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Section S1. Method 

EEMs 

The scanning range of excitation (Ex) and emission (Em) was 200-500 nm and 200-600 nm, with the wavelength 

increments for Ex and Em at 5 and 1 nm, respectively. The band-passes for Ex and Em were set to 10 nm. The 

relative contribution ratio of chromophores in the sample was estimated by using the maximum fluorescence 20 
intensity (Fmax) of chromophore (Chen et al., 2016). The fluorescence index (FI), recent autochthonous contribution 

(BIX), and humification index (HIX) can be calculated by the ratio of fluorescence intensity at Ex/Em of 370/470 

nm to 370/520 nm, Ex/Em of 310/380 nm to 310/430 nm, and at Ex/Em of 255/434-480 nm to 255/300-344 nm 

(average intensity over the wavelength), respectively (Chen et al., 2016). These indexes may indicate whether DOM 

is contributed by the terrestrial and microbial sources (FI) (McKnight et al., 2001), autochthonous or biological 25 
sources (BIX) (Huguet et al., 2009), or estimate the degree of maturation of DOM (HIX) (Zsolnay et al., 1999). 

 

PMF analysis 

PMF solutions of 2-5 factors were analyzed and showed the convergence result, and the Q value and Qrobust/Qtheory 

were shown in table S3. Finally, the 3-factor solution was selected as the best source analysis result because the 30 
Abs365 would become an independent factor when 4-5 factors were analyzed, which was lack of physical means. 

The bootstrap on the 3-factor solution showed a stable result, with >85 out of 100 bootstrap factors mapped with 

the based run, and when Fpeak was equal to 0, the Q value showed a result best. 

 

Underestimated of cloud droplets 35 
The collect size of GCVI and cloud water collector was 7.5 and 3.5 μm, respectively, which might cause the 

underestimated of WIOC, which could be estimated using follow equation: 

𝑃𝑒𝑟𝑐𝑒𝑛𝑡 = 100 × (
𝐴𝑏𝑠370,𝑊𝑆−𝐵𝑟𝐶

𝐴𝑏𝑠370,𝑡𝑜𝑡𝑎𝑙−𝐵𝑟𝐶
−

𝐴𝑏𝑠370,𝑊𝑆−𝐵𝑟𝐶

𝐴𝑏𝑠370,𝑡𝑜𝑡𝑎𝑙−𝐵𝑟𝐶 ÷ (1 − 𝑢𝑛𝑑𝑒𝑟𝑟𝑠𝑡𝑖𝑚𝑎𝑡𝑒𝑑)
) 

Where, 𝐴𝑏𝑠370,𝑊𝑆−𝐵𝑟𝐶  is the light-absorption coefficient of cloud water, 𝐴𝑏𝑠370,𝑡𝑜𝑡𝑎𝑙−𝐵𝑟𝐶  is the light-absorption 

coefficient of cloud RES particles that calculated from AE-33 data. If we assume that GCVI missed 30% of cloud 40 
droplets, it will lead to an underestimate of about 16%. 

 

SNA (sulfate, nitrate and ammonium) 

SNA was calculated by using follow equation: 

𝑆𝑁𝐴 = 𝐶𝑁𝑂3− + 𝐶𝑁𝐻4+ + 𝐶𝑆𝑂42− 45 

Where CNO3
- ,CNH4

+ ,and C
SO4

2- were concentration (μg·m-3) of NO3
-, NH4

+, and SO4
2-, respectively. 

 

Refractive index calculation 

The extinction ability of atmospheric aerosol can be characterized by the refractive index (m = n + ik), which is a 

complex number, where the imaginary part (k) is caused by light-absorption of aerosol, and can be calculated by 50 
the following equation (Gelencsér et al., 2003): 

𝑘 = ln 10 ×
𝐴𝜆 × 𝜆

4𝜋 × 𝐿
 

Where 𝐴𝜆 is the absorbance of cloud water, 𝜆 is the wavelength, and 𝐿 is the cuvette path length (0.01 m).
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Figure S1. (a) The meteorological parameters such as temperature (℃), RH (%), wind direction (°) and 55 
speed (m·s-1), NOx (ppb), SO2 (ppb), O3 (ppb), PM2.5 (μg·m-3), visibility (km) during field observation, and 

(b) size distribution of cloud RES, cloud INT, and cloud-free particles. 
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Figure S2. Illustration of the minimum R squared method (MRS) to determine the light-absorption of 60 
primary and secondary BrC in the cloud RES particle. 
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Figure S3. Correlation between MAE365 with SUVA (a) and E250/E365 (b) in PM2.5 and cloud water. 

 65 
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Figure S4. Correlation between Abs365 with SNA (a) and NOx (b) in PM2.5 and cloud water. 
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Figure S5. Diurnal variation of SNA (a) and NOx (b) in cloud water. 70 

  



 

 

7 

 

 
Figure S6. The WSOM/K of INT-PM2.5 and cloud water.  
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Figure S7. The imaginary refractive index of pure water and cloud water. 75 
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Table S1 The optical properties of brown carbon in different sites and sources. 

Site or source Size Species 
Abs365 

(Mm-1) 

MAE365 

(m2·g-1) 
AAE1 Reference 

Himalayas 

(polluted) 
PM10 WSOC 0.67±1.0 0.57±0.18 4.9±0.7A 

(Kirillova et 

al., 2016) 

Himalayas 

(troposphere) 
PM10 WSOC 0.16±0.25 0.52±0.18 4.6±0.8A 

(Kirillova et 

al., 2016) 

Himalayas PM10 WSOC  0.77±0.23 5.23±0.52B 
(Wu et al., 

2019) 

Xi’an PM2.5 WSOC 31.5±16.4 - - 
(Huang et 

al., 2020) 

Xi’an PM2.5 MSOC 33.9±16.4 1.5±0.5 5.4±0.2C 
(Huang et 

al., 2020) 

Beijing PM2.5 WSOC 15.0±9.5 - - 
(Huang et 

al., 2020) 

Beijing PM2.5 MSOC 26.1±18.4 1.5±0.4 5.7±0.2C 
(Huang et 

al., 2020) 

Nanjing PM2.5 WSOC 5.7 0.76 6.89D 
(Chen et al., 

2018) 

Yangzhou PM2.5 WSOC 6.08±4.30 0.75±0.29 - 
(Chen et al., 

2020) 

Yangzhou PM2.5 MSOC 13.50±7.03 1.12±0.35 - 
(Chen et al., 

2020) 

Los Angeles PM2.5 WSOC - 0.61±0.22 8.6±0.9E 
(Soleimanian 

et al., 2020) 

Los Angeles PM2.5 MSOC - 1.35±0.89 8.3±0.9E 
(Soleimanian 

et al., 2020) 

Seoul PM2.5 WSOC 3.39±2.45 1.02-1.18 7.23±1.58F 
(Kim et al., 

2016) 

Coal 

combustion 
PM2.5 WSOC - 0.3-1.0 7.5-13G 

(Li et al., 

2019) 

Rice straw PM2.5 WSOC - 1.37±0.23 8.3±0.6B 
(Park and 

Yu, 2016) 

Pine needles PM2.5 WSOC - 0.86±0.09 7.4±1.1B 
(Park and 

Yu, 2016) 

Sesame stems PM2.5 WSOC - 1.38±0.21 8.0±0.8B 
(Park and 

Yu, 2016) 

Coal smoke PM2.5 WSOC - 0.42±0.03 13.1±0.1G 
(Fan et al., 

2016) 

Corn straw 

smoke 
PM2.5 WSOC - 1.56±0.34 

6.7±0.5G 
(Fan et al., 

2016) 
1AAE values are calculated within the following ranges. 
A330-500 nm, B300-400 nm, C300-500 nm, D300-600 nm, E330-550 nm, F300-700 nm, G330-400 nm. 
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Table S2 The secondary contribution of brown carbon identified by MRS. 80 

Site Size Wavelength (nm) 
Relative 

contribute (%) 
Reference 

Tibetan Plateau PM2.5 370-660 68-911 
(Wang et al., 

2019a) 

Athens - 370 111 
(Kaskaoutis et al., 

2021) 

Wuhan - 370-660 65-771 
(Wang et al., 

2021) 

Xianghe PM1.0 370-660 19-461 
(Wang et al., 

2019b) 

Harbin PM2.5 370 45.21 
(Zhang et al., 

2021) 

Beijing PM2.5 370 56.41 
(Zhang et al., 

2021) 

Xi’an PM2.5 370 32.01 
(Zhang et al., 

2021) 

Shanghai PM2.5 370 20.31 
(Zhang et al., 

2021) 

Wuhan PM2.5 370 69.41 
(Zhang et al., 

2021) 

Guangzhou PM2.5 370 72.21 
(Zhang et al., 

2021) 

Xi’an - 370 481 
(Zhang et al., 

2020) 

Hongkong - 370 761 
(Zhang et al., 

2020) 

Qinghai Lake - 370 342 (Zhu et al., 2021) 

Beiluhe - 370 162 (Zhu et al., 2021) 

Ngari - 370 272 (Zhu et al., 2021) 

Mount Hua PM2.5 370-660 86-951 (Gao et al., 2022) 

Nanjing PM2.5 370-660 2-72 (Lin et al., 2021) 

Sanya PM2.5 370-660 3-52 
(Wang et al., 

2020) 
1The relative contribute of AbsBrC, sec to AbsBrC. 
2The relative contribute of AbsBrC, sec to total particle light-absorption. 
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Table S3 Q values for PMF analysis with different number of factors. 

Num. of factors 
R2# for all 

input species 

R2 for 

WSOC 
R2 for Abs365 Qrobust* Qrobust/Qtheory 

2 0.50-0.97 0.81 0.50 3713.9 0.88 

3 0.44-0.97 0.84 0.61 2508.3 0.92 

4 0.73-0.98 0.87 0.73 1725.9 0.93 

5 0.77-0.99 0.88 0.85 1326.9 0.94 
#R2 between the observed and predicted species 85 
*Qrobust with Fpeak=0 
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