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H I G H L I G H T S

• Recent BC studies in China were reviewed, including sources, aging, mixing state, and health effects.
• Gridded BC datasets have been established, showing significant decreases of BC concentration in China during the past decade.
• Aging and different mixing states of BC strongly impact its morphology, light absorption, and health effects.
• BC exposure is associated with respiratory, cardiovascular, and neurological effects, with its toxicity varying by source types and atmospheric aging processes.
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A B S T R A C T

Black carbon (BC) is an atmospheric pollutant that adversely affects air quality, global climate, and human 
health. As an important BC source region, China has achieved substantial emission reductions over the past 
decade through stringent clean air policies, offering a unique opportunity to study changes of BC sources and 
properties under rapid emission changes. Concurrently, BC research in China has progressed rapidly, shifting 
from studying emission sources toward atmospheric processes and health impacts. This review focuses on five 
key topics in BC research, including ambient concentrations, emission sources, atmospheric aging, mixing state, 
and health effects. Ground observation networks and gridded datasets have shown a significant decrease in BC 
concentrations due to clean air policies, particularly in Northern and Eastern China. Emission inventories and 
source apportionment studies consistently identified fossil fuel combustion as the dominant BC source in China. 
Laboratory, field, and modeling studies have advanced understanding of BC aging and mixing state. The health 
evidence from China has linked BC exposure to respiratory, cardiovascular, and neurological diseases. The rapid 
expansion and heterogeneity of datasets underscore the urgent need for measurement standardization and cross- 
regional dataset comparison. In addition, this review calls for stronger integration of measurement and modeling 
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to better study BC sources, aging, and mixing states, and highlights the need for assessing source-specific health 
impacts and understanding how atmospheric aging modifies BC toxicity.

1. Introduction

Black carbon (BC) plays a crucial role in global climate change 
(Adachi et al., 2010; Gustafsson et al., 2026; Huang et al., 2024; 
Jacobson, 2001) and regional air quality (Ding et al., 2016, 2019a; 
Huang et al., 2018). BC affects the climate primarily through the ab
sorption of solar radiation and by acting as cloud condensation nuclei 
(CCN) that modify cloud formation and distribution (Andreae and 
Gelencser, 2006; Jacobson, 2004; Liu et al., 2015; Oshima et al., 2009; 
Zaveri et al., 2010). These effects involve complex processes, including 
aerosol-cloud interactions and boundary layer feedbacks (Ding et al., 
2016; Winiger et al., 2016; Xu et al., 2016). Moreover, the strong light 
absorption by BC significantly reduces atmospheric visibility (Li et al., 
2022b). It also modifies planetary boundary layer (PBL) meteorology 
and exacerbates haze pollution, forming a positive feedback mechanism 
termed the “dome effect” (Ding et al., 2016).

BC has also gained increasing recognition for its health implications. 
BC particles are sufficiently small to penetrate deep into the human 
respiratory tract. Their large specific surface area also allows efficient 
adsorption of toxic compounds such as polycyclic aromatic hydrocar
bons (PAHs), thereby increasing human exposure to hazardous pollut
ants (Ali et al., 2021; Lippmann and Chen, 2009; Niranjan and Thakur, 
2017). Epidemiological studies have consistently suggested that 
combustion-related particles, represented by BC, are closely associated 
with adverse health outcomes, and the evidence linking BC exposure to 
health risks is considered among the most robust (Janssen et al., 2011; 
Smith et al., 2009; Zhu et al., 2023). Given these important environ
mental, climatic, and health implications, BC has become a major focus 
of international research, resulting in a rapid increase in the number of 
related studies in recent years.

In China, BC has attracted growing attention due to its large emis
sions and significant environmental and health implications (Liu et al., 
2025a; Peng et al., 2016). As one of the major BC emitters, China 
released an estimated 916 Gg of anthropogenic BC in 2023 based on the 
emission inventory from Multi-resolution Emission Inventory Model for 
Climate and Air Pollution Research (MEIC) (http://meicmodel.org.cn/). 
In response to severe haze episodes a decade ago, the Chinese govern
ment strengthened air quality management and established national 
standards for fine particulate matter (PM2.5) in 2012 (Ministry of 
Ecology and Environment of the People's Republic of China, 2012). As 
an important component of PM2.5, BC has become an important focus of 

scientific research and air quality management strategies. Intensive 
emissions have led to high BC concentrations in many regions of China, 
and diverse combustion sources, including residential burning, indus
trial activities, and traffic emissions, contribute to the complex source 
structure of BC (Shan et al., 2025). Furthermore, the high BC concen
trations in China have also contributed to substantial public health 
burdens. For instance, a study estimated that the national annual 
BC-associated premature mortality ranged from 733,910 cases yr− 1 to 
937,980 cases yr− 1 during 2000-2020 in China (Zhao et al., 2024a).

Given these prominent features and impacts, China has become an 
increasingly important region for BC research and accounts for 40% of 
the global publications in this field by 2024 (Fig. 1). The thematic focus 
of atmospheric BC studies contributed by Chinese researchers has 
evolved substantially over time (Fig. 2). Source apportionment has 
consistently remained a central topic, reflecting its fundamental 
importance for emission control strategies, while emerging research 
directions such as health effects and mixing state have gained increasing 
attention in recent years. These trends indicate a transition from tradi
tional emphasis on emissions and regional pollution characteristics to
ward a more integrated understanding of the physicochemical 
properties and environmental impacts of BC.

Fig. 2 shows the temporal evolution of research topics in BC-relevant 
studies contributed by Chinese authors. These evolving research trends, 
together with the growing Chinese contributions, motivate this review 
to synthesize current knowledge. This review focuses on five key topics 
of BC research, including ambient concentration, emission sources, at
mospheric aging, mixing state, and health effects, in order to enhance 
our understanding of BC properties in ambient air and its environmental 
impacts. Table 1 shows a list of abbreviations for major models, datasets, 
and instruments.

2. BC concentration and spatiotemporal variability in China

Accurate quantification of BC mass concentration is fundamental for 
evaluating its environmental impacts. In China, ground-based observa
tion networks have been established across different regions, enabling 
detailed assessments of the temporal and spatial variability of BC con
centrations. Additionally, gridded BC concentration datasets have been 
developed in recent years by integrating multiple data sources, 
including ground observations, satellite retrievals, and chemical trans
port models. These datasets provide spatially and temporally continuous 
BC concentration fields, offering new opportunities to better charac
terize the spatiotemporal variability of BC across China.

This section reviews recent advances in both ground-based obser
vations and gridded datasets, and examines BC concentration levels and 
their variability in China based on the major datasets. Furthermore, 
given the increasing attention in recent years to the differentiation of BC 
into subgroups, specifically Soot and Char, we summarize the latest 
developments in studies of these subgroups, especially their physico
chemical properties.

2.1. BC concentration based on monitoring networks in China

2.1.1. Definitions and measurement techniques of BC
Although various definitions of BC have been proposed over the 

years (Bond et al., 2013; Goldberg, 1985; Novakov, 1984; Petzold et al., 
2013), a commonly used definition in current atmospheric research 
describes BC as a class of carbonaceous particulate matter characterized 
by strong light absorption, high-temperature refractoriness, thermal 
stability, and chain-like aggregate morphology (Bond et al., 2013; Tang 
et al., 2024b). Because BC is not a single chemically defined substance, 

Fig. 1. Number of publications under the topic of atmospheric black carbon 
and elemental carbon contributed by Chinese authors from 2002 to 2025. Data 
were obtained from the Web of Science Core Collection database using the 
search-terms as “atmospheric” and (“black carbon” or “elemental carbon”) and 
filtering for publication address in China.
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different measurement principles have led to several operationally 
defined BC metrics (Petzold et al., 2013). Among them, equivalent BC 
(eBC) is derived from filter-based and in-situ optical absorption mea
surements and converted to a mass concentration using an assumed 
mass absorption cross-section (MAC), whereas refractory BC (rBC) is 
measured by laser-induced incandescence and represents the refractory 
carbonaceous cores that incandesce under intense laser heating 
(Sedlacek et al., 2012).

Intercomparisons of BC measurements in China show that different 
analytical techniques could yield different concentrations. Larger dis
crepancies have been reported between eBC measured by Aethalometer 
and rBC measured by Single Particle Soot Photometer (SP2), with eBC/ 
rBC ratios ranging from 1.28 in urban Xi'an to 2.49 at the remote 
Qinghai Lake site (Wang et al., 2014b). Differences are also observed for 
eBC from different optical instruments, with Aethalometer 
AE33-derived eBC being approximately 1.69 times higher than Photo
acoustic Extinctiometer-derived eBC in Beijing (Sun et al., 2021). 
Therefore, BC concentrations measured using different methods should 
be interpreted carefully, as differently operationally defined BC metrics 
are method-dependent quantities.

In some studies, elemental carbon (EC) is suggested to be used as a 
proxy for BC due to compositional similarities (Bond et al., 2013; Liu 
et al., 2022b; Petzold et al., 2013; Zhang et al., 2023b). However, it 
should be recognized that BC is not simply equivalent to EC, as EC is 
determined by the thermal-optical analysis (TOA) method, which de
pends on the specified temperature protocol and charring correction 
scheme (Huntzicker et al., 1982). Based on simultaneous measurements 
of BC by an AE33 and EC by the Sunset semi-continuous OC/EC 
analyzer, a study conducted in Beijing showed a strong correlation be
tween eBC and EC (r = 0.90), but eBC was generally higher than EC, with 
an average difference of 1.21 μg m− 3 (Liu et al., 2022b). Therefore, a 
simple substitution of EC for BC could introduce uncertainties in both 
measurements and models.

In China, BC observations are predominantly based on optical 
methods that quantify light absorption or laser-induced incandescence 

signals. These approaches can be broadly categorized into in-situ and 
filter-based methods (Liu et al., 2023c). In-situ methods primarily 
include photoacoustic spectrometry (PAS), photothermal interferometry 
(PTI), and laser-induced incandescence (LII) (Liu et al., 2023c). In 
contrast, filter-based optical methods estimate BC from light attenuation 
through particle-loaded filters after sampling ambient aerosols.

Filter-based optical methods are widely used in China due to their 
relatively high temporal resolution, good environmental adaptability, 
and suitability for long-term observations and portable measurements, 
such as in-vehicle measurements (Guan et al., 2022; Liu et al., 2020a; 
Sun et al., 2020; Tian et al., 2020). Liu et al. (2023c) summarized the BC 
studies based on optical methods in China since 2013, and the results 
show that approximately 61% of BC optical studies have adopted the 
filter-based method. As for the in-situ methods, the LII method is the 

Fig. 2. Temporal evolution of research topics in BC-relevant studies contributed by Chinese authors from 2008 to 2025. Data are from the Web of Science Core 
Collection database using the search-terms as “atmospheric” and “black carbon”, with author affiliations restricted to China. Bibliometric analysis was performed 
using the bibliometrix package (R 4.5.1). For each year, the most frequent keywords (up to two) are shown here, and geographical terms are excluded to emphasize 
the underlying research topics. The horizontal line denotes the interquartile range (Q1-Q3) of publication years. The circle position denotes the median year. The 
circle size is proportional to the term frequency.

Table 1 
List of abbreviations for major models, datasets, and instruments.

Name Abbreviation

Aethalometer AE33 AE33
The High-resolution Air Quality Reanalysis Dataset over China CAQRA- 

aerosol
Chemical Transport Model CTM
China High Air Pollutants Dataset CHAP
Community Earth System Model CESM
Community Multiscale Air Quality Modeling System CMAQ
Multi-resolution Emission Inventory Model for Climate and Air 

Pollution Research
MEIC

Positive Matrix Factorization PMF
Regional Atmospheric Modeling System RAMS
Soot Particle Aerosol Mass Spectrometer SP-AMS
Single Particle Soot Photometer SP2
Single Particle Aerosol Mass Spectrometer SPAMS
Scanning Electron Microscopy SEM
Tracking Air Pollution Dataset TAP
Transmission Electron Microscopy TEM
Weather Research and Forecasting Model Coupled with Chemistry WRF-Chem
Weather Research and Forecasting Model Coupled with CMAQ WRF-CMAQ
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most widely used, accounting for 33%, followed by PAS (4%) and the 
PTI method (2%).

However, the filter-based methods are subject to several well- 
recognized artifacts, including the loading effect of PM on the filter, 
scattering effects, and interactions between the filter membrane and the 
sampled particles. Regarding the measurement accuracy of BC absorp
tion coefficient, multiple comparative studies using different in
struments have been conducted in China. Zhao et al. (2020) conducted 
simultaneous field observations using a filter-based aethalometer (e.g., 
AE33) and an in-situ PAS instrument (PASS-3), and the results showed 
that the absorption coefficient measured by the AE33 could be three 
times higher than that of the PASS-3. The mixing components of BC can 
affect optically derived BC concentrations. For instance, secondary 
organic coatings can enhance BC light absorption (Chen et al., 2017a; 
Cui et al., 2016; Xie et al., 2019). Particle-size distribution is also an 
important factor contributing to uncertainty in BC concentration 
assessment. Even for the same BC mass concentration, different size 
distributions of BC can lead to different optical responses because the 
MAC of BC varies with particle size (Asmi et al., 2025; Zhao et al., 2022). 
The uncertainties of BC measurement methods further affect the accu
rate assessment of its radiative forcing and health effects. However, 
China currently lacks a unified calibration method for the BC absorption 
coefficient, posing challenges to the consistency and comparability of 
long-term observations and model simulations.

2.1.2. Ground-based monitoring networks
In China, several nationwide and regional observation networks 

have been established to monitor aerosol components and optical 
properties. One of the earliest networks is the China Black Carbon 
Monitoring Network (CBNET), which was established in 2006 as part of 
the China Atmosphere Watch Network (CAWNET). CBNET has deployed 
dozens of stations across the country to monitor BC concentrations in 
different environments, including urban, rural, and background sites 
(Zhang et al., 2008; Zheng et al., 2025). In addition, the National Aerosol 
Chemical Composition Monitoring Network (NACMON) was further 
developed to support the “2 + 26” air pollution control strategy in the 
North China Plain, providing comprehensive online and offline mea
surements of aerosol chemical composition and optical properties in 
multiple cities since 2017 (Dao et al., 2019).

Based on these monitoring networks, some studies have investigated 
the spatiotemporal characteristics of BC concentrations across China 
(Guo et al., 2020; Zheng et al., 2025). Spatially, BC concentrations 
generally exhibit higher levels in eastern China compared to western 
regions, and higher in northern China than in southern regions. In 
addition, urban sites typically show significantly higher BC concentra
tions than rural and background stations, reflecting differences in en
ergy structure, emission intensity, and population density. Temporally, 
BC concentrations at most sites exhibit clear seasonal patterns, with 
higher levels in winter and lower in summer, mainly due to enhanced 
combustion emissions and unfavorable meteorological dispersion con
ditions during cold seasons (Zheng et al., 2025).

In terms of long-term trends, BC concentrations across China have 
generally decreased following the implementation of the national PM2.5 
standard in 2012 and subsequent air pollution control policies, 
including the Air Pollution Prevention and Control Action Plan (2013- 
2017) and the Three-year Action Plan (2018-2020). BC concentrations in 
many Chinese cities, such as Beijing, Nanjing, and Guangzhou, have 
shown clear decreasing trends over the past decade (Liu et al., 2025b; 
Xie et al., 2025; Zhou et al., 2024), indicating the effectiveness of na
tional emission mitigation strategies. Similar decreasing trends were 
also observed at remote background sites, such as the Waliguan Atmo
spheric Background Station during 2006-2015 (Dai et al., 2021), 
although the magnitude of reduction in total BC mass concentrations at 
background sites was smaller than that observed at urban and rural 
stations (Zheng et al., 2025).

2.2. BC concentration based on gridded datasets

2.2.1. Three major gridded BC datasets in China
There are three major datasets available for gridded BC concentra

tions across China, including the High-resolution Air Quality Reanalysis 
Dataset over China (CAQRA-aerosol) (https://www.capdatabase.cn/), 
Tracking Air Pollution (TAP) (http://tapdata.org.cn/), and China High 
Air Pollutants (CHAP) (https://weijing-rs.github.io/product.html). 
These datasets differ in both spatial and temporal resolutions. CAQRA- 
aerosol offers a spatial resolution of 15 km and a temporal resolution 
of 1 h, spanning from 2013 to 2024. The TAP dataset has a spatial res
olution of 10 km and a temporal resolution of 1 day, providing long-term 
estimates of PM2.5 components from 2000 to the present. The CHAP 
dataset has the highest spatial resolution of 1 km and a temporal reso
lution of 1 day, covering the period from 2000 to 2020. These datasets 
were developed by integrating multiple sources of information, 
including ground observations, satellite remote sensing, emission in
ventories, meteorological data, and chemical transport model 
simulations.

Specifically, the CAQRA-aerosol dataset is developed by the Institute 
of Atmospheric Physics, Chinese Academy of Sciences, by assimilating 
observations from more than 1000 monitoring stations into chemical 
transport model simulations using the ensemble Kalman filter (EnKF) 
technique (Kong et al., 2024). The TAP dataset, developed by Tsinghua 
University, applies a two-step framework. First, a random forest algo
rithm is used to estimate gridded PM2.5 concentrations based on 
multi-source data (e.g., ground measurements, satellite retrievals, 
meteorological data, and land-use information). Then, the CMAQ model 
is used to derive the concentrations of individual chemical components, 
including BC, by applying daily component-specific fractions of total 
PM2.5 mass (Liu et al., 2022a). The CHAP dataset is primarily based on 
multi-source satellite remote sensing, which integrates extensive ground 
observations, atmospheric reanalysis data, emission inventories, and 
modeling to simulate air pollution across China at high resolution (Wei 
et al., 2023a). Validation results reported in the original dataset studies 
provide useful references for evaluating these datasets. The 
CAQRA-aerosol dataset was validated against ground observations, 
showing a correlation coefficient (r) of 0.53 for BC, a normalized mean 
bias (NMB) of 12.7%, and a root mean square error (RMSE) of 
2.9 μg m− 3 (Kong et al., 2024). Similarly, the TAP dataset has been 
evaluated against ground measurements, showing r as 0.59, NMB as 
− 21.3%, and RMSE as 2.6 μg m− 3 (Liu et al., 2022a).

These gridded datasets provide a valuable basis for investigating the 
spatiotemporal variations and environmental impacts of BC across 
China. By offering continuous spatial coverage and long-term temporal 
records, these datasets enable researchers to quantify population expo
sure to BC and to examine regional differences in BC concentrations 
across the country. For instance, several recent studies have applied 
these datasets to estimate the health effects of both short-term and long- 
term exposure to BC in China (Jiang et al., 2024; Liu et al., 2025a; Wu 
et al., 2024).

2.2.2. Decreasing trends in BC concentrations from three gridded datasets
Based on these datasets, the long-term trends of BC concentrations 

are examined across different regions. Fig. 3 illustrates the annual 
average BC concentrations derived from the CAQRA-aerosol, TAP, and 
CHAP datasets in four representative regions of China, including the 
North China Plain (NCP), the Yangtze River Delta (YRD), the Pearl River 
Delta (PRD), and the Qinghai-Tibet Plateau (QTP). All three datasets 
cover the same period (2013-2020) and the trends are estimated from 
annual average concentrations using linear regression.

From a temporal perspective, all three datasets show significant 
decreases in BC concentrations in the NCP, YRD, and PRD regions, 
reflecting the effects of recent Chinese policies aimed at reducing 
anthropogenic pollution in these densely populated regions. In contrast, 
for the QTP, only the TAP dataset presents a clear downward trend in BC 
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concentrations. The CHAP dataset shows a weak decline, while the 
CAQRA-aerosol dataset does not show a significant decrease. The dif
ference among these datasets in the QTP region is likely related to the 
scarcity of in-situ observations in this high-elevation region.

In terms of multi-year average BC concentrations during 2013-2020, 
the TAP dataset shows lower BC concentrations in the NCP region 
compared to the other two datasets, with a difference of approximately 
2 μg m− 3. In the YRD region, the three datasets display different con
centrations, with CHAP showing the highest levels (2.99 ± 0.46 μg m− 3), 
followed by CAQRA-aerosol (2.55 ± 0.86 μg m− 3), while TAP exhibits 
the lowest levels (2.22 ± 0.44 μg m− 3). In the PRD region, the CHAP 
dataset also presents notably higher BC concentrations 
(2.51 ± 0.34 μg m− 3) than the other two datasets, with a difference of 
about 1 μg m− 3, while TAP still exhibits the lowest levels 
(1.42 ± 0.38 μg m− 3). Similarly, independent evaluations reported that 
TAP underestimated annual average BC concentrations by 42% in 
Dongguan (Li et al., 2025b) and by 20% on average across China (Zhang 
et al., 2025a). In the QTP region, CAQRA-aerosol shows substantially 
lower BC concentrations than those of the other two datasets, with a 
difference exceeding 1 μg m− 3.

2.3. BC subgroups: Char and Soot

Recent studies have provided deeper insights into the formation 
processes of BC, identifying two primary subgroups, Char and Soot (Cai 
et al., 2026a, 2026b; Han et al., 2022, 2025). Soot primarily originates 
from the nucleation and surface growth of gaseous precursors, forming 
agglomerate structures composed of aggregated nanoscale spherical 
monomers, whereas Char is mainly produced by the solid-phase pyrol
ysis and structural carbonization of fuel particles (Han et al., 2021). In 

most studies, Char and Soot are operationally defined using the 
thermal-optical reflectance (TOR) protocol, where Char is defined as 
EC1 minus pyrolytic carbon (PYC) and Soot is the sum of EC2 and EC3 
(Cai et al., 2026a, 2026b; Han et al., 2009, 2022, 2025; Leifeld, 2007).

Research based on large-scale field data from multiple emission 
sources (including residential solid fuel combustion, vehicle exhaust, 
and industrial combustion) indicates that the combustion temperature 
plays a key role in regulating the composition of BC subgroups (Cai 
et al., 2023). A historical emission inventory of BC subgroups in China 
has been established, indicating that Char has dominated BC emissions 
over the past six decades. The reduction of Char emissions largely de
pends on the control of low-temperature combustion sources (Cai et al., 
2023).

Furthermore, through single-particle electron microscopy analysis 
and oxidation flow reactor (OFR)-based aging experiments, significant 
differences in morphological structure, mixing state, and oxidative 
evolution of BC from different emission sources were revealed. The ratio 
of Char to Soot subgroups and their structural characteristics are crucial 
factors in controlling the environmental evolution and climate effects of 
BC (Cai et al., 2025, 2026a, 2026b). Additionally, through 
high-temporal-resolution observations, combined with methanol 
extraction-thermoluminescence analysis and the benzene poly
carboxylic acid (BPCA) molecular tracer techniques, the differences in 
aromatic structure and optical properties between Char and Soot during 
haze pollution were quantitatively compared (Xu et al., 2025). Although 
Soot exhibits higher aromatic condensation, Char demonstrates a higher 
MAC, averaging approximately 1.6 times that of Soot (Xu et al., 2025). 
This indicates that aromatic condensation alone cannot fully explain the 
differences in light absorption between BC subgroups, and that struc
tural features such as oxygen-containing functional groups may 

Fig. 3. The annual average BC concentrations derived from CAQRA-aerosol, TAP, and CHAP in four representative regions of China, including the North China Plain 
(NCP) region, the Yangtze River Delta (YRD), the Pearl River Delta (PRD) and the Qinghai-Tibet Plateau (QTP), from 2013 to 2020. Error bars represent the 
variability (standard deviation) of BC concentrations. Dashed lines represent linear trends for each dataset, with corresponding slopes (μg m− 3 yr− 1) indicating the 
annual rate of change for the period of 2013-2020 across the three datasets. Statistical significance of the trend is denoted by asterisks: *** indicates p < 0.001; “ns” 
indicates not significant (p > 0.05). The specific spatial coverage of these regions is shown in Fig. 4a.
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significantly enhance light absorption (Xu et al., 2025). Such 
subgroup-dependent optical properties may also influence the inter
pretation of optically derived BC concentrations, because optical 
methods convert absorption signals into BC mass using an assumed 
MAC. This issue warrants further investigation in future studies.

3. BC sources in China

China has long been recognized as one of the largest emitters of BC, 
accounting for approximately 20-25% of global BC emissions (Wang 
et al., 2021b). Typical emission sources in China include residential 
combustion, industrial activities, transportation, and open biomass 
burning. In response to growing concerns over air quality, the Chinese 
government has implemented a range of stringent control measures that 
have led to a noticeable reduction in BC emissions. For instance, BC 
emissions in China increased from 1.11 Tg in 1962 to a peak of 3.03 Tg 
in 1995, followed by a gradual decline to 1.02 Tg by 2019, reflecting the 
effect of strengthened air pollution control measures (Li et al., 2024a).

To identify the primary sources driving reductions in BC concen
trations, studies have been carried out in China, which can be broadly 
classified into three categories, including emission inventory-based, 
observation-based, and air quality model-based techniques. An over
view of understanding BC sources based on each method is presented 
below.

3.1. Identifying BC sources based on emission inventories

3.1.1. Source tests of BC
Focusing on the emission characteristics of BC, multiple emission 

sources, including residential coal combustion (Chen et al., 2005, 2006, 
2009; Zhi et al., 2008), biomass burning (Peng et al., 2023b; Sun et al., 
2018; Wang et al., 2023a), industrial sources (Cui et al., 2023a), and 
on-road and non-road mobile sources (Zhang et al., 2020a, 2021a, 
2025c) have been studied and tested in China. Measurements have 
included emission factors, particle size distributions, BC mass, and 
associated organic pollutants (e.g., PAHs and volatile organic com
pounds). These studies revealed the significant influence of factors such 
as fuel type (e.g., the proportion of volatile matter in coal, differences 
between bituminous and anthracite coal), stove type, fuel moisture 
content, and combustion conditions on the formation and emission of BC 
from solid fuel combustion. Additionally, it was found that BC emissions 
from industrial sources and diesel vehicles exhibit distinct operation and 
process-dependent characteristics.

In addition to the land-based emission sources, the rapid growth of 
maritime shipping has increasingly drawn attention to BC emissions 
from vessels. Onboard measurements have highlighted the critical role 
of emission factors in accurately assessing ship contributions. Yang et al. 
(2023) found that real-world ship emissions in China may be under
estimated and that vessel class, operating mode, and engine conditions 
all materially affect emission-factor estimates. Similarly, Hou et al. 
(2023) further showed that the emission factors of ship-emitted carbo
naceous particles vary substantially with engine type, fuel type, and 
operating load. These results suggest that ship emission inventories 
remain sensitive to the representativeness of locally measured emission 
factors.

3.1.2. Rapid development of BC emission inventories in China
Emission inventories are crucial for understanding pollutant sources 

and changes in emission amounts over time, and for formulating emis
sion control strategies. Multiple emission inventories have been devel
oped for global and regional BC emissions, including the Regional 
Emission inventory in Asia (REAS, 1950-2015) by Kurokawa and Ohara 
(2020), the Emissions Database for Global Atmospheric Research 
(EDGAR, 1970-2022) by Crippa et al. (2024), the Hemispheric Transport 
of Air Pollution (HTAP, 2000-2020) by Guizzardi et al. (2025), and the 
Community Emissions Data System (CEDS, 1750-2023) by Hoesly et al. 

(2018, 2025). Many countries also maintain their own national emission 
inventories, such as the National Emission Inventory (NEI) compiled by 
the U.S. Environmental Protection Agency and Canada's Air Pollutant 
Emissions Inventory (APEI) provided by Environment and Climate 
Change Canada (ECCC, 2025; U.S. EPA, 2026).

The compilation of emission inventories in China started later than in 
developed countries. One of the key events was the development of a 
gridded inventory by Cao et al. (2006), which provided a detailed esti
mate of BC emissions for China in 2000 using county-level fuel con
sumption statistics and locally derived emission factors. Wang et al. 
(2012) subsequently reconstructed BC emissions in China from 1949 
to 2050. Their results showed that BC emissions increased steadily for 
several decades and began to level off in the mid-1990s. A widely used 
national emission inventory is the MEIC, developed by Tsinghua Uni
versity, which has been applied to evaluate changes in anthropogenic 
emissions in China since 2010 (Zheng et al., 2018). Later, Tsinghua 
University also developed the Air Benefits and Costs Attainment 
Assessment System - Emission Inventory Version 2.0 (ABaCAS-EI v2.0, 
2005-2021), as reported by Li et al. (2023). Another significant emission 
inventory is the Global Emission Modeling System (GEMS), initially 
developed by Prof. Shu Tao's group at Peking University. Related studies 
based on this inventory framework have provided high spatial resolu
tion (0.1◦ × 0.1◦) emission data for multiple species with species-specific 
temporal coverage, including BC (Shan et al., 2025), brown carbon 
(Xiong et al., 2022), and PAHs (Dai et al., 2025; Shen et al., 2013).

Fig. 4 presents temporal trends and sectoral contributions of BC 
emissions derived from the widely used MEIC emission inventory across 
eleven regions in China from 2013 to 2020, including contributions from 
the transportation, industry, and residential sectors. Clear spatial dif
ferences can be observed among the regions. The NCP region shows the 
highest BC emissions throughout the study period, followed by the 
Southeast and Northeast regions (Fig. 4b), reflecting the combined in
fluence of dense population, intensive industrial activities, and high 
residential energy consumption in these regions. In contrast, the QTP 
region exhibits the lowest BC emissions due to its sparse population and 
limited industrial development.

From a temporal perspective, most regions exhibit a declining trend 
in BC emissions from 2013 to 2020, particularly in major urban clusters 
(e.g., NCP, YRD and PRD). The reduction is mainly driven by a sub
stantial decrease in emissions from the residential and industry sectors. 
This reduction can be largely attributed to the implementation of clean 
energy policies such as the “coal-to-gas” and “coal-to-electricity” pro
grams in China. In comparison, emissions from the transportation sector 
remain relatively stable in several regions.

3.1.3. Sectoral-level emission inventories of BC
At the sectoral level, residential combustion, transport, and specific 

industrial activities were the major primary contributors to BC emissions 
in China. For residential combustion, Shen et al. (2010) provided 
important evidence from typical Chinese stoves, reporting BC emission 
factors of 1.38 ± 0.70 g kg− 1 for crop residues and 0.23 ± 0.36 g kg− 1 for 
coals. These values are comparable with reported emission factors in 
other countries, such as 1.5 g kg− 1 for log wood during the start phase 
(Heringa et al., 2012), 1.3 g kg− 1 for wood flaming combustion (Heringa 
et al., 2011), 1.4 g kg− 1 for wood combustion in a three-stone stove 
(Islam et al., 2021), and 0.45-0.47 g kg− 1 for coal burning (Champion 
et al., 2017a, 2017b). They also demonstrate the dependence of 
residential-combustion emissions on fuel properties and combustion 
conditions. However, given the large variations in BC emission factors 
for residential combustion worldwide due to differences in fuel prop
erties, combustion appliances, and experimental protocols (Rönkkö 
et al., 2023), more localized source characterization studies for resi
dential combustion in China are still needed (Cui et al., 2023b; Luan 
et al., 2022; Shen et al., 2012).

For road transport, Song et al. (2012) reported a substantial increase 
in BC emissions from on-road vehicles between 1990 and 2009, with 

Q. Zhou et al.                                                                                                                                                                                                                                    Atmospheric Environment 383 (2026) 122290 

6 



diesel vehicles accounting for most of these emissions. This line of work 
was strengthened by real-world testing studies such as Zheng et al. 
(2015), which used portable emissions measurement systems to show 
how strongly traffic-related BC emission factors could depend on actual 
operating conditions. The industrial sector remains a significant 
contributor, particularly in updated national inventories where coke 
production and brick manufacture continue to be identified as 
high-emission sources (Li et al., 2024a).

As the shipping industry has expanded, growing attention has been 
paid to emissions from shipping activities in Chinese coastal waters. 
With the adoption of Automatic Identification System (AIS) data, ship 
emission inventories in China have evolved from local and port-specific 
studies to national-scale, high-spatiotemporal-resolution inventories. A 
national ship emission inventory for China was developed by Chen et al. 
(2017b) at a resolution of 0.005◦ × 0.005◦ using a full year of AIS re
cords for 2014. Li et al. (2018a) then traced the decadal evolution of 
Chinese ship emissions from 2004 to 2013, showing that BC emissions 
within 200 nautical miles of the coast had risen to about 29 kt yr− 1 by 
2013, with large emissions concentrated around major ports and busy 
shipping corridors. Liu et al. (2019c) subsequently developed a 2017 
ship emission inventory for East Asia at a spatial resolution of 
0.1◦ × 0.1◦, covering BC and six other species. This inventory is publicly 
available (https://www.capdatabase.cn). More recent inventory de
velopments have further improved the representation of ship activity 
and the dependence of emission factors on operating conditions. For 
instance, Yi et al. (2025) developed an updated global ship emission 
inventory at a resolution of 0.1◦ × 0.1◦ for the years 2013 and 
2016-2021 using Shipping Emission Inventory Model (SEIM v2.2), 
which integrates cleaned AIS activity data, ship technical parameters, 

engine-load calculations, updated fuel-related emission factors, 
low-load adjustment, and a BC emission module to better represent ship 
emissions under different operating conditions. These sectoral-level in
ventories are essential for improving our understanding of BC emissions 
in China and for guiding effective mitigation strategies across sectors.

3.2. Identifying BC sources based on ambient measurements

To understand the sources of BC in the ambient atmosphere, emis
sion inventories alone are insufficient, as BC undergoes atmospheric 
transport and depositional removal processes after emission. 
Observation-based BC source apportionment methods provide critical 
complementary information, with the primary approaches including the 
aethalometer model, carbon isotope analysis, and receptor models.

3.2.1. The aethalometer model
The aethalometer model is a widely used approach for BC source 

apportionment, relying on wavelength-dependent light absorption 
measurements from multi-wavelength instruments. The method is 
grounded in the assumption that ambient BC primarily originates from 
two categories (e.g., biomass burning and fossil fuel combustion). Given 
that these sources exhibit distinct absorption Ångström exponents (α 
value), the model can apportion BC into biomass-derived (BCbb) and 
fossil fuel derived BC (BCff) components based on optical absorption 
data (Favez et al., 2010; Sandradewi et al., 2008a, 2008b).

In early applications, this model was extensively employed in BC 
source apportionment studies across Europe and the United States to 
distinguish between BCbb and BCff (Briggs and Long, 2016). However, 
coal combustion is also an important BC source in China. Therefore, 

Fig. 4. (a) List of regions of China in this study. NCP, QTP, SCH, YRD, and PRD represent the North China Plain, the Qinghai-Tibet Plateau, the Sichuan-Chongqing 
region, the Yangtze River Delta, and the Pearl River Delta, respectively. (b) Total BC emissions in different regions from 2013 to 2020. (c-m) Temporal trends of BC 
emissions from three source sectors (transportation, industry, and residential) across eleven regions in China from 2013 to 2020.
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some studies have refined the aethalometer model to account for coal 
combustion sources. For instance, Liu et al. (2018) summarized results 
of source emission tests on various coal types and found that the average 
α value for coal combustion was 1.98, which closely resembles that of 
biomass burning, thus representing emissions from solid fuel combus
tion. Consequently, the aethalometer model was refined to further 
differentiate between liquid fossil fuel (BClf) and solid fuel (BCsf), in 
addition to retaining the BCbb and BCff classifications.

Owing to its straightforward principle and low computational cost, 
requiring no additional inputs such as source profiles, the aethalometer 
model has been extensively deployed in long-term monitoring cam
paigns across China. Its applications cover multiple key regions, 
including the Beijing-Tianjin-Hebei (BTH), YRD, central China, and PRD 
(Xie et al., 2025; Zheng et al., 2020; Zhou et al., 2024). For instance, a 
study conducted in Beijing reported a substantial reduction in both BCbb 
and BCff concentrations from 2013 to 2022, with a more pronounced 
decrease observed for BCff (Xie et al., 2025). Extending beyond 
single-city assessments, nationwide multi-site observations further 
revealed that total BC and BClf (indicative of traffic-related liquid fossil 
fuel combustion) declined most rapidly at urban sites, whereas BCsf 
(representing solid fuel combustion, including coal and biomass 
burning) exhibited a sharper reduction at rural sites (Zheng et al., 2025). 
Such a difference indicates the spatial heterogeneity in the effectiveness 
of emission control policies across China.

3.2.2. The carbon isotope method
Radiocarbon (14C) analysis serves as a key tool for directly appor

tioning atmospheric BC between its two primary sources, namely 
biomass burning and fossil fuel combustion. Fossil fuels (e.g., coal and 
oil), being millions of years old, are completely depleted in 14C and are 
thus termed “14C-dead”. In contrast, biomass burning (e.g., wood and 
crop residues) emits carbon that was recently fixed from the atmo
sphere, thus preserving a “modern” 14C signature (Currie et al., 2002; 
Masiello et al., 2002). By measuring the 14C/12C ratio of BC in ambient 
particles using accelerator mass spectrometry, the fraction of modern 
carbon (fM) can be determined. This fM value can be used in a binary 
mixing model to quantitatively deconvolve the contributions from 
biomass burning (fbiomass ∝ fM) and fossil fuel combustion (ffossil = 1 - 
fbiomass), providing a direct, observation-based constraint on BC sources 
(Gustafsson et al., 2009; Szidat et al., 2006).

For radiocarbon-based source apportionment, it is essential to 
quantitatively isolate BC from the complex aerosol matrix. This isolation 
is challenging because BC comprises a heterogeneous mixture of 
combustion-derived carbonaceous compounds with varying physico
chemical properties (Elmquist et al., 2006; Masiello, 2004). Several 
methods have been developed for this purpose, including 
chemo-thermal oxidation (CTO) (Gustafsson et al., 2001; Zencak et al., 
2007), TOA (Chen et al., 2013; Zhang et al., 2012), hydropyrolysis 
(Zhang et al., 2019), and the BPCA method (Yi et al., 2023, 2024).

In addition to radiocarbon, stable carbon isotopes (δ13C) offer com
plementary information on fuel types, as δ13C values of BC from 
different sources exhibit significant variability, making it a useful tracer 
for source apportionment. For instance, δ13C values for vehicle emis
sions have been reported as − 25.17 ± 0.40 ‰ (Chen et al., 2012). 
Building on this, the dual-carbon isotope approach (combining δ13C 
with 14C) further refines source apportionment by expanding the clas
sification from two sources (biomass burning and fossil fuel) to three 
categories (biomass burning, coal combustion, and liquid fossil fuel 
combustion). This approach has been widely applied in source appor
tionment studies across China (Cao et al., 2017; Geng et al., 2023).

Application of carbon isotope analysis has revealed that fossil fuel 
combustion accounts for a relatively high fraction of BC sources in 
China, while biomass burning also contributes significantly, typically in 
the range of 20-50% (Jiang et al., 2020). For instance, Yu et al. (2018)

reported that fossil fuel combustion contributed 69-82% of BC in the 
BTH region across different seasons. Similarly, a recent long-term study 
(2008-2018) in the PRD region revealed that approximately 70% of BC 
originated from fossil fuel combustion (Liu et al., 2025b). Furthermore, 
Liu et al. (2025b) showed that clean air actions implemented in China 
during 2014-2018 led to a 41% reduction in the annual average BC 
concentration in the PRD region compared with the 2008-2013 period. 
This decline resulted from multi-source emission reductions, with BC 
from coal combustion, oil combustion, and biomass burning decreasing 
by 43%, 43%, and 34%, respectively.

3.2.3. Receptor models
Receptor models, notably chemical mass balance (CMB) and Positive 

Matrix Factorization (PMF), are used to apportion BC sources based on 
the chemical composition of particulate matter measured at receptor 
sites. By incorporating a diverse array of chemical source tracers (e.g., 
organic and elemental carbon fractions, water-soluble ions, and specific 
organic tracers such as levoglucosan, hopanes, and polycyclic aromatic 
hydrocarbons), these models can resolve contributions from major 
source categories, including traffic emissions, coal combustion, biomass 
burning, and industrial activities. Compared with CMB, which requires 
well-characterized local source profiles that are often difficult to obtain, 
PMF does not rely on a priori source profiles. As a result, PMF has 
become a widely applied receptor model in recent BC source appor
tionment studies in China (Chen et al., 2023b; Fang et al., 2016; Liu 
et al., 2021b, 2021c; Zhou et al., 2025).

PMF has been applied to BC source apportionment across various 
regions in China, consistently identifying fossil fuel combustion as the 
dominant contributor, with traffic emissions and coal combustion rep
resenting the largest fractions. Biomass burning also plays an important 
role, particularly during wintertime or in rural areas where residential 
heating and agricultural residue burning are prevalent (Huang et al., 
2015; Zhou et al., 2025). Beyond these common source types, PMF en
ables the identification of region-specific sources. For instance, studies 
in Tianjin and Guangzhou have demonstrated that vehicular emissions 
dominate BC contributions, supplemented by coal combustion and 
port-related shipping emissions (Dai et al., 2023; Huang et al., 2022). In 
inland cities such as Xi'an, typical sources such as fireworks can 
contribute substantially to BC loadings during pollution events (Lin 
et al., 2022).

Furthermore, PMF has increasingly been integrated with advanced 
measurement techniques, including Soot Particle Aerosol Mass Spec
trometer (SP-AMS) and carbon isotope analysis, enabling improved 
discrimination of BC sources and more detailed characterization of the 
mixing states and atmospheric aging processes (Liu et al., 2019a, 
2023d). Such combined approaches enhance the interpretability of 
PMF-resolved factors and reduce uncertainties in source identification 
by providing complementary chemical constraints. For instance, the 
integration of dual-carbon isotope analysis with PMF has been employed 
in Beijing and its southwest upwind rural site, Gucheng, to distinguish 
fossil fuel from non-fossil contributions, revealing the persistent domi
nance of fossil sources while further separating residential coal com
bustion from heavy oil combustion (Yang et al., 2025a). These 
multi-technique frameworks mark a significant advance from simple 
factor attribution toward chemically and isotopically constrained source 
resolution.

To date, the application of receptor models for BC source appor
tionment in China has evolved from traditional single-method analyses 
toward integrated multi-tracer and multi-instrument frameworks 
centered on PMF. This evolution has substantially improved the 
robustness and source resolution of apportionment results, providing 
critical scientific support for the design of targeted emission control 
strategies. Nevertheless, significant uncertainties remain. Key chal
lenges include factor interpretability, rotational ambiguity inherent in 

Q. Zhou et al.                                                                                                                                                                                                                                    Atmospheric Environment 383 (2026) 122290 

8 



PMF solutions, and the sensitivity of results to the selection and quality 
of input species (Yang et al., 2025a). Future studies should emphasize 
the systematic evaluation of these uncertainties, the harmonization of 
source marker datasets, and the chemical specificity of isotope and mass 
spectral tracers.

3.3. Identifying BC sources based on numerical models

Observation-based source apportionment is inherently constrained 
to site-specific measurements, highlighting the need for numerical 
models to characterize the spatial distribution of BC sources and quan
tify regional transport. Atmospheric models such as CMAQ, WRF-Chem, 
and GEOS-Chem have been used to simulate the BC emissions, transport, 
and deposition based on emission inventories and meteorological fields. 
Source contribution in previous modeling studies is commonly per
formed using sensitivity simulations, in which emissions from specific 
regions or sectors are selectively reduced or removed and compared 
against a baseline case (Dunker et al., 1996). While this approach pro
vides approximate estimates of source influences, it generally requires 
multiple model runs and may be affected by nonlinear atmospheric 
chemical and physical processes. To better quantify source contribu
tions, tagged tracer techniques have been increasingly applied in BC 
source-receptor studies. These techniques label emissions from specific 
regions or sectors as tracers and track their transport and aging processes 
within the model (Qi and Wang, 2019b; Wang et al., 2009, 2014a).

With continued advances in modeling methodologies, numerical 
models have become an essential tool for investigating BC transport 
processes and source contributions. Compared with in-situ measure
ments, numerical models provide a distinct advantage in resolving BC 
source contributions over large spatial scales. For instance, a study based 
on the CMAQ model quantified the relative importance of six major 
emission sectors of BC across China, and found that the residential sector 
was the dominant source, followed by the industrial and transportation 
sectors (Wang et al., 2021b). Using the GEOS-Chem model, Qi and Wang 
(2019a) further evaluated the contribution of fossil fuel combustion and 
biomass burning to global BC, suggesting a higher fraction of biomass 
burning BC in the Southern Hemisphere (50 ± 11%) than in the North
ern Hemisphere (35 ± 14%).

Another key strength of numerical modeling lies in its ability to 
separate local emissions from regional transport, which is essential for 
understanding both the export of BC from source regions and the in
fluence of external inputs on receptor regions. For instance, a recent 
study by Deng et al. (2026) reported a significant decrease in China's 
contribution to Arctic BC from 2009 to 2022 using the GEOS-Chem 
model. Their results highlighted the beneficial impact of China's BC 
emission reductions on Arctic warming mitigation, contributing to an 
estimated 0.02 W m− 2 decrease in the direct radiative effect during the 
Arctic haze season. Meanwhile, modeling studies also revealed the 
importance of long-range transport from outside China in shaping 
regional BC mass in China. Over the Tibetan Plateau, the majority of 
anthropogenic BC was found to originate from South Asia, contributing 
40-80% of BC concentration during the non-monsoon season (Yang 
et al., 2018). In South China, emissions from Southeast Asia represent 
an important external source of BC, particularly for BC from biomass 
burning. Fang et al. (2020) reported that BC from Southeast Asia can 
account for 80% of the BC column burden in the biomass burning sector.

In addition, modeling studies have further quantified the inter- 
regional transport of BC within China, demonstrating that emissions 
from northern China can influence BC levels in eastern and even 
southern China. Under cold-front conditions, air masses can transport 
BC from the NCP to the downstream YRD, contributing more than 
1 μg m− 3 to BC concentrations in YRD (Lu et al., 2023). Meanwhile, 
studies have shown that about 90% of BC in North China is attributed to 
local emissions, whereas up to 35% of wintertime BC in South China can 
be traced back to emissions from North China (Yang et al., 2017).

Despite these advantages, substantial uncertainties remain in model- 

based studies. Multi-model intercomparison studies indicate large vari
ability in simulated BC distributions and radiative effects. At the global 
scale, the Atmospheric Chemistry and Climate Model Intercomparison 
Project (ACCMIP) showed that models generally reproduced observed 
BC concentrations better in mid-latitude regions such as Europe and 
North America, but exhibited large biases in remote and high-latitude 
regions, particularly in simulating Arctic BC in winter and spring (Lee 
et al., 2013). Similarly, the Aerosol Comparisons between Observa
tions and Models Phase III (AeroCom Phase III) further reported large 
inter-model differences in aerosol absorption, with the simulated BC 
contribution to aerosol absorption optical depth (AAOD) ranging from 
36% to 84% among models (Sand et al., 2021).

At the regional scale, the Model Inter-Comparison Study for Asia Phase 
III (MICS-Asia III) provided a quantitative evaluation of 14 chemical 
transport models over East Asia and found considerable inter-model dif
ferences in BC performance (Chen et al., 2019). Different models performed 
best for different evaluation metrics, with WRF-Chem v3.6.1 achieving the 
highest correlation with observations (r = 0.80), WRF-CMAQ v5.0.2 pro
ducing the smallest normalized mean bias (NMB = 1.0%), and 
RAMS-CMAQ v4.6 yielding the lowest RMSE (2.64 μg m− 3). However, the 
multi-model ensemble still underestimated BC, with r = 0.73, 
NMB = − 17.0%, and RMSE = 2.77 μg m− 3, indicating persistent system
atic bias across models. Observational constraints can partially reduce these 
uncertainties. For instance, GEOS-Chem simulations constrained by carbon 
isotope measurements reproduced biomass burning contributions to BC 
within a factor of two in most regions, although they underestimated the 
biomass burning contribution in Europe by 63% (Qi and Wang, 2019a). 
These findings indicate the importance of performing inter-model com
parison and adding more observational constraints.

4. Atmospheric aging of BC

Once emitted into the atmosphere, BC undergoes a series of physical 
and chemical aging processes during transport. Fresh BC particles, pri
marily from incomplete combustion of carbonaceous material (e.g., 
fossil fuel, biofuel, and biomass), are gradually coated with sulfate, ni
trate, ammonium and organic compounds (Oshima et al., 2009; Tan 
et al., 2020). This coating process alters BC's mixing state from exter
nally mixed to internally mixed (China et al., 2013; Oshima et al., 2009). 
Meanwhile, aging pathways encompassing evaporation, condensation, 
coagulation, and photochemical oxidation convert initially hydrophobic 
fresh BC into hydrophilic particles (He et al., 2015, 2016; Matsui et al., 
2013; Oshima et al., 2009; Oshima and Koike, 2013; Riemer et al., 2010; 
Zhang et al., 2016).

Among BC aging processes, physical aging primarily involves 
gaseous pollutant adsorption, condensation and particle coagulation, 
whereas chemical aging mainly refers to multiphase reactions between 
BC and reactive species such as SO2, NOx, O3, H2SO4, and HNO3 (Bond 
et al., 2013; Jiang et al., 2019; Tan et al., 2020). BC particles possess a 
porous surface, which provides large reaction interfaces and abundant 
active sites to facilitate heterogeneous reactions (Monge et al., 2010). 
Meanwhile, the redox and catalytic properties of BC can promote re
actions that are kinetically unfavorable in the gas phase. Heterogeneous 
aging reactions have emerged as a research focus due to their interaction 
with atmospheric reactive trace gases. These interfacial processes act as 
an efficient pathway for gaseous pollutant partitioning and removal, 
while simultaneously driving the formation of secondary aerosol con
stituents (Ma et al., 2015). Furthermore, heterogeneous reactions can 
modify BC surface characteristics and thus alter its physicochemical 
properties such as mixing state, chemical composition, and hygroscop
icity. These surface modifications may ultimately reshape BC's envi
ronmental and health impacts. Accordingly, systematic exploration of 
the heterogeneous aging mechanisms of BC is critical for evaluating its 
radiative forcing, climate effects and toxicological impacts. Fig. 5 pro
vides examples of measurement and modeling studies for BC atmo
spheric aging in China.
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4.1. Heterogeneous reactions of BC

4.1.1. Dark heterogeneous reactions
The reaction kinetics of gaseous species on BC surfaces are 

commonly evaluated using the uptake coefficient (γ) as a core param
eter. The uptake of NO2 on BC surfaces has garnered extensive research 
attention due to the formation of reactive nitrogen species such as 
HONO and NO. As the predominant reaction product, HONO is gener
ated via the redox reaction between NO2 and reduced surface functional 
groups on BC with the participation of H atoms from water molecules 
(Longfellow et al., 1999). This reaction simultaneously induces the 
generation of nitrogen- and oxygen-containing functional groups on BC 
surface, yet limited attention was paid to the evolution of BC itself in 
these early studies.

Heterogeneous reactions between O3 and BC were initially investi
gated to assess their influences on stratospheric ozone chemistry. In the 
troposphere, such reactions proceed at a lower rate compared with NO2- 
BC reactions, thereby imposing negligible effects on urban ozone con
centrations (Aklilu and Michelangeli, 2004). CO, CO2 and other prod
ucts can be generated during the reactions between O3 and BC, 
indicating that BC acts as a reactant alongside the formation of various 
oxygen-containing functional groups (Daly and Horn, 2009; Li et al., 
2013). Additionally, heterogeneous reactions of SO2 on BC surfaces 
may contribute to atmospheric sulfate formation, and BC can act as 
either a catalyst or a reactant (He et al., 2018; He and He, 2020).

Heterogeneous reactions between BC and atmospheric reactive spe
cies generally follow the Langmuir-Hinshelwood mechanism (Wei et al., 
2001). The initial uptake coefficient is high but decreases rapidly due to 
the saturation of reactive sites. The consumption or blockage of reactive 
sites by surface products inhibits sustained reaction progression. 
Therefore, except for the initial stage, these reactions exert only a 
minimal impact on atmospheric trace gas concentrations, and are 
insufficient to act as dominant sources of HONO and other reactive 
species (Lelièvre et al., 2004; Mak et al., 2007; Wei et al., 2001).

4.1.2. Heterogeneous reactions under light irradiation
Unlike dark heterogeneous reactions on BC, which feature sluggish 

kinetics driven by rapid deactivation of surface active sites, light irra
diation can markedly elevate BC reactivity and prolong the reaction 
duration. This is mainly because both the carbonaceous core (Li et al., 
2018b; Zhu et al., 2022) and the outer coating (Han et al., 2012) of 
BC are photoactive and can generate various reactive radicals, thereby 
further boosting heterogeneous reactions.

Light irradiation can increase the uptake coefficients of atmospheric 
reactive species on BC. For instance, Zelenay et al. (2011) found that 
O3-aged BC can be reactivated upon light irradiation, with the uptake 

coefficient four times higher than that under dark conditions, accom
panied by an increase in surface oxygenated species (Han et al., 2016). 
Light irradiation can also trigger reactions between O2 and BC, which 
are inactive in the dark, with the rate exceeding that of O3 with BC under 
dark conditions (Han et al., 2012). In the reaction between diesel BC and 
SO2, light enhances the S=O signal but has little effect on the initial 
uptake coefficient (Zhang et al., 2022c). Moreover, UV irradiation 
further strengthens the oxidative uptake of SO2 by O3-aged BC (Xu et al., 
2015). Zhang et al. (2023a) proposed that surface photo-oxidation is the 
dominant pathway for SO2 reaction on BC. Additionally, model simu
lations integrating BC-associated photo-heterogeneous reactions yielded 
modeled HONO concentrations that better matched field observational 
data (Zhang et al., 2021b), underscoring the critical role of light-induced 
BC heterogeneous reactions in modulating atmospheric reactive gas 
budgets.

Light irradiation also alters the reaction products. For instance, SO2 
reacts with BC to form ionic sulfate under dark conditions but covalent 
sulfate under illumination (Chughtai and Smith, 1994). 
Nitrogen-containing intermediates produced from the heterogeneous 
reaction of NO2 on BC can undergo photolysis to produce HONO and NO 
(Guan et al., 2017; Han et al., 2013a). The OH radical generated from 
HONO photolysis can further promote BC aging and possibly subsequent 
atmospheric oxidation processes.

4.1.3. The impact of BC properties on heterogeneous reactions
The surface properties of BC particles strongly affect their hetero

geneous reactivity and are mainly determined by fuel type and fuel-to- 
air (F/A) ratio. BC emitted from diverse combustion fuels shows 
distinct structural and surface characteristics (Daly and Horn, 2009; 
Tang et al., 2024a). For instance, biofuel-derived BC is generally more 
amorphous and more reactive (Liati et al., 2012), while commercial BC 
is less reactive due to its lower heteroatom content and higher graphi
tization degree (Atribak et al., 2010).

For BC generated from the same fuel, the F/A ratio is a key parameter 
controlling its physicochemical properties and heterogeneous reactivity. 
In reactions with NO2, BC with a high F/A ratio shows stronger photo
chemical activity, as reflected by enhanced NO2 uptake and increased 
HONO and NO formation (Han et al., 2013b). Such F/A ratio-dependent 
effects are governed by the abundance of surface reactive sites, which is 
correlated with the content and oxidation degree of organic carbon 
(OC). Typically, BC with a high F/A ratio possesses a higher OC content 
(Zhu et al., 2020) and a lower OC oxidation degree (Muñoz and Rossi, 
2002). This feature endows BC with abundant reduced sites and a low 
degree of surface oxidation, which favors heterogeneous reactions be
tween BC and oxidative gaseous species. Hence, the F/A ratio also ex
hibits a linear relationship with BC reactivity toward O3 (Chughtai et al., 

Fig. 5. Examples of measurement and modeling studies for BC atmospheric aging in China. Details are provided in Sections 4.1, 4.2, and 4.3.
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2002), thus making high-F/A BC more susceptible to O3 aging (Zhu 
et al., 2019).

Surface coatings on BC also modulate heterogeneous reactions. For 
instance, H2SO4 coatings have little effect on NO2 uptake coefficients but 
suppress HONO release and HNO3 uptake (Loukhovitskaya et al., 2013). 
Moreover, H2SO4 coatings can shield BC from oxidant attack and hinder 
the oxidation of surface PAHs (Ray et al., 2018). Differently, glutaric 
acid coatings facilitate NO2 uptake and subsequent HONO production, 
while pyrene coatings show negligible impacts (Khalizov et al., 2010). 
Collectively, BC particles are highly active in atmospheric heteroge
neous reactions, and their surface properties play a critical role in 
regulating these multiphase processes.

4.2. Modeling studies on BC aging

4.2.1. BC aging rate in the CTM model
Currently, the BC aging rate in the chemical transport model (CTM) 

is defined as the timescale over which BC-containing particles are fully 
transformed into particles that can be activated as CCN (Riemer et al., 
2010). The default global models (e.g., GEOS-Chem) employed a 
default aging rate (e.g., 1.15 days) for BC aerosol, which may introduce 
substantial uncertainties in simulated BC distributions and radiative 
effects (Nordmann et al., 2014; Qi et al., 2017; Qi and Wang, 2019a). For 
regional models (e.g., WRF-CMAQ), it is assumed that aerosols are fully 
internally mixed and BC aging is neglected, leading to an overestimation 
of BC absorption enhancement by 20-250% (He et al., 2015, 2016).

A simple parameterization for the BC aging process (e.g., coating 
with sulfate at a linear rate) was applied in global models, which ach
ieved good agreement with both surface and airborne measurements, 
thereby mitigating the overestimation of BC concentrations in earlier 
models (Liu et al., 2011; Zhang et al., 2015). Previous studies also 
described BC aging rates through microphysical processes of conden
sation, coagulation, photochemical oxidation, hygroscopicity, and 
changes in CCN activity (Liu et al., 2011). By implementing a 
microphysics-based BC aging parameterization into the aerosol module 
of the GEOS-Chem model, the aging process could be numerically 
simulated. Comparisons with results from airborne measurements 
showed that the microphysics-based aging module significantly 
improved simulated BC concentrations, effectively reducing the over
estimation of BC absorption (He et al., 2016). Moreover, the aging rates 
calculated by the microphysics-based module were found to be 2 to 6 
times higher than those from the default model (e.g., with an aging 
e-folding time of 1.2 days) (He et al., 2015, 2016). However, the sim
plifications might lead to uncertainties in aging rates in tropical regions 
and the lower troposphere (He et al., 2015, 2016). Hence, these ap
proaches were limited by the bulk aerosol treatment in the GEOS-Chem 
model, which simplified atmospheric chemistry without considering 
size-resolved BC aerosol.

4.2.2. Studying BC aging using size- and particle-resolved aerosol module
To more accurately simulate the aging process of BC aerosols, 

parameterization with high-resolution size- or particle-resolved dataset 
was recommended. The two-dimensional sectional aerosol model has 
been incorporated into the regional models (e.g., WRF-Chem), which 
introduced a BC mass fraction dimension into the traditional size- 
resolved modeling framework (Matsui et al., 2013). Studies have 
shown that representing the aging process of BC significantly reduced 
the overestimation of light absorption coefficients (− 20%), the BC 
heating rate (− 10%), and consequently reduced the overestimation of 
atmospheric radiative forcing (− 3.0 W/m2) (Matsui, 2016; Matsui et al., 
2013). However, the limitations of this approach lay in its inability to 
characterize the specific coating compositions from the BC core. More
over, the indirect radiative effects of cloud-aerosol interactions were not 
considered in three-dimensional air quality models.

To address the gap, the particle-resolved Monte Carlo model for 
simulating aerosol interactions and chemistry (PartMC-MOSAIC) was 
used to rigorously simulate the evolution of BC aerosol aging and the 
associated optical and CCN activation properties in an idealized urban 
plume (Zaveri et al., 2010). Meanwhile, the aging time scales of BC were 
explicitly calculated using the PartMC-MOSAIC model (Riemer et al., 
2010). The particle-to-particle diversity and deviations from the 
core-shell approximation in models were needed when assessing the 
radiative effects of BC (Fierce et al., 2016, 2020). Observational results 
also provided direct evidence that the heterogeneity of 
particle-to-particle mixing can reduce the light absorption enhancement 
of BC aerosols, with a deviation of up to approximately 24% under 
background conditions (Zeng et al., 2024). Hence, particle-resolved 
models showed significant potential for future modeling. However, 
calculating the evolution of individual particles in the atmosphere 
required substantial computational power and large data storage, 
resulting in extremely high costs. Currently, the key limitation of 
particle-resolved models is their difficulty in implementing or extending 
into existing three-dimensional numerical models, such as regional or 
global climate models.

4.3. Machine learning and physics constraints coupled with CTM model

Given the prohibitive computational cost of conventional CTM-based 
modeling for large-scale applications, previous studies have attempted 
to use machine learning (ML) trained with high-resolution particle- 
resolved simulations in global models (e.g., CESM/CAM) to represent 
the aging process of BC aerosols (Hughes et al., 2018; Zheng et al., 
2021a).

Recently, a global model was developed for estimating BC aging by 
coupling machine learning with a particle-resolved model (Zheng et al., 
2021b). The AI and physics-constrained module integrated with BC 
aging process calculations from particle-resolved to global simulations 
using the CESM model, yielding a global annual mean BC mixing state 
index of 13-94% and enabling spatiotemporal mapping of BC aging 
(Zheng et al., 2021b). Similarly, an ML model learned from 
particle-resolved simulations was coupled to the CESM model, leading to 
a 20% reduction in BC activation fraction and a 4% increase in BC 
burden (Shen et al., 2024b). However, the limitations of the above 
studies included the lower spatiotemporal resolution (~110 km), the 
absence of NO3

− and NH4
+ in the CESM aerosol module, and the lack of 

validation against field observations.
The BC mixing state index trained from particle-resolved simulations 

has been implemented in the WRF-CMAQ model, indicating that an ML- 
based module can effectively predict BC aging process in the atmosphere 
(Zhang, 2023). Compared with field observations, the NMB values of 
simulated BC aging and light absorption enhancement factor were 
13.0% and 14.8%, respectively, which proved that the ML-based module 
can better represent BC aging process and significantly reduce the 
overestimation of optical properties (Zhang, 2023). Hence, the inte
gration of ML model and physics-constrained modules into global and 
regional models demonstrated great potential in simulating BC aging 
process in the atmosphere.

5. BC mixing state

Uncertainties remain in estimating the climate forcing and health 
effect associated with BC, primarily due to its complex mixing state. For 
instance, uncertainties remain in quantifying BC absorption enhance
ment factor (Eabs) and overall climate impact, such as BC absorption 
aerosol optical depth (BCAAOD) and direct radiative effect (DRE) (Li 
et al., 2024b). A critical source of these uncertainties lies in the over
simplified representation of BC's complex microphysical properties (e.g., 
mixing structures) in current climate models.
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Earlier studies often regarded BC mixing state as a simple distinction 
between external and internal mixing status. Later work adopted a more 
detailed description, including coating thickness, particle-to-particle 
heterogeneity, morphology, and atmospheric aging (Pang et al., 2022; 
Wang et al., 2021a, 2025). To date, many observational studies in China 
have provided strong evidence linking these mixing state characteristics 
to BC optical properties. Peng et al. (2016) showed that BC absorption 
and direct radiative forcing can be markedly enhanced under polluted 
urban conditions, largely associated with increased coating thickness 
during atmospheric aging. Zhang et al. (2018) further reported that the 
light absorption capability of BC-containing particles in Beijing 
increased with pollution level, which was attributed to enhanced in
ternal mixing and thicker coatings.

The degree of BC mixing state strongly influences its physicochem
ical properties, hygroscopicity, and atmospheric lifetime, thereby 
affecting its radiative effects and environmental impacts. For instance, 
the coating of scattering materials can enhance BC light absorption by a 
few percent to more than 100%, depending on the mixing state (Chen 
et al., 2025; Wang et al., 2025). Understanding the mixing state of BC 
has therefore become an important research topic, which has been 
investigated through both measurements and model simulations. Fig. 6
provides examples of major methods to study BC mixing state in China.

5.1. Measurement of BC mixing state

In China, significant efforts have been made during field observa
tions to gain insights into BC mixing state under real atmospheric con
ditions. To date, various analytical techniques have been applied in 
measuring the mixing state of BC particles (Fig. 6). A major challenge is 
to distinguish BC-containing particles from the bulk aerosol and char
acterize their properties at the single-particle level. Some measurement 
techniques have been developed, and they can be broadly categorized 
into three main approaches. The electron microscopy-based technique, 
combined with single-particle sampling, provides direct visualization of 
particle morphology and mixing structures, offering detailed insights 
into the physical configuration of BC-containing particles (Pang et al., 
2022; Wang et al., 2021a, 2025). The method based on SP2, relying 
on laser-induced incandescence, enables quantitative determination of 
rBC mass at the single-particle level and is widely used to infer coating 
thickness and mixing state (Kang et al., 2023; Liu et al., 2019a, 2020b). 
Last, the Single Particle Aerosol Mass Spectrometer (SPAMS)-based 

method allows characterization of the chemical components associated 
with BC, thereby revealing the mixing of BC with organic and inorganic 
species (Zhou et al., 2022). Together, these approaches provide infor
mation on BC mixing state from physical and chemical perspectives.

5.1.1. Characterizing BC mixing state by electron microscopy
Electron microscopy (e.g., TEM/SEM) provides one of the most 

direct approaches for resolving the mixing state of BC at the single- 
particle level, offering detailed information on particle morphology 
(Fu et al., 2012; Li et al., 2016). Unlike bulk or indirect measurements, 
electron microscopy enables visualization of the physical configuration 
of BC-containing particles, revealing a wide range of complex mixing 
structures that cannot be captured by simplified assumptions. These 
include fractal aggregates with varying compactness, partially or fully 
embedded BC cores within coatings, and the presence of multiple BC 
cores within a single particle. Such observations provide critical con
straints on how BC mixing state can influence its optical properties and 
radiative effects.

A key morphological parameter that can be measured by electron 
microscopy is the fractal dimension (Df), which indicates the compact
ness of the aggregate (Wang et al., 2025). The degree of coating is 
normally quantified by the particle-to-core diameter ratio and the 
embedded fraction (F) (Wang et al., 2025). F ranges from 0 to 1, with 
0 representing BC particles barely covered by any coating, and 1 rep
resenting BC particles that are entirely covered by coating (Wang et al., 
2021a). Compared with the traditional core-shell assumption in the 
global climate model, one recent study indicates that more realistic 
multi-mixing structure representation can enhance the direct radiative 
effect by 24.9% to 199.8% at the single particle level by using the 
observed Df and F (Wang et al., 2025).

Electron microscopy provides direct evidence for multiple BC cores 
within a single particle, a previously overlooked mixing structure. Ob
servations of long-range transported wildfire smoke plumes revealed 
that a significant fraction (e.g., 21%) of BC-containing particles contain 
multiple BC cores (ncore > 1) (Chen et al., 2025). This multi-core 
structure becomes dominant for particles with total diameters greater 
than 400 nm and cumulative BC core diameters greater than 200 nm 
(Chen et al., 2023c). This structure fundamentally differs from the 
single-core assumption and has profound implications for light 
absorption.

Fig. 6. Examples of major methods to study BC mixing state in China. Details are given in Sections 5.1 and 5.2.
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5.1.2. Characterizing BC mixing state by SP2
The SP2 instrument enables the online and continuous measurement 

of both the diameter of the whole BC-containing particle (Dp) and BC 
core (Dc). The SP2 has been used to investigate BC mixing state in China. 
Based on observations in urban Beijing, Liu et al. (2019a) reported that 
BC particles in winter exhibited larger Dc and higher relative coating 
thickness (Dp/Dc) compared to those in summer, likely reflecting 
enhanced BC emissions from residential heating during winter. Along 
with the implementation of air pollution control measures in recent 
years, wintertime BC in Beijing showed a decreasing trend in coating 
thickness, with Dp/Dc decreasing from 1.7 ± 0.3 in winter 2016 to 
1.3 ± 0.1 in winter 2022 (Hu et al., 2025b), reflecting the substantial 
reduction of residential coal combustion and biomass burning emissions 
(Hu et al., 2025b; Pan et al., 2026; Wu et al., 2021). A recent study 
showed that BC with different sizes and coating thickness can be asso
ciated with different sources (Liu et al., 2023a; Zhang et al., 2020b). In 
addition, the evolution of BC from biomass burning has been investi
gated using chamber experiments and SP2 measurements, in which fire 
plumes from flaming and smoldering phases were introduced into a 
Teflon chamber under simulated atmospheric conditions, showing that 
the absorption efficiency of BC coatings exhibited a half-decay time of 
2-3 h under light exposure (Liu et al., 2021a).

Detailed light absorption modeling using SP2 measurements (Dp and 
Dc) is applied in a series of vertical measurements (e.g., aircraft and 
tower) over the NCP (Ding et al., 2019b; Hu et al., 2020; Kang et al., 
2023; Liu et al., 2023b; Zhao et al., 2018). A vertical measurement 
conducted on a meteorological tower in Beijing (0-240 m) revealed that 
the relative coating thickness (Dp/Dc) increased with height under stable 
vertical conditions (Liu et al., 2023b). Considering the enhancement 
effect of BC coating on light absorption, the light absorption efficiency of 
BC in the PBL and free troposphere could be potentially increased by 
86% and 60%, respectively (Hu et al., 2020). Based on aircraft mea
surements, the MAC and light absorption efficiency of BC were found to 
increase above clouds, because the high reflectivity of cloud top could 
promote the production of secondary aerosols and coatings (Liu et al., 
2019b).

5.1.3. Characterizing BC mixing state by SPAMS and SP-AMS
The development of single-particle analysis dates back to the 1970s 

with the development of surface ionization mass spectrometry, where 
particles were vaporized and ionized by heating metal filaments (e.g., 
rhenium or tungsten) (Allen et al., 2000; Noble and Prather, 1996). The 
SPAMS instrument employed pulsed laser ionization to analyze indi
vidual particles after they are rapidly introduced into the ionization 
region (Li et al., 2012). This enables simultaneous measurements of 
particle size and chemical composition at the single-particle level. For 
BC-containing particles, SPAMS can detect characteristic carbon cluster 
ions for freshly emitted BC, as well as identify mixed chemical compo
nents associated with aged BC. For instance, Cai et al. (2017) applied 
SPAMS to characterize BC particles in Beijing across different seasons, 
identifying major particle types including BC-OC, BC-SO4, BC-NO3, 
BC-NO3SO4, BC-NaK, BC-K, pure BC, and BC-heavy metals, with clear 
seasonal variations. Gong et al. (2016) applied SPAMS to analyze BC 
particles in Shanghai, and identified dominant contributions from traffic 
and biomass burning.

Besides SPAMS, the application of SP-AMS, combining SP2 with a 
high-resolution time-of-flight aerosol mass spectrometer (HR-ToF-AMS), 
enables quantitative analysis of both BC core and its coating compo
nents. The instrument employs a two-step laser process, including laser 
vaporization of BC followed by ionization of coating species, allowing 
detailed characterization of mixing composition (Onasch et al., 2012). 
For instance, by identifying the chemical composition of BC coating 
components, some studies revealed that biogenic source emissions 
(Zhang et al., 2026a) or open crop straw burning (Meng et al., 2024) 
could influence the BC mixing state, leading to enhanced light absorp
tion by BC. Besides, Liu et al. (2019a) combined SP2 and SP-AMS 

measurements in Beijing, and found that small thinly coated BC parti
cles were mainly associated with traffic emissions.

5.2. Modeling of BC mixing state

Numerical modeling provides a framework for understanding BC 
mixing state and its impacts on optical properties and climate effects. 
Recent studies move beyond the traditional external-internal mixing 
framework toward more comprehensive representations that include 
coating thickness, particle heterogeneity, morphology, and aging (Chen 
et al., 2017d; Du et al., 2025; Li et al., 2025a; Shen et al., 2026; Zhang 
et al., 2026b). These developments highlight that BC absorption is not 
only controlled by coating presence, but also by its distribution, 
composition, and particle-to-particle variability, which can significantly 
enhance light absorption and contribute to biases in global models 
(Chen et al., 2025; Liu et al., 2017). A key advance is the development of 
unified theoretical frameworks linking BC mixing state (coating-thick
ness distributions) and absorption enhancement, enabling more physi
cally consistent representations in chemical transport models (Wang 
et al., 2023b). In parallel, observation-constrained optical parameteri
zations incorporating mixing state, non-sphericity, and heterogeneity 
have been developed, improving BC absorption estimates and reducing 
biases in traditional models (Chen et al., 2023a, 2024).

The BC mixing state modeling has been carried out in China. A few 
examples are given here. In the BTH region, Du et al. (2025) explicitly 
represented BC coating structures and found that simulated absorption 
enhancement at 880 nm decreased by approximately 30-43% compared 
with simplified schemes, bringing results closer to observations. Simi
larly, in the YRD, Yin et al. (2024) introduced a source- and age-resolved 
framework, showing that source type and aging state alter optical 
properties of BC and reduce the overestimation of its mass absorption 
cross section and direct radiative forcing. Other studies have further 
demonstrated that assumptions about BC mixing state can influence the 
regional radiation balance and photochemical processes, including 
near-surface ozone formation (An et al., 2021).

Beyond optical effects, modeling studies also highlight the critical 
role of mixing state in governing BC atmospheric lifecycle and removal 
processes. Progressive aging increases BC hygroscopicity, facilitating its 
activation as CCN and enhancing wet scavenging efficiency (Ding et al., 
2019c; Zhang et al., 2025d). Recent simulations incorporating explicit 
BC aging schemes (e.g., WRF-CMAQ) suggested that emission control 
policies in China have not only reduced BC concentrations but also 
altered its mixing state, with a significant decline in the fraction of 
thickly coated BC particles from 2013 to 2019. Furthermore, emerging 
ML-based parameterizations (e.g., Community Atmosphere Model 
version 6 with the four-mode Modal Aerosol Module and machine 
learning, CAM6-MAM4-ML) provide a promising pathway to efficiently 
represent BC aging and mixing processes in global climate models, 
helping reduce uncertainties in aerosol-climate interactions (Shen et al., 
2024a).

Currently, the integration of observational evidence and modeling 
frameworks for BC mixing state is still at an early stage. Future work 
should prioritize the systematic incorporation of observation- 
constrained mixing-state characteristics into model parameterizations, 
as well as the development of unified frameworks that can capture the 
dynamic evolution, source dependence, and heterogeneity of BC in the 
real atmosphere. Such efforts are essential for reducing uncertainties in 
both climate forcing estimates and health impact assessments of BC.

6. Health effects of BC

As a characteristic product from incomplete combustion of biomass 
and fossil fuels, BC has a graphitic carbon core with a fractal structure, a 
large specific surface area, and strong adsorption capacity, making it a 
“mobile carrier” of toxic pollutants (Chen et al., 2023d; Dhada et al., 
2025; Li et al., 2019). The health effects of atmospheric BC have been 
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widely investigated through both laboratory and epidemiological 
studies.

Upon inhalation, BC can induce excessive production of reactive 
oxygen species (ROS), leading to oxidative stress by disrupting the 
balance between oxidant generation and antioxidant defenses (Niranjan 
and Thakur, 2017; Tang et al., 2024b). The generated ROS can attack 
biological macromolecules such as lipids, proteins, and DNA, altering 
their structure and function before ultimately damaging cells and tissues 
(Niranjan and Thakur, 2017; Xu et al., 2022). Oxidative stress also ac
tivates redox-sensitive signaling pathways, including nuclear factor κB 
(NF-κB), promoting inflammatory responses through the release of cy
tokines and chemokines (Al-Kindi et al., 2020; Brook et al., 2017). In 
addition, environmentally persistent free radicals (EPFRs) associated 
with BC particles can further catalyze ROS production, prolonging 
oxidative stress in biological environments (Tang et al., 2024b; Yang 
et al., 2025b). These mechanisms collectively contribute to a range of 
adverse health outcomes, including respiratory symptoms, cardiovas
cular diseases, and increased cancer risks. Fig. 7 provides examples of 
studies linking BC mass, BC sources, and BC mixing states to health 
outcomes in China.

6.1. BC as one of the major health-risk components in PM2.5

6.1.1. Cytotoxicity evidence of BC
The fine size of BC particles enables prolonged atmospheric sus

pension and efficient inhalation, with deposition occurring throughout 
the respiratory tract. Such exposure has been linked to a variety of 
serious health effects, encompassing both cardiopulmonary and neuro
logical impairments (Chen et al., 2026; Roy et al., 2024). Oxidative 
stress represents one of the core pathways of BC-induced chemical 
toxicity (Kuang et al., 2020; Zhu et al., 2020). In vitro exposure studies 
consistently demonstrate that BC induces dose-dependent ROS genera
tion, thereby triggering inflammatory responses and cytotoxicity. The 
toxic profile of BC is not solely attributable to its carbonaceous core but 

is synergistically amplified by co-adsorbed hazardous components, 
including PAHs and transition metals (e.g., chromium, nickel, cadmium) 
that can induce ROS production. Studies have shown that inhaling BC 
could promote lung carcinogenesis through ROS-mediated oxidative 
stress and inflammatory responses (Niranjan and Thakur, 2017; 
Zimmermann, 2015).

Furthermore, ultrafine BC particles (<100 nm) possess strong bio
logical barrier-penetrating ability, and they can cross the blood-brain 
barrier and placental barrier to initiate DNA damage. At the molecular 
level, BC can trigger DNA strand breaks, abnormal methylation, and 
histone modifications through AhR, TLR, and other receptor-mediated 
pathways (Niranjan and Thakur, 2017; Nze-Dike et al., 2025). It can 
also interfere with miRNA expression, inducing oxidative stress and 
inflammation and significantly increasing carcinogenic risk (Niranjan 
and Thakur, 2017; Nze-Dike et al., 2025). Collectively, these geno
toxic and epigenomic alterations can reshape gene expression profiles, 
disrupt cellular homeostasis, and ultimately drive malignant trans
formation. Given its capacity to induce persistent molecular changes 
even at low exposure doses, BC is increasingly recognized as a 
long-acting atmospheric pollutant with sustained adverse health 
consequences.

6.1.2. In vivo evidence of BC toxicity
In vivo studies are essential for elucidating the biodistribution, 

translocation, and multi-organ effects of BC, which cannot be fully 
captured by in vitro systems. These studies have provided critical evi
dence for systemic toxicity beyond the initial pulmonary response. 
Studies have shown that BC can penetrate the alveolar barrier in a 
monodisperse state, evade hepatic surveillance via lymphatic and sys
temic circulation, and specifically accumulate in lung-associated lymph 
nodes (LALN) and the spleen, forming a unique translocation pathway. 
These findings provide direct evidence for the connection between local 
pulmonary injury and systemic toxicity (Chu et al., 2018; Kim et al., 
2025; Kleinman et al., 2000). BC can also induce oxidative stress and 

Fig. 7. Examples of studies linking BC mass, BC sources, and BC mixing states to health outcomes in China. Details are provided in Sections 6.1, 6.2, and 6.3.
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protein misfolding, downregulate myocardial Hsp70 expression, acti
vate inflammatory factors (e.g., IL-1β and IL-6), and cause cardiac in
flammatory injury (Zuo et al., 2025). In addition to direct toxic effects, 
BC may also exert indirect health impacts by serving as a carrier for 
other pathogenic agents. In a study investigating respiratory viral 
replication, Dong et al. (2023) observed that inhaled BC particles are 
able to increase the occurrence and severity of respiratory virus infec
tion by delivering the virus deep into the respiratory tract and distant 
organs of BALB/c mice. Existing in vivo evidence has also demonstrated 
the more significant toxicity of oxidized BC. Pregnant mice exposed to 
oxidized BC exhibited impaired spermatogenic function in male 
offspring (Jiang et al., 2023). In C57BL/6 mice, heterogeneous 
ozone-aged oxidized BC triggered elevated pulmonary inflammatory 
cytokines, with lung injury mediated by the IL-33 signaling pathway and 
related cascades (Chu et al., 2016, 2018). These findings reveal specific 
in vivo toxic mechanisms of BC exposure, providing key explanations for 
the associations between BC and health outcomes (Zhang et al., 2022b).

6.1.3. Epidemiological evidence of BC effects
Early time-series studies reported significant associations between 

ambient BC concentrations and mortality outcomes, including respira
tory mortality observed in Barcelona (Ballester et al., 1996). Evidence 
from the American Cancer Society cohort indicated that long-term BC 
exposure was significantly associated with increased respiratory mor
tality (Smith et al., 2009). These epidemiological findings are consistent 
with the physicochemical properties of BC particles, which possess large 
surface areas capable of adsorbing toxic co-emitted substances such as 
PAHs and metals that can promote oxidative stress and inflammatory 
responses (Chen et al., 2023d; Dhada et al., 2025; Li et al., 2019). The 
small particle size of BC also facilitates deep penetration into the res
piratory tract and potential translocation into the bloodstream, thereby 
contributing to systemic health effects (Chen et al., 2026; Roy et al., 
2024). As a result, in the 2021 Global Air Quality Guidelines, the 
World Health Organization identified carbonaceous aerosols, including 
BC, as components of particular health concern, based on a systematic 
review of epidemiological and toxicological evidence (World Health 
Organization, 2021).

In China, a growing number of large-scale epidemiological studies 
have identified that BC is the major health-risk component in PM2.5. 
Multi-city analyses covering hundreds of Chinese cities have shown that 
short-term exposure to BC was significantly associated with increased 
hospital admissions for cardiovascular diseases, with effect estimates 
exceeding those of several other major PM2.5 components (Tian et al., 
2024). Similarly, nationwide case-crossover studies have reported sig
nificant associations between BC exposure and the onset of acute coro
nary syndrome, with BC contributing substantially to the joint effects of 
multiple PM2.5 components (Jiang et al., 2024). Long-term cohort ana
lyses have further indicated that BC exposure was linked to elevated 
risks of several cancers, including gastrointestinal and lung cancer. 
Advanced mixture analyses (e.g., weighted quantile sum regression), 
which address the high correlations among PM2.5 components, consis
tently rank BC as one of the most influential constituents driving adverse 
health outcomes (Hu et al., 2025a; Yang et al., 2024). Nationwide 
evaluations of the Air Pollution Prevention and Control Action Plan have 
further demonstrated that reductions in BC concentrations were asso
ciated with a substantial decrease in hospital admissions across multiple 
disease categories (Liu et al., 2025a). The above findings highlight the 
important role of BC in adverse health effects of PM2.5 pollution in 
China.

A number of epidemiological studies conducted in China have 
further quantified the exposure-response relationships between BC 
concentration and a wide range of health outcomes. These studies 
employed different study designs, such as time-series analyses (Chen 
et al., 2022; Geng et al., 2013; Hua et al., 2014), prospective cohort 
studies (Gan et al., 2013; Li et al., 2022a), and panel studies (Lin et al., 
2011; Xu et al., 2022), with exposure assessment based on fixed-site 

monitoring (Lin et al., 2011; Xu et al., 2022), chemical transport 
models (Guo et al., 2022), or gridded datasets of BC concentrations (Han 
et al., 2023; Zhang et al., 2022a). The reported health outcomes span 
multiple disease categories, including respiratory (Chen et al., 2022; 
Gan et al., 2013; Hua et al., 2014; Lin et al., 2011), cardiovascular (Geng 
et al., 2013; Peng et al., 2009; Xu et al., 2022) and neurological out
comes (Chen et al., 2017c; Li et al., 2022a; Zhang et al., 2022a). Based on 
the exposure-response relationships, recent studies have further incor
porated BC-specific risk estimates into models to quantify the disease 
burden attributable to BC exposure in China (Cui et al., 2022; Wang 
et al., 2021b; Zhao et al., 2024b). The above epidemiological evidence 
indicates that BC is a major contributor to PM2.5-attributable health 
risks.

6.2. Health effects of BC from different sources

BC particles emitted from specific sources exhibit substantial dif
ferences in their physicochemical properties, which may lead to 
different health effects. Biomass and coal combustion under relatively 
low-temperature conditions typically generate substantial fractions of 
char-like BC, whereas diesel engines operating at higher temperatures 
produce more graphitized soot particles (Han et al., 2022; Shrestha 
et al., 2010). These particles also differ in size and chemical composi
tion. Traffic-derived BC generally exhibits smaller particle sizes 
compared with biomass- and coal-derived BC, which may facilitate 
deeper penetration into the respiratory tract and higher deposition ef
ficiency in the human body (Liu et al., 2023a; Zhang et al., 2020b). In 
addition to particle size differences, source-specific variations are also 
reflected in chemical composition. BC from biomass burning is found to 
be associated with oxygenated organic compounds and is characterized 
by higher O/C ratios than traffic-derived BC (Cai et al., 2023; Sha et al., 
2021). These source-specific physicochemical properties can further 
influence oxidative potential (OP) and cellular inflammatory responses, 
suggesting that BC from different sources may exhibit substantially 
different toxic effects even at the same mass concentrations.

Several approaches have been applied to investigate the source- 
specific health effects of BC, including atmospheric modeling, toxico
logical experiments, and source-specific emission tests. Modeling studies 
have quantified the disease burden attributable to BC emissions from 
different sectors. For instance, global simulations have identified resi
dential combustion as a major contributor to BC-attributable mortality 
worldwide, while regional modeling in China using the CMAQ model 
has highlighted industrial and residential emissions as major contribu
tors (Chowdhury et al., 2022; Wang et al., 2021b). However, these 
modeling approaches generally assume equal toxicity across BC sources. 
Toxicological studies provide complementary evidence by directly 
comparing the biological responses induced by BC from different sour
ces. Nevertheless, laboratory studies often rely on particles collected on 
filters, and sample extraction or processing may modify the surface 
coatings and chemical composition of BC particles (Li et al., 2019; Ma 
et al., 2023; Shang et al., 2024), making it difficult to fully represent 
real atmospheric exposures. Experimental comparisons of emissions 
from diesel engines, biomass burning, and coal combustion have sug
gested that diesel-derived BC exhibits higher OP, partly due to its 
smaller particle size and higher abundance of reactive surface sites (Li 
et al., 2019; Ma et al., 2023).

Epidemiological studies based on ambient observations can provide 
relatively direct population-level evidence for heterogeneous health 
effects of BC from different sources. However, such studies remain 
limited. A population-based cohort study reported that individuals 
living within 50 m of major roadways had approximately 7% higher risk 
of dementia than those residing more than 300 m away (Chen et al., 
2017c), which may partly reflect higher exposure to traffic-related BC 
and co-emitted pollutants. Similarly, a panel study conducted in rural 
southwestern China found that BC exposure was strongly associated 
with elevated systolic blood pressure, with larger effects observed 
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among women living closer to highways where motor vehicle emissions 
contribute additional BC exposure (Baumgartner et al., 2014). Besides 
BC from traffic emission, another important source of BC in recent years 
is wildfire. Studies have shown that between 2010 and 2020, BC emis
sions in the western United States increased by 86% due to wildfires, 
which has been associated with an estimated 670 premature deaths 
annually (Wei et al., 2023b). Long-range transport of wildfire emissions 
has been shown to influence air quality in the NCP (Zhang et al., 2025b). 
An epidemiological study investigated the association between BC 
sources (traffic and residential combustion sources) and stroke inci
dence (Ljungman et al., 2019). Further studies are still needed to iden
tify BC sources with higher health risks in specific regions or areas.

6.3. Health effects of BC with different mixing states

Fresh BC is typically emitted as externally mixed particles. During at
mospheric transport, these particles are gradually coated by other species 
and become internally mixed (Tan et al., 2020). Such aging processes can 
significantly alter the physicochemical properties and toxicity of BC (Cai 
et al., 2023; Sha et al., 2021). Laboratory studies suggest that aged BC ex
hibits stronger biological effects than freshly emitted particles. For instance, 
BC coated with PAHs induces higher mortality in lung macrophages (Chu 
et al., 2017; Misaki et al., 2021), while BC associated with heavy metals, 
such as Pb, can stimulate elevated expression levels of inflammatory cyto
kines in bronchial epithelial cells (Jiang et al., 2018). Atmospheric oxida
tion processes further modify BC toxicity. Under visible light irradiation, BC 
particles can mediate the generation of ROS, including superoxide anions 
and hydroxyl radicals, which can oxidize surface-bound organic species, 
thereby enhancing OP and cytotoxicity (Jiang et al., 2023; Zhu et al., 2022). 
O3 aging on BC has been shown to increase the OP of BC and induce stronger 
pulmonary inflammatory responses both in vivo and in vitro (Chu et al., 
2016; Zhu et al., 2020).

Among the species mixed with BC, organic compounds appear to 
play a key role in modulating toxicity. Several organic species, including 
PAHs, humic-like substances (HULIS), and quinones, have been associ
ated with inflammatory responses in epidemiological and experimental 
studies (Jiang et al., 2021; Kim et al., 2013; Peng et al., 2023a). Labo
ratory studies further demonstrate that organic coatings can enhance BC 
toxicity. For instance, controlled exposure experiments showed that 
hydrocarbons coated on BC particles significantly enhanced cytotoxicity 
in human lung epithelial cells (Hakkarainen et al., 2022), whereas 
quinone-coated BC induced stronger pulmonary inflammation in mice 
than uncoated BC (Chu et al., 2017). Quinones are also key contributors 
to particle OP and can interact with transition metals to promote rapid 
ROS generation (Misaki et al., 2021).

Transition metals, including Cu, Mn, and Fe, could catalyze ROS 
generation and enhance OP, thereby promoting inflammatory responses 
(Karavalakis et al., 2017; McWhinney et al., 2013). Experimental studies 
showed that complexation of metals on BC surfaces can substantially 
alter oxidative potential, highlighting their catalytic role in ROS pro
duction (Li et al., 2019; Ma et al., 2023). Quinones and iron can syn
ergistically generate hydroxyl radicals via redox cycling processes, 
further amplifying particle toxicity (Xiong et al., 2017). Beyond modi
fying intrinsic toxicity, atmospheric aging also alters the hygroscopicity 
and size of BC particles, which can influence their deposition within the 
human respiratory system. A recent modeling study showed that 
neglecting mixing states may underestimate deposited BC mass in res
piratory regions by approximately 5-15% (Ching et al., 2020). These 
findings indicate that neglecting BC mixing states may introduce biases 
in both toxicity characterization and exposure assessment in health 
studies.

7. Future perspectives

Despite substantial progress made in recent years in understanding 
the environmental and health impacts of BC in China, several critical 

knowledge gaps remain that warrant further investigation, including: 

(1) Standardization of BC measurement methods: In China, optical- 
based methods, particularly filter-based instruments such as the 
AE33, are extensively applied for BC concentration measure
ments. However, discrepancies between in-situ and filter-based 
methods have revealed inconsistencies across different in
struments and approaches, introducing uncertainties in BC 
quantification. These discrepancies are further amplified for aged 
BC with higher Ångström exponents. Therefore, developing uni
fied and traceable calibration standards, particularly for filter- 
based techniques that are susceptible to measurement artifacts, 
is essential for improving data reliability and minimizing dis
crepancies across studies. International initiatives, such as 
Europe's stanBC project, offer valuable standards, and similar 
efforts should be prioritized or adapted in China;

(2) Validation of gridded BC datasets: Emerging gridded BC datasets 
developed in China, such as CAQRA-aerosol, TAP, and CHAP, 
have been widely applied in BC trend analysis, policy evaluation, 
and health effect assessment. However, these datasets show dis
crepancies that vary regionally, highlighting the need for further 
evaluation against long-term ground-based observations. A more 
comprehensive understanding of BC datasets is essential for 
quantifying uncertainties associated with different products and 
for selecting the most appropriate dataset for a given region or 
area;

(3) Integration of observation and atmospheric modeling: Critical 
needs lie in the integration of observational data and atmospheric 
models (e.g., GEOS-Chem or WRF/CMAQ) to better characterize 
BC sources and mixing states in China. Key priorities include 
refining emission inventories for underrepresented Chinese 
sources (residential solid fuel, fireworks, coke/brick production). 
In China, nitrate-driven aging is particularly important due to 
high NOx and NH3 levels during haze periods. Notably, some 
typical sources in China may emit BC already mixed with other 
components, suggesting that aging can begin from partially 
coated rather than bare particles. These processes alter BC mixing 
state, hygroscopicity, atmospheric lifetime, scavenging, and op
tical properties. Therefore, to reduce uncertainties in source, 
transport, and climate effect estimates, China-specific aging pa
rameterizations should be developed by integrating multi-site 
observations, laboratory experiments, and modeling;

(4) Investigation of BC health effects: While previous control policies 
in China have substantially reduced BC mass concentrations, the 
next mitigation stage must move beyond bulk reductions to 
identify high-risk BC sources. This is particularly important 
because BC has been consistently identified as one of the most 
health-relevant components of PM2.5, with robust associations 
with multiple adverse health outcomes, including cardiovascular, 
respiratory, and neurological diseases. Future studies should also 
explore the health effects of BC during atmospheric aging, espe
cially under typical pollution conditions in China. Epidemiolog
ical studies should focus on individual-level exposure and use 
multi-omics approaches to characterize BC-related biological 
response pathways. Given China's large and socioeconomically 
diverse population, establishing urban-rural gradient exposure 
cohorts would help systematically quantify combined indoor and 
outdoor BC exposure among residents. Integrating sensors and 
satellite remote sensing would be helpful in investigating per
sonal BC exposure risks among different vulnerable populations 
nationwide.

CRediT authorship contribution statement

Qi Zhou: Data curation, Formal analysis, Investigation, Visualiza
tion, Writing – original draft. Shunyao Wang: Investigation, Writing – 

Q. Zhou et al.                                                                                                                                                                                                                                    Atmospheric Environment 383 (2026) 122290 

16 



review & editing. Shujun Bie: Investigation, Writing – review & editing. 
Junjie Cai: Investigation, Writing – review & editing. Yingjun Chen: 
Investigation, Writing – review & editing. Yuan Cheng: Investigation. 
Xiang Ding: Investigation. Jianwei Gu: Investigation, Writing – review 
& editing. Jie Li: Investigation. Weijun Li: Investigation, Writing – re
view & editing. Dantong Liu: Investigation, Writing – review & editing. 
Jiaying Liu: Investigation, Writing – review & editing. Yue Liu: 
Investigation, Writing – review & editing. Jing Shang: Investigation, 
Writing – review & editing. Xiao Tang: Investigation, Writing – review 
& editing. Rui Tang: Investigation, Writing – review & editing. Yingze 
Tian: Investigation, Writing – review & editing. Jiandong Wang: 
Investigation, Writing – review & editing. Shuxiao Wang: Investigation. 
Jing Wei: Investigation, Writing – review & editing. Yi Wei: Investi
gation, Writing – review & editing. Yaxin Xiang: Investigation. Caiqing 
Yan: Investigation, Writing – review & editing. Fenfen Zhang: Inves
tigation, Writing – review & editing. Zhouyang Zhang: Investigation, 
Writing – review & editing. Gan Zhang: Investigation, Writing – review 
& editing. Qiang Zhang: Investigation. Yan Zhang: Investigation, 
Writing – review & editing. Guangcai Zhong: Investigation, Writing – 
review & editing. Mei Zheng: Conceptualization, Funding acquisition, 
Investigation, Supervision, Writing – review & editing.

Declaration of competing interests

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper.

Acknowledgments

This study was supported by the Jing-Jin-Ji Regional Integrated 
Environmental Improvement-National Science and Technology Major 
Project (No. 2025ZD1204800). We are grateful to Dr. Tianle Zhang for 
providing valuable and helpful comments for improving this 
manuscript.

Data availability

Data will be made available on request.

References

Adachi, K., Chung, S.H., Buseck, P.R., 2010. Shapes of soot aerosol particles and 
implications for their effects on climate. J. Geophys. Res. 115, D15206.

Aklilu, Y.A., Michelangeli, D.V., 2004. Box model investigation of the effect of soot 
particles on ozone downwind from an urban area through heterogeneous reactions. 
Environ. Sci. Technol. 38, 5540–5547.

Al-Kindi, S.G., Brook, R.D., Biswal, S., Rajagopalan, S., 2020. Environmental 
determinants of cardiovascular disease: lessons learned from air pollution. Nat. Rev. 
Cardiol. 17, 656–672.

Ali, M.U., Lin, S., Yousaf, B., Abbas, Q., Hameed, R., Zheng, C., Kuang, X., Wong, M., 
2021. Emission sources and full spectrum of health impacts of black carbon 
associated polycyclic aromatic hydrocarbons (PAHs) in urban environment: a 
review. Crit. Rev. Environ. Sci. Technol. 51, 857–896.

Allen, J.O., Fergenson, D.P., Gard, E.E., Hughes, L.S., Morrical, B.D., Kleeman, M.J., 
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enhancement of black carbon from urban haze in Northern China winter. Environ. 
Pollut. 221, 418–426.

Chen, D., Wang, X., Li, Y., Lang, J., Zhou, Y., Guo, X., Zhao, Y., 2017b. High- 
spatiotemporal-resolution ship emission inventory of China based on AIS data in 
2014. Sci. Total Environ. 609, 776–787.

Chen, G., Liu, C., Wang, J., Yin, Y., Wang, Y., 2024. Accounting for black carbon mixing 
state, nonsphericity, and heterogeneity effects in its optical property 
parameterization in a climate model. J. Geophys. Res. Atmos. 129 e2024JD041135. 

Chen, G., Wang, J., Wang, Y., Wang, J., Jin, Y., Cheng, Y., Yin, Y., Liao, H., Ding, A., 
Wang, S., Hao, J., Liu, C., 2023a. An aerosol optical module with observation- 
constrained black carbon properties for global climate models. J. Adv. Model. Earth 
Syst. 15 e2022MS003501. 

Chen, H., Kwong, J.C., Copes, R., Tu, K., Villeneuve, P.J., van Donkelaar, A., Hystad, P., 
Martin, R.V., Murray, B.J., Jessiman, B., Wilton, A.S., Kopp, A., Burnett, R.T., 2017c. 
Living near major roads and the incidence of dementia, Parkinson's disease, and 
multiple sclerosis: a population-based cohort study. Lancet 389, 718–726.

Chen, J., Yu, W., Cui, X., Zhang, Q., Li, T., Wang, X., Ren, Y., Wang, H., Wang, Q., 2026. 
Black carbon in urban Jinan: variations, health risks, and driving factors analyzed 
with machine learning. J. Environ. Sci. 160, 508–516.

Chen, L., Gao, Y., Zhang, M., Fu, J., Zhu, J., Liao, H., Li, J., Huang, K., Ge, B., Wang, X., 
Lam, Y., Lin, C., Itahashi, S., Nagashima, T., Kajino, M., Yamaji, K., Wang, Z., 
Kurokawa, J., 2019. MICS-ASIA III: Multi-model comparison and evaluation of 
aerosol over East Asia. Atmos. Chem. Phys. 19, 11911–11937.

Chen, S., Wang, Q., Zhang, Y., Tian, J., Wang, J., Ho, S.S.H., Li, L., Ran, W., Han, Y., 
Pavese, G., Cao, J., 2023b. Heterogeneous characteristics and absorption 
enhancement of refractory black carbon in an urban city of China. Sci. Total Environ. 
879, 162997.

Chen, T., Norback, D., Deng, Q., Huang, C., Qian, H., Zhang, X., Sun, Y., Wang, T., 
Zhang, Y., Li, B., Kan, H., Wei, L., Liu, C., Xu, Y., Zhao, Z., 2022. Maternal exposure 
to PM2.5/BC during pregnancy predisposes children to allergic rhinitis which varies 
by regions and exclusive breastfeeding. Environ. Int. 165, 107315.

Chen, X., Ching, J., Wu, F., Matsui, H., Jacobson, M.Z., Zhang, F., Wang, Y., Zhang, Z., 
Liu, D., Zhu, S., Rudich, Y., Shi, Z., Yoo, H., Jeon, K.J., Li, W., 2025. Locating the 
missing absorption enhancement due to multi-core black carbon aerosols. Nat. 
Commun. 16, 10187.

Chen, X., Wang, Z., Yu, F., Pan, X., Li, J., Ge, B., Wang, Z., Hu, M., Yang, W., Chen, H., 
2017d. Estimation of atmospheric aging time of black carbon particles in the 
polluted atmosphere over central-eastern China using microphysical process analysis 
in regional chemical transport model. Atmos. Environ. 163, 44–56.

Q. Zhou et al.                                                                                                                                                                                                                                    Atmospheric Environment 383 (2026) 122290 

17 

http://refhub.elsevier.com/S1352-2310(26)00520-0/sref1
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref1
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref2
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref2
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref2
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref3
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref3
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref3
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref4
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref4
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref4
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref4
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref5
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref5
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref5
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref5
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref6
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref6
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref6
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref7
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref7
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref8
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref8
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref8
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref8
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref9
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref9
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref9
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref10
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref10
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref10
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref11
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref11
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref11
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref12
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref12
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref12
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref12
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref12
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref13
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref13
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref13
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref14
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref14
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref15
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref15
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref15
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref15
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref16
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref16
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref16
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref17
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref17
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref17
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref18
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref18
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref18
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref19
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref19
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref19
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref19
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref20
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref20
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref20
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref21
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref21
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref22
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref22
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref22
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref22
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref23
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref23
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref23
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref23
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref24
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref24
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref24
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref25
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref25
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref25
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref26
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref26
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref26
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref27
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref27
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref27
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref28
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref28
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref28
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref28
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref29
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref29
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref29
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref29
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref30
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref30
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref30
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref31
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref31
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref31
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref31
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref32
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref32
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref32
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref32
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref33
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref33
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref33
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref33
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref34
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref34
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref34
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref34
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref35
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref35
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref35
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref35


Chen, X., Ye, C., Wang, Y., Wu, Z., Zhu, T., Zhang, F., Ding, X., Shi, Z., Zheng, Z., Li, W., 
2023c. Quantifying evolution of soot mixing state from transboundary transport of 
biomass burning emissions. iScience 26, 108125.

Chen, Y., Cai, W., Huang, G., Li, J., Zhang, G., 2012. Stable carbon isotope of black 
carbon from typical emission sources in China. Huanjing Kexue 33, 673–678.

Chen, Y., Cheng, Y., Hsu, C., 2023d. Characterization of the sources and health risks of 
polycyclic aromatic hydrocarbons in PM2.5 and their relationship with black carbon: 
a case study in northern Taiwan. Environ. Pollut. 336, 122427.

Chen, Y., Sheng, G., Bi, X., Feng, Y., Mai, B., Fu, J., 2005. Emission factors for 
carbonaceous particles and polycyclic aromatic hydrocarbons from residential coal 
combustion in China. Environ. Sci. Technol. 39, 1861–1867.

Chen, Y., Zhi, G., Feng, Y., Fu, J., Feng, J., Sheng, G., Simoneit, B.R.T., 2006. 
Measurements of emission factors for primary carbonaceous particles from 
residential raw-coal combustion in China. Geophys. Res. Lett. 33, L20815.

Chen, Y., Zhi, G., Feng, Y., Liu, D., Zhang, G., Li, J., Sheng, G., Fu, J., 2009. 
Measurements of black and organic carbon emission factors for household coal 
combustion in China: implication for emission reduction. Environ. Sci. Technol. 43, 
9495–9500.

China, S., Mazzoleni, C., Gorkowski, K., Aiken, A.C., Dubey, M.K., 2013. Morphology and 
mixing state of individual freshly emitted wildfire carbonaceous particles. Nat. 
Commun. 4, 2122.

Ching, J., Kajino, M., Matsui, H., 2020. Resolving aerosol mixing state increases accuracy 
of black carbon respiratory deposition estimates. One Earth 3, 763–776.

Chowdhury, S., Pozzer, A., Haines, A., Klingmueller, K., Muenzel, T., Paasonen, P., 
Sharma, A., Venkataraman, C., Lelieveld, J., 2022. Global health burden of ambient 
PM2.5 and the contribution of anthropogenic black carbon and organic aerosols. 
Environ. Int. 159, 107020.

Chu, H., Hao, W., Cheng, Z., Huang, Y., Wang, S., Shang, J., Hou, X., Meng, Q., 
Zhang, Q., Jia, L., Zhou, W., Wang, P., Jia, G., Zhu, T., Wei, X., 2018. Black carbon 
particles and ozone-oxidized black carbon particles induced lung damage in mice 
through an interleukin-33 dependent pathway. Sci. Total Environ. 644, 217–228.

Chu, H., Shang, J., Jin, M., Chen, Y., Pan, Y., Li, Y., Tao, X., Cheng, Z., Meng, Q., Li, Q., 
Jia, G., Zhu, T., Hao, W., Wei, X., 2017. Comparison of lung damage in mice exposed 
to black carbon particles and 1,4-naphthoquinone coated black carbon particles. Sci. 
Total Environ. 580, 572–581.

Chu, H., Shang, J., Jin, M., Li, Q., Chen, Y., Huang, H., Li, Y., Pan, Y., Tao, X., Cheng, Z., 
Meng, Q., Jia, G., Zhu, T., Wei, X., Hao, W., 2016. Comparison of lung damage in 
mice exposed to black carbon particles and ozone-oxidized black carbon particles. 
Sci. Total Environ. 573, 303–312.

Chughtai, A.R., Kim, J.M., Smith, D.M., 2002. The effect of air/fuel ratio on properties 
and reactivity of combustion soots. J. Atmos. Chem. 43, 21–43.

Chughtai, A.R., Smith, D.M., 1994. The surface-structure and reactivity of black carbon. 
Abstr. Pap. Am. Chem. Soc. 208, 49–COLL.

Crippa, M., Guizzardi, D., Pagani, F., Schiavina, M., Melchiorri, M., Pisoni, E., 
Graziosi, F., Muntean, M., Maes, J., Dijkstra, L., Van Damme, M., Clarisse, L., 
Coheur, P., 2024. Insights into the spatial distribution of global, national, and 
subnational greenhouse gas emissions in the emissions database for global 
atmospheric research (EDGAR v8.0). Earth Syst. Sci. Data 16, 2811–2830.

Cui, C., Liu, Y., Chen, L., Liang, S., Shan, M., Zhao, J., Liu, Y., Yu, S., Sun, Y., Mao, J., 
Zhang, H., Gao, S., Ma, Z., 2022. Assessing public health and economic loss 
associated with black carbon exposure using monitoring and MERRA-2 data. 
Environ. Pollut. 313, 120190.

Cui, M., Xu, Y., Yu, B., Yan, C., Li, J., Zheng, M., Chen, Y., 2023b. Characterization of 
carbonaceous matter emitted from residential coal and biomass combustion by 
experimental simulation. Atmos. Environ. 293, 119447.

Cui, M., Xu, Y., Zhang, F., Yan, C., Li, J., Zheng, M., Chen, Y., 2023a. Real-world 
characterization of carbonaceous substances from industrial stationary and process 
source emissions. Sci. Total Environ. 854, 158505.

Cui, X., Wang, X., Yang, L., Chen, B., Chen, J., Andersson, A., Gustafsson, Ö., 2016. 
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Favez, O., El Haddad, I., Piot, C., Boréave, A., Abidi, E., Marchand, N., Jaffrezo, J.L., 
Besombes, J.L., Personnaz, M.B., Sciare, J., Wortham, H., George, C., D'Anna, B., 
2010. Inter-comparison of source apportionment models for the estimation of wood 
burning aerosols during wintertime in an Alpine city (Grenoble, France). Atmos. 
Chem. Phys. 10, 5295–5314.

Fierce, L., Bond, T.C., Bauer, S.E., Mena, F., Riemer, N., 2016. Black carbon absorption at 
the global scale is affected by particle-scale diversity in composition. Nat. Commun. 
7, 12361.

Fierce, L., Onasch, T.B., Cappa, C.D., Mazzoleni, C., China, S., Bhandari, J., 
Davidovits, P., Fischer, D.A., Helgestad, T., Lambe, A.T., Sedlacek 3rd, A.J., 
Smith, G.D., Wolff, L., 2020. Radiative absorption enhancements by black carbon 
controlled by particle-to-particle heterogeneity in composition. Proc. Natl. Acad. Sci. 
USA 117, 5196–5203.

Fu, B., Bellis, G.A., Hong, J., Wang, J., Wu, Q., Tang, Q., Cheng, J., Zhu, Z., 2012. 
Morphology, distribution, and abundance of antennal sensilla of male and female 
macropterous and brachypterous small brown planthopper, Laodelphax striatellus 
(Fallen) (Hemiptera: Delphacidae). Microsc. Res. Tech. 75, 1492–1512.

Gan, W., FitzGerald, J.M., Carlsten, C., Sadatsafavi, M., Brauer, M., 2013. Associations of 
ambient air pollution with chronic obstructive pulmonary disease hospitalization 
and mortality. Am. J. Respir. Crit. Care Med. 187, 721–727.

Geng, F., Hua, J., Mu, Z., Peng, L., Xu, X., Chen, R., Kan, H., 2013. Differentiating the 
associations of black carbon and fine particle with daily mortality in a Chinese city. 
Environ. Res. 120, 27–32.

Geng, X., Haig, J., Lin, B., Tian, C., Zhu, S., Cheng, Z., Yuan, Y., Zhang, Y., Liu, J., 
Zheng, M., Li, J., Zhong, G., Zhao, S., Bird, M.I., Zhang, G., 2023. Provenance of 
aerosol black carbon over northeast Indian ocean and South China sea and 
implications for oceanic black carbon cycling. Environ. Sci. Technol. 57, 
13067–13078.

Goldberg, E.D., 1985. Black Carbon in the Environment: Properties and Distribution. 
John Wiley and Sons, New York. 

Gong, X., Zhang, C., Chen, H., Nizkorodov, S.A., Chen, J., Yang, X., 2016. Size 
distribution and mixing state of black carbon particles during a heavy air pollution 
episode in Shanghai. Atmos. Chem. Phys. 16, 5399–5411.

Guan, C., Li, X., Zhang, W., Huang, Z., 2017. Identification of nitration products during 
heterogeneous reaction of NO2 on soot in the dark and under simulated sunlight. 
J. Phys. Chem. A 121, 482–492.

Guan, X., Zhang, N., Tian, P., Tang, C., Zhang, Z., Wang, L., Zhang, Y., Zhang, M., 
Guo, Y., Du, T., Cao, X., Liang, J., Zhang, L., 2022. Wintertime vertical distribution of 
black carbon and single scattering albedo in a semi-arid region derived from tethered 
balloon observations. Sci. Total Environ. 807, 150790.

Guizzardi, D., Crippa, M., Butler, T., Keating, T., Wu, R., Kaminski, J., Kuenen, J., 
Kurokawa, J., Chatani, S., Morikawa, T., Pouliot, G., Racine, J., Moran, M.D., 

Q. Zhou et al.                                                                                                                                                                                                                                    Atmospheric Environment 383 (2026) 122290 

18 

http://refhub.elsevier.com/S1352-2310(26)00520-0/sref36
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref36
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref36
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref37
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref37
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref38
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref38
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref38
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref39
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref39
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref39
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref40
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref40
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref40
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref41
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref41
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref41
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref41
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref42
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref42
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref42
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref43
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref43
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref44
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref44
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref44
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref44
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref45
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref45
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref45
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref45
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref46
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref46
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref46
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref46
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref47
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref47
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref47
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref47
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref48
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref48
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref49
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref49
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref50
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref50
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref50
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref50
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref50
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref51
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref51
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref51
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref51
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref53
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref53
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref53
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref52
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref52
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref52
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref54
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref54
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref54
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref55
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref55
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref55
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref55
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref55
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref55
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref56
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref56
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref56
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref57
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref57
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref57
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref57
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref58
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref58
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref58
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref58
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref59
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref59
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref60
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref60
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref60
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref60
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref61
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref61
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref61
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref62
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref62
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref62
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref63
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref63
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref63
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref63
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref64
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref64
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref64
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref65
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref65
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref65
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref65
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref66
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref66
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref66
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref66
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref67
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref67
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref67
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref68
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref68
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref68
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref68
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref69
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref69
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref69
https://www.canada.ca/en/environment-climate-change/services/pollutants/air-emissions-inventory-overview.html
https://www.canada.ca/en/environment-climate-change/services/pollutants/air-emissions-inventory-overview.html
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref71
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref71
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref71
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref72
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref72
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref72
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref73
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref73
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref73
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref73
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref74
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref74
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref74
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref74
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref74
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref75
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref75
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref75
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref76
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref76
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref76
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref76
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref76
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref77
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref77
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref77
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref77
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref78
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref78
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref78
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref79
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref79
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref79
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref80
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref80
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref80
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref80
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref80
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref81
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref81
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref82
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref82
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref82
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref83
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref83
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref83
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref84
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref84
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref84
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref84
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref85
http://refhub.elsevier.com/S1352-2310(26)00520-0/sref85


Klimont, Z., Manseau, P.M., Mashayekhi, R., Henderson, B.H., Smith, S.J., 
Hoesly, R., Muntean, M., et al., 2025. The HTAP_v3.2 emission mosaic: merging 
regional and global monthly emissions (2000-2020) to support air quality modelling 
and policies. Earth Syst. Sci. Data 17, 5915–5950.

Guo, B., Wang, Y., Zhang, X., Che, H., Ming, J., Yi, Z., 2020. Long-term variation of black 
carbon aerosol in China based on revised aethalometer monitoring data. Atmosphere 
11, 684.

Guo, Q., Zhao, Y., Xue, T., Zhang, J., Duan, X., 2022. Association of PM2.5 and its 
chemical compositions with metabolic syndrome: a nationwide study in middle-aged 
and older Chinese adults. Int. J. Environ. Res. Publ. Health 19, 14671.
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Aakko-Saksa, P., Pfeiffer, T.V., Timonen, H., Rönkkö, T., Jalava, P.I., 2022. Black 
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Wang, Q., Ma, N., Su, H., Pöschl, U., Haug, G.H., Schiebel, R., et al., 2026. Black 
carbon in the marine atmosphere: concentration and mixing state from coastal to 
remote atlantic regions. J. Geophys. Res. Atmos. 131 e2025JD045346. 

Pang, Y., Wang, Y., Wang, Z., Zhang, Y., Liu, L., Kong, S., Liu, F., Shi, Z., Li, W., 2022. 
Quantifying the fractal dimension and morphology of individual atmospheric soot 
aggregates. J. Geophys. Res. Atmos. 127 e2021JD036055. 

Peng, B., Dong, Q., Li, F., Wang, T., Qiu, X., Zhu, T., 2023a. A systematic review of 
polycyclic aromatic hydrocarbon derivatives: occurrences, levels, biotransformation, 
exposure biomarkers, and toxicity. Environ. Sci. Technol. 57, 15314–15335.

Peng, J., Hu, M., Guo, S., Du, Z., Zheng, J., Shang, D., Zamora, M., Zeng, L., Shao, M., 
Wu, Y., Zheng, J., Wang, Y., Glen, C.R., Collins, D.R., Molina, M.J., Zhang, R., 2016. 
Markedly enhanced absorption and direct radiative forcing of black carbon under 
polluted urban environments. Proc. Natl. Acad. Sci. USA 113, 4266–4271.

Peng, R.D., Bell, M.L., Geyh, A.S., McDermott, A., Zeger, S.L., Samet, J.M., Dominici, F., 
2009. Emergency admissions for cardiovascular and respiratory diseases and the 
chemical composition of fine particle air pollution. Environ. Health Perspect. 117, 
957–963.

Peng, Y., Cai, J., Feng, Y., Jiang, H., Chen, Y., 2023b. Emission characteristic of OVOCs, 
I/SVOCs, OC and EC from wood combustion at different moisture contents. Atmos. 
Environ. 298, 119620.

Petzold, A., Ogren, J.A., Fiebig, M., Laj, P., Li, S., Baltensperger, U., Holzer-Popp, T., 
Kinne, S., Pappalardo, G., Sugimoto, N., Wehrli, C., Wiedensohler, A., Zhang, X., 
2013. Recommendations for reporting “black carbon” measurements. Atmos. Chem. 
Phys. 13, 8365–8379.

Qi, L., Li, Q., He, C., Wang, X., Huang, J., 2017. Effects of the wegener-bergeron- 
findeisen process on global black carbon distribution. Atmos. Chem. Phys. 17, 
7459–7479.

Qi, L., Wang, S., 2019a. Fossil fuel combustion and biomass burning sources of global 
black carbon from GEOS-Chem simulation and carbon isotope measurements. 
Atmos. Chem. Phys. 19, 11545–11557.

Qi, L., Wang, S., 2019b. Sources of black carbon in the atmosphere and in snow in the 
Arctic. Sci. Total Environ. 691, 442–454.

Ray, D., Bhattacharya, T.S., Chatterjee, A., Singha, A., Ghosh, S.K., Raha, S., 2018. 
Hygroscopic coating of sulfuric acid shields oxidant attack on the atmospheric 
pollutant benzo(a) pyrene bound to model soot particles. Sci. Rep. 8, 129.

Riemer, N., West, M., Zaveri, R., Easter, R., 2010. Estimating black carbon aging time- 
scales with a particle-resolved aerosol model. J. Aerosol Sci. 41, 143–158.
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