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20  Abstract

21 The size of atmospheric black carbon (BC) is a key determinant of its health and climate
22 impacts. However, how BC sources vary with particle size remains poorly understood. We
23 conducted radiocarbon (**C)-based source apportionment of atmospheric BC in Guangzhou,
24 China, across six discrete particle-size fractions from < 0.49 um to 7.2—-10 um during winter
25 and summer. The dataset comprises 81 A'*C measurements, resolving fossil-fuel and biomass-
26  burning contributions across particle sizes. Additional 83C measurements of four

27  representative winter sample sets were incorporated into a Bayesian model to apportion fossil-
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28  derived BC between coal and petroleum sources. Fossil sources dominated BC, contributing 91
29 =+ 3% in winter and 73 + 1% in summer. In both seasons, the fossil contribution first increased
30  and then decreased with increasing particle size, peaking in the 0.95-1.5 um fraction (95% in
31  winter and 88% in summer) and declining to its lowest level in the 7.2—10 um fraction (82% in
32 winter and 50% in summer). Coal and petroleum made comparable contributions to BC in the
33 selected winter samples, with no consistent particle-size-dependent trends. Thus, the particle-
34  size dependence of BC sources was driven mainly by an increasing biomass-burning
35  contribution toward the coarse fraction, rather than by a systematic shift in the relative
36  contributions of coal and petroleum. These findings show that bulk source fractions do not fully
37  capture the source composition of BC across particle sizes, underscoring the need to account
38  for source-specific size distributions when interpreting BC transport, removal, and associated

39  climate and health effects.
40

41 1. Introduction

42 Black carbon (BC) is a carbonaceous aerosol produced by the incomplete combustion of fossil
43 fuels, biomass, and waste. Owing to its strong light-absorbing capacity, BC can directly perturb
44  the Earth’s radiation balance by absorbing solar radiation and can also influence cloud
45  formation and properties by acting as cloud condensation nuclei (Andreae and Gelencsér, 2006;
46 Zaveri et al., 2010; Jacobson, 2004; Ramanathan and Carmichael, 2008). The climatic effects
47  of BC are further complicated by its highly variable physical and chemical properties and by
48  continuous changes in particle size, mixing state, and composition during atmospheric aging
49  (Bond et al., 2013; Szopa et al., 2023). Substantial uncertainty therefore remains in quantifying
50 the radiative forcing of BC and its contribution to both observed and projected climate change
51  (Szopaetal., 2023; Gustafsson et al., 2026). Beyond its climatic importance, BC is also a major
52  component of air pollution. Elevated BC concentrations can reduce atmospheric visibility and
53  alter the thermodynamic structure of the planetary boundary layer, thereby favoring the
54  development and persistence of haze pollution (Ding et al., 2016; Zhou et al., 2026). BC-
55  containing particles also pose health risks and can carry toxic species, including organic
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56  pollutants and trace metals (Ali et al., 2021; Niranjan and Thakur, 2017; Xu et al., 2026).

57  Particle size is an important factor controlling the atmospheric behavior and effects of BC. The
58  size distribution of BC-containing particles reflects both their emission characteristics and
59  subsequent atmospheric processing. After emission, BC-containing particles undergo
60  atmospheric aging through processes such as condensation, coagulation, heterogeneous
61  reactions, and hygroscopic growth, which continuously modify their size, morphology, mixing
62  state, hygroscopicity, and optical properties (Oshima et al., 2009; Matsui et al., 2013). The
63  enhanced hygroscopicity of aged BC promotes cloud condensation nuclei activation and wet
64  scavenging, thereby affecting its atmospheric lifetime and transport (Zhou et al., 2026; Ding et
65 al., 2019). In addition, particle size strongly influences respiratory deposition, with smaller BC
66  particles generally penetrating more deeply into the human respiratory tract (Ching et al., 2020).
67  However, interpreting these size-dependent behaviors and effects also requires knowledge of
68  BC sources, because BC from different sources can differ in its initial particle properties and
69  subsequent aging and coating development. For example, Liu et al. (2026) showed that thicker
70  coatings on biomass-burning BC resulted in an additional radiative effect from aerosol—
71  radiation interactions approximately two to three times that in urban environments.
72 Characterizing the source contributions across particle-size fractions is therefore important for
73 understanding the atmospheric evolution and climatic effects of BC and for informing

74 assessments of human exposure to BC from different sources.

75  Current understanding of BC sources across different particle-size ranges remains limited. BC
76  emitted from traffic is generally considered to have smaller particle sizes and thinner coatings
77  than that emitted from coal and biomass combustion (Liu et al., 2019; Liu et al., 2014).
78  Nevertheless, freshly emitted BC from these major combustion sources is predominantly
79  distributed within the submicron range. Subsequent atmospheric ageing, particle growth,
80  coating formation, and mixing may further alter its size distribution, leaving it unclear how BC
81  from different sources is partitioned among discrete size fractions on the micrometre scale.
82  Dual-carbon isotope measurements, combining 8'3C and A'C, provide a means of

83  quantitatively constraining the relative contributions of the major sources of atmospheric BC
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84  (Gustafsson et al., 2026). Previous '“C-based investigations of the size dependence of BC
85  sources have mainly relied on comparisons among PM;, PM> 5, and PM,o samples (Liu et al.,
86  2018; Zhang et al., 2013). However, these samples represent cumulative size fractions defined
87 by different upper cutoffs rather than discrete size intervals, and their overlapping particle-size
88  coverage may obscure differences in BC source contributions among individual size fractions.
89  In contrast, size-segregated sampling isolates discrete, non-overlapping particle-size intervals
90  and allows these differences to be examined directly. To date, only a limited number of studies
91  have applied *C analysis to the source apportionment of total carbonaceous aerosols in discrete
92  particle-size fractions (Song et al., 2024; Angyal et al., 2024), while applications specifically
93 targeting BC are also limited (Ni et al., 2022; Wang et al., 2013a). One such study conducted
94  in Shanghai found no clear differences in BC source contributions among the investigated
95  particle-size fractions; however, it included only three sets of size-segregated samples, leaving
96  temporal and seasonal variability in size-dependent BC sources insufficiently constrained

97  (Wangetal., 2013a).

98  To better understand the carbon sources of BC across particle sizes, we conducted size-resolved

99  BC measurements in the megacity of Guangzhou, China, during winter and summer. BC
100  sources were quantified across six discrete particle-size fractions using radiocarbon analysis,
101  yielding a total of 81 size-resolved A'*C measurements. In addition, §'*C measurements were
102  performed for four representative winter samples to further distinguish coal and petroleum
103  contributions within the fossil component. By combining dual-carbon isotope measurements
104  with size-resolved source apportionment, this study aimed to address three questions: (1) Do
105  fossil and non-fossil contributions to BC vary systematically across different particle-size
106  fractions? (2) Do coal- and petroleum-derived BC show different size-dependent patterns
107  within the fossil fraction? (3) How do size-dependent BC source contributions differ between
108  winter and summer, and how might these differences relate to changes in emission conditions

109  and monsoon-driven transport?
110 2. Materials and methods

111 2.1 Sampling
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112 Size-segregated aerosol samples were collected using a Staplex Series 230 High Volume
113 Cascade Impactor (Model 236, Staplex Air Sampler Division, USA), which separates particles
114  into six aerodynamic diameter ranges (<0.49, 0.49-0.95, 0.95-1.5, 1.5-3.0, 3.0-7.2, and 7.2—

! under standard

115 10 um). The sampler was operated at a nominal flow rate of 1.13 m> min~
116  conditions. Prior to field deployment, the flow rate was calibrated using a U-tube water
117  manometer. The reference flow rate was calculated from the measured pressure difference using
118  the Bernoulli principle and paired with the corresponding rotameter reading. A linear regression

119  between the rotameter readings and reference flow rates was used to establish a calibration

120  curve for flow adjustment during sampling.

121 Aerosol sampling was conducted at the Guangzhou Institute of Geochemistry (GIG), an urban
122 site in Guangzhou, China (23.08°N, 113.21°E). Guangzhou is a representative urban center in
123 the central Pearl River Delta (PRD) region (Fig. 1). The sampler was installed at approximately
124 30 m above ground level on the rooftop of the institute building to minimize the direct influence
125  of local emissions. Samples were collected during two intensive campaigns covering winter
126 (October 2021 to January 2022) and summer (July to August 2022), using pre-baked quartz
127  fiber filters. In total, 25 size-segregated sample sets were obtained, corresponding to 150
128  individual filters. After sampling, all filters were wrapped in pre-baked aluminum foil, sealed,

129  and stored at —20 °C prior to analysis.
130 2.2 Chemical analysis

131 For carbonaceous aerosol analysis, a 1.5 cm? punch was taken from each quartz fiber filter and
132 analyzed for organic carbon (OC) and elemental carbon (EC). Prior to thermal—optical analysis,
133 the filter punches were exposed to concentrated hydrochloric acid (HCI) vapor for 1 h to remove
134  carbonate carbon and minimize its interference with the analysis (Tian et al., 2019). The OC
135  and EC contents were quantified with a thermal—optical transmission carbon analyzer (Sunset
136  Laboratory, Tigard, OR, USA) using the EUSAAR_2 temperature protocol (Cavalli et al., 2010).
137  The analytical uncertainty was within +5%, as evaluated against a sucrose standard. No
138  detectable EC signal was observed in any of the field blanks. Although EC and BC are defined

139 by different analytical approaches, they represent closely related light-absorbing carbonaceous
5
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140  fractions, and EC is widely used as an indicator of BC in thermal—optical measurements.

141  Hereafter, the operationally defined EC fraction is referred to as BC throughout the text.

142 Water-soluble inorganic ions were determined from another portion of each filter. The filter
143 aliquots were extracted three times by ultrasonication, using 10 mL of Milli-Q water for each
144  extraction. The combined extracts were then filtered through 0.22 um PTFE syringe filters
145  before instrumental analysis. Major water-soluble ions, including Na*, NH,*, K, Mg?', Ca?',
146  Cl, NOs, and SO+*, were measured by ion chromatography using a 761 Compact IC system

147  (Metrohm, Switzerland).
148 2.3 Radiocarbon and stable carbon isotope analysis of BC

149  BC was isolated for radiocarbon analysis following our previously established method. In brief,
150  an optimized thermal pretreatment was applied to selectively remove OC from the quartz fiber
151 filters prior to BC combustion. This pretreatment was designed to reduce potential charring
152 artifacts and thereby minimize the influence of OC pyrolysis on the isolated BC fraction. The
153  residual BC on the filters was then sealed in pre-baked quartz tubes together with CuO and Ag
154  and combusted at 900 °C to convert BC to CO;. The resulting CO, was cryogenically purified
155  on avacuum line and subsequently converted to graphite using the hydrogen reduction method.
156  Radiocarbon measurements were carried out at the Guangzhou Institute of Geochemistry
157  Accelerator Mass Spectrometry facility, Chinese Academy of Sciences (GIG-AMS; 1.5 SDH-
158 1, 0.5 MV, NEC, USA). Potential carbon contamination introduced during sample processing
159  and measurement was evaluated using oxalic acid II (OXII; NIST) and phthalic acid (Sigma-
160  Aldrich), as modern and fossil carbon reference materials, respectively. The radiocarbon
161  composition of BC was determined for all winter samples and pooled summer samples, yielding
162  a total of 81 radiocarbon measurements. For summer samples, equal-area portions of filters
163  collected within the same month and particle-size fraction were pooled for radiocarbon analysis.
164  Sufficient filter material was used for each radiocarbon analysis to ensure that the BC carbon
165  mass exceeded 20 pg. In addition to radiocarbon analysis, the stable carbon isotope composition
166  of the BC fraction in four representative winter sample sets was measured using a Flash 2000

167  elemental analyzer coupled to a Delta V isotope ratio mass spectrometer.
6
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168 2.4 Radiocarbon-based source apportionment

169  Radiocarbon results were first reported as fraction modern (Fm), normalized to a common §"3C

170  value of =25 %o. The Fm values were then converted to A*C as follows:
171 AMC = (Fm x 19509 _ 1) x 1000%o 1)

172 where ) is the reciprocal of the true mean life of radiocarbon (1/8267 yr™!), and (x) is the year

173 of sample collection. For the present study, (x) was set to 2021.

174  The radiocarbon-based fractional contributions of biomass burning (fsiomass) and fossil fuel

175  combustion (fjussii = 1- friomass) to BC were calculated using a two-endmember mixing model:
176 AMCsamp]e =ﬁ)iomass X A14Cbi0mass + (1*fl.7iomass) X A14Cf‘ossil (2)
177  where A™Csampie is the measured radiocarbon signature of BC, A"Cprsii = —1000%o, and

178  A™Cpiomass denotes A¥C endmembers of biomass burning. In this study, biomass-burning-
179  derived BC was assumed to originate mainly from the combustion of annual plants and wood
180  fuel. The A™C endmember for annual plants was taken to be equivalent to atmospheric CO; in
181 2021 (A™C =-3.5 %o). The A'™C value of wood fuel (A*C = 80 %o) was estimated using a tree-
182  growth model that included 10-, 20-, 40-, 70-, and 85-year-old trees with relative weights of
183 0.2, 0.2, 0.4, 0.1, and 0.1, respectively, assuming harvesting in the 2020s. Assuming equal
184  contributions of annual plants and wood fuel to biomass-burning-derived BC in China (Wu et

185  al., 2021; Tao et al., 2018), the A"*C endmember for biomass burning was estimated to be 38%o.

186  To further separate fossil-derived BC into petroleum and coal combustion contributions, the
187  AMC and 8"°C measurements were incorporated into a Bayesian Markov chain Monte Carlo

188  (MCMC) framework (Andersson et al., 2015). The isotope mass balance can be expressed as:

A14Csample A14Cbio Al4cpetroleum ar Ccoal fbio
189 613Csample = 6"%Chio 513Cpetroleum 83Ceoar |- foetroleum ©)
1 1 1 1 fcoal

190  where (f) denotes the fractional contribution of each source, and the subscripts bio, petroleum,
191 and coal refer to biomass burning, liquid fossil fuel combustion, and coal combustion,

192 respectively. The isotope values labeled as “sample” denote measured BC isotope signatures,
7
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193  whereas the source subscripts denote the corresponding isotope endmembers. The §'*C and
194  A™C endmembers for the three source categories were compiled from previously reported

195  datasets (Jiang et al., 2022) and are summarized in Table S1.
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197  Figure 1. Mean aerosol optical depth (AOD) at 550 nm derived from the Moderate Resolution
198  Imaging Spectroradiometer (MODIS) over East and Southeast Asia during (a) October 2021—
199  January 2022 (winter) and (b) July—August 2022 (summer). Size-resolved aerosol samples were
200  collected in Guangzhou (triangle), a typical urban site in the Pearl River Delta (PRD) region of
201 South China. Five-day backward trajectories arriving at Guangzhou at an altitude of 100 m
202  were calculated every 3 h during the sampling periods, and the corresponding mean air-mass

203 trajectory clusters are superimposed.

204 3. Results and discussions
205 3.1 Seasonal characteristics of carbonaceous aerosols

206  The total concentration of carbonaceous aerosols, defined as the sum of organic matter (OM,
207  estimated as 1.7 x OC) and BC, was approximately twofold higher in winter (27.6 = 6.4 pg
208  m?) than in summer (13.7 + 4.2 pg m3). Carbonaceous aerosols accounted for 44 + 5% of
209 the total particulate matter (PM) mass in winter, substantially higher than the corresponding
210  contribution in summer (17 + 5%) (Fig. S1). In contrast, the relative contribution of water-
211 soluble inorganic ions showed little seasonal variation, accounting for 21 + 5%and 23 + 7%
212 of PM in winter and summer, respectively. Thus, the pronounced seasonal difference in PM

213 composition was primarily associated with changes in the abundance of carbonaceous
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214  components. The enhanced contribution of carbonaceous aerosols during winter may partly
215  reflect the regional transport of polluted continental air masses to the PRD under the prevailing
216  winter monsoon, as suggested by the spatial distribution of aerosol optical depth at 550 nm and

217  the backward trajectories shown in Fig. 1.

218  The OC/BC ratio provides further insight into the seasonal differences in carbonaceous aerosol
219 composition. The OC/BC ratio was substantially higher in summer (8.3 + 2.0) than in winter
220 (3.9 = 0.7). This difference indicates greater summertime enrichment of OC relative to
221  primary combustion-derived BC. Because OC/BC ratios can be affected by both primary
222 emission profiles and secondary organic carbon (SOC) formation, the contributions of SOC and
223 primary organic carbon (POC) were further estimated using the EC-tracer method as described
224 in Text S1 (Castro et al., 1999). The estimated SOC contribution to OC was 67 + 8% in
225  summer, substantially higher than that in winter (31 + 13%). The contrasting seasonal
226  influences of secondary and primary organic carbon were further supported by their
227  relationships with PM mass. During summer, PM concentrations were strongly correlated with
228  SOC (R?=0.88, p <0.01; Fig. S2a) but not significantly correlated with POC (p > 0.05; Fig.
229  S2b). In winter, PM was significantly correlated with POC (R? = 0.55, p < 0.01; Fig. S2d),
230  whereas no significant correlation was observed between PM and SOC (p > 0.05; Fig. S2c¢).
231 Together, these results indicate a greater influence of secondary organic aerosol formation
232 during summer, whereas the wintertime carbonaceous aerosol burden was more strongly
233 associated with primary combustion-related carbonaceous emissions (Castro et al., 1999;

234 Duarte et al., 2008).
235 3.2 Size-resolved distributions and characteristics of carbonaceous aerosols

236  Carbonaceous aerosols were operationally grouped according to their aerodynamic diameters
237  measured by the cascade impactor into three size fractions: submicron (<0.95 um),
238  accumulation (0.95-3 pm), and coarse (3—10 pm) fractions. The boundary of 0.95 um was
239  selected based on the transition observed in the BC size distributions. Previous studies have
240  demonstrated that atmospheric BC is predominantly associated with submicron accumulation-

241  mode particles, which can evolve into larger internally mixed particles during atmospheric
9



https://doi.org/10.5194/egusphere-2026-6027
Preprint. Discussion started: 6 November 2026 EG U h
© Author(s) 2026. CC BY 4.0 License. spnere

242 aging (Jia et al., 2020; Schwarz et al., 2008b). Within the operational classification adopted
243 here, the accumulation fraction comprises the two impactor stages spanning 0.95-3.0 pm and
244  distinguishes these particles from the smaller submicron and larger coarse fractions.
245  Considering the size resolution and cutoff diameters of the impactor, particles larger than 3 um
246 were classified as coarse particles. Similar size classifications have been adopted in previous
247  size-resolved carbonaceous aerosol studies (Xu et al., 2024; Wan et al., 2015; Song et al., 2024;

248  Duarte et al., 2008).

249  The chemical composition of the three size fractions showed distinct particle-size-dependent
250  characteristics (Fig. 2). In winter, the contribution of carbonaceous aerosols to PM decreased
251 progressively from 55% in the submicron fraction to 28% in the coarse fraction. A similar
252  decreasing trend was observed in summer, with the carbonaceous contribution decreasing from
253 27% to 9% across the same size range. In contrast, the contribution of water-soluble inorganic
254  ions showed relatively limited variation among the three size fractions. The decreasing
255  contribution of carbonaceous aerosols toward larger particles was therefore mainly associated
256 with the increasing fraction of unresolved components, which likely consisted predominantly
257  of water-insoluble mineral materials in coarse particles. These results highlight the progressive
258 transition in particle composition from carbonaceous-rich submicron particles to increasingly
259  mineral-influenced coarse particles, supporting the operational particle-size classification used

260 in this study.

10
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262 Figure 2. Mean relative contributions of total carbonaceous aerosol (TC), water-soluble inorganic ions (WSIC), and
263 other components to particulate matter in three particle-size fractions during winter and summer. The three size
264 fractions are defined as submicron (<0.95 um), accumulation (0.95-3 um), and coarse (3—10 pm) particles. TC is
265 defined as 1.7xOC + BC. WSIC represents the sum of Cl-, NOs~, SO4>", NH4*, and K*, while “Other” represents

266 the remaining particulate mass not accounted for by TC and WSIC.

267  The size-normalized mass distributions of carbonaceous and inorganic species are presented in
268  Fig. 3. BC exhibited a pronounced maximum in the 0.95-1.5 pm fraction, together with a
269  secondary increase in the largest particle fraction (7.2-10 pum). In winter, BC was
270  predominantly distributed in particles smaller than 3 um, accounting for approximately 75% of
271 total BC (Fig. S3), with a pronounced maximum in the 0.95-1.5 um fraction (Fig. 3). Although
272 summertime BC concentrations were substantially lower, a similar accumulation-mode peak
273 was still observed. The enrichment of BC in the 0.95-1.5 um fraction occurred at a larger size
274  range than the secondary inorganic ions (SO4> and NH4"), which were centered in the adjacent
275  submicron fraction (0.49-0.95 um) (Fig. 3). This size offset suggests that condensation of

276  secondary species, coagulation, and aqueous-phase processing increased the aerodynamic

11
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277  diameter of BC-containing particles, shifting BC toward a larger accumulation-size fraction
278  (Jaffrezo et al., 2005; Cabada et al., 2004). In addition to the accumulation-mode maximum, a
279  distinct increase in BC was observed in the largest particle fraction (7.2-10 um) (Fig. 3). This
280  coarse-mode BC enhancement occurred together with elevated Ca*" and Mg?" concentrations
281  (Fig. 3), suggesting an association between coarse BC and mineral dust-related particles. Such
282  coarse carbonaceous particles may result from the incorporation of carbonaceous materials into
283  resuspended dust particles or the presence of carbon-containing residues associated with coarse
284  particles. Similar coarse-mode BC peaks have also been reported in multiple Chinese urban

285  cities (Xin et al., 2015).

286  Compared with BC, OC exhibited a broader but generally unimodal size distribution in both
287  seasons, with a maximum occurring in the 0.49-1.5 um size range (Fig. 3). This distribution
288  partially overlapped with the size range enriched in secondary inorganic ions (SO4*" and NH4"),
289  suggesting that organic components associated with secondary processing may preferentially

290  accumulate in submicron and aging-related accumulation particles.

291  The OC/BC ratios exhibited contrasting size-dependent patterns between winter and summer.
292  In winter, OC/BC ratios decreased significantly with increasing particle size (Friedman test, p
293  <0.001), from 5.0 + 1.5 in the submicron fraction to 3.6 £ 0.9 in the accumulation fraction and
294  2.5+£0.5 in the coarse fraction (Fig. S4a). Elevated OC/BC ratios (>2) have often been used as
295  an empirical indicator of enhanced secondary organic carbon (SOC) contributions (Turpin and
296  Huntzicker, 1995; Chow et al., 1996). The higher OC/BC ratio in the submicron fraction likely
297  reflects the enrichment of organic components associated with atmospheric processing and
298  secondary organic aerosol (SOA) formation, including the condensation of oxidized organic
299  species and aqueous-phase processing. In contrast, the lower OC/BC ratio in the coarse fraction
300  suggests a reduced relative contribution of SOC components and an increased contribution of
301  BC, consistent with the coarse-mode BC enhancement observed in winter (Fig. 3). In summer,
302 OC/BC ratios showed no statistically significant differences among the three size fractions
303  (Friedman test, p = 0.92, Fig. S4b). Nevertheless, OC/BC ratios were generally higher in

304 summer than in winter across the investigated size fractions, consistent with the stronger

12
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305 summertime SOC formation identified in Section 3.1. Several coarse particles exhibited
306  exceptionally high OC/BC ratios (>20), suggesting sporadic enrichment of OC-rich
307 components in the coarse mode. These high values may be associated with enhanced
308  contributions from primary biological aerosol particles (PBAPs), including pollen, fungal
309  spores, bacteria, and plant debris, which are typically enriched in coarse particles and contain
310  abundant organic carbon (Zhu et al., 2015). The enhanced biological activity under warm and
311  humid summertime conditions in Guangzhou may further promote the contribution of PBAPs

312  to coarse organic carbon (Lu et al., 2025).

313  Opverall, the contrasting size-dependent patterns of OC/BC ratios indicate distinct seasonal
314  processes affecting BC-containing particles. However, the size distributions and relative
315  abundances of OC and BC alone cannot determine whether these variations arise from
316  differences in BC sources or from atmospheric processing. Therefore, size-resolved
317  radiocarbon measurements were further applied to quantify fossil and non-fossil BC

318  contributions and identify the dominant sources across different particle size fractions.

Summer —— Winter

BC oc TC NH;

s 125 030 |

6 - 1.00 0.24

dc/dlogDp (ug m~3)

0.75 — 018 =
0.50 = 012 o
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320 Figure 3. Size-normalized mass distributions of carbonaceous and inorganic aerosol species during summer (orange
321 line) and winter (blue line). Carbonaceous components include black carbon (BC), organic carbon (OC), and total
322 carbonaceous aerosol (TC). Inorganic components include NH4*, SO4?7, Na*, Mg?*, and Ca?*. Mass concentrations

323 were normalized by the logarithmic particle-size interval and are expressed as dC/dlogDp.
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324 3.3 Radiocarbon (**C) signatures in BC

325  Radiocarbon analysis revealed distinct seasonal differences in the fossil and non-fossil
326  contributions to BC. The mass-weighted bulk A'*C values, calculated from the size-resolved
327  measurements using an isotope mass-balance approach, were substantially lower in winter
328  (—909 £ 34%o) than in summer (—716 + 13%o), indicating a much larger contribution of fossil-
329  derived BC during winter. The summertime A!“C value was comparable to previous
330  observations in the PRD. For example, Liu et al. (2025) reported a summer BC AC value of
331 —705 £+ 49%o based on measurements conducted during 2014-2018. In contrast, previous
332 measurements in the PRD reported substantially higher wintertime BC A'*C values, including
333 —650 +30%o in 2013 (Fang et al., 2018) and —664 + 83%o during 2014-2018 (Liu et al., 2025),
334  indicating a considerably larger contribution of non-fossil BC than during the winter campaign
335  of this study. The enhanced wintertime contribution of non-fossil BC reported previously has
336  Dbeen largely attributed to post-harvest agricultural residue burning in surrounding agricultural
337  regions (Andersson et al., 2015; Fang et al., 2018). However, agricultural residue burning
338  controls have been substantially strengthened in China since 2018, leading to a marked
339  reduction in open crop burning activities and associated emissions (Hong et al., 2023). Satellite
340  observations during our sampling periods showed substantially more fire hotspots within the
341  PRD in summer than in winter (Fig. S5), suggesting limited regional biomass-burning activity
342 during the winter campaign. The more “C-depleted wintertime BC observed in this study may
343  therefore partly reflect the reduced influence of regional agricultural residue burning in recent

344 years.

345  Size-resolved AC measurements revealed a clear particle-size dependence of BC sources in
346  both seasons, with coarse particles consistently exhibiting higher A'C values than submicron
347  and accumulation particles (Fig. 4). In winter, AC values were highest in the largest size
348  fraction (7.2-10 um), followed by the 3.0-7.2 pum fraction, whereas the other four finer
349  fractions all exhibited extremely low A*C values (< —900%o) with no significant differences
350 among them (Friedman test, p = 0.44). This contrast indicates a relatively greater non-fossil

351  contribution to coarse BC, while the four finer fractions remained strongly dominated by fossil
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352 sources. After combining individual size bins into three representative fractions, the wintertime
353  coarse fraction showed a A™C value of —837 + 81%o, substantially higher than those of the
354  submicron (—928 + 40%o) and accumulation fractions (—938 + 37%o). Despite the relatively
355  elevated A™C of coarse BC, the mass-weighted bulk wintertime signature remained strongly

356  '“C-depleted because most BC mass was distributed in particles smaller than 3 um.

357  Asimilar particle-size-dependent pattern was observed in summer, but with substantially higher
358  A!C values across all size fractions (Fig. 4). The coarse fraction exhibited the highest A#C
359  value (=531 + 29%o), whereas the submicron and accumulation fractions showed lower values,
360  with the lowest A*C observed in the accumulation fraction (=834 + 14%o). Thus, although the
361 absolute A*C values differed substantially between seasons, both seasons exhibited a common
362  particle-size pattern characterized by relatively '“C-depleted BC in the submicron and
363  accumulation fractions and higher A*C values in the coarse fractions. Quantitative fossil and
364  non-fossil source contributions and the processes underlying this size dependence are discussed

365 in Section 3.4.

366
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368 Figure 4. Size-resolved A'“C signatures of black carbon (BC) in winter and summer. Individual measurements of
369 BC A!C are shown as blue circles for winter and orange triangles for summer. Blue diamonds and orange squares
370 represent the corresponding seasonal means, with error bars indicating +£1 SD. Winter measurements represent 12
371 samples, whereas summer measurements represent two monthly composite samples.
372 3.4 Size-resolved relative source contributions to BC
373  Radiocarbon-based source apportionment revealed that fossil fuel combustion dominated BC
374  sources in both seasons, accounting for 91 + 3% and 73 + 1% of total BC in winter and
375  summer, respectively. In terms of absolute concentrations, fossil-derived BC averaged 3.4 + 0.9
376  pg m in winter, approximately five times the summertime concentration of 0.65 + 0.04 ug
377 m. In contrast, non-fossil BC concentrations differed only slightly between winter (0.32 =
378  0.13 ug m) and summer (0.25 + 0.03 pg m ) and were comparable to the 2008-2018 average
379  concentration in the PRD (0.34 + 0.16 ug m™) (Liu et al., 2025). Therefore, the enhanced
380  wintertime BC concentration was primarily driven by increased fossil-derived BC rather than
381  enhanced non-fossil emissions. Similar seasonal variations were also reported by Fang et al.
382 (2018), who observed that fossil BC concentrations in the PRD increased from 1.2+ 0.1 pg m
383  insummerto 3.4+ 1.5 ug m in winter. The wintertime enhancement of fossil BC likely reflects
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384  both the accumulation of regional emissions under a lower planetary boundary layer and
385  reduced precipitation and the transport of fossil-fuel-related BC from continental regions under

386 the prevailing northeasterly monsoon (Fig. 1).
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388  Figure 5. Size-resolved mass concentrations of fossil and non-fossil BC and the corresponding

389  non-fossil fractions during winter and summer.

390  Conversion of the A'C measurements to BC source fractions revealed a similar size-dependent
391  pattern in both seasons, although non-fossil fractions were consistently higher in summer than
392 in winter (Fig. 5). The non-fossil fraction was lowest in the 0.95—1.5 um size range, accounting
393 for 5% of BC in winter and 12% in summer, and increased markedly toward the coarse fractions.
394  The logDp-normalized mass distributions of fossil and non-fossil BC further highlighted their
395  contrasting particle-size patterns (Fig. 6). Both fossil and non-fossil BC exhibited unimodal
396  size distributions in winter and summer, but with markedly different peak positions. Fossil-
397  derived BC showed a pronounced maximum in the 0.95-1.5 pum fraction, indicating its
398  preferential association with accumulation-mode particles. In contrast, non-fossil BC showed a

399  pronounced coarse-mode peak in the 7.2—-10 pum fraction.

17



https://doi.org/10.5194/egusphere-2026-6027
Preprint. Discussion started: 6 November 2026
(© Author(s) 2026. CC BY 4.0 License.

400

401

402

403

404

405

406

407

408

409

410

411

412

413

414

415

Winter non-fossil BC Winter fossil BC
%67 (@ 5 )
T
€
0.4
£ 27
Q.
[=)
oo
k)
T 0.2 ]
S 1
o©
0.0 =T ——rrr ——rrrr 0 - ——rrr ——rrrrT
0.1 1 10 0.1 1 10
Summer non-fossil BC Summer fossil BC
c d
o8 o (c) 0.75 - (d)
T
£
202+ 0.50
j-3
=)
oo
k)
S 0.1 0.25
°
0.0 —— T —r——rr—  0.00 =y ——rrr ——rrr
0.1 1 10 0.1 1 10
Dp (um) Dp (um)

Figure 6. Size-normalized mass distributions of non-fossil (green line) and fossil BC (black line) during winter

(panels a and b) and summer (panels ¢ and d).

A similar tendency toward increasing biomass-burning contributions at larger particle sizes has
been observed in Ziirich and Roveredo, Switzerland, where biomass-burning contributions
were higher in PMo than in PM, during winter (Zhang et al., 2013). One possible explanation
for the larger particle sizes of biomass-burning-derived BC (BCup), represented here by the
radiocarbon-derived non-fossil BC component, is that biomass-burning emissions tend to
contain larger and more thickly coated BC particles than fossil-fuel combustion emissions (Liu
et al.,, 2019; Schwarz et al., 2008a). For example, previous observations showed that BC
particles in biomass-burning plumes had a mass median diameter of approximately 193 nm and
a coating thickness of 65 nm, compared with 175 nm and 20 nm, respectively, in fossil-fuel-
dominated plumes (Sahu et al., 2012). However, these source-dependent differences occur
primarily within the submicron size range and therefore cannot directly explain the pronounced
enrichment of BCy;, observed in the 7.2—10 pum fraction. Moreover, coarse-mode enrichment of

BCyy is not a general feature, even in regions strongly influenced by biomass burning, such as
18
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416 Southeast and South Asia. In Thailand, BCy, decreased with increasing particle size, with 70—
417  90% of total BCy, distributed in PM;; (Song et al., 2024). Similarly, measurements in the
418  Maldives showed that the fossil contribution to BC was higher in total suspended particles (50
419  + 4%) than in PMys (41 + 4%), implying a relatively greater fossil-fuel contribution to the
420  coarse fraction (Bosch et al., 2014). These contrasting observations suggest that the coarse-
421  mode enrichment of non-fossil BC in the PRD cannot be explained solely by source-dependent
422  differences in the initial size and coating of emitted BC particles but likely also involves region-

423 specific transport and mixing processes.

424 The relationships of BCy, with biomass-burning and mineral-dust tracers provide further insight
425  into its enrichment in coarse particles. In the 7.2-10 pm fraction, BCy, was significantly
426  correlated with Ca?" in both winter and summer (R? = 0.73 and 0.83, respectively) (Fig. 7a and
427  Fig. 7c), whereas no significant correlations were observed in the other size fractions (p > 0.05).
428  BCy, was also strongly correlated with nss-K”, a typical inorganic tracer of biomass burning
429  (Fig. 7b and Fig. 7d). The significant correlations of BCp, with both nss-K* and Ca** are
430  consistent with an association between biomass-burning BC and mineral particles in the coarse
431  fraction, potentially resulting from their mixing during regional transport. Mineral dust can
432 provide surfaces for the coagulation and mixing of combustion-derived aerosols with coarse
433 particles during atmospheric transport, thereby promoting the incorporation of BC into the
434 coarse fraction (Clarke et al., 2004). Such BC—dust mixing has also been observed directly in
435  transported mineral-dust plumes and urban aerosols (Zhou et al., 2018; Kandler et al., 2007,

436  Mahfouz et al., 2024).
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438 Figure 7. Correlations of non-fossil BC concentrations with Ca?* and non-sea-salt K* (nss-K*) in the coarse fraction
439 (7.2-10 pum) during winter and summer. Panels (a) and (b) show the relationships for winter samples, whereas panels

440 (c) and (d) show those for summer samples.

441  The coarse-mode enrichment of BCy, was substantially more pronounced in summer than in
442  winter. Biomass burning contributed approximately 50% of BC in the 7.2—10 pm fraction
443 during summer, compared with 16 + 8% during winter (Fig. 5). This seasonal pattern is
444  somewhat unexpected because biomass-burning activities in southern China generally intensify
445  during the colder winter period (Lu et al., 2025). The elevated summertime BCy, contribution
446  therefore appears unlikely to result primarily from stronger local or regional biomass-burning
447  emissions within southern China but instead points to a change in the dominant source regions
448  and transport pathways. Long-range transport from Southeast Asia may represent an important
449  contributor to summertime BCyp. Biomass burning accounts for approximately 50-80% of BC
450  in parts of Southeast Asia (Wang et al., 2023; Liu et al., 2020), substantially higher than the
451  generally <30% contribution reported for East Asia. Previous studies have further demonstrated
452 that Southeast Asian biomass-burning aerosols can be transported into southern China and the

453 PRD under the summer monsoon circulation (Lu et al., 2025; Qin et al., 2024). More recently,
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454  a radiocarbon-constrained modeling study estimated that transport from Southeast Asia
455  contributed approximately 26% of BCy in the PRD during the summer monsoon, with
456  contributions reaching as high as 66% during individual transport episodes (Lin et al., 2026).
457  Notably, that modeling study covered summer 2022, overlapping with the present sampling
458  campaign and thereby providing temporally relevant support for the potential influence of
459  Southeast Asian transport on our observations. In contrast, the wintertime northeasterly
460  monsoon predominantly transports continental air masses from mainland China, which are
461  more strongly influenced by fossil-fuel-derived BC (Fig. 1). Thus, the pronounced summertime
462  enrichment of BCy, in coarse particles likely reflects the combined effects of Southeast Asian
463 biomass-burning emissions, monsoon-driven transport, and mixing of BCy, with coarse mineral

464  particles during regional transport.

465  Whereas BCy, showed a pronounced enrichment in the coarse fraction, fossil-derived BC (BC)
466  exhibited the opposite size-dependent pattern and was preferentially concentrated in the
467  accumulation fraction. The fossil contribution to BC was highest in the accumulation fraction
468  (Fig. 5), and the logDp-normalized BCy distribution showed a pronounced peak at 0.95-1.5 pm
469  (Fig. 6). This enrichment is likely related to the atmospheric growth of initially finer fossil-
470  fuel-derived BC particles. After emission, BC-containing particles can grow through water
471  uptake, coagulation, condensation of secondary inorganic and organic material, and
472 heterogeneous reactions, progressively shifting BC mass toward the accumulation mode (Fierce
473  etal.,, 2015; Huang et al., 2012). Such aging-related growth may be particularly important for
474  fossil-derived BC. Fossil-fuel BC is generally emitted as relatively small and less-coated
475  particles, and its comparatively slow transition toward highly hygroscopic states may reduce
476  its initial susceptibility to wet removal, allowing a larger fraction to remain in the atmosphere
477  and undergo continued aging and particle growth (Subramanian et al., 2010; Moteki et al., 2007;
478  Shiraiwa et al., 2007). In contrast, BCys is often emitted with thicker coatings and can become
479  hydrophilic more rapidly, resulting in more efficient removal through cloud activation and
480  precipitation scavenging during transport (Qi and Wang, 2019; Akagi et al., 2012). This

481  difference in atmospheric evolution and removal pathways may contribute to the preferential
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482  enrichment of BCy in the 0.95—1.5 um fraction. Consistent with this interpretation, the OC/BC
483  ratio in the 0.95-1.5 pm fraction showed a positive relationship with the fossil fraction during
484  winter (R* = 0.54, p < 0.05, Fig. S6). Because increasing OC/BC ratios can reflect organic
485  enrichment and atmospheric processing, their positive association with the fossil fraction
486  suggests that fossil-derived BC became progressively enriched as BC-containing particles

487  underwent atmospheric aging and grew into the accumulation mode.
488 3.5 Fossil BC apportioned by stable carbon isotopes: coal versus liquid fossil fuel

489  Stable carbon isotope measurements provided additional constraints on the size-dependent
490  sources of BC in four representative winter samples. The coarse fraction exhibited a slightly
491  more negative §'*C value (—24.1 + 0.7%o) than the submicron (—23.1 £ 1.3%o) and accumulation
492 fractions (—23.0 £ 1.3%o), although the differences among the three size fractions were not
493  statistically significant (one-way ANOVA, p > 0.05). In §"*C-A'"C space, coarse particles
494  tended to exhibit more negative 3'>C and higher A'*C values, consistent with their greater non-
495  fossil contribution and the increased influence of biomass-burning-derived BC (Fig. S7). In
496  contrast, the submicron and accumulation fractions showed largely overlapping dual-isotope
497  signatures, indicating similar source characteristics dominated by fossil-derived BC. Because
498  $"3C provides additional discrimination between coal and liquid fossil-fuel combustion, the
499  dual-carbon isotope measurements were further incorporated into a Bayesian MCMC model to

500  separate the major BC sources.

501  The Bayesian MCMC model estimated the relative contributions of biomass burning (i), coal
502  combustion (feoa), and liquid petroleum combustion (fyerol) to BC for four representative
503  wintertime samples (Fig. 8). After weighting the source fractions by BC mass across the six
504 size fractions, the average contributions of biomass burning, coal combustion, and liquid
505 petroleum combustion were 9 + 4%,49 + 5%,and 42 + 8%, respectively. Overall, coal and
506  petroleum combustion made comparable contributions to wintertime BC in the PRD, consistent
507  with previous observations in the region. For example, the average contributions of coal and
508  petroleum combustion to BC in the PRD during 2008-2018 were 38 + 2% and 35 + 2%,

509  respectively (Liu et al., 2025).
22
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510  Despite the comparable overall contribution of f.o. and femor, the two fossil sources differed
511  among the four samples. The f:ow values exceeded fyeqorin October and November, whereas fyeror
512  was slightly higher than f.,w in December and January (Fig. 8a). These sample-to-sample
513  differences were observed across nearly all particle-size fractions, suggesting that temporal
514  changes in source influence affected the entire BC size distribution rather than a particular size
515  fraction (Yang et al., 2017). Backward trajectories showed that the October and November
516  samples were associated with longer-range air masses traced to northern and northeastern
517 mainland China (Fig. S8a and Fig. S8b), consistent with a stronger influence of continental
518 transport and coal-related BC emissions in northern China. In contrast, the December and
519  January samples were characterized by shorter trajectories and more stagnant conditions, with
520  air masses entering the PRD directly from the southeastern coastal region (Fig. S8c and Fig.
521  S&d), favoring a greater influence of local and regional liquid-petroleum-related sources. These
522  results suggest that liquid-fossil-fuel-derived BC in the PRD was more closely associated with
523  local and regional urban emissions, particularly traffic emissions, whereas northerly continental

524  transport increased the influence of coal-derived BC.

525  Unlike the sample-to-sample differences described above, the particle-size dependence of the
526  two fossil-source contributions was comparatively weak. Within individual samples, fc,a and
527  fpewor showed only limited variation across particle-size fractions, particularly for samples
528  collected in December and January (Fig. 8a). Although this result is based on only four winter
529  samples, it suggests that atmospheric processing, including coating, coagulation, and mixing,
530 did not preferentially redistribute coal- and petroleum-derived BC among the investigated
531  particle-size fractions. In contrast, the most remarkable size-dependent change in the Bayesian
532  source fractions was associated with biomass burning rather than with the relative contributions
533  of the two fossil sources. The mean f;; increased from < 10% in the submicron and
534  accumulation fractions to 10-20% in the coarse fractions, whereas foow and fremor generally
535  remained at approximately 40-50% across the investigated size fractions (Fig. 8b). Thus, the
536  shift in BC source composition toward larger particle sizes was driven mainly by an increasing

537  biomass-burning contribution rather than by changes in the relative contributions of the two
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538  fossil sources.

539  The absence of a systematic increase in feow toward the coarse fractions contrasts with the
540  particle-size patterns expected from primary fossil-fuel combustion. Coal combustion has often
541  been associated with relatively larger BC-containing particles than vehicle exhaust emissions,
542  and a greater contribution of coal-derived BC might therefore be expected in the coarse fraction
543  (Boschetal., 2014). For example, a size-resolved study in Shanghai reported that fossil-derived
544  BC in particles larger than 3 um was almost exclusively attributed to coal combustion (Wang
545 et al., 2013b). In the PRD, however, no corresponding increase in fcoal was observed in the
546  coarse fraction, where fcoal and fpetrol remained comparable (Fig. 8b). One possible
547  explanation is that coarse fossil BC in the PRD includes carbonaceous particles from non-
548  combustion sources, particularly carbon-black-containing tire wear that is subsequently
549 incorporated into resuspended road dust (Zhang et al., 2013; Kim et al., 2021; Jarlskog et al.,
550  2022; Reynolds et al., 2024). Such particles would be identified as fossil-derived by A*C but
551  may not be adequately represented by the combustion-derived §'*C endmembers used in the
552  Bayesian model. Therefore, the apportioned coal and petroleum contributions in the coarse

553  fractions should not necessarily be interpreted exclusively as direct combustion emissions.
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555 Figure 8. Size-resolved source contributions to BC derived from dual-carbon isotope constrained Bayesian source
556 apportionment for four representative winter samples. (a) Relative contributions of biomass burning, petroleum
557 combustion, and coal combustion to BC across six particle-size fractions. (b) Mean source contributions for each

558 particle-size fraction across the four samples. Error bars represent the standard deviations among the four samples.
559 4. Conclusion

560  This study investigated the sources and size distributions of black carbon (BC) in Guangzhou,

25



https://doi.org/10.5194/egusphere-2026-6027
Preprint. Discussion started: 6 November 2026 EG U h
© Author(s) 2026. CC BY 4.0 License. spnere

561  China, using size-resolved radiocarbon (**C) and stable carbon isotope (**C) measurements. BC
562  was strongly dominated by fossil sources, which contributed 91 + 3% in winter and 73 + 1% in
563  summer. In both seasons, the highest fossil fractions occurred in the 0.95-1.5 pum size range,
564  reaching 95% in winter and 88% in summer, whereas the non-fossil contribution increased
565  markedly toward the coarse fraction and reached approximately 50% in the largest size range
566  (7.2-10 pum) during summer. The logDp-normalized mass distribution of fossil-derived BC
567  (BCy) peaked in the 0.95-1.5 um fraction, whereas that of biomass-burning-derived BC (BCpp)
568  peaked in the 7.2-10 um fraction. In the 7.2—-10 um fraction, BCy, was strongly correlated with
569 nss-K* and Ca®*, consistent with an association between biomass-burning BC and coarse
570  mineral particles, potentially resulting from their mixing during regional transport. In contrast,
571  the accumulation-mode peak of BCi suggests that initially finer fossil-derived BC particles
572 may grow through atmospheric processing and shift into the accumulation mode. Within the
573  fossil fraction, coal and petroleum combustion made comparable contributions in the four
574  representative winter samples, and neither source contribution exhibited a consistent particle-
575  size-dependent trend. Thus, the particle-size dependence of BC sources was driven mainly by
576  an increasing biomass-burning contribution toward the coarse fraction, rather than by a

577  systematic shift between the two fossil sources.

578  However, size-resolved sampling yields only a small mass of BC in each particle-size fraction,
579  making it difficult to measure both 8"3C and A¥C. We therefore quantified the relative
580  contributions of coal and petroleum in only four winter sample sets with high BC loadings.
581  How these contributions vary across particle sizes in other seasons remains unclear. A further
582  uncertainty concerns the contribution of non-exhaust traffic emissions, including particles from
583  tire wear and asphalt pavement wear. These emissions have received increasing attention as
584  potential sources of urban BC (Jérlskog et al., 2022), but their isotopic endmembers remain
585  poorly characterized. We therefore did not include them as separate sources in the
586  apportionment model. Finally, isotope measurements on bulk material from each size fraction
587  cannot directly resolve the mixing state of individual particles. Nevertheless, the contrasting

588  size distributions of BC from fossil fuels and biomass burning show that bulk source fractions
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589  can obscure differences in source contributions across particle sizes. This distinction is
590 important for understanding the sources, transport, and removal of BC aerosols and for

591  assessing their climate, environmental, and health impacts.
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