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Abstract 

Brown carbon (BrC) is a light-absorbing component of organic aerosols that influences atmospheric environment and climate. 

Although, biomass burning is recognized as the major source of primary BrC (PBrC) globally anthropogenic sources can 

contribute comparably or more to PBrC in regions with intensive human activities, yet variations in concentrations and effects 15 

of PBrC remain underexplored in China where dramatic emission changes occurred in last two decades.  

We apply an internal mixing model to simulate the long-term (2005–2020) variations of PBrC surface and vertical 

concentrations and their effects across China. The mean surface PBrC concentration is 0.81 μgC m-3, with anthropogenic 

emissions dominating: residential, industrial combustion, and agricultural sectors contribute on average 57%, 22%, and 18%, 

respectively, together accounting for 91% of column concentrations in 2010. PBrC (-20.8%) declined more than PM2.5 (-8.1%), 20 

accompanied by a slight reduction in O3 and a decrease in direct radiative effect (DRE) from +0.032 W m-2 in 2005 to +0.023 

W m-2 in 2020 (-25.7%), with anthropogenic sources contributing 84.2% of total DRE.  

This study provides the first long-term assessment of PBrC trends, sources, and radiative effects in human-dominated regions, 

demonstrating that emission controls can deliver both environment and climate co-benefits.  
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Graphical abstract 

 

 

1. Introduction 30 

Brown carbon (BrC), a light-absorbing component of organic aerosols (OA), absorbs solar radiation in the near-ultraviolet 

(UV) and visible spectrum ranges, influencing the Earth’s radiative balance and atmospheric environment. It represents one of 

the major sources of uncertainty in global climate model systems (Liu et al., 2020a; Saleh, 2020). Unlike black carbon (BC), 

the light absorption of BrC exhibits a strong wavelength dependence—strong at shorter wavelengths but weak at longer ones 

(Kirchstetter et al., 2004; Laskin et al., 2015). Its absorption in the near-UV and visible ranges can be comparable to, or even 35 

exceed, that of BC in some regions (Xie et al., 2019; Zhang et al., 2017). In addition to its radiative effects, BrC can also 

affects atmospheric photochemistry and poses potential risks to human health (Choi et al., 2024; Jo et al., 2016; Liu et al., 

2017; Mok et al., 2016; Shrivastava et al., 2017). Understanding the spatiotemporal patterns of BrC is therefore essential for 

improving the knowledge of its climate and environment impacts.  

Although the chemical consist of BrC remains some debates, it is generally categorized into primary brown carbon (PBrC) 40 

and secondary brown carbon (SBrC) according to their sources, with PBrC contributing most to overall light absorption (Li et 

al., 2025; Yan et al., 2018). PBrC is mainly emitted from fuel combustion processes, including low-temperature pyrolysis, 

smoldering, and high-temperature combustion (Saleh, 2020). Globally, biomass burning represents the dominant source of 
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PBrC (Wang et al., 2017; Washenfelder et al., 2015), as low-temperature and fuel-rich combustion conditions are conducive 

to its formation (Chen and Bond, 2010; Saleh et al., 2014). However, in regions such as East Asia, where human activities are 45 

more intense, natural sources account for only 4% of total PBrC emissions, significantly lower than the global average of 57% 

(Xiong et al., 2022). PBrC exhibits relatively stable chemical properties and stronger light absorption, typically contributing 

more than two-thirds of total BrC absorption worldwide (Li et al., 2025; Saleh, 2020). In contrast, SBrC is mainly produced 

via the oxidation of volatile organic compounds (VOCs) or aqueous-phase reactions in cloud droplets and wet aerosols (Laskin 

et al., 2025; Li et al., 2025). These multiphase reactions generate SBrC with weaker light absorption and higher volatility, 50 

making it more susceptible to atmospheric aging processes (Calderon-Arrieta et al., 2024; Laskin et al., 2025). Consequently, 

SBrC contributes less to the global radiative balance (Li et al., 2025), while in certain regions with abundant precursors, it can 

exceed PBrC in regional scale due to the enhanced production of secondary organic aerosols (SOA) (Tsigaridis and Kanakidou, 

2018).  

BrC exerts significant impacts on the atmospheric environment and global radiation through light absorption. Its effective 55 

absorptions in the UV range can suppress the photolysis rates of photochemically active gas such as nitrogen dioxide (NO2), 

affecting atmospheric oxidants like ozone (O3). Previous simulations in wildfire regions indicated that BrC can reduce the net 

production rates and concentrations of O3 and radicals by 5–15% in core areas with decreased radical levels, suggesting its 

role in atmospheric photochemical processes (Choi et al., 2024; Mok et al., 2016). BrC also influences the global radiative 

budget through both direct and indirect effects and remains an important source of uncertainty in climate models (Hansen et 60 

al., n.d.; Laskin et al., 2015). It is estimated that BrC contributes approximately 10–40% of the total absorption by carbonaceous 

aerosols, with its global direct radiative effect (DRE) ranging from +0.03 to +0.57 W m-2 (Feng et al., 2013; Li et al., 2025; 

Lin et al., 2014; Saleh, 2020; Wang et al., 2014, 2018; Zhang et al., 2020, 2017). The aging of BrC is a key factor affecting its 

radiative impact. Recent studies revealed that exposure to hydroxyl radicals (OH) and UV light can lead to bleaching of BrC 

(Browne et al., 2019; Wang et al., 2018; Wong et al., 2017), whereas nighttime oxidation by nitrate radicals (NO3) may enhance 65 

its light absorption (Kuang et al., 2025; Wang et al., 2025), both of which remain subjects of ongoing research. PBrC dominates 

the overall impact of total BrC. It is reported that PBrC can darken during aging by enriching strongly absorptive and less 

volatile chromophores, owing to its low volatility and chemical stability (Calderon-Arrieta et al., 2024; Hettiyadura et al., 2021; 

Laskin et al., 2025), suggesting its stronger potential effects than SBrC (Jo et al., 2016; Wang et al., 2014).  

Numerous modeling studies have assessed the global and regional patterns and effects of PBrC. However, most of them 70 

focused on regions where biomass burning exerts strong influences, while anthropogenic impacts received less attention. 

Regional assessments of wildfire emissions demonstrated that the DRE of biomass burning in the Indochina can reach up to 

0.6 W m-2 (Huang et al., 2025; Zhang et al., 2021). In contrast, global simulations suggested that regions with intensive human 

activities can exhibit comparable DRE to those dominated by biomass burning (Li et al., 2025; Wang et al., 2025). Wang et al. 

further explored the global DRE of BrC by considering OH oxidation using an external mixing model, showing that DRE of 75 

BrC without aging processes was +0.102 W m-2 globally and exceeded +0.8 W m-2 over eastern China, whereas the inclusion 

of aging reduced the global DRE to +0.048 W m-2, with eastern China remaining at +0.7 W m-2 (Wang et al., 2018). Park et 
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al. estimated the radiative effects of PBrC in East Asia and also suggested significant contributions from anthropogenic 

emissions (Park et al., 2010). These studies highlight the substantial influence of anthropogenic PBrC in regions with intensive 

human activities, distinct from that originating from biomass burning.  80 

In recent decades, China has experienced profound changes in anthropogenic emissions and PM2.5 levels (Wang et al., 2020), 

which may have also led to substantial shifts in PBrC. Yet, the temporal evolution and drivers of PBrC in such regions 

dominated by anthropogenic emissions remain less understood. Several global simulations have investigated PBrC over 

different periods, but differences in emission inventories, optical properties, and chemical mechanisms make direct 

comparisons of long-term trends difficult. Assessment of long-term PBrC variability in China is therefore essential to clarify 85 

changes in its concentrations, sources, and effects.  

In this study, we utilized a coupled Weather Research Forecast-Community Multiscale Air Quality Modeling System (WRF-

CMAQ) with source tracing method to investigate the sources and effects of PBrC. A comprehensive set of observational 

datasets, including aerosol mass concentrations and optical properties, was collected to evaluate the model simulations. We 

analyzed the long-term concentration patterns, source characteristics, and effects of PBrC, and discussed the associated model 90 

uncertainties at last.  

2. Methods 

2.1 WRF-CMAQ introduction and configuration 

The two-way coupled WRF-CMAQ modeling system was employed in this study. WRF-CMAQ is an advanced framework 

with a feedback path between meteorological processes and chemical reactions (Wong et al., 2012). In the traditional CMAQ 95 

configuration, archived meteorological fields are used to drive chemical transport and dynamics, without accounting for the 

influence of atmospheric pollutants on the energy budget. Given the non-negligible radiative effects of PBrC, we adopted the 

coupled WRF-CMAQ to establish two-way coupling system. The presence of aerosols can alter the amount of solar radiation 

reaching the surface, which has been incorporated through the shortwave Rapid Radiative Transfer Model for General 

Circulation Models (RRTMG) radiation scheme within WRF, where aerosol optical properties are derived from aerosol 100 

composition and size distributions simulated by CMAQ. The implementation follows a core-shell approach with BC treated 

as the core and other substances forming the shell. The aerosol optics calculations are based on the methodology of Bohren 

and Huffman (Bohren and Huffman, 2008).  

We used WRF version 4.5 and CMAQ version 5.5 to construct the coupled model, and conducted simulations for the full years 

from 2005 to 2020. The model domain employed a 36 km horizontal resolution (197 × 127 grid cells) covering the entire China 105 

(Fig. S1). Meteorological input data were obtained from the FNL (Final) Operational Global Analysis data produced by the 

National Center for Environmental Prediction (NCEP) (https://rda.ucar.edu/datasets/ds083.2, last access: March 1, 2025). The 

vertical grids were divided into 18 sigma levels, extending from the surface to the upper troposphere. Original emission 

inventory was from the Emissions Database for Global Atmospheric Research (EDGAR) version 8.1 and Fire INventory from 
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NCAR (FINN) version 2.5, while biogenic emissions were generated using the Model of Emissions of Gases and Aerosols 110 

from Nature (MEGAN) version 2.1 (Guenther et al., 2012). In this study, we considered nine PBrC source categories: 

agriculture, residential (small scale non-industrial stationary combustion), fuel exploitation, industrial combustion, industrial 

processes, power industry, transport, waste, and wildfires.  

We designed five model scenarios to evaluate the impacts of PBrC and associated uncertainties:  

1. No_PBrC: primary organic aerosols are assumed to be non-absorptive. 115 

2. PBrC_baseline: PBrC are scaled by 10-5 for emissions and by 105 for the imaginary part of the complex refractive index (k). 

3. PBrC_nowldf: identical to PBrC_baseline but excluding wildfire emissions. 

4. PBrC_k_adj: identical to PBrC_baseline but with k multiplied or divided by a factor of five. 

5. PBrC_age: identical to PBrC_baseline but including OH-induced bleaching following previous studies (Browne et al., 

2019; Choi and Ying, 2025).  120 

The aging process is represented by:  

𝑑𝐶𝑃𝐵𝑟𝐶
𝑑𝑡

= −𝑘𝑃𝐵𝑟𝐶𝐶𝑃𝐵𝑟𝐶𝐶𝑂𝐻 

where 𝐶𝑃𝐵𝑟𝐶 denotes the concentration of primary brown carbon (including its non-carbon components), and 𝐶𝑂𝐻 represents 

the gas phase OH radical concentration. The effective second-order rate constant (𝑘𝑃𝐵𝑟𝐶), was measured by Browne et al. 

(Browne et al., 2019), approximately (7.4±0.7) × 10-13 cm3 molecules-1 s-1.  125 

Differences among these scenarios were used to quantify the effects of PBrC, while these estimations remain subject to 

considerable uncertainties due to the complicated climate feedback processes. The optical properties and radiative effects of 

PBrC were derived from the differences between PBrC_baseline and No_PBrC. Anthropogenic contributions were obtained 

from PBrC_baseline minus PBrC_nowldf, while the impacts of k variability and aging were estimated from PBrC_k_adj minus 

PBrC_nowldf and PBrC_age minus PBrC_baseline, respectively.  130 

 

2.2 Processing method for PBrC 

In this study, we adopted the PBrC emission estimation approach developed by Xiong et al. to derive the emissions of PBrC 

(Xiong et al., 2022). Xiong et al. proposed that PBrC consists of specific organic components whose total mass can be inferred, 

even though its detailed chemical composition remains uncertain. In their work, Xiong et al. used a bottom-up method to 135 

estimate global historical PBrC emissions, based on directly measured emission factors and reported PBrC to organic carbon 

(OC) ratios from previous studies (Table S4). Following their framework, we applied source-specific PBrC to OC ratios to the 

EDGAR emission inventory to estimate PBrC emissions. This method has also been applied in previous CMAQ modeling 

studies (Choi and Ying, 2025).  

Given the debate of BrC components, some studies have alternatively estimated OA absorption using BC to OA ratios to infer 140 

BrC-related absorption and radiative effects (Huang et al., 2025; Saleh et al., 2014). However, this approach is only applicable 
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to biomass and biofuel combustion, and is unsuitable for regions such as China, where anthropogenic emissions dominate. 

Moreover, it cannot accurately represent the patterns and effects of PBrC. Therefore, we adopted the method proposed by 

Xiong et al. for PBrC emission estimation. To account for the non-carbon components within PBrC aerosols, we applied an 

additional factor of 1.1 to estimate brown non-carbon organic matter, based on the simulated POC to POM ratio and 145 

recommended correction factors, representing the total absorptive PBrC aerosol mass (Via et al., 2021; Xing et al., 2013; Yang 

et al., 2025). Thus, the effects discussed in this study refer to those of the overall primary brown carbon aerosol (PBrA), 

encompassing both its carbon and non-carbon fractions.   

To incorporate PBrC into the model without perturbing other aerosol processes, we applied a tracer tagging method. 

Specifically, a scaling factor of 10-5 was multiplied to the PBrC mass, enabling the tracking of source-specific PBrC dynamics 150 

in the atmosphere while minimizing the influence of newly introduced species on other processes. The tracer approach has 

been widely employed in source apportionment and atmospheric transport studies (Chen et al., 2025; Ying and Kleeman, 2006). 

To reproduce the optical and radiative effects of PBrC, the complex refractive index (m=n+ik) of the tagged species was 

subsequently scaled by a factor of 105, thereby restoring the original magnitude of its optical impact (Table S4) (Wang et al., 

2014; Yang et al., 2025). In WRF-CMAQ model, aerosol optical properties are calculated under the internal mixing assumption 155 

using a core-shell model, where the optical characteristics of shell are determined from the volumetric fractions of each 

component (Bond et al., 2006). Therefore, this treatment is physically consistent and computationally reasonable.  

 

2.3 Observational data 

We collected long-term PM2.5 and OC mass concentration data to evaluate the modeled aerosol mass. Ground-based air quality 160 

observations across China were obtained from the China National Environmental Monitoring Centre (CNEMC; http: 

//www.cnemc.cn/, last access: 26 July 2024), which provides hourly concentration data from thousands of national monitoring 

sites. Since public data are available only from 2014 onward, PM2.5 observations from 2015 and 2020 were used to assess the 

accuracy of modeled PM2.5 concentrations. As the CNEMC dataset does not include OC component measurements, we 

additionally complied monthly observational OC records corresponding to the modeled periods from multiple published 165 

literatures (Table S2). These data primarily cover eastern China, a representative region characterized by high OC 

concentrations and intensive human activities, thus providing robust spatial representation for model evaluation.  

We used ground-based observations to evaluate the modeled aerosol optical properties. Aerosol Robotic Network (AERONET) 

provides globally distributed measurements of aerosol optical depth (AOD) across multiple spectral bands, along with 

inversion products such as absorption and scattering parameters (Giles et al., 2019). Considering the strong shortwave 170 

absorption of PBrC, AOD at 381 nm and absorption AOD (AAOD) at 440 nm were selected to validate the modeled optical 

characteristics. Due to the sparse spatial coverage of AERONET sites within China, additional data from nearby regions like 

Japan, Vietnam, and India were also included for comparison. In addition, field Aethalometer measurements of PBrC light 

absorption at 370 nm from precious studies were collected to further evaluation (Table S3) (Wang et al., 2019).  
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The Modern-Era Retrospective analysis for Research and Applications, Version 2 (MERRA-2), produced by the Global 175 

Modeling and Assimilation Office of NASA, provides global long-term reanalysis data for aerosols. MERRA-2 assimilates 

satellite retrievals as well as ground-based measurements (Randles et al., 2017). Although the dataset contains larger 

uncertainties compared with ground-based measurements, it offers valuable information for assessing large-scale spatial 

distributions. In this study, surface OC concentrations and AAOD at 550nm from MERRA-2 were used to evaluate the modeled 

distributions of carbonaceous aerosol concentrations and AAOD.  180 

 

3. Results 

3.1 Model performance 

The chemical composition of PBrC remain constrained, resulting in a lack of long-term direct observation of PBrC 

concentrations. To ensure that our simulations realistically present conditions, surrogate variables were employed to evaluate 185 

the model’s capability in reproducing atmospheric dynamics and PBrC characteristics, indicating overall good model 

performance.  

PBrC is a component of particulate matter, meaning that the model’s performance in PM2.5 and gaseous O3 concentrations 

reflects its capability to capture the physical processes governing PBrC in the atmosphere. Validation against ground-based 

PM2.5 and O3 observations across China demonstrated that the model successfully reproduced the observed concentrations 190 

(Table S1). For PM2.5, the annal mean fractional bias (MFB) and mean fractional error (MFE) from 2015 to 2020 fall within 

the recommended performance criteria of the US Environmental Protection Agency (MFB≤±60%, MFE≤75%) (Boylan and 

Russell, 2006; EPA, 2007). Monthly evaluations indicated similar results, confirming that the model captures seasonal 

variations effectively. The O3-related statistics also demonstrated satisfactory performance. Although ground-based 

observations were unavailable for 2005–2014, the consistent performance during 2015–2020, combined with the identical 195 

model configuration for all simulation years, suggests reliable model behavior across the entire study period.  

PBrC constitutes a subset of OC, sharing similar emissions, transport, and deposition processes. Therefore, we further validated 

the model performance for carbonaceous aerosols using observed OC concentrations from published studies across China 

(Table S2). The modeled OC concentrations correlated well with observations (Fig. 1a, R=0.61), although underestimations 

occurred under heavily polluted conditions. Despite uncertainties in emissions, part of these biases likely arises from 200 

underestimation of SOA, as current models still exhibit systematic deficiencies in SOA simulation (Ying et al., 2015). 

Nevertheless, as this study primarily focused on PBrC, such discrepancies are acceptable within the study context. 

Comparisons between modeled OC and MERRA-2 data further support the ability of model to capture spatial distributions, 

capturing high OC concentrations over eastern China, South Asia, and Southeast Asia (Fig. S2). While the modeled OC levels 

were higher than those in MERRA-2, it can be partly attributed to the errors of reanalysis data itself compared with ground-205 
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based observations (Fig. S3). Overall, the consistent results across model simulations, ground observations, and reanalysis data 

provide confidence in the model’s ability to reproduce behaviors of PBrC aerosols.  

The light absorption of PBrC is one of its most important properties, thus we used AOD and AAOD data from AERONET 

and MERRA-2, along with field measurements of PBrC light absorption, to evaluate the modeled optical properties. Given 

PBrC’s strong absorption in shortwaves, we selected AAOD at 440 nm from AERONET for validation. While AAOD includes 210 

contributions from other absorptive aerosols such as BC, the model performance improved after incorporating PBrC (Fig. 1b), 

with the regression slope increasing from 0.61 (R=0.41) without PBrC to 0.67 (R=0.43) with PBrC. Similar improvement was 

observed for AOD at 380 nm, where the slope reached 0.75 (R=0.52) (Fig. S4). Comparison with MERRA-2 AAOD at 550 

nm also revealed broadly consistent spatial distributions between simulations and reanalysis data (Fig. 1d–e), albeit with 

derivations in northwestern China and Indochina. At this wavelength, PBrC contributes relatively weakly to light absorption, 215 

thus these derivations are likely related to uncertainties in other absorptive aerosols like BC and mineral dust. For example, 

abundant dust aerosols in arid regions like Northwestern China may explain the pronounced underestimations there, while in 

Indochina, frequent wildfires and possible overestimation in the FINN emission inventory could introduce biases in simulated 

carbonaceous aerosols (Song et al., 2022). Furthermore, we evaluated the modeled PBrC using field Aethalometer 

measurements of PBrC light absorption at 370 nm reported in previous studies, where a BC-tracer method was applied to 220 

separate primary and secondary BrC contributions (Wang et al., 2019). The comparison shows good agreement between the 

simulations and measurements (R=0.54), indicating that the model effectively captures the PBrC contributions (Fig. 1c and 

Table S3). Overall, given the model’s strong performance over China in shortwaves, as well as comparable accuracy to 

previous modeling studies (Choi and Ying, 2025; Li et al., 2025; Wang et al., 2025), we conclude that our model generally 

represents the key characteristics of PBrC.  225 

 

https://doi.org/10.5194/egusphere-2026-1196
Preprint. Discussion started: 25 March 2026
c© Author(s) 2026. CC BY 4.0 License.



9 

 

 

Figure 1 Validation of OC concentrations and AAOD. (a) Simulated monthly OC versus observed OC concentrations. (b) 

Simulated monthly AAOD at 440 nm for the No_PBrC scenario (w/out PBrC, blue) and the PBrC_baseline scenario (w/ PBrC, 

red) compared with observations. (c) Simulated PBrC absorption versus measured PBrC absorption. (d–e) Comparison of 230 

multi-year mean AAOD at 550 nm between MERRA-2 data and simulations. The locations of observation sites for OC and 

AAOD, the slopes (S) of the regression lines, and the Pearson correlation coefficients (R) are shown as insets. The dashed 

lines indicate the 1:1 line.  

 

3.2 Concentrations and sources of surface PBrC 235 

A decreasing trend in PBrC concentrations occurred in China from 2005 to 2020, while the major surface PBrC burden was 

dominated by contributions from residential, industrial combustion, and agricultural sectors. The national mean surface PBrC 

concentration during this period was approximately 0.81 μgC m-3. Both national and major regional surface PBrC levels 

exhibited consistent declines, with anthropogenic sources accounting for 97.7% of the total and the national mean decreasing 

from 0.83 μgC m-3 in 2005 to 0.66 μgC m-3 in 2020 (-20.8%), a more pronounced reduction than that for PM2.5 (-8.1%) (Fig. 240 

2 and Fig. S5).  

High surface PBrC concentrations were mainly distributed in regions with intensive anthropogenic emissions, such as eastern 

and central China (Fig. 2). The North China Plain (NCP) and the Yangtze River Delta (YRD) exhibited the highest PBrC levels 

nationwide. Residential emissions are strongly influenced by heating demand, leading to elevated PBrC levels over the NCP 
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during winter (Fig. S6 and Fig. S7). Owing to its low combustion efficiency, the residential sector also exhibits higher PBrC 245 

to OC ratios (Fig. S8) (Saleh, 2020). Industrial emissions are concentrated in the NCP with little seasonal variability. Although 

industrial sectors consumed large amount of coals, their PBrC concentrations remains lower than those from the residential 

sector, largely due to higher combustion efficiencies that suppress PBrC formation (Saleh, 2020). Agricultural emissions are 

spatial localized and occur mainly during spring and autumn, producing periodic impacts in regions with intensive agricultural 

activities such as the NCP.  250 

PBrC exhibits a pronounced temporal variability distinct from that of PM2.5, reflecting the evolving contributions of its sources 

(Fig. 2 and Fig. S5). Residential emissions were the dominant contributor to PBrC in China, accounting for 57% of multi-year 

mean total concentrations owing to widespread inefficient combustion. Reductions in residential emissions, whose 

concentrations dropped from 0.56 μgC m-3 in 2005–2007 to 0.35 μgC m-3 in 2017–2020, drove the overall decline in PBrC, 

offsetting increases from other sectors. Industrial combustion also contributed substantially to national total PBrC, though it 255 

displayed a pattern of initial increase followed by decline. Agriculture represents another important PBrC source, primarily 

due to inefficient biomass combustion. Unlike other anthropogenic sources, agricultural PBrC displayed an increasing trend, 

with its contribution rising from 13.8% in 2005–2007 to 23.3% in 2017–2020. Although its concentrations remain relatively 

low and spatially localized, agricultural emissions have become increasingly prominent as other anthropogenic sources 

declined sharply. Contributions from wildfires and other sources were relatively minor, despite wildfires being globally 260 

recognized as a major PBrC source. However, with changes in global wildfire emissions and continuous decline in 

anthropogenic emissions across China, the relative impacts of wildfires is expected to fluctuate, particularly in regions 

frequently affected by wildfires (Chen et al., 2024). Compared with PM2.5, PBrC shows a different temporal pattern. Before 

2013, PM2.5 increased while PBrC remained stable, but both declined substantially after the implementation of the Air Pollution 

Prevention and Control Action Plan (2013–2017) and the Three-Year Action Plan for Winning the Blue Sky Defense Battle 265 

(2018–2020) (Xiao et al., 2022). For PM2.5, pre-2013 industrial expansion outweighed residential declines and produced a net 

increase. By contrast, the less industrial contribution to PBrC meant that this growth only partly offset residential reductions. 

Consequently, sector-wide emission controls drove a sharp drop in PBrC, revealing the distinct responses of PM2.5 and PBrC 

to changes in anthropogenic emission.  

 270 
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Figure 2 Spatial and temporal patterns of surface PBrC. (a) Multi-year mean total concentrations of surface PBrC. Red, 

blue, and green outlines indicate the NCP, YRD, and PRD, respectively. (b) Source contributions to surface PBrC in China 

from 2005 to 2020. Red borders indicate increased contributions; blue borders indicate decreases. Loop diagram shows multi-

year mean contributions from each source.  275 

 

Column concentrations and vertical cross-sections of PBrC were further examined to characterize its distribution (Fig. 3 and 

Fig. S9). The column concentrations exhibited a spatial distribution similar to that of the surface concentrations, with 

anthropogenic sources accounting for 91% of the national total, reflecting the dominant influence of anthropogenic emissions. 

Since anthropogenic sources are primarily confined to near-surface layers and seldom reach high altitudes, PBrC tends to 280 

accumulate in the lower troposphere. In contrast, wildfire emissions contributed more substantially to column PBrC, as the 

plumes can reach higher altitudes and transported by prevailing southwesterly winds in the free troposphere (Huang et al., 

2025). Although their annual contributions to surface concentrations in China were only 0.8%, wildfire influence become 

dominant at higher altitudes (e.g., 2–3 km) and in regions influenced by wildfire plumes, such as the Perl River Delta (PRD), 

where their contributions can reach up to 71%.  285 
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Figure 3 Column concentrations and vertical cross-sections of PBrC in 2010. (a-d) Column contributions from wildfires 

(WLDF), residential (RESI), industrial combustion (INDC), and agricultural (AGRI) sources. (e-f) Vertical cross-sections of 

PBrC concentrations along 23.5°N from wildfires, residential, industrial combustion, and agricultural sources. Contour lines 290 

in (a) and (e) indicate the proportion of wildfires to the total PBrC concentrations. Red dashed lines mark 23.5°N. 

 

3.3 Impacts of PBrC on surface O3 

PBrC can influence surface O3 by altering photochemical processes. In China, despite a decline in anthropogenic emissions, 

surface O3 has exhibited an increasing trend, with maximum daily 8-hour average (MDA8) O3 rising from 40.0 ppb to 42.6 295 

ppb (+6.57%). This trend is particularly evident in the densely populated NCP, where nonlinear responses between precursor 

reductions and O3 formation intensify this pattern (Wang et al., 2021). Light-absorbing PBrC, however, can attenuate 

photolysis rates of NO2 (JNO2), thereby affecting O3 concentrations, especially in cities with elevated PBrC levels (Fig. 4). In 

the NCP, the impact of PBrC on O3 fluctuated, likely associated with variations in NO2 photolysis rates. Larger reductions in 

JNO2 caused with PBrC light absorption generally correspond to greater O3 decreases; for example, during 2013–2016, a mean 300 

JNO2 reduction (-1.9%) coincided with the a mean O3 decrease (-1.0%). Subsequently, the influence of PBrC on JNO2 

weakened owing to decreased PBrC, leading to a corresponding decline in its effects on O3. Overall, PBrC exerts a relatively 

modest impacts on O3, typically reducing surface concentrations by 1–2% in eastern and central China. The suppression effect 

is stronger in winter owing to high PBrC concentrations and weakens as PBrC concentrations decrease.  

 305 
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Figure 4 Spatial and temporal patterns of PBrC impacts on surface O3 concentrations. (a) Surface O3 concentrations in 

NCP for the No_PBrC scenario (w/out PBrC, solid line) and the PBrC_baseline scenario (w/ PBrC, dashed line), along with 

relative reductions attributeable to PBrC (blue line). Green circles represent the relative reduction in NO2 photolysis rates 

caused by PBrC. (b) Multi-year mean reductions of surface O3 due to PBrC.  310 

 

3.4 Radiative effects of PBrC 

We quantified the PBrC absorption DRE over China and its surrounding regions (Fig. 5 and Fig. S10). In China, anthropogenic 

sources contributed approximately 84.2% of total DRE. The DRE at the top of the atmosphere (TOA) decreased from +0.032 

± 0.006 W m-2 in 2005 to +0.023 ± 0.008 W m-2 in 2020 (-25.7%), correspinding to a trend of -0.004 W m-2 decade-1, in line 315 

with the decline in PBrC concentrations. However, the relationship between PBrC concentrations and DRE is not strictly linear, 

suggesting complex interactions within climatic system. Source attributions indicated that the DRE associtated with 

anthropogenic emissions also declined, with its relative contribution decreasing from 90.9% in 2005 to 87.8% 2020. Spatially, 

strong DRE signals were concentrated over eastern China, consistent with regions of intense human activity. By contrast, 

southern China exhibited relatively low PBrC concentrations but comparable or stronger radiative effects, primarily influenced 320 

by transport of wildifre emissions from the Indochinese Peninsula. It should be noted that the DRE in this study is likely 

underestimated due to the low prescribed absorption.  
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Figure 5 Spatial and temporal patterns of PBrC DRE. (a) Spatial distribtuions of PBrC DRE in 2005–2007. (b) PBrC DRE 

in China. Green triangles indicate the contributions of wildfires (WLDF) to DRE for 2005, 2010, 2015, and 2020. (c) Spatial 325 

distribtuions of PBrC DRE in 2017–2020. (d) Mean contributions of wildfires and anthropogenic (ANTH) sources to PBrC 

DRE in China for winter (December, January, and February), spring (March, April, and May), summer (June, July, and August), 

and autumn (September, October, and November). 

 

The radiative effects of PBrC ehibit pronounced seasonal variability (Fig. 5d). Anthropogenic emissions dominate the overall 330 

DRE and largely drive seasonal changes. However, substantial DRE persists even during seasons with relatively low human 

activity. In spring, the highest values occurred over southern China near the Indochina, coinciding with intense wildfire events. 

Although wildfires contribute relatively modestly to PBrC mass concentrations, lensing effects can enhance the absorption of 

co-emitted BC (Yan et al., 2018), further amplifying the wildfire PBrC DRE. By contrast, during non-fire seasons, PBrC 

radiative effects remain largely controlled by anthropogenic sources, which in China generate non-negligible effects compared 335 

to regions globally dominated by wildfire emissions.  
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4. Discussion 

PBrC in China is primarily derived from anthropogenic emissions but did not exhibit fully synchronized changes with PM2.5. 

Both PBrC and PM2.5 show broadly similar spatiotemporal variations across China, reflecting rapid urbanization and 340 

industrialization and China’s clean air actions since 2013 (Wang et al., 2020). However, the differing rates of change indicate 

distinct source characteristics. While PM2.5 is largely produced by residential, power plants, and industrial sources (Zhang et 

al., 2012), the contribution from power sector to PBrC is minor due to its higher combustion efficiency of power plants and 

industrial facilities. Consequently, residential sectors are the dominant contributor to PBrC emissions. Another key distinction 

is the agricultural sources. While agriculture contributes little to total PM2.5 (Liu et al., 2020b), its role in PBrC is more 345 

pronounced because PBrC is primarily generated from biomass burning. The long-term PBrC dataset generated here provides 

a valuable reference for future studies on its climatic and environmental impacts. Regarding the effects of PBrC, while the 

overall trends were consistent, the decline in anthropogenic emissions did not lead to exactly proportional changes in O3 and 

DRE, reflecting potential modulation by atmospheric processes and nonlinear climate responses.  

There remain substantial uncertainties in model simulations due to the limited understanding of the physiochemical properties 350 

of BrC. The exclusion of SBrC, which is significant in China, leads to underestimation of BrC effects compared with other 

studies and should be incorporated in future work(Tsigaridis and Kanakidou, 2018). Large uncertainty also arises from 

emission inventories. In this study, PBrC emissions were estimated based on OC emissions and corresponding PBrC to OC 

ratios (Xiong et al., 2022). Compared with previous simulations that primarily focused on biofuel and biomass burning 

emissions (Huang et al., 2025; Saleh et al., 2014; Wang et al., 2014), our work expands the emission to comprehensively 355 

include all anthropogenic emission sources. The current estimation of PBrC remains constrained by the use of fixed PBrC to 

OC ratios, owing to the lack of detailed chemical characterization of PBrC and the absence of correction factors that account 

for technological improvements over time (Huang et al., 2015). In addition, wildfire emissions in the FINN inventory have 

been reported to be overestimated compared with other inventories, potentially inflating wildfire contributions (Song et al., 

2022). These limitations inevitably introduce uncertainties in the temporal accuracy of emission inventories (Cheng et al., 360 

2022; Weyant et al., 2019), though the overall estimation approach remains reasonable and widely accepted.  

Beyond emissions, the aging processes and assumed parameters of PBrC also significantly influence its atmospheric 

concentration and light absorption. We conducted sensitivity test incorporating OH-induced bleaching to assess its impact. 

The results indicated minor impacts, with nationwide PBrC and O3 concentrations and decreasing by approximately 3.9% and 

less than 0.1% in 2010, respectively (Fig. 6 and Fig. S11). Unlike most global regions where PBrC is dominated by biomass 365 

burning, under infrequent wildfires, anthropogenic-dominated and heavily polluted background, the OH-induced aging of 

PBrC becomes relatively less pronounced, consistent with previous findings of minimal DRE changes from OH aging in East 

Asia (Wang et al., 2018). Another major source of uncertainty lies in the optical properties of PBrC, particularly the choice of 
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the imaginary part of the complex refractive index (k). Due to the scarcity of comparable measurements across sources, regions, 

and aging states, most studies employ a fixed k value to represent absorption (Choi et al., 2024; Lu et al., 2015). Based on 370 

previous study reporting source-dependent differences of a factor of five in k (Lu et al., 2015), we performed sensitivity 

experiments multiplying and dividing k by a factor of five in 2010 (Fig. 6). The results showed corresponding changes of -

1.0% and +0.3% in surface O3, and +0.056 W m-2 and -0.017 W m-2 in PBrC DRE relative to the baseline, respectively, 

underscoring the need for accurate field measurements of k. Furthermore, comparison with previous studies suggests that our 

DRE estimates are likely underestimated. For example, while our model simulates a March DRE of approximately 0.24 W m-375 

2 in southern China, Huang et al. reported values of approximately 0.89 W m-2 (Huang et al., 2025). To assess the influence of 

absorption, we tested an alternative k parameterization derived in this stud3y based on BC to OA ratios, which increased the 

simulated DRE in southern China to approximately 0.62 W m-2 (Fig. S12), consistent with previous estimates. It indicates that 

the low prescribed k in our baseline simulation leads to an underestimation of PBrC DRE. In addition, our simulations exclude 

SBrC, an important contributor in China, further contributing to the lower DRE relative to full-BrC modeling studies (Huang 380 

et al., 2025; Li et al., 2025; Yang et al., 2025).  

 

Figure 6 Impacts of aging and prescribed PBrC absorptivity (k) on PBrC. (a,d) Change in surface PBrC absolute and 

relative concentrations due to aging. (b,e) Change in O3 relative surface concentrations due to aging. (c,f) Change in PBrC 

DRE due to enhanced and reduced k.  385 
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Overall, both the concentrations and radiative effects of PBrC have declined markedly due to reductions in anthropogenic 

emissions, partly offseting the enhaced influence of biomass burning activities. Previous studies have estimated that the DRE 

of total BrC can reach 10% of that of BC (Huang et al., 2025; Li et al., 2025), highlighting its climatic impacts and implying 

that declining anthropogenic emissions may also affect the radiative effects of BC. It indicates the co-benefits of emission 390 

controls for air quality and climate. To achieve long-term climate objectives, the role of light-absorbing aerosols under 

declining anthropogenic emissions requires to be considered. In the context of global climate change, variations in wildfire 

activitity exert growing influences on PBrC, introducing additional challenges for its management and climate implications. 

The compensation between declining anthropogenic emissions and rising wildfire emissions suggests a crucial mitigation 

pathway: effective climate governance should target not only wildfire management but anthropogenic emissions, especially 395 

across East Aasia, South Asia, and Southeast Asia with insensive human activity.  

 

5. Conclusion 

In this study, we employed a two-way coupled WRF-CMAQ modeling system to investigate the long-term spatiotemporal 

distribution of PBrC in China and to quantify its impacts on atmospheric O3 concentrations and DRE. Our results indicate that: 400 

PBrC in China is predominantly emitted from residential, industrial, and agricultural sources, with high concentrations mainly 

concentrated in regions with intensive anthropogenic emissions. Over the past decades, PBrC concentrations in China have 

exhibited a pronounced decreasing trend. Compared with 2005, surface PBrC concentrations in 2020 declined by 20.8%, which 

can be largely attributed to substantial reductions in residential emissions. While wildfires dominate the global PBrC burden, 

their influence in China is relatively limited and is mainly confined to higher altitudes over southern China.  405 

We examined the impacts of PBrC on atmospheric environment and radiative effect. The influences of PBrC on atmospheric 

photochemistry are generally modest across China. Even in eastern and central China, PBrC leads to only approximately 2% 

reduction in annual mean JNO2 and a 1–2% decrease in MDA8 O3. We assessed the long-term DRE of PBrC and found that 

anthropogenic emissions dominate its radiative effects. Consistent with the declining PBrC concentrations, the national mean 

DRE decreased from +0.032 ± 0.006 W m-2 in 2005 to +0.023 ± 0.008 W m-2 in 2020, representing a reduction of -25.7%.  410 

This study provides valuable insights into the long-term evolution of the sources, distributions, and impacts of PBrC in China, 

highlighting the important role of changes in anthropogenic emissions from different sectors in shaping PBrC trends and their 

associated atmospheric and radiative effects.  

 

 415 
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