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Section S1 Quality assurance measures for the sampling filters 21 

A high-volume sampler was used to collect PM2.5 samples on 8″ × 10″ quartz filters. 22 

Prior to sampling, the quartz filters were pre-baked at 550°C for 6 hours to remove 23 

adsorbed organics. Field blanks were also analysed to account for background 24 

contamination, and their concentrations were subtracted from the sample results. Filters 25 

deposited with PM2.5 were stored at -20°C until thermal/optical analysis or integrating 26 

sphere analysis of carbonaceous aerosols was conducted.  27 

The mass concentration of PM2.5 (μg/m3) collected on each filter was calculated 28 

according to the following formula:  29 

𝑃𝑀2.5 =
𝑀𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑒𝑑 − 𝑀𝑏𝑙𝑎𝑛𝑘

𝑉𝑎𝑖𝑟
, (S1) 30 

where Mcollected and Mblank represent the sample- and blank-filter masses (μg), 31 

respectively, and Vair represents the air volume (m3) that accommodated the collected 32 

particulate matter. An analytical balance with a precision of 0.1 mg was used to obtain 33 

highly accurate mass measurements in the laboratory environment.  34 

PM2.5 samples were collected daily. Each filter was used for one day, from 9:00 35 

a.m. on the first day to 8:30 a.m. the following day. The eligible days of PM2.5 sampling 36 

are detailed in Table S1.  37 
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Table S1. Eligible days of PM2.5 sampling.  38 

Winter Spring Summer Autumn 

2/9/2023 
4/7/2023 7/7/2023 10/12/2023 

2/10/2023 4/8/2023 7/8/2023 10/13/2023 

2/12/2023 4/9/2023 7/9/2023 10/14/2023 

2/13/2023 4/10/2023 7/10/2023 10/15/2023 

2/14/2023 4/11/2023 7/11/2023 10/16/2023 

2/15/2023 4/12/2023 7/12/2023 10/17/2023 

2/16/2023 4/13/2023 7/13/2023 10/18/2023 

2/17/2023 4/17/2023 7/14/2023 10/19/2023 

2/18/2023 4/18/2023 7/15/2023 10/20/2023 

2/19/2023 4/19/2023 7/16/2023 10/21/2023 

2/20/2023 4/20/2023 7/17/2023 10/22/2023 

2/21/2023 4/24/2023 7/18/2023 10/23/2023 

2/22/2023 4/25/2023 7/19/2023 10/24/2023 

2/23/2023 4/26/2023 7/20/2023 10/25/2023 

2/24/2023 4/27/2023 7/21/2023 10/26/2023 

 4/28/2023 7/22/2023 10/27/2023 

 4/29/2023 7/23/2023 10/28/2023 

 4/30/2023 7/24/2023 10/29/2023 

 5/1/2023 7/25/2023 10/30/2023 

 5/2/2023 7/26/2023 10/31/2023 

 5/3/2023 7/27/2023 11/1/2023 

 5/5/2023 7/28/2023 11/2/2023 

 5/6/2023 7/29/2023 11/3/2023 

 
5/7/2023 7/30/2023 11/4/2023 

 5/8/2023 7/31/2023 11/5/2023 

 5/9/2023 8/1/2023  

  8/2/2023  

  8/3/2023  

  8/4/2023  

  8/5/2023  

  8/6/2023  

    

   39 
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Section S2 Measurement of conversion factor 40 

The sample holder inside the integrating sphere chamber (ISS) absorbs light from 41 

multiple directions rather than a single direction. As a result, the absorbance measured 42 

by the IS system (ABSISS) differs from that obtained using conventional methods (ABS), 43 

in which the incident light comes from one direction only. Photoacoustic spectroscopy 44 

(PAX) is also considered a conventional method. To convert ABSISS to ABS, a 45 

conversion factor (CF) was determined by comparing the absorbances of Humic Acid 46 

Sodium Salt (HASS) obtained from the ISS system (ABSISS) and from conventional 47 

methods (ABS) (e.g., using a cuvette outside the integrating sphere).  48 

𝐶𝐹 =
𝐴𝐵𝑆𝐼𝑆𝑆

𝐵𝑎𝑏𝑠

(𝑆2) 49 

Specifically, a 40 µg/ml aqueous solution of HASS was first prepared in a 50 

volumetric flask. Then, 3 ml of the solution was drawn using a pipette and transferred 51 

into a 1 cm × 1 cm × 4 cm cuvette. The cuvette was placed into the sample holder inside 52 

ISS, and the ABSISS of the HASS solution was measured. Another 3 ml aliquot of the 53 

same HASS solution was transferred into an identical cuvette and placed in the sample 54 

holder outside the ISS. The conventional absorbance (ABS) was then measured 55 

following principles and procedures similar to those of standard spectrophotometers. 56 

Both ABSISS and ABS were measured relative to pure water. The CF value determined 57 

in this study was 2.0. 58 

  59 
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Section S3 Calculation and correction of absorption values in thermal/optical 60 

analysis 61 

The 7-wavelength transmission laser signals from the DRI Model 2015 were used to 62 

calculate the light attenuation (ATN):  63 

𝐴𝑇𝑁(𝜆) = −𝑙𝑛
𝐼𝑖(𝜆)

𝐼𝑓(𝜆)
  , (S3)64 

where Ii and If are the light intensities transmitted through the filter before (i = initial) 65 

and after (f = final) thermal carbon analysis. The absorption coefficients were calculated 66 

based on the corrected ATN(λ) values, taking into account the filter’s multiple scattering 67 

and particulate loading (Chen et al., 2015; Chow et al., 2018; Peng et al., 2020). The 68 

loading effect refers to the decrease in light attenuation due to “overloading”, also 69 

known as the shadowing effect (Cheng et al., 2011; Chow et al., 2018; Li et al., 2020; 70 

Ram and Sarin, 2009; Virkkula et al., 2007). The multiple-scattering effect arises from 71 

the filter matrix itself, which makes the total light attenuation through the filter 72 

noticeably higher than the actual absorption coefficient (Babs) (Arnott et al., 2005b; 73 

Weingartner et al., 2003). We used the same correction method as in Chow et al. (2021), 74 

where samples were classified into 14 ranges with increments of 1 to 5 μg/cm2 of EC 75 

filter loadings. ATN(λ) values diminish with increased EC loadings. ATN at each 76 

wavelength was then adjusted upward to compensate for this decrease. The corrected 77 

ATN(λ) is linearly related to EC loading and, generally, to the light absorption 78 

coefficient (Babs). Such adjustment factors for EC loadings at different wavelengths 79 

were originally given in Chow et al (2021) and are presented here in Table S2.  80 

Since aerosol absorption decreases exponentially with increasing wavelength, the 81 

effective absorption Ångström exponent (AAEe) can be estimated by fitting all seven 82 

wavelengths with a derived coefficient (C):  83 

𝐴𝑇𝑁(𝜆) = 𝐶 × 𝜆−𝐴𝐴𝐸𝑒 (S4) 84 

 85 
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Table S2 Attenuation adjustment factors for different EC loadings and wavelengths (Chow et al., 86 

2021). 87 

EC range (μg/cm2) ATN405 ATN445 ATN532 ATN635 ATN780 ATN808 ATN980 

0-3 1 1 1 1 1 1 1 

3-4 1.21 1.19 1.17 1.12 1.13 1.12 1.14 

4-5 1.32 1.28 1.25 1.18 1.18 1.18 1.2 

5-6 1.42 1.36 1.31 1.23 1.22 1.22 1.24 

6-7 1.5 1.43 1.36 1.26 1.25 1.24 1.26 

7-8 1.58 1.5 1.43 1.3 1.29 1.29 1.3 

8-9 1.64 1.55 1.46 1.33 1.31 1.31 1.33 

9-10 1.72 1.62 1.51 1.36 1.33 1.34 1.34 

10-11 1.79 1.68 1.57 1.41 1.38 1.38 1.39 

11-13 1.88 1.75 1.62 1.45 1.41 1.41 1.42 

13-16 2.07 1.91 1.75 1.53 1.49 1.48 1.48 

16-20 2.36 2.17 1.99 1.71 1.65 1.66 1.66 

20-25 2.71 2.53 2.3 1.97 1.91 1.91 1.93 

>25 3.6 3.31 3.07 2.62 2.53 2.53 2.51 

88 
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Section S4 Dual-Wavelength Iterative Calculation for Quantifying BC and BrC 89 

Absorbance 90 

Calibration curves were established for Carbon Black (CarB) masses ranging from 3 μg 91 

to 21 μg and Humic Acid Sodium Salt (HASS) masses ranging from 5 μg to 72 μg. 92 

These curves relate mass to absorbance measured by the instrument at both 650 nm and 93 

420 nm (Figure S2). CarB and HASS served as calibration standards for Black Carbon 94 

(BC) and Brown Carbon (BrC), respectively. The use of two wavelengths is essential 95 

due to the distinct spectral dependence of BC and BrC absorption, which enables their 96 

mathematical separation through the iterative calculation. Atmospheric BrC is 97 

chemically and optically heterogeneous; therefore, HASS is used here as a calibration 98 

surrogate rather than as an assumption that ambient BrC has the same chemical 99 

composition or absolute optical properties as HASS. HASS has been widely used in 100 

ISS-based BC/BrC separation (e.g., Wonaschütz et al., 2009; Sun et al., 2021; Wang et 101 

al., 2021). Other BrC surrogates, such as Suwannee River Fulvic Acid (SRFA; Kwon 102 

et al., 2018), could in principle be used in the DWIC procedure, but their wavelength-103 

specific calibration relationships at 420 and 650 nm would need to be established under 104 

the same ISS conditions and be sufficiently distinct from those of CarB for stable dual-105 

wavelength separation. A higher AAE than CarB alone is therefore not sufficient to 106 

guarantee quantitatively identical DWIC results. Nitroaromatic compounds can also be 107 

important atmospheric BrC chromophores (Lin et al., 2016), further illustrating that the 108 

choice of BrC surrogate may influence the quantitative BC/BrC partitioning. 109 

Accordingly, the surrogate choice is treated as a source of methodological uncertainty.  110 
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 111 

Figure S1 Calibration curves for CarB and HASS at 420 nm and 650nm. T represents the light 112 

transmitted through the calibration solution; (-lnT) is absorbance.  113 

The iterative procedure is as follows:  114 

1. Initial BC mass calculation (650 nm): Initiate an iteration cycle by calculating the 115 

BC mass. At 650 nm, the total absorbance is initially assumed to originate solely 116 

from BC. This mass (mBC) is calculated using the CarB calibration equation at 650 117 

nm (y = 0.025x + 0.0208).  118 

2. BC absorbance at 420 nm: Substitute the obtained mBC into the CarB calibration 119 

equation at 420 nm (y = 0.0341x + 0.0507) to calculate the absorbance attributable 120 

to BC at 420 nm (ABC,420).  121 

3. BrC absorbance at 420 nm: Subtract ABC,420 from the measured total absorbance 122 

at 420 nm (Atotal,420). The residual absorbance is attributed to BrC (ABrC,420).  123 

4. BrC Mass calculation: Substitute ABrC,420 into the HASS calibration equation at 124 

420 nm (y = 0.0052x + 0.0066) to calculate the BrC mass (mBrC).  125 

5. BrC absorbance at 650 nm: Substitute mBrC into the HASS calibration equation at 126 

650 nm (y = 0.0009x + 0.0011) to calculate the absorbance attributable to BrC at 127 

650 nm (ABrC,650).  128 

6. Refined BC absorbance at 650 nm: Subtract ABrC,650 from the measured total 129 
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absorbance at 650 nm (Atotal,650). The residual absorbance at 650 nm is now 130 

attributed to BC (ABC,650).  131 

7. Convergence check & next cycle: Use the refined ABC,650 to start a new iteration 132 

cycle by returning to step (1). Iteration continues until the calculated absorbances 133 

for both BC and BrC converge (i.e., when the difference between two consecutive 134 

iterative cycles is negligible). The absorbances from the final convergent cycle are 135 

accepted as the true absorbances for BC and BrC in the sample.  136 

 137 

  138 
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Section S  ISS-PAX System Quality Control 139 

Multiple measures during the experiment and data processing are conducted to 140 

minimize measurement uncertainties. 141 

For the PAX measurements, although this instrument is commonly used as a key 142 

tool for in situ absorption measurements, it is not error-free. Therefore, we provide 143 

details regarding PAX measurement accuracy, calibration, and humidity control. 144 

During the observation period, to improve the dryness of the gas entering the PAX 145 

instrument chamber, a preconditioning system consisting of a desiccant cylinder was 146 

set up (see Figure S2) to pre-dry the sampled airflow. The cylinder was mainly filled 147 

with molecular sieve material to adsorb moisture from the air. At the end of the drying 148 

cylinder near the PAX inlet, a section of color-indicating silica gel was installed as an 149 

indicator to visually show the drying efficiency: when the silica gel turns pink, it 150 

indicates that the molecular sieve is approaching water saturation, signaling a decline 151 

in the performance of the drying system and the need to replace the desiccant material 152 

in time. 153 

To ensure the measurement accuracy and long-term stability of the PAX 154 

instrument, the device is sent back to the manufacturer, Nanjing Handa Environmental 155 

Technology Co., Ltd., every six months for routine calibration, maintenance, or 156 

replacement of critical components such as the vacuum pump, filter, and laser. The 157 

manufacturer provides formal maintenance records for each service, ensuring that the 158 

instrument remains in optimal working condition. 159 

In addition, after each sampling period, routine cleaning of the instrument chamber 160 

is required to remove any residual particles that may have deposited inside, preventing 161 

contaminants from interfering with subsequent measurements. It is worth noting that 162 

Radney and Zangmeister (2017) identified fluctuations in the laser signal intensity 163 

within the PAX system as an important source of measurement uncertainty. To 164 

minimize such errors, prior to each sampling, the positions of two mirrors in the optical 165 

path are adjusted to maximize the laser beam signal intensity while keeping the 166 
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absorption and scattering coefficients at relatively low levels. This procedure helps to 167 

enhance the optical response sensitivity of the system under low black carbon 168 

concentrations, thereby improving measurement accuracy and reproducibility. 169 

 170 

Figure S2 PAX drying system and drying performance. 171 

For the thermal/optical analysis, we followed Chow et al. (2021) and applied 172 

wavelength- and EC-loading-dependent corrections to the multi-wavelength ATN data 173 

to reduce the effects of filter loading and multiple scattering on the spectral slope. 174 

Before daily instrumental analysis, three procedures, namely bake, blank, and 175 

calibration, were sequentially performed to remove impurities inside the instrument by 176 

combustion, determine the instrumental background value, which was subsequently 177 

subtracted during data processing, and check system stability, respectively. The stability 178 

check result was required to be less than 5%. 179 

For the ISS measurements, to ensure the accuracy of the results, two punches were 180 

cut from each sample, and three sets of spectral data were recorded for each punch. The 181 

final sample spectrum was obtained by averaging the six sets of data. The dark spectrum 182 

within the integrating sphere over the wavelength range of 370–880 nm was recorded 183 

with the light source turned off and was removed as the instrumental background during 184 

calculation. To verify the accuracy of the method and improve its reliability, in addition 185 

to the removal of instrumental background and repeated measurements, our research 186 

team also conducted preliminary experiments and calculated the methodological 187 

uncertainty. To eliminate the influence of compositional differences among different 188 
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samples, several lightly polluted samples and several heavily polluted samples were 189 

selected during the preliminary experiment stage for repeated measurements. Analysis 190 

of several long-time-sequence measurements showed that the spectral variation of all 191 

samples became nearly zero after they had been placed inside the integrating sphere for 192 

3–4 min. Therefore, the complete solvent-stripping time was determined to be 3–4 min. 193 

During the formal experiments, a timer was used to ensure that the spectra of each 194 

sample were recorded after 5 min of solvent stripping. 195 

In this study, the experimental design minimized sampling differences between 196 

PAX and ISS. The PAX and high-flow filter samplers were deployed near the same 197 

observation site, on the rooftop platform of the Chinese Research Academy of 198 

Environmental Sciences, approximately 10 m above ground, with no significant 199 

anthropogenic emission sources within an 80 m radius. The filter sampling period was 200 

from 09:00 each day to 08:30 the next day, totaling 23.5 h. PAX data were also screened 201 

and averaged over the same time window to obtain a 23.5 h mean Babs_coated(870) 202 

corresponding to the filter samples. Therefore, PAX and ISS represent the same daily-203 

scale, regional mixed PM2.5 population, rather than two independent, unrelated aerosol 204 

populations. 205 

This daily alignment does not, however, resolve intraday variability. AAEcoated is 206 

obtained from the daily-integrated filter, while Babs_coated(870) is measured continuously 207 

by PAX and then averaged over the same 23.5 h period. If the spectral slope and the 208 

870 nm absorption magnitude covary within a day, combining one daily AAEcoated with 209 

the daily-averaged PAX value can smooth this covariance and may bias the 210 

reconstructed daily Babs_coated(λ). The present framework therefore supports daily and 211 

longer-term comparisons but does not resolve diurnal changes in aerosol optical 212 

properties. 213 

Regarding the differences between in situ observations and offline filter-based 214 

measurements, although ISS uses particles collected on filters, its measurement 215 

principle is not equivalent to conventional filter-based attenuation or absorption 216 
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methods and does not require the same type of empirical corrections for scattering 217 

losses, filter multiple scattering, and loading effects as traditional transmission- or 218 

reflection-based filter absorption methods (Wonaschütz et al., 2009). The reasons are 219 

as follows: 220 

First, in ISS calculations, the relative light intensity between a loaded filter and a 221 

blank filter is used. The blank filter, having the same size, filter material, solvent, and 222 

cuvette conditions, serves as a reference. As a result, the background absorption of the 223 

filter itself, as well as the optical effects of the solvent and cuvette, are largely subtracted. 224 

Second, the integrating sphere’s inner wall has high diffuse reflectivity, which 225 

maximizes the collection of light scattered by the filter and particles. Compared with 226 

conventional transmission/reflection-based filter optical methods, ISS is less sensitive 227 

to misinterpreting scattering losses as absorption. 228 

Third, the CF used in ISS converts the absorption signal obtained under multi-229 

directional light paths inside the integrating sphere into a one-way absorption signal 230 

comparable to PAX, thereby reducing systematic bias caused by differences in 231 

instrument geometry and optical path. 232 

These quality control measures cannot completely eliminate uncertainty, but they 233 

can effectively reduce systematic biases caused by instrument drift, filter matrix effects, 234 

and operational differences. 235 

  236 
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Section S  Comparison on different operational definitions of Eabs 237 

There is broad agreement on the standard definition of the enhancement factor, Eabs, 238 

which refers to the enhancement of BC absorption caused by the lensing effect of 239 

coatings： 240 

𝐸abs =
𝐵abc,BC+𝐵abc,lensing

𝐵abc,BC
=  1 +  

𝐵abc,lensing

𝐵abc,BC
                          (S5) 241 

where 𝐵abs,lensing represents the absorption equivalent due solely to the lensing effect, 242 

and 𝐵abs,BC represents the absorption coefficient of BC in the absence of lensing. 243 

If BC is assumed to be the only light-absorbing carbonaceous component in 244 

atmospheric aerosols, the absorption enhancement factor for BC can be understood 245 

simply as the ratio of absorption with and without a coating layer：  246 

𝐸abs =
𝐵abs_coated

𝐵abs_uncoated
                                                 (S6) 247 

where, in this expression, the numerator 𝐵abs_coated  is 𝐵abc,BC + Babc,lensing , and the 248 

denominator 𝐵abs_uncoated is 𝐵abc,BC . This ratio can be obtained through thermal 249 

denuding or solvent dissolution. 250 

However, as BrC has received increasing attention in recent years, results obtained 251 

from Equation (S6) using either thermal denuding or solvent dissolution approaches are 252 

effectively equivalent to those from Equation (S7)： 253 

𝐸abs =
𝐵abs_coated

𝐵abs_uncoated
=

𝐵abs,BC+𝐵abs,BrC+𝐵abs,lensing

𝐵abs,BC
                        (S7) 254 

Compared with the standard definition of 𝐸𝑎𝑏𝑠  in Equation (S5), the numerator in 255 

Equation (S7) contains an additional contribution, namely 𝐵abs,BrC. As a result, 𝐸abs 256 

values calculated using Equation (S7) are theoretically higher than those calculated 257 

using Equation (S5). Numerous studies have calculated 𝐸abs  following the logic of 258 

Equation (S7), including studies using thermal denuding (Cappa et al., 2012; Fu et al., 259 

2021; Xie et al., 2019) and solvent dissolution (Chen et al., 2017; Cui et al., 2016; Lan 260 

et al., 2024).  261 

Another ISS-based approach directly divides the absorption coefficient measured 262 

by PAX (Babs,BC+Babs,BrC+Babs,lensing) by that obtained from ISS (Babs,BC+Babs,BrC) to 263 



15 
 

derive Eabs (Li et al., 2023): 264 

Eabs=
Babs_coated

Babs_uncoated
= 

Babs,BC+Babs,BrC+Babs,lensing

Babs,BC+Babs,BrC
 = 1 + 

Babs,lensing

Babs,BC+Babs,BrC
           (S8) 265 

In this definition, both the numerator and the denominator include BrC absorption. 266 

Compared with Equation (S5), Equation (S8) represents the enhancement relative to 267 

(Babs,BC+Babs,BrC) rather than solely relative to Babs,BC. Consequently, values calculated 268 

using Equation (S8) are slightly lower than those calculated using Equation (S5). 269 

Based on the above analysis, the expected high-to-low sequence of reported Eabs 270 

values is (S7) > (S5) > (S8) in theory. 271 

Each equation above is valid within its own methodological framework and 272 

provides useful insight into BC absorption enhancement, provided that its meaning is 273 

clearly understood. 274 

  275 
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Section S  Assessment of uncertainty of PAX-ISS methodology 276 

The uncertainty analysis considers the propagation of uncertainties from the PAX-ISS 277 

measurements and related parameters. These uncertainties should be considered when 278 

interpreting wavelength-dependent variations in absorption enhancement and the 279 

possible influence of BrC blocking effects. 280 

Using the PAX-ISS hybrid framework, this study decomposes total aerosol 281 

absorption into contributions from BC, BrC, and the lensing effect and ultimately 282 

determines the absorption enhancement factor (Eabs) from multiple measured and 283 

derived quantities. Therefore, the evaluation should follow error-propagation principles 284 

and should be based on a clear identification of the uncertainty sources and 285 

characteristics of each relevant sub-variable. 286 

In the manuscript, Eabs is expressed as follows: 287 

𝐸abs(λ) =
𝐵abs,BC(λ) + 𝐵abs_lensing(λ)

𝐵abs,BC(λ)
 288 

       = 
𝐵abs,BC(λ)+(𝐵abs_coated(λ)−𝐵abs_uncoated(λ))

𝐵abs,BC(λ)
  289 

       =
𝐵abs,BC(λ)+(𝐵abs_coated(870)×(

λ

870
)

−𝐴𝐴𝐸coated
− 

100×𝐴𝐵𝑆ISS×𝐴

𝐶𝐹×𝐹×𝑇
)

𝐵abs,BC(λ)
                                                     (S9) 290 

where 𝐵abs,BC(λ)  is the absorption coefficient of BC; 𝐵abs,BrC(λ)  is the absorption 291 

coefficient of BrC; 𝐵abs,lensing(λ) is the absorption coefficient due to the lensing effect; 292 

𝐵abs,coated(λ) is the total absorption coefficient of coated aerosols; 𝐵abs,uncoated(λ) is the 293 

lensing-free absorption coefficient; 𝜆  is the wavelength; 𝐴𝐴𝐸coated  is the absorption 294 

Ångström exponent of coated aerosols; 𝐶𝐹 is the correction factor; 𝐴 is the deposited 295 

area on the filter; 𝐹 is the sampling flow rate; 𝑇 is the sampling duration, and 𝐴𝐵𝑆ISS is 296 

the absorbance of the filter sample measured by ISS. 297 

Thus, the uncertainty of 𝐸abs(λ) results from the propagation of uncertainties in the 298 

five sub-variables 𝐵abs,BC(λ) , 𝐵abs_coated(870) , 𝐴𝐴𝐸coated , CF, and 𝐴𝐵𝑆ISS . We 299 

discuss the probability distributions of these five sub-variables in turn.. 300 

(1) 𝐵abs_coated(870) . The value of 𝐵abs_coated(870)  is obtained primarily from 301 
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direct PAX measurements and may be influenced by instrument calibration, laser-302 

intensity stability, flow-rate stability, cavity contamination, relative humidity, and 303 

acoustic response. According to Lack et al. (2006), the PAX technique has become an 304 

accepted reference for comparisons with filter-based and difference methods (Arnott et 305 

al., 1999, 2003, 2005a, b; Moosmüller et al., 1998; Schmid et al., 2006; Schnaiter et al., 306 

2005; Sheridan et al., 2005). Reported accuracies are typically 5–10%, depending on 307 

the laboratory or field setting and the calibration method. The overall instrument 308 

accuracy with respect to aerosol absorption is estimated to be about 5%. Lack et al. 309 

(2009) later reconfirmed this estimate. Therefore, the uncertainty in Babs_coated was taken 310 

as 5%. 311 

(2) 𝐴𝐴𝐸coated . Because the PAX instrument used in this study is a single-312 

wavelength PAX-870, only the in situ absorption at 870 nm (Babs_coated(870)) was 313 

measured directly. We calculated AAEcoated from the power-law relationship between 314 

wavelength and the light-absorption signals obtained using the multi-wavelength 315 

thermal/optical carbon analyser (Chen et al., 2015; Chow et al., 2018, 2021; Shen et al., 316 

2025). Based on Babs_coated(870) and AAEcoated, we then calculated the absorption 317 

coefficient at any wavelength between 370 and 880 nm, namely Babs_coated(λ). 318 

We examined the absorption-coefficient fitting results for a representative day, as 319 

shown in the figure below and in Figure S3 of the Supplement. Based on the differences 320 

between the measured absorption coefficients at the seven wavelengths and the 321 

corresponding values derived from the fitted curve, we estimated the uncertainty of 322 

AAE to be 3.6%. 323 

The 3.6% estimate reflects the scatter around the fitted seven-wavelength 324 

relationship for the representative sample and does not necessarily capture every 325 

systematic uncertainty in the filter-derived AAEcoated. Residual positive or negative filter 326 

artefacts and sampling-induced changes in particle morphology, if present, could 327 

propagate through extrapolated Babs_coated(λ) to Babs,lensing(λ) and Eabs(λ), particularly at 328 

wavelengths farther from the directly measured 870 nm PAX channel. The short-329 
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wavelength results should therefore be interpreted cautiously. 330 

 331 

Figure S3 Absorption coefficients and the fitted curve measured by the DRI Model 2015 332 

Multi-Wavelength Thermal/Optical Carbon Analyser on 19 February 2023. 333 

(3) ABSISS. ABSISS is the fundamental quantity used to calculat Babs_uncoated(λ) 334 

(defined as Babs_uncoated(λ) = 
100×𝐴𝐵𝑆ISS×𝐴

𝐶𝐹×𝐹×𝑇
). The uncertainty in ABSISS measurements 335 

arises from factors including the stability of the integrating-sphere light source, detector 336 

response, repeatability of sample punches, uniformity of filter deposition, solvent 337 

treatment time, blank-filter subtraction, and variations in sample positioning within the 338 

integrating sphere. According to Wonaschütz et al. (2009), the precision of ISS-339 

measured absorbance is 4%.  340 

(4) CF. As described in our manuscript, the punch placed in the cuvette inside the 341 

integrating sphere chamber can absorb light from multiple directions rather than from 342 

a single direction. This causes the absorbance measured by the ISS system to differ 343 

from that measured by a conventional method, in which the incident light travels along 344 

one direction. The conversion factor (CF), which converts ISS-measured absorbance to 345 

conventional one-way absorbance, was determined by comparing the absorbance 346 

values of Humic Acid Sodium Salt (HASS) obtained using ISS (ABSISS) and a 347 

conventional setup (ABSo; e.g., a cuvette outside the integrating sphere). We refer to 348 

our previous article (Li et al., 2023), where the determination of CF was described. The 349 

relative standard deviation (RSD) of the measured ABSISS was 5.67% (Li et al., 2023). 350 
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(5) Babs,BC(λ). The uncertainty in Babs,BC(λ) primarily stems from the decomposition 351 

of ABSISS value during the DWIC process, i.e., partitioning it into the contribution 352 

shares of BC and BrC. For evaluation, we used the data from Wonaschütz et al. (2009), 353 

who measured a series of reference samples containing known proportions of carbon 354 

black and humic acid sodium salt using the DWIC method and assessed the 355 

performance of DWIC in decomposing the absorbance contributions of BC and BrC. 356 

They plotted attenuation signals calculated from calibration curves against attenuation 357 

signals directly measured by ISS, as shown in Figure 3 of Wonaschütz et al. (2009), 358 

with one scatter plot for long-wavelength values and another for short-wavelength 359 

values. Using the open-source WebPlotDigitizer software, we extracted the 𝑥- and 𝑦-360 

coordinates of each data point directly (see Table S3 in the Supplement). The results 361 

show that the average relative difference for Babs,BC(λ) was 10.4% at the low wavelength 362 

and 8.1% at the high wavelength. 363 

 364 

After determining the uncertainties of all five sub-variables, we propagated them 365 

to estimate the uncertainty of Eabs. We used Monte Carlo simulation to calculate the 366 

probability distribution of Eabs for the sample collected on 19 February 2023. As shown 367 

below and in Figure S4, the mean Eabs at 420 nm is 1.789 ± 0.221, corresponding to an 368 

uncertainty of 12.4%; at 650 nm, the mean Eabs is 2.324 ± 0.189, corresponding to an 369 

uncertainty of 8.1%. 370 

 371 

Figure S4 Probability distribution of Eabs at 420nm (a) and 650nm (b) on 19 February 2023. The 372 

±1σ range (68% probability) is used to represent uncertainty. 373 

a) b)
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For 𝐵abs,lensing(λ)  alone, the uncertainty results from the propagation of 374 

uncertainties in the four sub-variables (𝐵abscoated
(870), 𝐴𝐴𝐸coated, CF, and 𝐴𝐵𝑆ISS) 375 

used to calculate 𝐵abs,lensing(λ). Because the uncertainties of these four sub-variables 376 

have been determined, we used Monte Carlo simulation to calculate the probability 377 

distribution of 𝐵abs,lensing(λ) for the sample collected on 19 February 2023. As shown 378 

below and in Figure S5, the mean 𝐵abs, lensing  at 420 nm is 0.939 ± 0.246 Mm-1, 379 

corresponding to an uncertainty of 26.2%; at 650 nm, the mean 𝐵abs, lensing is 0.958 ± 380 

0.105 Mm-1, corresponding to an uncertainty of 11.0%. 381 

 382 

Figure S  Probability distributions of Babs,lensing at 420 nm (a) and 650 nm (b) on 19 February 383 

2023. The ±1σ range (68% probability) is used to represent uncertainty. 384 

  385 

a) b)
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Table S3 Data extracted from Figure 3 of Wonaschütz et al. (2009) using the open-source 386 

WebPlotDigitizer software 387 

Wavelength 

(nm) 

Types of light-

absorbing 

carbon 

Measured 

attenuation 

(x) 

Calculated 

attenuation 

(y) 

Residual 

(y-x) 

Relative residual 

(%) 

404 BC 0.0378 0.0395 0.0017 4.497354 

404 BC 0.0472 0.0421 -0.0051 10.80508 

404 BC 0.0489 0.052 0.0031 6.339468 

404 BC 0.0615 0.0575 -0.004 6.504065 

404 BC 0.0646 0.0679 0.0033 5.108359 

404 BC 0.0713 0.0769 0.0056 7.854137 

404 BC 0.0786 0.0753 -0.0033 4.198473 

404 BC 0.0808 0.0894 0.0086 10.64356 

404 BC 0.0875 0.0854 -0.0021 2.4 

404 BC 0.0899 0.1019 0.012 13.34816 

404 BC 0.0955 0.1119 0.0164 17.17277 

404 BC 0.0979 0.1007 0.0028 2.860061 

404 BC 0.0984 0.1211 0.0227 23.06911 

404 BC 0.1079 0.1337 0.0258 23.91103 

404 BC 0.1101 0.1144 0.0043 3.90554 

404 BC 0.1124 0.1253 0.0129 11.47687 

404 BC 0.119 0.1361 0.0171 14.36975 

404 BC 0.1274 0.1503 0.0229 17.97488 

404 BrC 0.0209 0.0228 0.0019 9.090909 

404 BrC 0.0353 0.0333 -0.002 5.665722 

404 BrC 0.0481 0.0451 -0.003 6.237006 

404 BrC 0.0631 0.0593 -0.0038 6.022187 

404 BrC 0.0805 0.0783 -0.0022 2.732919 

404 BrC 0.0873 0.0895 0.0022 2.520046 

404 BrC 0.0991 0.1044 0.0053 5.348133 

404 BrC 0.1083 0.1194 0.0111 10.24931 

404 BrC 0.1145 0.1311 0.0166 14.49782 

404 BrC 0.1193 0.1419 0.0226 18.94384 

404 BrC 0.1278 0.1571 0.0293 22.92645 

650 BC 0.0156 0.0143 -0.0013 8.333333 

650 BC 0.028 0.0232 -0.0048 17.14286 

650 BC 0.0386 0.032 -0.0066 17.09845 

650 BC 0.0498 0.0424 -0.0074 14.85944 

650 BC 0.0526 0.0452 -0.0074 14.06844 

650 BC 0.0653 0.0566 -0.0087 13.32312 

650 BC 0.0676 0.0605 -0.0071 10.50296 

650 BC 0.0748 0.0674 -0.0074 9.893048 

650 BC 0.0834 0.0765 -0.0069 8.273381 

650 BC 0.0854 0.0817 -0.0037 4.332553 

650 BC 0.093 0.0878 -0.0052 5.591398 

650 BC 0.0952 0.0939 -0.0013 1.365546 

650 BC 0.0983 0.096 -0.0023 2.339776 

650 BC 0.1011 0.1034 0.0023 2.274975 

650 BC 0.1054 0.1049 -0.0005 0.474383 
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650 BC 0.1066 0.1122 0.0056 5.253283 

650 BC 0.1133 0.1163 0.003 2.647838 

650 BC 0.1153 0.1244 0.0091 7.892454 

650 BrC 0.0113 0.0133 0.002 17.69912 

650 BrC 0.0207 0.0209 0.0002 0.966184 

650 BrC 0.0307 0.0284 -0.0023 7.491857 

650 BrC 0.0396 0.0392 -0.0004 1.010101 

650 BrC 0.0532 0.0522 -0.001 1.879699 

650 BrC 0.0599 0.0601 0.0002 0.33389 

650 BrC 0.0682 0.0708 0.0026 3.812317 

650 BrC 0.0765 0.081 0.0045 5.882353 

650 BrC 0.0823 0.0889 0.0066 8.019441 

650 BrC 0.0858 0.0966 0.0108 12.58741 

650 BrC 0.095 0.1071 0.0121 12.73684 

 388 

 389 

 390 

 391 

 392 
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