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ABSTRACT: Atmospheric brown carbon (BrC) can significantly affect Earth’s radiation budget 23 

by its wavelength-dependent absorption in the ultraviolet (UV)-visible range. BrC consists of a 24 

wide variety of organics with different optical properties, making accurate climate modeling 25 

essential for understanding its radiative impact. Here, we conducted a field campaign during the 26 

summer in Shenzhen, China, to investigate the optical properties and molecular characteristics of 27 

BrC from diverse particle sources using both online and offline measurements. Different sources 28 

of BrC, including those from secondary production associated with ozone pollution, urban 29 

transportation, and biomass burning, were identified through meteorological data and particle 30 

chemical compositions. The results show that the mass absorption cross-section (MAC) of BrC 31 

varied across sources, with BrC from biomass combustion exhibiting the highest MAC at 370 nm 32 

(3.42 ± 0.41 m2/g) and secondary BrC associated with ozone pollution showing the lowest (1.25 ± 33 

0.56 m2/g). Nevertheless, secondary BrC exhibited the highest absorption Ångström exponent 34 

(AAE) while the BrC from biomass burning had the lowest AAE. Molecular analysis revealed that 35 

species in the CHON family from biomass burning demonstrated the strongest light absorption. 36 

Our results provide valuable insights for quantifying the source-specific optical properties of BrC, 37 

enhancing the accuracy of climate models. 38 

Graphical abstract 39 

 40 

  41 
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1 INTRODUCTION 42 

Atmospheric light-absorbing organic aerosols, known as brown carbon (BrC), are important 43 

contributors to the global radiation absorption of atmospheric aerosols, alongside black carbon 44 

(BC). The absorption properties of BrC are wavelength-dependent, with relatively weak absorption 45 

in the mid- and long-visible wavelengths and a pronounced increase in absorption toward the short-46 

visible and near-ultraviolet (UV) wavelengths (Sun et al., 2007;Laskin et al., 2015). Atmospheric 47 

BrC is primarily generated from the combustion of biomass and biofuels, as these processes 48 

typically occur under relatively low-temperature, fuel-rich conditions, which promote the 49 

formation of organics (Saleh et al., 2014;Chen and Bond, 2010). Additionally, secondary reactions 50 

in the atmosphere also play a significant role in the production of BrC (Laskin et al., 2015;Moise 51 

et al., 2015). It has been observed that BrC can be formed in secondary organic aerosols (SOA) 52 

through the nitration of volatile organic compound (VOC) precursors (Zhong and Jang, 53 

2011;Lambe et al., 2013;Updyke et al., 2012;Haynes et al., 2019), aqueous-phase reactions of 54 

ammonia or amino acids with carbonyl-containing SOA (Updyke et al., 2012;Flores et al., 55 

2014;Zarzana et al., 2012), and bond-forming reactions among SOA constituents that generate 56 

dimers and larger oligomers (Shapiro et al., 2009;Bones et al., 2010;Chang and Thompson, 2010). 57 

Unlike BC, which exhibits relatively uniform physicochemical properties, BrC comprises a broad 58 

spectrum of light-absorbing organic species, resulting in large variability in its optical properties 59 

(Updyke et al., 2012;Saleh et al., 2018). To accurately assess the radiative impacts of BrC, its 60 

diverse properties must be effectively represented in climate models. 61 

Aerosol light absorption can be quantified using the mass absorption cross-section (MAC), a 62 

key parameter that links radiative transfer to aerosol mass in climate models (Bond and Bergstrom, 63 

2006). MAC can be calculated from measurements of aerosol light absorption coefficient and mass 64 

concentration. The absorption Ångström exponent (AAE) describes the wavelength dependence 65 

of aerosol light absorption. For BC aerosols, AAE values are typically close to 1 (Bond and 66 

Bergstrom, 2006). In contrast, BrC shows substantial variability in wavelength dependence, with 67 

AAE values ranging from 2 to as high as 11 (Laskin et al., 2015). The optical properties of BrC 68 
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are highly source-dependent (Saleh et al., 2014;Kumar et al., 2018). Moreover, BrC absorption 69 

evolves dynamically during atmospheric aging through processes like photobleaching or photo-70 

enhancement, leading to uncertainties in the quantification of the radiative effects of atmospheric 71 

aerosols (Wong et al., 2017;Sumlin et al., 2017;Li et al., 2020). 72 

The measurement of the optical properties of BrC is crucial for accurately determining its role 73 

in global radiation balance. In filter-based offline analysis, the optical properties of a bulk film can 74 

be measured using an ultraviolet-visible (UV-vis) spectrometer (Zhong and Jang, 2011). While the 75 

varying solubility of BrC components in different solvents could introduce uncertainties in offline 76 

analyses (Shetty et al., 2019), solvent-induced chemical artifacts, particularly those associated with 77 

methanol extraction, have also been shown to significantly alter the optical properties of BrC 78 

(Kumar et al., 2018;Saleh et al., 2014). Therefore, online MAC measurements provide a more 79 

consistent and reliable benchmark, and integration with carefully selected offline extractions can 80 

offer a more comprehensive understanding of the relative abundance of BrC classes (Chen et al., 81 

2022b). Nevertheless, the optical properties of BrC retrieved from online measurements can be 82 

subject to biases due to the limitations of the techniques employed. For example, transmission 83 

measurements through aerosol-laden filters have been used to quantify aerosol absorption 84 

properties (Petzold et al., 2005;Bond and Bergstrom, 2006). These approaches usually assume that 85 

aerosol particles retain their morphology upon adhering to the filters, potentially leading to 86 

uncertainties in the interpretation of filter absorption data (Subramanian et al., 2007). Various 87 

online approaches have been developed to directly measure the absorption, scattering, and 88 

extinction coefficients of aerosols, either independently or in combination. Cavity-based 89 

techniques offer highly sensitive and accurate measurements of the overall extinction coefficient 90 

(Riziq et al., 2007;Massoli et al., 2010). An integrating nephelometer enables the independent 91 

measurement of the scattering coefficient (Anderson and Ogren, 1998;Bond et al., 2009). 92 

Photoacoustic instruments are widely recognized for providing accurate absorption measurements 93 

(Arnott et al., 1998;Lewis et al., 2008). Studies comparing photoacoustic and filter-based methods 94 



5 
 

indicate that filter-based techniques often overestimate absorption, although the AAE derived from 95 

both methods generally aligns more closely (Al Fischer and Smith, 2018;Saleh et al., 2014). 96 

The complex chemical composition of BrC leads to significant variability in its optical 97 

properties. The molecular characteristics of BrC components vary based on their sources, making 98 

specific molecular information valuable for source attribution. Studies have shown that the 99 

molecules responsible for BrC absorption in biomass burning aerosols tend to be large and highly 100 

unsaturated (Sun et al., 2007). Nitroaromatics, primarily including nitro-substituted benzene, 101 

pyrrole, naphthalene, and indole derivatives, are commonly identified as BrC chromophores (Jiang 102 

et al., 2019;Mayorga et al., 2022;Baboomian et al., 2023;Cui et al., 2024;Dalton et al., 2024), 103 

which are either directly emitted from biomass burning or formed through atmospheric reactions 104 

involving combustion products, nitrogen oxides, or nitrous acid (Li et al., 2014;Chen et al., 105 

2011;Desyaterik et al., 2013). Amines, another group of nitrogen-containing compounds, are often 106 

detected in BrC, where they frequently serve as reactants in the formation of SOA (Nozière et al., 107 

2009). High-resolution mass spectrometry (HRMS) has been widely used for offline 108 

characterization of BrC to obtain detailed molecular-level information. To improve detection 109 

accuracy, BrC components are often separated using chromatography before MS analysis, 110 

allowing for more precise molecular identification (Claeys et al., 2012;Zhang et al., 111 

2013;Desyaterik et al., 2013). To fully understand how the chemical variability of BrC influences 112 

atmospheric radiation, it is crucial to conduct detailed chemical analyses of BrC and incorporate 113 

the updated BrC classifications into the climate models. 114 

Previous studies on BrC have mostly been based on laboratory simulations of typical sources, 115 

whereas field-based measurements involving multiple BrC sources remain limited. This is partly 116 

due to the inherent difficulty of distinguishing contributions from different sources under complex 117 

ambient conditions, especially when using bulk sampling methods. In light of these challenges, we 118 

adopted a case-based analysis framework to explore how different dominant source regimes and 119 

meteorological scenarios affect the optical properties of BrC in real-world settings. In this study, 120 

we conducted a field campaign during the summer of 2022 at Xichong site (22.48oN, 114.56oE), 121 
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located on the Dapeng Peninsula of Shenzhen, China. Particle optical properties and chemical 122 

compositions were measured both online and offline. Different sources of BrC were identified 123 

through meteorological data and the chemical compositions of particles. The optical properties of 124 

BrC from different sources were evaluated and compared, supported by molecular 125 

characterizations. Our study provides direct observational evidence of varying BrC sources with 126 

different optical properties in the ambient, contributing to a deeper understanding of BrC's 127 

radiative effects in climate models. 128 

2 METHODS 129 

2.1 Field Measurements 130 

Field measurements were conducted at Xichong site (22.48oN, 114.56oE, Figure S1) on the Dapeng 131 

Peninsula in Shenzhen, China, from August to September 2022. The analysis period used in this 132 

study was from 27 August to 9 September 2022, corresponding to the overlapping operation time 133 

of all deployed instruments. Located about 60 km from the city center, Xichong site is surrounded 134 

by the sea and distant from urban areas and industrial sources, with over 90% forest coverage. Due 135 

to minimal local anthropogenic interference, Xichong site serves as a regional atmospheric 136 

background station in South China. 137 

During the field campaign, an aethalometer (AE31, Magee Scientific, USA) operating at seven 138 

wavelengths (370, 470, 520, 590, 660, 880, and 950 nm) and a photoacoustic extinctiometer (PAX, 139 

Droplet Measurement Techniques, USA) measuring at 532 nm, were utilized to detect the online 140 

optical properties of particles. A Monitor for AeRosols and Gases in Ambient air (MARGA, 141 

Metrohm-Applikon, Netherlands) was conducted to detect the online water-soluble ion 142 

concentration (NH4
+, Na+, K+, Ca2+, Mg2+, SO4

2−, NO3
−, Cl−). Detailed information regarding the 143 

instrumentation and measurement uncertainties of the aethalometer is provided in the Supporting 144 

Information (SI, Text S1). In this study, the time resolution of all online data was standardized to 145 

1 h. Offline filter sampling was also carried out simultaneously during the field campaign. A high-146 

volume sampler (XT1025, XTrust Analytical Instruments, China) with a flowrate of 1m3/min was 147 
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used to collect PM2.5 samples on the pre-baked quartz filters with sampling period of 24 h for each 148 

filter. Details on the filter pretreatment procedures are available in the SI (Text S2). The filters 149 

were further analyzed to measure the BrC mass, optical properties, and molecular characteristics. 150 

Other measurements including the mass concentration of PM2.5, O3, and the meteorological 151 

factors (temperature, relative humidity, wind speed, and wind direction), were conducted at the 152 

sampling site. The HYSPLIT-4 (Hybrid Single-Particle Lagrangian Integrated Trajectory) model 153 

developed by the ARL (Air Resources Laboratory) of the NOAA (National Oceanic and 154 

Atmospheric Administration, USA) was employed to compute 24 h air mass back trajectories at a 155 

50 m arrival height. 156 

2.2 Mass absorption cross-section of BrC 157 

The mass absorption cross-section (MAC, m2/g) of BrC can be calculated according to the 158 

following equation: 159 

MAC(λ) = 𝑏𝑏abs,BrC(λ)
[BrC]

                             (1) 160 

where 𝑏𝑏abs,BrC(λ) is the light absorption coefficient (Mm-1) of BrC at a given wavelength λ, 161 

derived by subtracting the corresponding absorption coefficient of BC from the total particle 162 

absorption coefficient. Here, we used both online and offline methods to calculate the MAC of 163 

BrC. 164 

2.2.1 Online determination of BrC light absorption coefficient and MAC calculation 165 

Previous studies have reported that the 𝑏𝑏abs estimated from the aethalometer is generally larger 166 

than that measured by the PAX, likely due to artifacts associated with organic matter loading on 167 

the filter (Lack et al., 2008;Cappa et al., 2008;Saleh et al., 2014). In this study, the correlation 168 

between the 𝑏𝑏abs derived from the aethalometer (𝑏𝑏abs,520) and the PAX (𝑏𝑏abs,532) is shown in 169 

Figure S2. The aethalometer-derived 𝑏𝑏abs were scaled by a factor of 2 across all wavelengths for 170 

subsequent MAC calculations. We consider the light absorption coefficient at a wavelength of 880 171 

nm detected by the aethalometer to be primarily attributed to BC, with minimal contribution from 172 
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BrC absorption (Laskin et al., 2015). Based on the fact that BC has minimal wavelength 173 

dependence, with an AAE of ~1 (Bond and Bergstrom, 2006), the BC absorption coefficient at 174 

wavelength λ, 𝑏𝑏abs,BC(λ), is given by: 175 

𝑏𝑏abs,BC(λ) = 𝑏𝑏abs,BC(880) × ( λ
880

)−1                     (2) 176 

And thus the 𝑏𝑏abs,BrC(λ) is calculated by: 177 

𝑏𝑏abs,BrC(λ) = 𝑏𝑏abs(λ) − 𝑏𝑏abs,BC(λ)                      (3) 178 

The light absorption coefficients of the aethalometer were not directly measured but were 179 

converted and corrected (Text S1). In this study, we focus on wavelengths of 370 nm and 550 nm 180 

for all the optical measurements, representing the high light absorption band and mid-visible band 181 

of BrC, respectively, to facilitate comparisons with results from other studies. Thus, the absorption 182 

coefficient at 520 nm wavelength detected by the aethalometer was converted to 550 nm using the 183 

following equations: 184 

𝑏𝑏abs(550) = 𝑏𝑏abs(520) × (550
520

)−𝐴𝐴𝐴𝐴𝐴𝐴370−550                  (4) 185 

𝐴𝐴𝐴𝐴𝐴𝐴370−550 = − 𝑙𝑙𝑙𝑙[𝑏𝑏abs(370)]−𝑙𝑙𝑙𝑙[𝑏𝑏abs(550)]
𝑙𝑙𝑙𝑙(370)−𝑙𝑙𝑙𝑙(550)

                    (5) 186 

2.2.2 Offline determination of BrC mass concentration and MAC calculation 187 

In equation (1), [BrC] is the mass concentration of BrC. Since BrC is fundamentally an optical 188 

concept, the optical-equivalent mass of BrC can be determined according to the absorption 189 

coefficient of BrC by assuming its MAC. Currently, there is no unified method for the direct 190 

measurement of BrC mass. Commonly used methods for characterizing BrC include thermal 191 

desorption and dissolution methods for characterization of BrC mass, although both come with 192 

inherent uncertainties. The thermal desorption method quantifies BrC mass by heating the volatile 193 

OC of the particle, taking advantage of the lower volatilization point of BrC than BC (Massabò et 194 

al., 2016;Olson et al., 2015;Pani et al., 2021). However, it may also include some non-absorbing 195 

OC and may induce pyrolysis during the heating process, which brings further uncertainties into 196 
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the measurement. The dissolution method measures the BrC mass after extraction in the solvent 197 

(water, methanol, acetone, etc.) (Rathod et al., 2024). Nevertheless, some BrC may not be soluble, 198 

which carries uncertainties to the dissolution method. 199 

In this study, we used both thermal desorption and dissolution methods to measure the [BrC]. 200 

For the thermal desorption method, the BrC mass was measured using an organic carbon/elemental 201 

carbon analyzer (OC/EC analyzer, DRI 2015, Magee Scientific, USA) based on the filter samples. 202 

Detailed information on the OC/EC analyzer mechanism is provided in the SI (Text S3). The 203 

temperature-separated carbon fractions from aerosol filter deposits were quantified for the mass 204 

concentration of OC that evaporated up to 580oC ([OCT]), which was taken as a representative of 205 

the BrC mass concentration to calculate the MAC. 206 

During the campaign, the optical measurement function of the OC/EC analyzer was 207 

malfunctioning. The 𝑏𝑏abs,BrC values were based on online data from the aethalometer (𝑏𝑏abs,AE31) 208 

with one data point per hour, whereas the [OCT] values were derived from offline filter sampling 209 

with one data point every 24 hours. To align the temporal resolution of the data, we used [OCT] 210 

relative to the total particulate mass (PMfilter) on each filter (every 24 hours) as a fixed ratio. This 211 

ratio was then applied to the hourly PM2.5 mass concentration ([PM2.5]) over the corresponding 212 

24-hour period, yielding the calculated hourly BrC mass concentration as given by equation (3). 213 

There might be limitations arising from the fixed BrC mass ratio ( [OCT]
[PMfilter]

) used to calculate the 214 

MAC over 24 hours, as the time resolution differs from the hourly 𝑏𝑏abs,AE31. However, we believe 215 

that the quantification of BrC mass in this study does rely on the offline filter-based analysis. The 216 

time resolution of the online MACBrC,λ in this study is one hour. 217 

MACBrC,λ = 𝑏𝑏abs,AE31(λ)
[OCT]

[PMfilter]×[PM2.5]
                          (6) 218 

Meanwhile, we measured the mass concentration and light absorption of water-soluble organic 219 

carbon (WSOC). The solubility of BrC varies across different solvents. However, in this study, the 220 

mass concentration of WSOC ([WSOC] ) was chosen for the calculation of MAC, and BrC 221 
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dissolved in other solvents was not further discussed. The sample filters were stored at -20 °C prior 222 

to analysis. Each filter was ultrasonically extracted in deionized water at room temperature, and 223 

the original extract was directly used for absorbance measurements. The mass concentration of 224 

WSOC in the collected filter samples was measured using a total organic carbon analyzer (TOC 225 

analyzer, N/C 3100, Analytik Jena, Germany). We further compared the [OCT] detected by the 226 

thermal desorption method and the [WSOC] measured by the dissolution method (Figure S3), 227 

which showed good correlation (r2=0.844) while the [OCT] was more than twice of the [WSOC]. 228 

The light absorption of WSOC was further measured using an ultraviolet- visible (UV-vis) 229 

spectrometer (T2600, York Instrument, China) within the wavelength ranging from 190 to 1100 230 

nm. The WSOC light absorption was then converted into light absorption coefficients (𝑏𝑏abs,WSOC), 231 

as given by equation (4): 232 

𝑏𝑏abs,WSOC(λ) = ln(10) × (𝐴𝐴λ − 𝐴𝐴880) × 𝑉𝑉𝑙𝑙
𝑉𝑉a×𝐿𝐿

                 (7) 233 

where 𝐴𝐴880 is the systematic baseline drift, 𝑉𝑉𝑙𝑙 (m3) is the volume of water (30 mL) used for 234 

extraction, 𝑉𝑉a (m3) is the volume of the sampled air, and 𝐿𝐿 (cm) is the optical path length of the 235 

quartz cuvette (1 cm) in the UV-vis spectrometer. The filter-based offline MACWSOC,λ  is 236 

calculated according to: 237 

MACWSOC,λ = 𝑏𝑏abs,WSOC(λ)
[wsoc]

                         (8) 238 

The MAC values reported in this study were calculated based on measured OC concentrations, 239 

derived from both an online aethalometer and offline WSOC analysis. As these methods are 240 

carbon-specific, using OC as the mass basis ensures consistency across the dataset. 241 

2.3 Chemical molecular analysis 242 

A high-performance liquid chromatography (HPLC) equipped with a photodiode array (PDA, 243 

G7117C, Agilent, USA) detector and a high-resolution mass spectrometer system (HRMS, 244 

G6545A, Agilent, USA) was utilized to identify the molecular composition, determine the relative 245 
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abundance, and measure the corresponding light absorption of BrC. The HPLC was equipped with 246 

a C18 column (EC-C18, 3×150 mm, 2.7 µm particles, Agilent, USA), using mobile phases of 0.1% 247 

formic acid-water (A, HPLC grade) and 0.1% formic acid-acetonitrile (B, HPLC grade). Gradient 248 

elution for each sample was performed with the A-B mixture as: 0~1 min hold at 95% A, 1~20 249 

min linear decreased to 5% A, 20~27 min hold at 5% A, and then 27~30 min hold at 95% A. The 250 

HRMS was set with a soft electrospray ionization source (ESI) in full scan, operating in both 251 

positive and negative ion modes. Raw data from mass spectrometry were processed using 252 

MassHunter Qualitative Analysis (v10.0). Molecule concentrations were semi-quantified based on 253 

the intensity from mass spectrometry (Kruve, 2019;Zhang et al., 2023). 254 

The absorbance of the PDA at 370 nm was selected as the intensity of light absorption of BrC 255 

(Hecobian et al., 2010;Wen et al., 2021). Using a peak extraction algorithm in MassHunter 256 

Qualitative Analysis, approximately 20 absorption peaks per sample were identified. The 257 

absorption intensity at a specific retention time was determined by subtracting the blank absorption 258 

from the sample absorption. Peaks were grouped by overlapping retention times, with molecules 259 

in each group recorded along with their absorbance detected by the PDA. We employed a partial 260 

least squares regression (PLSR) model to attribute individual molecular absorbance (Text S4), 261 

clarifying the relationship between absorbing molecules and the absorbance of individual peaks 262 

(Zhang et al., 2023). 263 

3 RESULTS AND DISCUSSION 264 

3.1 Light absorption of BrC from different sources 265 

During our sampling period, wind at the Xichong site predominantly came from two directions: 266 

northwest and northeast (Figure 1a, Figure S4). Air masses from the northwest primarily originated 267 

from inland areas of the peninsula, while those from the northeast were from the sea (Figure S1). 268 

High ozone levels were observed at times, mainly during the daytime, and were associated with 269 

relatively high nitrate concentrations (Figures 1b & 1c). Additionally, water-soluble potassium, as 270 

a marker for biomass-combusted aerosols (Zhai et al., 2015), also exhibited a time of elevated 271 
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levels during our observation (Figure 1c). Based on distinct meteorological and pollutant 272 

concentration characteristics, we selected three typical cases for detailed analysis of their optical 273 

properties. The selection criteria for each case were as follows: Case 1, the ozone case, with 1) the 274 

concentration of O3 > 100 ppb, 2) the concentration of [NO3
-] > 0.6 µg/m3, 3) wind speed < 3 m/s, 275 

and 4) consecutive duration > 6 h (red shading in Figure 1); Case 2, the transport case with 1) wind 276 

direction >270o, 2) wind speed > 4 m/s, and 3) consecutive duration > 6 h (blue shading in Figure 277 

1); and Case 3, the combustion case, with 1) the concentration of [K+] > 0.2 µg/m3, and 2) 278 

consecutive duration > 6 h (yellow shading in Figure 1). 279 

Meanwhile, the HYSPLIT 24-h air mass backward trajectories indicate that during Case 1, air 280 

masses predominantly originated from areas close to the sampling site. Combined with low wind 281 

speeds (< 3 m/s), meteorological conditions limited atmospheric dispersion, promoting ozone 282 

accumulation and secondary pollutant formation (Figure S5). In Case 2, the air mass trajectories 283 

were from the inland region, with strong wind speeds that facilitated the transport of pollutants to 284 

the sampling site. For Case 3, the air mass trajectories also originated from the interior region but 285 

were associated with lower wind speeds than in Case 2. 286 
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 287 

Figure 1. Time series of wind direction and wind speed at the sampling site (a), the concentration 288 

of PM2.5 and O3 (b), and chemical composition detected by the MARGA (NO3
-, SO4

2-, and K+, d). 289 

The colored shadows denote the sampling time for the studied cases (red shading for ozone Case 290 

1, blue shading for transport Case 2, and yellow shading for combustion Case 3). 291 

Polar plots of wind direction, wind speed, and MACBrC,370 were further analyzed for Case 1–3 292 

(Figure 2). In Case 1, the average wind speed was 2.06 m/s, with pollution mainly from local 293 

sources (Figure 2a). During Case 1, the average PM2.5 concentration was 8.05 ± 2.67 µg/m3, and 294 

the average MACBrC,370 was 1.25 ± 0.56 m2/g (Figure 2d). For Case 2, the wind primarily came 295 

from the northwest, passing over the peninsula, with an average wind speed of 7.81 m/s (Figure 296 

2b). The average PM2.5 concentration and MACBrC,370 for Case 2 were 4.87 ± 2.36 µg/m3 and 2.68 297 

± 0.30 m2/g, respectively. In Case 3, the wind speed averaged 2.19 m/s, with erratic wind directions 298 
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(Figure 2c). The average PM2.5 concentration and MACBrC,370 for Case 3 were 5.05 ± 1.32 µg/m3 299 

and 3.42 ± 0.41 m2/g, respectively. 300 

Among the three cases, although the average PM2.5 concentration in Case 1 was the highest, its 301 

MACBrC,370 was the lowest, indicating that the light-absorbing ability of BrC in this high-ozone 302 

scenario was relatively weak. The low wind speed in Case 1 limited the influx of transported 303 

pollutants. High concentrations of ozone and [NO3
-] indicated that the aerosols in Case 1 were 304 

primarily secondary and highly aged. However, Case 3, characterized by a high concentration of 305 

potassium and identified as a plume from combustion sources, had the highest MACBrC,370 in our 306 

observations, indicating the strongest light-absorbing ability of combusted BrC among the cases. 307 

In real-world atmospheric environments, BrC aerosols often originate from a mixture of sources, 308 

and complete source separation is rarely achievable in field studies. While our case-based 309 

framework aimed to identify periods with a dominant emission influence, we acknowledge that 310 

source mixing may still occur and introduce variability in the retrieved optical parameters. As such, 311 

the reported MAC and AAE values should be interpreted as reflecting source-dominant conditions 312 

rather than pure-source characteristics. Nevertheless, the clear contrasts in chemical composition 313 

and optical responses across cases suggest that dominant sources exert a meaningful influence on 314 

BrC absorption. This reinforces the relevance of our findings for understanding BrC behavior 315 

under realistic ambient conditions, despite the limitations of bulk sampling and complex source 316 

environments. 317 
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 318 

Figure 2. (a–c) Polar plots and MACBrC,370 values for Case 1–3. The radius and color represent the 319 

MACBrC,370 values in the downwind direction at specific wind speeds. The color scale denotes the 320 

values of MACBrC,370. (d) The mean MACBrC,370 values and mean PM2.5 values for Case 1–3. Error 321 

bars denote a standard deviation. 322 

3.2 Effects of different aerosol sources on the MAC 323 

By compiling BrC light-absorption measurements reported in 20 studies, Saleh et al. classified 324 

BrC into four classes (Saleh, 2020), each with characteristic MACBrC,550 and AAE values: very 325 

weakly absorbing (VW-BrC, MACBrC,550 of 1.3×10-3–1.3×10-2, AAE of 7–10), weakly absorbing 326 

(W-BrC, MACBrC,550 of 1.3×10-2–0.13, AAE of 5–8), moderately absorbing (M-BrC, MACBrC,550 327 

of 0.13–1.3, AAE of 2.5–5), and strongly absorbing (S-BrC, MACBrC,550 >1.3, AAE of 1.5–2.5). 328 

The optical properties defining these BrC classes are expected to be associated with their 329 

corresponding physicochemical properties, such as molecular size, volatility, and solubility. In this 330 
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study, the AAE values for both online measurements of BrC and filter-based offline measurements 331 

of WSOC were calculated in the wavelength range of 370 nm to 550 nm, referred to as AAE370-550. 332 

For online measurements of BrC, the optical results show an approximately linear correlation. 333 

In Case 1, results fall into both the W-BrC and M-BrC categories, whereas results for Case 2 and 334 

Case 3 fall primarily into the M-BrC category (Figure 3a). In Case 1, where the ozone 335 

concentration is high, BrC shows weaker light-absorbing ability and stronger wavelength 336 

dependence compared to Cases 2 & 3. BrC in Case 3 exhibits a high light-absorbing ability with 337 

low wavelength dependence. For Case 2, a portion of the optical results overlaps with those from 338 

Case 3, possibly due to the transported air mass originating from a similar source as in Case 3. 339 

For the filter-based offline measurements of WSOC, the trend of AAE370-550,WSOC and 340 

MACWSOC,550 is consistent with the online results, showing an inverse correlation (Figure 3b). The 341 

sample in Case 1 shows the highest wavelength dependence and the lowest light-absorbing ability 342 

of WSOC. It’s worth noting that although the ozone concentration was also high during Case 3, 343 

its optical results did not exhibit the same high wavelength dependence as observed in Case 1. The 344 

possible reason could be that primary WSOC produced by combustion has stronger light 345 

absorption, which dominated the optical behavior of WSOC during Case 3. 346 

The offline MAC values based on WSOC extractions do not account for Mie scattering effects 347 

due to the lack of particle-phase interactions in liquid measurements(Liu et al., 2013;Zeng et al., 348 

2020). Moreover, because particle size distribution and particle mixing state information were not 349 

available during the sampling period, Mie model corrections were not be performed in this study. 350 

Therefore, direct quantitative comparisons between offline and online MAC values may involve 351 

uncertainties. Nevertheless, while the absolute MAC values from the two methods are not directly 352 

comparable, the observed trends between the two approaches are generally consistent. This 353 

consistency provides additional confidence in the robustness of the observed variations in BrC 354 

optical properties across different cases. 355 
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Saleh et al. suggested that VW-BrC primarily originates from secondary BrC, W-BrC mainly 356 

comes from smoldering BrC, and M-BrC is mainly associated with high-temperature BrC (Saleh, 357 

2020). However, in our observations, we found that Case 1, which we consider to be dominated 358 

by secondary BrC, still falls within the W-BrC or even M-BrC regions for both online airborne 359 

measurements and filter-based offline analysis. Possible reasons could be: 1) Unlike laboratory 360 

studies, field environments have greater diversity and uncertainty in BrC sources, and 2) 361 

differences in measurement methods may lead to variations in the results (Bond and Bergstrom, 362 

2006;Saleh, 2020). Although the results for Case 2 fall solely within the S-BrC category, we 363 

believe that particles during this period are transported from inland urban areas, where the sources 364 

are more complex, including contributions from traffic emissions, industrial combustion, 365 

secondary sources, etc. 366 

The optical properties of BrC can be affected by atmospheric aging processes such as 367 

photochemical bleaching and secondary browning (Zhao et al., 2015). Previous studies have 368 

demonstrated that such transformations can occur over timescales of several hours to one day, 369 

depending on oxidant levels, radiation intensity, and humidity (Forrister et al., 2015;Washenfelder 370 

et al., 2015). In this study, although we did not explicitly isolate aging effects, back-trajectory and 371 

chemical evidence suggest that the BrC observed was predominantly regionally influenced, with 372 

estimated transport times generally within this aging-relevant range. Therefore, the reported MAC 373 

and AAE values likely represent moderately aged BrC. 374 
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 375 

Figure 3. Optical-based BrC classification scheme (Saleh, 2020) in the log10 (MAC550) vs. AAE370-376 

550 space for (a) BrC and (b) WSOC. The shaded areas represent very weakly absorbing BrC (VW-377 

BrC), weakly absorbing BrC (W-BrC), moderately absorbing BrC (M-BrC), and strongly 378 

absorbing BrC (S-BrC). BC is also shown for reference (Bond and Bergstrom, 2006). The scatters 379 

in (a) correspond to the online results of Case 1–3. The scatters in (b) correspond to the filter-based 380 

results during the sampling period with each scatter representing a filter in 24 h sampling duration. 381 

The color scale in (b) denotes the ozone concentration in ppb. The size of scatters in (b) denotes 382 

the concentration of K+ detected by the MARGA. Error bars denote the standard deviation of the 383 

results for three repeated experiments. 384 

3.3 Chemical characterization of BrC molecules 385 

The water-soluble organic carbon (WSOC) species were ionized using ESI+ and ESI- ionization 386 

modes to detect the organic compounds. The identified molecules were categorized into groups 387 

based on atom composition: CHO, CHON, CHOS, and CHONS. The van Krevelen (VK) diagram 388 

is a widely used graphical method that plots H/C ratios against O/C ratios in molecular formulas 389 

to qualitatively identify the major chemical species in WSOC (Kim et al., 2003). In this study, the 390 

VK space is divided into seven regions based on previous studies: (1) lipid-like (O/C = 0–0.3, H/C 391 

= 1.5–2.0), (2) aliphatic/protein-like (O/C = 0.3–0.67, H/C = 1.5–2.2), (3) carbohydrate-like (O/C 392 
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= 0.67–1.2, H/C = 1.5–2.4), (4) unsaturated hydrocarbons (O/C = 0–0.1, H/C = 0.7–1.5), (5) 393 

lignins/carboxylic-rich alicyclic-molecule-like (CRAM) (O/C = 0.1–0.67, H/C = 0.7–1.5), (6) 394 

tannin-like (O/C = 0.67–1.2, H/C = 0.5–1.5), and (7) condensed aromatics (O/C = 0–0.67, H/C = 395 

0.2–0.7) (Feng et al., 2016;Ohno et al., 2010;Zeng et al., 2024). The sizes of scatters in Figure 4 396 

are proportional to the absorbance. 397 

For each case, filters were selected to coincide with the core pollution periods, characterized by 398 

stable meteorological conditions and elevated pollutant concentrations. Although the number of 399 

samples was limited, the chemical results are considered reasonably representative of the dominant 400 

source influences during these periods. In Case 1, CHO compounds, which account for 36.5% of 401 

the absorbance, are the most abundant form of BrC. These CHO compounds likely contain 402 

carboxyl or hydroxyl functional groups. The light-absorbing CHO compounds may originate from 403 

biomass burning smoke (Desyaterik et al., 2013;Chen et al., 2022a;Zhou et al., 2022;Chen et al., 404 

2023) and have also been detected in water-soluble organic carbon (WSOC) and cloud water 405 

(Bianco et al., 2018;Kourtchev et al., 2016). Secondary CHO compounds, including typical dimers 406 

of α-pinene and diterpenoid derivatives, have also been detected in previous studies (Kourtchev et 407 

al., 2014;Kristensen et al., 2014;Gómez-González et al., 2012). The CHOS group in Case 2 408 

contributes the highest relative absorbance (29.5%). The CHOS compounds are considered to 409 

contain long aliphatic carbon chains with low aromaticity and are typically derived from 410 

anthropogenic emissions, such as diesel vehicles (Tao et al., 2014), coal combustions (Song et al., 411 

2019), and vessels (Cui et al., 2019). The CHON group in Case 3 exhibits the highest relative 412 

absorbance (43.2%). It’s worth noting that, although CHON is not the most abundant group in 413 

terms of molecular abundance, its relative absorbance is the highest, suggesting that CHON 414 

compounds have a strong molecular absorption capacity. The CHON compounds have been found 415 

to be mainly derived from biomass burning species, such as nitrophenols, nitrocatechols, 416 

nitroguaiacols, etc. (Kourtchev et al., 2015;Zhang et al., 2013;Song et al., 2018). Several CHON 417 

species consistent with indole-derived structures, including isatin (C8H5NO2) and nitroindole 418 

(C8H6N2O2, C8H7NO4) were detected in the mass spectra. The identification of these compounds 419 
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supports the attribution of the observed BrC to biomass burning sources (Baboomian et al., 420 

2023;Chen et al., 2023;Mayorga et al., 2022;Jiang et al., 2019;Montoya-Aguilera et al., 2017), and 421 

highlights the complexity of nitrogen-containing brown carbon species in ambient aerosols. To 422 

provide a clearer overview of the molecular-level characteristics of BrC identified in this study, 423 

we summarized the major light-absorbing organic compounds and structures detected in the field 424 

samples in Table S1. We further conducted a correlation analysis between the relative absorbance 425 

of CHON and the MAC of WSOC throughout the whole sampling period, finding that as the 426 

relative absorbance of CHON increases, the MAC of BrC also becomes larger (Figure S7). The 427 

measurement of chemical molecules provides support for the results corresponding to our optical 428 

observations in different cases. 429 

In the VK diagram, aliphatics, lignins, and carbohydrates dominate in all three cases. In Case 3, 430 

WSOC shows a higher proportion of absorbance from lignins, which are commonly attributed to 431 

biomolecules and biomass burning species (Kitanovski et al., 2014). The differences in the 432 

chemical molecular compositions of BrC across the different cases during our observations led to 433 

variations in the light absorption of organic matter. 434 
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  435 

Figure 4. Sources of WSOC formula categories. (a–c) Van Krevelen plots for Case 1–3. Different 436 

formula categories are color coded. The sizes of scatters are proportional to the absorbance. The 437 

boxes indicate the classifications of various chemical species. (d) Relative absorbance of different 438 

formula categories (CHO, CHON, CHOS, and CHONS), and of different chemical species (lipids, 439 

aliphatics, unsaturated hydrocarbons, lignins, condensed aromatics, tannins, and carbohydrates).  440 

4 CONCLUSIONS 441 

The diverse chemical composition of atmospheric light-absorbing organics leads to distinct optical 442 

properties for BrC from different sources. However, studies on the optical properties of multi-443 
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source atmospheric BrC, particularly those based on field observations, remain limited. The main 444 

challenge arises from the complex and variable ambient conditions, which complicate the accurate 445 

identification of BrC from different sources. In this study, a sampling site located away from urban 446 

areas was selected, providing a more favorable environment for distinguishing BrC from primary 447 

and secondary sources. Through field measurements, we independently identified various BrC 448 

sources, including secondary BrC from ozone oxidation, primary BrC transported from urban 449 

sources, and typical combustion-derived BrC. We found that the MAC of BrC varied by source, 450 

with secondary BrC from ozone pollution being the least absorbing but exhibiting the highest AAE, 451 

while BrC from biomass combustion was the most absorbing with the lowest AAE.  452 

A key challenge in representing BrC absorption in climate models is its significant variability 453 

in light absorption capacity. The representation of BrC absorption in climate models could be 454 

improved by differentiating BrC sources or categorizing BrC into distinct optical ranges. Our direct 455 

field measurements contribute to a better understanding of the optical properties of multi-source 456 

BrC. 457 

  458 
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