OC) fractions (OC1 ~ 157 

OC4, respectively) and a pyrolyzed carbon fraction (POC, determined when transmitted or 158 

reflected laser light reached its original intensity after oxygen was added to the analysis 159 

atmosphere). Then the filter was heated under an oxygen/helium atmosphere for three EC 160 

fractions (EC1 ~ EC3 at 580, 740, and 840 °C, respectively). The total BC is calculated as EC1 161 

+ EC2 + EC3 − POC. Char is defined as EC1 minus POC (char = EC1 − POC), and soot is 162 

defined as the sum of EC2 and EC3 (soot = EC2 + EC3), according to Han et al. (2007 and 163 

2018) and Zhi et al. (2011). 164 

2.2.2 Other Chemical Analysis 165 

To provide a comprehensive source apportionment of BC, we also measured the 166 

concentrations of organic molecular markers (including n-alkanes, polycyclic aromatic 167 

hydrocarbons (PAHs), hopanes, galactosan (GA), mannosan (MN), levoglucosan (LG)), 168 

water-soluble inorganic ions (Na+, NH4
+, K+

,
 Mg2+, Ca2+, Cl⁻, NO3⁻ and SO4

2⁻), along with 169 

total metal and metalloid elements (V, Cr, Mn, Ni, Cu, Zn, Pb, Cd, Ba and As). The detection 170 

methods for organic molecular markers (Cao et al., 2021; Cao et al., 2024), water-soluble 171 

inorganic ions (Fan et al., 2020; Lin et al., 2022), along with total metal and metalloid 172 
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elements (Yang et al., 2025) were described previously. The 14C measurement of total carbon 173 

(TC) in PM2.5 samples was conducted using an OC/EC analyzer (Model 5L, Sunset 174 

Laboratory, USA) coupled with the accelerator mass spectrometer (AMS) system Mini 175 

Carbon Dating System (MICADAS) in the Laboratory for the Analysis of Radiocarbon 176 

(LARA), University of Bern, Switzerland, described previously for methodological details 177 

(Szidat et al., 2014; Wu et al., 2025). And details of the analytical procedure for all chemical 178 

tracers and 14C of TC above were shown in the Text S1 of the Supporting Information. 179 

2.2.3 Quality Assurance and Quality Control (QA/QC) 180 

The QA/QC procedure for laboratory analysis mainly includes blank correction, parallel 181 

experiment and recovery correction. The environmental blank samples were collected before 182 

and after sampling, and treated in the same way as the actual samples. The detected 183 

concentration of the blank samples was less than 20% of the average detected concentration 184 

of the samples. Parallel samples are inserted in the sample testing process, that is, repeated 185 

analysis of some samples (standard deviation less than 15%) to ensure the repeatability and 186 

accuracy of the test. A standard sample of at least 5 gradients was prepared and tested before 187 

the experiment to obtain a standard curve with a correlation of at least 0.999. A suitable 188 

standard is selected for the same treatment as the actual sample to detect the recovery rate of 189 

the testing process, which is between 80% and 120% for all species. The details are described 190 

previously (Wu et al., 2025; Yang et al., 2025; Zhang et al., 2024). 191 

2.3 Source Apportionment Methodologies 192 

As shown in Figure S1, the LHS methodology was applied to quantitatively estimate the 193 
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relative contributions of fossil and non-fossil sources to BC in this study, using the data set 194 

from measured mass concentrations of OC, EC and LG, estimated emission ratios, and 14C 195 

content of total aerosol carbon (Wu et al., 2025; Yang et al., 2025; Zhang et al., 2024). Briefly, 196 

the BCbb concentrations were determined by the LG concentrations and the emission ratios of 197 

(LG/OC)bb and (EC/OC)bb, and the BCff concentrations were calculated by subtracting BCbb 198 

from BC. The modern carbon fractions of BC (Fm
14CBC) were the ratios of BCbb to BC. 199 

Details were presented in Text S2, Tables S1-S2 and Figures S2-S6 of the Supporting 200 

Information. Subsequently, the concentrations of BCbb and BCff estimated by the LHS 201 

method and the multiple chemical species measured were input to the EPA PMF 5.0 model, 202 

including organic molecular markers, water-soluble ions, and metal elements. The 203 

concentrations of BC and char were set as the total variable, and the concentrations and 204 

contributions of soot from various sources were calculated based on mass conservation, i.e., 205 

BCi = chari + sooti, and i represents the source here. Details were presented in Text S3, Tables 206 

S3-S5 and Figures S7-S8 of the Supporting Information. 207 

The Lin’an sampling site was specified as the receptor, with an arrival height of 500 m 208 

above ground level. The NOAA HYSPLIT model was used to calculate 48h-backward 209 

trajectories for four synoptic arrival times (00:00, 06:00, 12:00, and 18:00 UTC). The 210 

resulting trajectories were clustered to characterize short- and long-range transport pathways, 211 

and infer the likely geographic source regions of air masses arriving at the site. 212 

2.4 Calculation and Simulation of Mass Absorption Efficiency 213 

According to the method in Ram and Sarin (2009), the abundance of EC and the 214 
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absorption coefficient could be estimated simultaneously based on the optical attenuation 215 

feature in the thermo-optical carbon analyzer. And (Ammerlaan et al., 2017) further provided 216 

a detailed technical description of carbon analyzer as an absorption photometer, and used a 217 

multi-angle absorption photometer to calibrate the transmission-derived absorption of the 218 

carbon analyzer, revealing a precision of absorption coefficient and MAE for approximately 219 

10%~12%. The light absorption coefficients at λ = 633 nm (Abs) of BC and its subfractions 220 

were measured in accordance with the transmitted signal intensities of carbon analyzer at 221 

different analysis stages as described in Section 2.2.1. The equations were as follows: 222 

Abs = 
bATN

C · R(ATN)
=

ATN · A

V · C · R(ATN)
(1) 223 

ATN = ln (
I0

I
) (2) 224 

R(ATN)= (
1

f
-1) (

ln(ATN)- ln (10)

ln (50)- ln (10)
)+1 (3) 225 

where I0 and I are the intensity of transmittance light signal measured before and end of the 226 

analysis, A (mm2) is the filter area, V (m3) is the sample volume, C and R(ATN) are empirical 227 

correction factors used to account for artifacts caused by multiple scattering and shadowing 228 

effects (Ram and Sarin, 2009; Zhang et al., 2021b). The parameters of C and f were adopted 229 

with 2.14 and 1.1, respectively, as detailed in the previous studies (Liu et al., 2025a; Song et 230 

al., 2026; Xu et al., 2025; Yu et al., 2025). Subsequently, the MAE (λ = 633 nm) values of BC 231 

and its subfractions were calculated by the ratios of the babs to their atmospheric 232 

concentrations. And the MAE were apportioned to different emission sources as follows: 233 

MAEBC · BC =∑ (MAEBCi
 ∙ BCi) (4) 234 

https://doi.org/10.5194/egusphere-2026-6403
Preprint. Discussion started: 10 November 2026
c© Author(s) 2026. CC BY 4.0 License.



13 

MAEChar · Char =∑ (MAEChari
 ∙ Chari) (5) 235 

MAESoot · Soot =∑ (MAESooti
 ∙ Sooti) (6) 236 

where i represents the emission source. 237 

Data preliminary analysis and multiple linear regression (MLR) calculation were 238 

conducted with Microsoft Excel and Origin 2026, aiming to quantify the MAE of different 239 

emission sources or subfractions (i.e., char and soot) over Lin’an. The MAE of each 240 

component and the proportion of emission sources obtained based on 14C-LHS-PMF were 241 

input into the software system to conduct regression analysis. Finally, the absorption 242 

characteristics of different BC subfractions from different sources were revealed. 243 

Notably, Bond and Bergstrom (2006) further pointed out that the MAE of fresh 244 

light-absorbing carbon at a wavelength of 550 nm is approximately 7.5 ± 1.2 m2·gC-1, and the 245 

coating and mixed state can significantly affect its absorption. Collaud-Coen et al. (2010) 246 

systematically explored issues such as filter-loading amount, shadowing/multiple scattering 247 

and their correction in the filter-based absorption. And Drinovec et al. (2017) explained that 248 

the filter-loading effect is influenced by filter material, equipment, particle type, coating, and 249 

aging factors. Overall, the attenuation-based absorption estimates could be affected by 250 

multiple scattering, shadowing, filter-loading effects, filter matrix, and particle mixing state. 251 

Thus, the reported MAE values should be interpreted as the apparent MAE, and used mainly 252 

for relative comparisons rather than as absolute replacements for actual absorption 253 

measurements. 254 
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In this study, the apparent MAE served as a quantitative metric mainly to assess relative 255 

differences among various BC subfractions, emission sources, and precipitation patterns 256 

under a consistent analytical protocol. And the sensitivity tests varying the empirical 257 

correction parameters and excluding high-loading samples consistently reproduced the 258 

observed relative differences between char and soot or between rainy and non-rainy days 259 

(discussed in Section 3.3 for details), demonstrating the robustness of the observed relative 260 

patterns, as further elaborated in Text S4, Tables S6-S8 and Figure S9 of the Supporting 261 

Information. 262 

3 Results and Discussion 263 

3.1 Temporal variations of BC, char, and soot. 264 

The time series of mass concentrations for BC, char, and soot in PM2.5 over Lin’an 265 

during the observation period, are presented in Figure 1 and Table S9. The annual mean BC 266 

concentration was 2.4 ± 1.1 μgC·m-3 (range: 0.8 ~ 6.7 μgC·m-3), which was comparable to 267 

that reported at Chongming island (Xing, 2022), a coastal background receptor in the YRD 268 

region, and higher than those observed at other background sites in China, such as Wuyi 269 

Mountain (Ren et al., 2019), Beihuangcheng Island (Zong et al., 2018), but substantially 270 

lower than concentrations measured at Lin’an during 2014-2016 and at urban sites in the 271 

YRD region (Table S10). These comparisons suggested that BC concentrations in the YRD 272 

region have declined over the past few years, although levels remain higher than many other 273 

regions in China. 274 

Char dominated the BC mass concentration, accounting for 77.5 ± 12.7 % (range: 46.8 ~ 275 
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96.8 %), with an annual mean concentration of 2.0 ± 1.2 μgC·m-3 (range: 0.4 ~ 6.4 μgC·m-3), 276 

lower than those observed in urban areas of the YRD region (Table S10). Char exhibited 277 

pronounced seasonal variability, with higher concentrations in autumn and winter and lower 278 

concentrations in spring and summer (Figure 1), consistent with observations at nearby urban 279 

sites (Han et al., 2010; Han et al., 2009). By contrast, soot concentrations were highest in 280 

summer (0.6 ± 0.2 μgC·m-3), followed by spring (0.5 ± 0.2 μgC·m-3), winter (0.4 ± 0.1 281 

μgC·m-3), and autumn (0.3 ± 0.1 μgC·m-3). The contrasting seasonal patterns of char and soot 282 

likely reflected differences in their sources, transport pathways, and removal processes. Weak 283 

correlations between their concentrations during most periods suggested partly distinct source 284 

and atmospheric processing (Figure S10). The concentration-weighted trajectory analyses 285 

identified inland provinces, including Anhui and Jiangxi, as potential source regions for char, 286 

whereas elevated soot was more frequently associated with trajectories passing over coastal 287 

urban and marine sectors (Figure S11). Furthermore, char may be removed more efficiently 288 

via wet deposition than soot (discussed in Section 3.3 for details), particularly during summer, 289 

when precipitation usually occurs more frequently the YRD region (Du et al., 2022; Liang et 290 

al., 2020), owing to its more hydrophilic property (Cai et al., 2026; Han et al., 2022). 291 

3.2 Source apportionment of char and soot. 292 

The char/soot ratios at Lin’an were compared with source-profile values reported for BB 293 

(13.2 ± 11.8), coal combustion (1.5 ± 0.4), and liquid fossil-fuel combustion (0.6 ± 0.2; Cao 294 

et al., 2007; Chen et al., 2007; Chow et al., 2004), as shown in Figure S13. The char/soot 295 

ratios varied markedly by season, with higher values in autumn (9.9 ± 6.2) and winter (8.6 ± 296 
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6.7) than in spring (4.0 ± 2.1) and summer (1.9 ± 0.7). The elevated char/soot ratios in the 297 

cold seasons suggest a stronger influence of BB and were supported by positive correlations 298 

between char/soot ratios and levoglucosan concentrations in winter and autumn (Figure S14). 299 

In contrast, the weak correlation in summer, together with the higher soot concentration, 300 

indicated a greater relative influence of non-BB sources, such as vehicular emissions. 301 

Because source-profile ratios can overlap and may change during atmospheric processing 302 

(Cai et al., 2023; Geng et al., 2024), these ratios are used here as qualitative rather than 303 

quantitative source indicators. 304 

To quantify BC sources and investigate differences between the sources of char and soot, 305 

primary emission markers, including metal elements, water-soluble ions, combustion tracers 306 

(e.g., anhydrosugars, PAHs), and source fractions constrained by the 14C-LHS analysis were 307 

integrated into a PMF model. A four-factor solution was finally selected as the optimal 308 

interpretation for Lin’an, as shown in Figure 2 and Figure S15. Factor 1 was assigned to BB 309 

sources, whereas factors 2 to 4 were interpreted as fossil-related sources on the basis of the 310 

PMF model results constrained by 14C-LHS estimates. Factor 1 was characterized by high 311 

contributions of anhydrosugars and K+, which are established tracers of BB emissions (Li et 312 

al., 2021; Wu et al., 2020; Zheng et al., 2021). Factor 2 was dominated by aromatic 313 

hydrocarbon markers associated with fossil fuel combustion (43.2~69.0%) (Cao et al., 2021), 314 

including fluoranthene (Fla, 48.2%), pyrene (Pyr, 54.9%), indeno (1,2,3-cd) pyrene (IcdP, 315 

65.1%), benzo(ghi)perylene (BghiP, 60.4%), benzo(a)anthracene (BaA, 62.8%), chrysene 316 

(Chr, 51.9%), et al. The diagnostic ratios of those PAHs, such as Fla/(Fla+Pyr), 317 

IcdP/(IcdP+BghiP), and BaA/(BaA+Chr), were consistent with the endmembers of coal 318 
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combustion (Cao et al., 2021; Wu et al., 2020). Additionally, this factor also accounted for Pb 319 

(24.4%), Cd (21.1%), and As (16.2%), which are mainly derived from industrial emissions, 320 

including coal combustion (Lin et al., 2020). Therefore, factor 2 was assigned to coal 321 

combustion. Factor 3 was identified as a traffic-related mixture of exhaust emissions, 322 

non-exhaust emissions (e.g., brake/tire wear), and resuspension of road dust. It accounted for 323 

large fractions of Ca2+ (89.1%) and Mg2+ (76.3%), which are commonly associated with dust 324 

sources (Lin et al., 2020), as well as Ba (70.3%) and Cu (29.3%), which are tracers of 325 

non-exhaust traffic emissions (Yang et al., 2025). It exhibited relatively high loadings of 326 

liquid fossil fuel combustion tracers, such as V (35.0%), Cd (41.2%), phenanthrene (Phe, 327 

34.3%) and anthracene (Ant, 45.7%), with a larger Ant/(Ant+Phe) ratio of > 0.1 328 

(high-temperature combustion source; Cao et al., 2021; Lin et al., 2020; Wu et al., 2020). 329 

Annually, factor 3 accounted for 56.5% of soot, 26.0% of char, and 31.7% of BC. Factor 4 330 

showed high contributions of V (39.0%), Ni (83.2%), Cr (54.4%), Mn (48.6%), Cu (40.8%), 331 

and Zn (70.8%), and revealed a pronounced seasonal pattern, with relatively high 332 

concentrations of V and Ni in summer (39.0% and 86.6%, respectively) and autumn (52.5% 333 

and 88.5%, respectively), consistent with heavy-oil combustion (Lin et al., 2020). 334 

For annual mean contributions to total BC, traffic-related sources accounted for the 335 

largest contribution (31.7%), followed by heavy-oil combustion (27.2%), coal combustion 336 

(21.5%), and BB (19.6%). The source contributions differed substantially between char and 337 

soot. Char was mainly attributed to heavy-oil combustion (30.0%), traffic-related sources 338 

(26.0%), BB emissions (24.1%), and coal combustion (19.9%). Soot, by contrast, was 339 

dominated by traffic-related sources (56.5%), followed by coal combustion (28.4%) and 340 
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heavy-oil combustion (15.1%). 341 

The contribution of traffic-related sources to char was higher in summer (48.7%) and 342 

spring (40.8%) than in autumn (20.1%) and winter (8.6%), potentially reflecting enhanced 343 

resuspension of road dust at higher temperatures and wind speeds. Notably, traffic-related 344 

sources contributed more than half of the soot in all seasons except winter, when coal 345 

combustion was the dominant source. The strong positive correlation between soot and Ca2+ 346 

(Figure S16), suggested an influence of non-exhaust vehicle emissions, such as road dust 347 

resuspension in soot. Heavy-oil combustion showed relatively high contributions in summer 348 

and autumn, coincided with a stronger influence of marine-sector air masses at Lin’an (Figure 349 

S12), and potential source regions over the Yellow Sea and East China Sea (Figure S17). 350 

These results suggested that shipping emission transported from coastal and marine areas 351 

may contributed to BC at the inland Lin’an background site. 352 

Coal combustion showed higher contributions to BC in winter (39.0%), coincident with 353 

transport from northern source regions (Figure S17). It also accounted for a larger fraction of 354 

soot than of char across all seasons: winter (74.9% for soot vs. 34.2% for char), spring (21.5% 355 

vs. 17.0%), summer (12.6% vs. 10.6%), and autumn (28.6% vs. 13.1%). In contrast, 356 

biomass-derived BC was composed almost entirely of char, with higher contributions to total 357 

BC in winter (37.1%) and autumn (21.4%) than in spring (11.0%) and summer (3.4%), and 358 

BB was also the largest contributor to char (42.0%) in winter. 359 

Overall, char, as the dominant BC subfraction, exhibited seasonal variations in source 360 

contributions similar to those of BC, whereas soot showed a contrasting seasonal pattern. 361 
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Solid fuel combustions, including biomass and coal, accounted for a larger fraction of char 362 

(44.0%) than soot (28.4%), particularly in winter. In contrast, traffic-related sources and 363 

heavy-oil combustion contributed more to soot (71.6%) than to char (56.0%), particularly in 364 

summer. Specifically, wintertime char was mainly contributed by BB (42.0%) and coal 365 

combustion (34.2%), attributing to enhanced regional transport from northern China. 366 

Traffic-related sources, including gasoline/diesel combustion and road dust, dominated char 367 

in spring (40.8%) and summer (48.7%), while heavy-oil combustion dominated in autumn 368 

(42.8%), potentially reflecting contributions from coastal and marine shipping emission. In 369 

contrast, soot was dominated by coal combustion in winter (74.9%) and traffic-related 370 

sources in other seasons (58.3-65.4%), with fossil-related sources accounting for nearly all 371 

soot at Lin’an. 372 

3.3 Source-dependent wet scavenging of char and soot 373 

Wet deposition plays an important yet poorly constrained role in regulating the 374 

atmospheric lifetime and optical properties of BC, with important implications for regional 375 

aerosol-climate interactions (Li et al., 2025). To investigate the effects of precipitation on 376 

different BC subfractions, samples collected throughout the observation period at Lin’an 377 

were classified into rainy days (daily precipitation > 0, N = 43) and non-rainy days (daily 378 

precipitation = 0, N = 86). A significantly stronger correlation was observed between 379 

atmospheric BC and carbon monoxide (CO) on non-rainy days (Pearson’s r = 0.68, p < 0.001) 380 

compared to rainy days (p > 0.05) (Figure S18), indicating that precipitation strongly 381 

influenced BC concentrations. The atmospheric concentrations, apparent absorptions, and 382 
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apparent MAE values of char and soot were then statistically analyzed and calculated to 383 

evaluate the wet scavenging signatures of char and soot. Considering the empirical 384 

power-law dependence of aerosol wet removal on precipitation (Choi et al., 2020; Dasari et 385 

al., 2025), a log-log treatment using base-10 logarithms for correlation with precipitation 386 

amount was carried out. 387 

As shown in Figure 3, the atmospheric concentration of char was significantly lower on 388 

rainy days than on non-rainy days (p < 0.01), with an average decrease of approximately 27%, 389 

indicative of efficient wet removal of char. In contrast, the soot concentration remained 390 

largely unaffected (p > 0.05), suggesting that soot was relatively persistent under rainy 391 

conditions. Consistent with this difference, char concentration was significantly and 392 

negatively correlated with precipitation amount on rainy days (Pearson’s r = -0.54, p < 0.001), 393 

whereas no significant relationship was observed for soot (p > 0.05). These results 394 

collectively suggested a clear subfraction-dependent effect of precipitation on BC, with char 395 

being more efficiently scavenged than soot. 396 

To explore the influence of precipitation on char and soot emitted from different sources, 397 

source-resolved concentrations obtained using the 14C-LHS-PMF method were analyzed 398 

separately. As illustrated in Figure 4, pronounced source-dependent differences in the 399 

precipitation responses of BC subfractions were observed, particularly for char. The 400 

atmospheric concentration of biomass-derived char (charbb) was significantly lower on rainy 401 

days than on non-rainy days (p < 0.01), with an average decrease of 49.9%, whereas 402 

fossil-fuel-derived char (charff) showed a smaller decrease of 16.7% that was not statistically 403 

https://doi.org/10.5194/egusphere-2026-6403
Preprint. Discussion started: 10 November 2026
c© Author(s) 2026. CC BY 4.0 License.



21 

significant (p ≈ 0.06). By contrast, the concentrations of fossil-fuel-derived soot (sootff), 404 

which accounted for nearly total soot in this study, showed no significant change (p > 0.05). 405 

On rainy days, charbb exhibited more significant negative relationship with precipitation 406 

amount (slope = -0.33, Pearson’s r = -0.50, p < 0.001), compared with charff (slope = -0.14, 407 

Pearson’s r = -0.48, p < 0.001) and BCff (slope = -0.09, Pearson’s r = -0.42, p < 0.01), while 408 

no significant relationship was observed for sootff (p > 0.05). These results indicate that 409 

precipitation removed BCbb, particularly its char component, more efficiently than BCff, 410 

especially sootff. 411 

Collectively, these findings revealed a source- and subfraction-dependent wet 412 

scavenging efficiency of BC at Lin’an, driven by inter-source variations in the relative 413 

abundance and physicochemical properties of char and soot, which aligns with the previous 414 

observations of more efficient wet scavenging of BCbb compared to BCff (Yu et al., 2026; Li 415 

et al., 2025; Rodríguez et al., 2020). Char, especially particles emitted from BB and 416 

residential coal combustion, commonly exhibit larger particle sizes, porous and structurally 417 

heterogeneous morphologies, and a greater abundance of oxygen-containing functional 418 

groups (Cai et al., 2026; Cai et al., 2023; Han et al., 2018; Han et al., 2022). These properties 419 

enhance their hydrophilicity and favor their incorporation into cloud droplets or their capture 420 

by precipitation. In contrast, soot particles, usually derived from liquid fossil fuel combustion 421 

and industrial coal combustion, exhibited relatively small size and more highly graphitized or 422 

aromatically condensed, resulting in greater hydrophobicity and lower wet scavenging 423 

efficiency. 424 
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3.4 Effects of wet scavenging on light absorption of char and soot.  425 

The apparent MAE of char and soot also exhibited contrasting seasonal patterns, as 426 

shown in Figure 1(e). The apparent MAEchar was higher in autumn (10.1 ± 2.0 m2·gC-1) and 427 

winter (8.2 ± 1.4 m2·gC-1) than in spring (7.1 ± 1.9 m2·gC-1) and summer (5.4 ± 2.7 m2·gC-1). 428 

Conversely, the apparent MAEsoot was higher in summer (15.0 ± 2.4 m2·gC-1) and spring 429 

(12.7 ± 3.6 m2·gC-1) than in winter (10.1 ± 5.0 m2·gC-1) and autumn (8.8 ± 4.2 m2·gC-1). On 430 

an annual basis, soot exhibited a higher attenuation-derived apparent MAE (11.8 ± 4.5 431 

m2·gC-1), compared to char (7.6 ± 2.7 m2·gC-1), indicating stronger light absorption 432 

properties. Similar differences have been reported during summer at the Mt. Hua alpine 433 

background site (MAEchar: 5.4 ± 2.5 m2·gC-1; MAEsoot: 13.7 ± 3.8 m2·gC-1) and during winter 434 

at several urban sites in northern China (MAEchar: 9.6 m2·gC-1; MAEsoot: 14.0 m2·gC-1; Liu et 435 

al., 2024; Liu et al., 2025a). In contrast, higher apparent MAEchar than MAEsoot was observed 436 

during a BB influenced winter haze episode at the rural Wangdu site (Xu et al., 2025) and 437 

during winter in Nanjing (Yu et al., 2025). These differences across sites and seasons may 438 

reflect variations in source composition, atmospheric processing, including changes in 439 

particle coating and mixing state (Cappa et al., 2012; Fu et al., 2021). 440 

The contrasting effects of precipitation on the concentrations of char and soot were 441 

further reflected in their apparent light absorptions. Compared with non-rainy days, the 442 

apparent absorption of char decreased significantly by 33.7% on rainy days (p < 0.01), 443 

whereas the apparent absorption of soot increased significantly by 27.2% (p < 0.01). 444 

Correspondingly, apparent absorption of char was significantly and negatively correlated with 445 
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precipitation amount on rainy days (Pearson’s r = -0.51, p < 0.001), whereas apparent 446 

absorption of soot exhibited a significant positive correlation (Pearson’s r = 0.39, p < 0.05). 447 

Because the light absorption of each BC-subfraction is jointly determined by its atmospheric 448 

concentration and apparent MAE, these opposite responses indicated that rainy conditions 449 

affected the absorption of char and soot through different pathways. 450 

To interpret these component-specific responses, the source apportionment results based 451 

on 14C-LHS-PMF method were combined with attenuation-derived apparent MAE values 452 

using multiple linear regression (MLR). The robustness of this approach was evaluated 453 

through stability tests (Figure S19 and Figure S20) and statistical assessments (Tables 454 

S11-S13), supporting the reliability of the source-resolved apparent MAE estimates. As 455 

shown in Figure S21, BCbb exhibited a lower apparent MAE (7.8 ± 0.5 m2·gC-1) than BCff 456 

(9.4 ± 0.2 m2·gC-1). These estimates were within the ranges reported by previous 457 

measurements and model-based assessments (BCff: 6.4 ~ 13.6 m2·gC-1; BCbb: 1.8 ~ 19.7 458 

m2·gC-1; Wu et al., 2021; Yan et al., 2019; Yu et al., 2025). Among the source-resolved BC 459 

components, sootff exhibited the highest apparent MAE (13.5 ± 0.3 m2·gC-1), whereas the 460 

apparent MAE of charbb (8.1 ± 0.6 m2·gC-1) was slightly higher than that of charff (7.4 ± 0.3 461 

m2·gC-1). These results consistent with recent combustion-source measurements, which 462 

reported a higher apparent MAE for charbb (10.7 ± 9.3 m2·gC-1) than for charff emitted from 463 

diesel vehicles (8.6 ± 4.3 m2·gC-1) and coal combustion (7.3 ± 2.9 m2·gC-1). In the same 464 

study, sootff exhibited the strongest absorption among the investigated BC fractions, with 465 

apparent MAE of 12.4 ± 6.7 m2·gC-1 for diesel vehicle emissions and 12.2 ± 4.6 m2·gC-1 for 466 

coal combustion (Liu et al., 2025a). 467 
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These source-resolved differences provide a plausible explanation for the response of 468 

char absorption to precipitation. The apparent MAEchar did not differ significantly between 469 

rainy and non-rainy days (p > 0.05) and showed only a weak negative correlation with 470 

precipitation amount on rainy days (Pearson’s r = -0.31, p < 0.05). Because charbb 471 

concentrations decreased more strongly on rainy days and charbb exhibited a slightly higher 472 

apparent MAE than charff, the relative contribution of charbb to the residual atmospheric char 473 

may have decreased under rainy conditions. This compositional shift would tend to reduce 474 

the apparent MAE of residual char particles, and may have offset the absorption enhancement 475 

associated with humidity-related coating growth or changes in particle mixing state (Figure 476 

S22). Consequently, the apparent MAEchar remained statistically unchanged and even 477 

decreased slightly with increasing precipitation amount. Given the substantial decrease in 478 

char concentration and the absence of an increase in the apparent MAEchar, the 33.7% 479 

reduction in apparent absorption of char was mainly driven by the efficient removal of char 480 

mass, particularly charbb. 481 

In contrast, the mass-specific absorption of soot exhibited a markedly different response. 482 

As shown in Figures 3(f) and 3(i), the apparent MAEsoot was, on average, 33.1% higher on 483 

rainy days than on non-rainy days, and was significantly and positively correlated with 484 

precipitation amount (Pearson’s r = 0.46, p < 0.001). Because the soot concentrations 485 

remained statistically unchanged, the 27.2% increase in apparent absorption of soot was 486 

mainly attributable to the enhanced apparent MAE of the residual soot particles. This 487 

enhancement may have resulted from changes in particle mixing state and the hygroscopic 488 

growth of soot coatings under the high-humidity conditions prevalent during rainy periods. 489 
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As reported, the coatings of non-absorbing or weakly absorbing species, including sulfate, 490 

nitrate, and organic compounds, can increase BC absorption through the lensing effect, 491 

whereby the coating focuses incident radiation onto the absorbing BC core (Zhang et al., 492 

2018; Zhang et al., 2025b; Wang et al., 2017a). Elevated ambient humidity, prevalent during 493 

rainy periods, facilitates the hygroscopic growth of these coatings, particularly the 494 

fossil-derived particles (Yu et al., 2026). Coincidentally, the significant positive correlations 495 

between the apparent MAE values of soot and ambient relative humidity were found in all 496 

seasons (Figure S22). 497 

Precipitation was associated with contrasting changes in the apparent light absorption of 498 

char and soot through distinct pathways. For char, particularly charbb, efficient wet 499 

scavenging reduced its atmospheric mass concentration and consequently decreased apparent 500 

light absorption. The preferential removal of the relatively high-MAE charbb fraction may 501 

also have prevented an increase in the apparent MAE of the residual char population. In 502 

contrast, soot was less efficiently scavenged, and its concentration remained relatively stable, 503 

whereas the apparent MAE of the residual soot particles increased under rainy and humid 504 

conditions, potentially attributed to hygroscopic coating growth and the associated lensing 505 

effect. Thus, the contrasting optical responses of char and soot arose from the combined 506 

effects of component-selective mass removal, source-composition changes, and 507 

humidity-related absorption enhancement. 508 

4. Conclusions and Implications 509 

In summary, char was the dominant BC subfraction in PM2.5 at the regional background 510 

https://doi.org/10.5194/egusphere-2026-6403
Preprint. Discussion started: 10 November 2026
c© Author(s) 2026. CC BY 4.0 License.



26 

site in the YRD, with higher concentrations in winter/autumn and lower concentrations in 511 

summer/spring, whereas soot showed the opposite seasonal pattern. The source 512 

apportionment analysis based on a PMF model constrained by 14C-LHS estimates further 513 

revealed pronounced seasonal differences in the sources of BC subfractions. In winter, BB 514 

(42.0%) and coal combustion (34.2%) mainly contributed to char, likely reflecting enhanced 515 

regional transport from northern China. Traffic-related sources, including gasoline/diesel 516 

combustion and road dust, made the largest contributions to char in spring (40.8%) and 517 

summer (48.7%), whereas heavy-oil combustion dominated in autumn (42.8%), suggesting a 518 

possible influence of coastal and marine shipping emission. In contrast, soot was almost 519 

entirely derived from fossil fuel sources, with coal combustion dominating in winter (74.9%) 520 

and traffic-related sources prevailing in the other seasons (58.3%-65.4%). These results 521 

underscored the effect of regional emission sources and atmospheric transport on the relative 522 

abundance of BC subfractions in the background area of the YRD region. 523 

In addition to source contributions, BC subfractions also exhibited distinct 524 

attenuation-derived apparent MAE and wet-scavenging responses. Soot showed a higher 525 

apparent MAE than char, while MLR-derived source-resolved estimates indicated the highest 526 

apparent MAE for fossil-derived soot. Notably, char, particularly from BB sources, was more 527 

efficiently removed by precipitation, likely resulting in precipitation-driven fractionation 528 

during transport. Consequently, the remaining BC particles in the atmosphere during 529 

precipitation events became enriched in fossil-derived components, particularly soot. In 530 

contrast, soot concentrations remained statistically unchanged, whereas soot apparent 531 

absorption and apparent MAE increased with precipitation amount, likely reflecting 532 
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humidity-related changes in particle mixing state and coating-induced absorption 533 

enhancement. These findings elucidated the source-dependent wet removal mechanism of BC 534 

from the perspective of its subfraction forms, thereby establishing a linkage between BC 535 

sources, char/soot composition, wet removal efficiency, and apparent light absorption 536 

properties in a regional background atmosphere. 537 

Furthermore, background or receptor observations are widely employed to constrain BC 538 

emission inventories and evaluate model performance. Our results suggest that the source 539 

composition of BC at receptor sites may be influenced not only by emissions and transport 540 

but also by the selective wet removal of different BC sources and subfractions. In particular, 541 

preferential removal of biomass-derived char may alter the relative contributions of fossil and 542 

non-fossil BC observed at background sites. Therefore, source- and subfraction-dependent 543 

wet scavenging should be considered when interpreting receptor-site BC observations and 544 

representing BC atmospheric lifetime, long-range transport, optical properties in models, and 545 

source inversion studies. 546 
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 547 

Figure 1 Seasonal variation of BC, char, soot mass concentrations and their apparent MAE in 548 

PM2.5 over Lin’an during the observation period. 549 
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 550 

Figure 2 Seasonal patterns of mass concentrations and contribution fractions of various 551 

sources to BC, char, and soot based on 14C-LHS-PMF model. 552 
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 553 

Figure 3 (a-f) Comparisons analysis under rainy versus non-rainy conditions of atmospheric 554 

concentrations, apparent absorptions (Abs), and apparent MAE of char and soot. (g-i) Scatter 555 

distributions and curves of the linear regression equation between the concentration, apparent 556 

absorptions, and apparent MAE of char and soot in PM2.5 with precipitation amount at Lin’an 557 

during the sampling period. (Significant items, i.e., p < 0.05, showed confidence intervals, 558 

and confidence intervals were shaded in shadow color.) 559 
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 560 

Figure 4 (a-c) Comparisons analysis under rainy versus non-rainy conditions of atmospheric 561 

concentrations of char and soot from BB and fossil-fuel-related sources based on 562 

14C-LHS-PMF model. (d-e) The scatter distributions and curves of the linear regression 563 

equation between the concentrations of BCbb (i.e., charbb), BCff, charff, and sootff (i.e., total 564 

soot) in PM2.5 with precipitation amount at Lin’an during the sampling period. (Significant 565 

items, i.e., p < 0.05, showed confidence intervals, and confidence intervals were shaded in 566 

shadow color.) 567 
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