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S1. Positive matrix factorization (PMF) analysis 

SP-AMS is based on the design of a high-resolution time-of-flight aerosol mass spectrometer 

(HR-ToF-AMS) (Decarlo et al., 2006), while SP-AMS has an additional Nd-YAG intra-cavity 

infrared (IR) laser module at the wavelength of 1064nm (Onasch et al., 2012). In this study, the SP-

AMS at YBJ site was operated at 4 min alternating intervals between tungsten-only vaporizer mode 

(TV mode) and dual-vaporizer mode (DV mode), implemented by alternately activating (IR laser-

on, i.e., dual vaporizers) and deactivating the laser vaporizer (IR laser-off, i.e., tungsten vaporizer 

only). In TV mode, the SP-AMS performs identically to the HR-ToF-AMS, providing continuous 

high-resolution mass concentration and mass spectral data for non-refractory submicron particulate 

matter (NR-PM₁). In DV mode, simultaneous use of both vaporizers enables real-time quantification 

of refractory black carbon (rBC) and NR-PM₁. rBC absorbs strongly at 1064nm and consequently 

heats up to ∼ 4000 ℃ for rBC vaporization (Onasch et al., 2012). The term rBC is operationally 

defined, referring to BC particles detected by SP-AMS. However, the data for the PMF analysis in 

this study originated exclusively from the tungsten-vaporizer mode (the data for dual-vaporizer 

mode will be discussed in Liang et al. in preparation). Thus, the positive matrix factorization (PMF) 

was performed on the high-resolution mass spectra of organic aerosol (OA) of the SP-AMS operated 

with tungsten-only vaporizer at the YBJ site. Figure S2 is the standard determination panel for 

separating the PMF factors. The solutions of factor 1–8 with fpeak varied from -1 to 1 were run. 

The Q/Qexp, scaled residuals, comparison between mass spectra of individual factors, diurnal 

variation of each factor, and comparison of the temporal evolution of every factor with 

corresponding external tracers were used to identify the best correlation for determining  the 

optimum number of factors. The detailed steps were listed in a previous study (Zhang et al., 2011). 

The sharp decrease of Q/Qexp suggest there are mass was not resolved out when 2-factor solutions 

were chosen. Values of Q/Qexp >> 1 indicate either an underestimation of the errors or the presence 

of variability in the factor mass spectra that cannot be adequately modeled by the sum of the given 

number of factors. Q/Qexp << 1 indicates overestimation of the errors of the input data (Ulbrich et 

al., 2009). In this study, Q/Qexp =0.82 under the final PMF result of 5-factor solution is within an 

acceptable range. Table S1 summarized the descriptions of PMF solutions. In general, the 5-factor 

solution is the optimum solution. For 4-factor solution, we found mixed factor between BBOA and 

Biofuel OA. For 6-10 factor solution, we found there is an extra factor with unexplained peak (m/z 

77) in their spectrum. As shown in Fig. S2, 5–factors solution (fpeak = 0) is the best solution, 

including biomass burning OA (BBOA), hydrocarbon-like OA (HOA), BBOA mixed with cooking-

related OA (COA) (biofuel–OA), less-oxidized oxygenated OA (LO-OOA), and more-oxidized 

oxygenated OA (MO-OOA) (Fig. S4).  

At the GIG site, unconstrained PMF (factor 1–8 with fpeak varied from -1 to 1) was also first 

performed on the OA measured by the ToF–ACSM (Fig. S2). However, we didn't find the best 

solution due to the ambiguous factor3 (mixed with BBOA and COA) in the 5 factor-solution as 

shown in Fig. S2. For UMR spectrum, multiple studies show that the BBOA and COA is hard to 

separate with unconstrained-PMF (Zhang et al., 2019b). Especially, when the BBOA contribution is 



less than 10%, their good separation in the unconstrained-PMF is unachievable. However, we know 

that the Guangzhou sampling site (GIG site) was impacted by the biomass burning from surrounding 

areas based the results from previous study (Cai et al., 2023; Jiang et al., 2021; Jiang et al., 2022). 

In addition, in Fig. 1 we show fire spots data during our observation period. The back trajectory 

data indicates our observation site might impacted by the fire plumes from surrounding. To resolve 

out the contribution of BBOA, Multilinear Engine 2 (ME-2; SoFi 6.8) (Canonaco et al., 2013) was 

applied here. Previous study proved that using the standard BBOA spectrum, the BBOA can be 

efficiently resolved out in the UMR dataset (Crippa et al., 2014; Lanz et al., 2007). We constrained 

BBOA by applying the standard BBOA mass spectra (Hu et al., 2016; Hu et al., 2013) with a wide 

range of a value (e.g., a value = 0–1) . Finally, we selected an optimum solution of 5 factors in ME-

2 with a value=0 (Figs. S3 and S4), including COA, BBOA, HOA, LO-OOA, and MO-OOA. 

Biomass burning OA (BBOA) and Biofuel–OA 

The BBOA component was identified at the YBJ site with an obvious peak at m/z 60 (C2H4O2
+) 

and 73 (C3H5O2
+) signals in the MS (Fig. S4), which are usually considered as a recognized tracer 

emitted from biomass burning (Alfarra et al., 2007). Different from the BBOA factor in other cities 

in eastern China, which is mainly from burning of residual straw or wood for heating, the BBOA in 

Tibet was mainly from wormwood, cypress branches, highland barley, yak butter, zanba, and so on 

(Cui et al., 2018; Zhang et al., 2020b). The diurnal variation in BBOA therefore (Fig. S4) showed a 

unique diurnal pattern with two peaks in the morning (~ 8:00) and evening (20:00–21:00). This 

pattern was mainly related to the lifecycle of residents in Tibet, who routinely perform “Weisang” 

activity during the morning and evening each day. The BBOA component identified at GIG site 

showed different diurnal variation with enhanced afternoon and nighttime peaks likely reflect 

regional transport of biomass burning emissions from agricultural activities in the Pearl River Delta 

region during summer (Cai et al., 2023; Wang et al., 2017). 

The Biofuel-OA component at the YBJ site was characterized by the highest m/z 55 (C3H3O+) 

signal and a higher ratio of m/z 55/57 compared with HOA (Zhang et al., 2011), as well as the m/z 

73 (C3H5O2
+) signal. The time series of biofuel-OA component showed a close correlation with 

emissions of tracking ions fragments C3H3O+ (R=0.8) and C6H10O+ (R=0.93) (Fig. S6), which were 

also highly correlated with the emissions of biomass burning fragments C2H4O2
+ (R=0.93). These 

findings demonstrated that this factor was associated with emissions of biomass burning and 

cooking. In this study at YBJ site, the diurnal variation in COA showed three notable peaks 

corresponding to breakfast time (8:00), lunchtime (13:00), and dinner time (21:00)  in Tibet, while 

peaks occurred at 7:00, 12:00 and 19:00 for GIG site, which coincided with different schedules 

between urban Guangzhou and remote Tibet. 

Hydrocarbon-like OA (HOA) 

The HOA component identified at the YBJ site, sourced from traffic emissions and/or other 

fossil fuel burning activities, presented a high-resolution mass spectrum (Fig. S4) resembling that 

of former research (Zhang et al., 2011; Ulbrich et al., 2009; Hu et al., 2016; Xu et al., 2014) . The 

hydrocarbon ion series of CxHy
+ dominated the MS of HOA; therein C3H5

+, C3H7
+, C4H7

+, C4H9
+, 

C5H9
+ and C5H11

+ (m/z = 41, 43, 55, 57, 69, 71) were the main constituents (Ng et al., 2011; Zhang 



et al., 2005b; Xu et al., 2014; Zhang et al., 2019a). The O/C ratio of HOA in this study was 0.11, 

suggesting its fresh property. The tight correlation between HOA versus BC and C4H9
+ (R = 0.53 

and 0.92; Fig. 6a) also indicated that the source of HOA was from traffic emissions. In addition, two 

distinct peaks of HOA occurred in the morning (8:00-9:00) and evening (20:00-21:00) rush hours 

(Fig. 4). All these characteristics suggested a reasonable decomposition for HOA. At the GIG site, 

HOA displayed a bimodal distribution with a moderate morning peak at 07:00 and a stronger evening 

peak at 20:00 (Fig. 4), consistent with typical urban HOA diurnal patterns. The enhanced evening 

peak coincides with rush-hour traffic congestion, suggesting intensified vehicular emissions during 

these periods. Notably, the evening peak magnitude exceeds morning levels, potentially reflecting 

combined effects of meteorological conditions (e.g., reduced boundary layer height) and emission 

intensity. 

Despite the three POA factors, i.e., HOA, BBOA, and Biofuel OA show similar peak in the 

morning, their night peaks are different with HOA peaked later an hour than BBOA and Biofuel OA, 

supporting their different origins based on their time series (e.g., the Pearson correlation coefficient 

between BBOA and HOA is only 0.41 (Fig. S6a)).  

For the POA factors mass spectra, scatter plots showed correlation coefficients between BBOA 

and HOA, Biofuel-OA and HOA, BBOA and Biofuel-OA were 0.52, 0.85 and 0.64, respectively (Fig. 

S5), suggesting the BBOA spectra shows distinct differences with HOA and biofuel-OA, however, 

biofuel-OA and HOA have similarity. Despite the similarity between biofuel-OA and HOA, we can still 

distinguish them based on their relatively unique and abundant "tracer ions". As shown in Table S2, the 

most obvious difference between Biofuel-OA and HOA lies in the fact that Biofuel-OA has an obvious 

higher ratio of m/z 55/57 (2.6) than that of HOA (with m/z 55/57 = 0.9) (Zhang et al., 2011), as well as 

the higher m/z 60 (C2H4O2
+) and 73 (C3H5O2

+) signals. Different mass spectra characteristics prove that 

HOA and biofuel OA have significantly different sources.  

Oxygenated OA (OOA) 

The mass spectra of MO-OOA and LO-OOA at the YBJ site were characterized by high peaks 

at m/z 44 (mostly CO
+ 

2 ) and LO-OOA had a larger peak at m/z 43 (mostly C2H3O+) as well (Crippa 

et al., 2013; Hu et al., 2016; Lanz et al., 2007; Sun et al., 2010; Zhang et al., 2005a) . As a highly 

oxidizing species, MO-OOA is consistent with the time variation of sulfate (R=0.74; Fig. S6a). 

Among all OA factors, MO-OOA had the highest O/C (0.78) and the lowest H/C (1.40), indicating 

a high oxidation degree of this factor, while LO-OOA had the lower O/C (0.55). There is a good 

correlation between the LO-OOA factor time series and the characteristic ion fragments C2H3O+ and 

C3H3O+ with R of 0.95 and 0.75 (Fig. S6a), respectively. The diurnal variation of LO-OOA and MO-

OOA was characterized by high values during the day and low values at night, with the fact that 

MO-OOA concentrations (6:00) increased approximately two hours later than LO-OOA (8:00) 

during the daytime, indicating different degrees of photochemical aging of local or regional aerosols 

under strong solar radiation. At the GIG site, the mass spectrum of the MO-OOA was similar to the 

MO-OOA of the YBJ site, with high peaks at m/z 44 and the diurnal pattern, demonstrating that 

MO-OOA was significantly influenced by aging processes, in particular photochemistry. The 

concentration of MO-OOA showed a better correlation with that of sulfate (R = 0.87) than with 



nitrate (R = 0.7) (Fig. S6b), which is likely attributed to similarly high oxidation degrees of both 

MO-OOA and sulfate. The LO-OOA component identified at the GIG site is also characterized by 

a high m/z 44 signal but lower than that of MO-OOA, indicating its relatively fresh Features.  

S2. Uncertainty analysis for the MLR method 

Before the MLR method was applied, the correlations between the BrC absorption coefficients 

at 370nm (AbsBrC,370nm) and the mass loadings of OA factors were evaluated as shown in Fig. S10. 

Results show that BBOA and HOA concentrations were well correlated with AbsBrC,370nm (R = 0.77 

and R = 0.64). A moderate correlation (R = 0.31) was also found between AbsBrC,370nm and the LO-

OOA mass concentration. The correlation for MO-OOA was near zero, indicating that aging may 

have reduced the absorption capacity. In addition, the correlation coefficient of each PMF factor 

was also performed for each campaign. At the YBJ site, it shows that the BBOA factor correlated 

strongly with the biofuel-OA factor (R = 0.89; Fig. S6a), which caused multicollinearity issues. To 

solve this issue, we set four different cases via combining or removing the latent collinearity factors 

to test the sensitivity of the MLR method, including considering all five individual factors (case 1), 

removing biofuel-OA (case 2), combining BBOA and biofuel-OA (case 3), and removing BBOA 

(case 4), as shown in Table S5.  

At the GIG site, due to the strong similarity among time series of each factor (while different 

mass spectral profiles as shown in Fig. S4), the factors, except HOA, showed varying degrees of 

strong correlation with each other, as shown in Fig. S6b. And all OA factors were well or moderately 

correlated with AbsBrC,370nm (Fig. S10). Based on these problems, we set up three scenarios to test 

the sensitivity of the MLR method, including considering all five individual factors (case 1) and 

combining all collinearity factors except HOA (case 2). In addition, we also consider the hypothesis 

that only BBOA and HOA are absorptive (case 3).  

To get the best final solution, we calculated the total uncertainty of the MLR regression 

coefficients (i.e., MAC) for each case using Monte Carlo. For the Monte Carlo calculation input, 

the uncertainty of the PMF factor mass concentration needs to be evaluated. A bootstrap analysis 

(100 iterations; (Ulbrich et al., 2009) was applied, which shows a 9–36 % uncertainty for the PMF 

factors at the YBJ site and 3 – 9 % at the GIG site, as shown in Table S6. The uncertainty for the 

coefficient of BrC at 370 nm calculated using AAEBC = 1 was estimated to be 43 % for the YBJ site 

and 36 % for the GIG site based on the lower (0.8) and upper limit of (1.2) previously reported 

AAEBC range. The total uncertainties of each coefficient for each PMF factor were then calculated 

by Monte Carlo with 10,000 simulations.  

Monte Carlo results show a high total uncertainty (Table S7) of the factors when we don't deal 

with collinearity at all (i.e., case 1) at both sites, indicating that the collinearity problem among the 

factors does increase the uncertainty of the MLR regression coefficients ( i.e., MAC).  

Combining or removing collinearity factors (i.e., case 2–4 for the YBJ site or case 2–3 for the GIG 

site) can effectively reduce the uncertainty. 

Considering that biomass burning is widely reported as an important source of BrC light 

absorption and regarded as a warming agent affecting global climate (Wang et al., 2025), we 



consider all biomass burning related contributing sources when run the MLR model in the case of 

eliminating the collinearity problemin in this study. As previously reported in the literature 

(Kasthuriarachchi et al., 2020; Qin et al., 2018), the MAC of COA is nearly zero. Thus, the 

absorption of light by COA was not considered in this study. For the YBJ site, we finally combined 

the BBOA factor and the biofuel-OA factor as BBOA (case3). The final results show an uncertainty 

of BBOA (26.4 %), HOA (20.8 %), LO–OOA (56.3 %), and MO-OOA (57.9%), as shown in Table 

S7. For the GIG site, we consider only including BBOA and HOA as input variables (case 3) for 

MLR at the GIG site. And the final results show an uncertainty of HOA (5.8 %), BBOA (6.8 %), 

and intercept (21.6 %). 

We also evaluate the lower and upper limits of the proportion of different sources contributing to 

the BrC light absorption under all case scenarios. At the YBJ site, the lower limit of MAC is 1.11, 2.04. 

0.07 and 0.07 m² g⁻¹ for BBOA, HOA, LO–OOA, and MO–OOA, while the upper limit of MAC is 2.54, 

2.36, 0.23, and 0.29 m² g⁻¹ for BBOA, HOA, LO–OOA, and MO–OOA. At the GIG site, the lower limit 

of MAC is 1.91 and 2.57 m² g⁻¹ for BBOA and HOA, while the upper limit is 2.63 and 0.16 m² g⁻¹ for 

HOA and BBOA+LO–OOA+MO–OOA. As shown in Fig. S9, at the YBJ site, BBOA was the significant 

contributor to BrC light absorption (46 %–54 %), followed by HOA (26 %–43 %) and SOA (11 %–20 %). 

At the GIG site, HOA was the significant contributor to BrC light absorption (50–54 %), followed by 

BBOA (36 %) and SOA (0–33 %). Regardless of the case, BBOA is still the dominant absorption 

contributor at the YBJ site, while HOA is the dominant absorption contributor at the GIG site, as well as 

the dominant contribution of POA to BrC light absorption in both sites, indicating the robust conclusion 

in this study. 

  



Table S1. Descriptions of PMF solutions obtained at YBJ site and GIG site. 

Factor 

number 
Fpeak Q/Qexp Solution Description from Free PMF (YBJ site) 

1-3 0 1.4 to 0.93 
Too few factors, large residuals at time periods and key m/z’s. 

Q/Qexp decreases very fast. 

4 0 0.9 

Except MO-OOA, LO-OOA and HOA, the characteristics of 

one factor is not clear. It seems that BBOA mixed with Biofuel 

OA. 

5 0 0.82 

Optimum choices for PMF factors (MO-OOA, LO-OOA, 

HOA, BBOA and Biofuel OA). Time series and diurnal 

variations of PMF factors are consistent with the external 

tracers. The spectra of 5 factors are consistent with the 

source spectra in AMS spectra database. 

6 0 0.8 showed over-split factors without an explicit physical 

meaning 

5 -1 to 1 0.873 to 0.892 

Under the 5-factor solution, the factor contributions obtained by 

different fpeak are relatively stable, clarifying the stability and 

interpretability of the five-factor solution. 

Factor 

number 

Fpeak/ 

a value 
Q/Qexp Solution Description from free PMF and ME2 (GIG site) 

1-3 0 1.96-1.21 
Too few factors, large residuals at time periods and key m/z’s. 

Q/Qexp decreases very fast. 

4 0 1.15 
Too few factors. Factors are mixed based on the time 

series and spectra. 

5 0 1.1 

Relatively reasonable profiles and time series under a fully 

unconstrained condition. However, BBOA was still mixed in 

other factors. 

6 0 1.01 
Factor split, e.g., COA was split into two factors with 

similar spectra, however, different time series. 

5 -1 to 1 1.104 to 1.112 

Under the 5-factor solution, factor MS and time series 

are nearly identical and the factor contributions obtained 

by different fpeaks are relatively stable, clarifying the 

stability and interpretability of the five-factor solution. 

Factor 

number 
a value Q/Qexp Solution Description from ME2 (GIG site) 

5 a value: 0 1.05 

Optimum choices for PMF factors (MO-OOA, LO-OOA, 

HOA, BBOA and COA) resolved by ME2. Time series and 

diurnal variations of PMF factors are consistent with the 

external tracers. The spectra of 5 factors are consistent with 

the source spectra in AMS spectra database. 

5 
a value: 0 to 

0.8 
1.03 to 1.05 

Under the 5-factor solution, factor MS and time series 

are nearly identical under different a value (Fig. S3) 

  



Table S2. The main mass spectra characteristics of PMF factors at YBJ site and GIG site. 

Factor Main mass spectra characteristics (YBJ site) 

HOA dominated by alkyl fragments (CnH2n+1
+ and CnH2n-1

+). The O/C ratio of HOA in this study was 0.11, 

suggesting its fresh property. The tight correlation between HOA versus BC and C4H9
+ (R = 0.53 and 0.92; 

Fig. S6a) also indicated that the source of HOA was from traffic emissions. 

BBOA characterized by an obvious peak at m/z 60 (C2H4O2
+) and 73 (C3H5O2

+) signals in the MS (Fig. S4), which 

are usually considered as a recognized tracer emitted from biomass burning. 

Biofuel OA characterized by the highest m/z 55 (C3H3O+) signal and a higher ratio of m/z 55/57 (2.6) compared with 

HOA (0.9) (Zhang et al., 2011), as well as the m/z 73 (C3H5O2
+) signal. The time series of biofuel OA 

component showed a close correlation with emissions of tracking ions fragments C3H3O+ (R=0.8) and 

C6H10O+ (R=0.93) (Fig. S6), which were also highly correlated with the emissions of biomass burning 

fragments C2H4O2
+ (R=0.93). These findings demonstrated that this factor was associated with emissions 

of biomass burning and cooking. 

LO-OOA characterized by high peaks at m/z 44 (mostly CO
+ 

2 ) and had a larger peak at m/z 43 (mostly C2H3O+) 

than MO-OOA as well. LO-OOA had a lower O/C (0.55) than MO-OOA. There is a good correlation 

between the LO-OOA factor time series and the characteristic ion fragments C2H3O+ and C3H3O+ with 

R of 0.95 and 0.75 (Fig. S6a), respectively.  

MO-OOA characterized by high peaks at m/z 44 (mostly CO
+ 

2 ) and the time series was consistent with sulfate 

(R=0.74; Fig. S6a). MO-OOA had the highest O/C (0.78) and the lowest H/C (1.40), indicating a high 

oxidation degree of this factor 

Factor Mass spectra characteristics (GIG site) 

HOA dominated by alkyl fragments (CnH2n+1
+ and CnH2n-1

+). HOA displayed a bimodal distribution with a 

moderate morning peak at 07:00 and a stronger evening peak at 20:00 (Fig. S4), consistent with typical 

urban HOA diurnal patterns. 

BBOA characterized by an obvious peak at m/z 60 and 73 signals and showed different diurnal variation with 

enhanced afternoon and nighttime peaks likely reflect regional transport of biomass burning emissions 

from agricultural activities in the Pearl River Delta region during summer. 

COA characterized by the highest m/z 55 signal and a higher ratio of m/z 55/57 compared with HOA. The 

diurnal variation showed three notable peaks (7:00, 12:00 and 19:00), corresponding to breakfast 

time, lunchtime, and dinner time. 

LO-OOA characterized by a high m/z 44 signal but lower than that of MO-OOA, indicating its relatively fresh 

features.  

MO-OOA characterized by high peaks at m/z 44. The concentration of MO-OOA showed a better correlation 

with that of sulfate (R = 0.87) than with nitrate (R = 0.7) (Fig. S6b), which is likely attributed to 

similarly high oxidation degrees of both MO-OOA and sulfate. 

 



Table S3. The AAEBC values used to separate BC and BrC light absorption in other studies. 

Observation sites AAEBC Reference 

Qomolangma Station 1.187 

(Zhang et al., 2021b) Nam Co Station 1.086 

Waliguan Station 1.042 

Lhasa 1 
(Zhu et al., 2017) 

Lulang 1 

Gaomeigu 1.1 (Tian et al., 2023) 

Xianghe 1.1 (Wang et al., 2019) 

Beijing 2016 1 (Xie et al., 2019) 

Beijing 2020 1 
(Sun et al., 2021) 

Gucheng 1 

Xian 1 

(Zhang et al., 2020a) 
Hong Kong 1 

Singapore 0.99 to 1.04 
(Kasthuriarachchi et al., 

2020) 

 

  



Table S4. The summary of BrC light absorption coefficients and the contributions at 370 nm, as well as the OA mass concentration and primary OA fraction, are based on the literature 

results. The results were categorized according to the locations of their observation sites (Arctic region, Qinghai–Tibet Plateau (QTP region), Southern China, and Northern China).  

Sites FractionBrC (%) AbsBrC (M m–1) OA (μg m–3) FractionPOA (%) References 

Arctic region      

circum–Arctic  0.1   (Yue et al., 2022) 

Alert  0.04   (Yue et al., 2019) 

Utqiagvik, Alaska  0.2   (Barrett and Sheesley, 2017) 

QTP region      

Lhasa (Autumn) 8 4.2   (Zhu et al., 2017) 

Beiluhe (Summer) 12.0 1.6   (Zhu et al., 2021) 

Beiluhe (Autumn) 15.2 2.4   (Zhu et al., 2021) 

YBJ site (Summer; This study) 15.4 0.2 0.7 34  

Beiluhe (Spring) 16.2 1.9   (Zhu et al., 2021) 

Beiluhe (1 year) 18.0 2.0   (Zhu et al., 2021) 

NamCo (Spring+Summer) 21.3 0.7   (Zhang et al., 2021b) 

WLG(Summer) 22.4 0.6   (Zhang et al., 2021b) 

Beiluhe (winter) 25.9 2.1   (Zhu et al., 2021) 

Ngari (Autumn) 27.4 7.6   (Zhu et al., 2021) 

Ngari (Summer) 31.4 5.9   (Zhu et al., 2021) 

Lulang (Autumn) 32.0 4.8   (Zhu et al., 2017) 

QOMS (Spring) 33.1 4.4 2.4 86 (Zhang et al., 2021b) 

Qinghai Lake (Summer) 33.9 4.1   (Zhu et al., 2021) 

Ngari (one year) 35.0 7.3   (Zhu et al., 2021) 

Ngari (Spring) 36.7 6.1   (Zhu et al., 2021) 

Gaomeigu (Spring) 37.0 12.3   (Tian et al., 2023) 

Qinghai Lake (Spring) 38.6 9.3   (Zhu et al., 2021) 

Ngari (winter) 40.7 10.7   (Zhu et al., 2021) 

Qinghai Lake (winter) 43.0 9.6   (Zhu et al., 2021) 

Qinghai Lake (1 year) 44.0 9.1   (Zhu et al., 2021) 



Qinghai Lake (Autumn) 54.4 14.9   (Zhu et al., 2021) 

Southern China      

Hong Kong (Winter) 11.0 6.3   (Zhang et al., 2020a) 

Nanjing (Summer) 14.4 26.5   (Bao et al., 2022) 

Nanjing (Spring) 16.1 29.7   (Bao et al., 2022) 

Nanjing (3 years) 16.7 6.3   (Wang et al., 2018) 

Nanjing (Autumn) 17.0 37.3   (Bao et al., 2022) 

Nanjing (Winter) 19.6 51   (Bao et al., 2022) 

GIG site (Summer; This study) 21.0 2.9 6.9 29  

Guangzhou, Panyu (Winter) 23.6 13.7 20 40 (Qin et al., 2018) 

Wuhan (Winter) 28.7    (Zhang et al., 2021a) 

Northern China      

Xian (Winter, Normal) 29.0 49.4 43.3 49 (Zhang et al., 2022) 

Beijing (Winter 2020) 36.0 24 11.25 56.3 (Sun et al., 2021) 

Shanghai (Winter) 37.6    (Zhang et al., 2021a) 

Gucheng (Winter) 38.0 66.5 21.33 51.2 (Sun et al., 2021) 

Harbin (Winter) 40.6    (Zhang et al., 2021a) 

Beijing (Winter 2016) 46.0   77 (Xie et al., 2019) 

Xian (Winter, Lockdown) 49.0 47.7 29.4 44 (Zhang et al., 2022) 

Xianghe (Winter) 58.0 61.8   (Wang et al., 2019) 

  



Table S5. Regression coefficients (MAC) of the multiple linear regression (MLR) at 370,470, 520, 590, 

and 660 nm at the YBJ site and GIG site. 

YBJ site 

 Wavelength (nm) 

 370nm 470nm 520nm 590nm 660nm 

Case1 

BBOA 2.54±0.53 0.66±0.25 0.25±0.18 0.11±0.11 0±0.13 

HOA 2.36±0.31 1.16±0.14 0.20±0.1 0.16±0.06 0±0.08 

LO–OOA 0.07±0.08 0.13±0.04 0.06±0.03 0.04±0.02 0±0.02 

MO–OOA 0.29±0.19 0.20±0.09 0±0.06 0.02±0.04 0±0.05 

biofuel–OA 0±0.42 0.22±0.20 0±0.14 0.10±0.09 0±0.1 

intercept 0±0.02 0.02±0.01 0.04±0.01 0.02±0 0.03±0 

Case2 

biofuel–OA 1.80±0.19 0.70±0.09 0.18±0.06 0.18±0.04 0±0.04 

HOA 2.04±0.32 1.08±0.14 0.17±0.1 0.15±0.06 0±0.07 

LO–OOA 0.23±0.08 0.17±0.03 0.08±0.02 0.05±0.01 0.01±0.02 

MO–OOA 0.07±0.19 0.15±0.09 0±0.06 0.01±0.04 0±0.04 

intercept 0±0.02 0.02±0.01 0.04±0.01 0.02±0 0.03±0 

Case3 

BBOA+ biofuel–OA 1.11±0.11 0.42±0.05 0.11±0.03 0.11±0.02 0±0.03 

HOA 2.08±0.30 1.11±0.14 0.18±0.1 0.16±0.06 0±0.07 

LO–OOA 0.15±0.08 0.14±0.03 0.07±0.02 0.04±0.02 0.01±0.02 

MO–OOA 0.18±0.18 0.19±0.08 0±0.06 0.02±0.04 0±0.04 

intercept 0±0.02 0.02±0.01 0.04±0.01 0.02±0 0.03±0 

Case4 

BBOA 2.54±0.23 0.92±0.11 0.25±0.08 0.23±0.05 0±0.06 

HOA 2.36±0.28 1.24±0.13 0.20±0.09 0.20±0.06 0±0.07 

LO–OOA 0.07±0.08 0.12±0.04 0.06±0.03 0.04±0.02 0±0.02 

MO–OOA 0.29±0.18 0.22±0.09 0±0.06 0.03±0.04 0±0.04 

intercept 0±0.02 0.02±0.01 0.04±0.01 0.02±0 0.03±0 

GIG site 

 Wavelength (nm) 

 370nm 470nm 520nm 590nm 660nm 

Case1 

COA 0.78±0.39 0.17±0.19 0.05±0.11 0.04±0.08 0±0.04 

BBOA 0±3.23 0±1.51 0±0.87 0±0.63 0±0.31 

HOA 1.67±0.48 1.32±0.24 0.72±0.14 0.40±0.1 0.17±0.05 

LO–OOA 0±0.35 0±0.17 0±0.09 0±0.07 0±0.03 

MO–OOA 0.19±0.34 0.11±0.16 0.04±0.07 0.05±0.07 0.03±0.03 

intercept 0.57±0.19 0.22±0.09 0.43±0.05 0.17±0.04 0.11±0.02 

Case2 

HOA 2.93±0.27 1.57±0.12 0.79±0.07 0.45±0.05 0.16±0.03 
BBOA+LO–

OOA+MO–OOA 0.16±0.02 0.08±0.01 0.03±0 0.03±0 0.02±0 

intercept 0.34±0.17 0.17±0.08 0.41±0.05 0.16±0.03 0.11±0.02 

Case3 

HOA 2.57±0.28 1.40±0.13 0.72±0.07 0.38±0.06 0.13±0.03 

BBOA 1.91±0.21 0.90±0.10 0.35±0.06 0.40±0.04 0.20±0.02 

intercept 0.37±0.17 0.18±0.08 0.42±0.04 0.17±0.03 0.11±0.02 

  



Table S6. Quantitative assessment of the uncertainty of the PMF factors was made by bootstrapping 

analysis with 100 iterations. 

YBJ site Uncertainty GIG site Uncertainty 

BBOA 23% BBOA 5% 

HOA 36% HOA 4% 

biofuel–OA 23% COA 4% 

LO–OOA 9% MO–OOA 3% 

MO–OOA 15% LO–OOA 5% 

BBOA+ biofuel–OA 33% BBOA+MO–OOA+LO–OOA 8% 

AbsBrC,370nm 43% AbsBrC,370nm 36% 

  



Table S7. The uncertainty of multiple linear regression (MLR) at 370 nm using Monte Carlo simulations 

at the YBJ site and GIG site. 

YBJ site 

CASE Mean 
Standard 

deviation 

Uncertainty (%) 

(100*std/mean) 

Case1 

BBOA 2.06  0.81  39.3  

HOA 2.07  0.39  19.0  

LO–OOA 0.10  0.09  88.1  

MO–OOA 0.27  0.11  42.7  

biofuel–OA 0.43  0.49  114.3  

intercept 0 0  

Case2 

biofuel–OA 1.78  0.43  24.2  

HOA 1.91  0.42  22.0  

LO–OOA 0.22  0.07  33.2  

MO–OOA 0.11  0.09  83.5  

intercept 0 0  

Case3 

BBOA+ biofuel–OA 1.06 0.28 26.4 

HOA 2.02 0.42 20.8 

LO–OOA 0.16 0.09 56.2 

MO–OOA 0.19 0.11 57.9 

intercept 0 0  

Case4 

BBOA 2.55  0.60  23.4  

HOA 2.22  0.37  16.7  

LO–OOA 0.09  0.09  97.2  

MO–OOA 0.29  0.11  37.6  

intercept 0 0  

GIG site 

CASE Mean 
Standard 

deviation 

Uncertainty (%) 

(100*std/mean) 

Case1 

COA 0.74  0.14  19.5  

BBOA 0.23  0.49  216.4  

MO–OOA 0.16  0.06  37.5  

HOA 1.72  0.26  15.1  

LO–OOA 0.00  0.02  552.3  

intercept 0.57  0.08  14.8  

Case2 

BBOA+MO–OOA+LO–OOA 0.16  0.01  6.2  

HOA 2.98  0.18  6.0  

intercept 0.35  0.08  23.5  

Case3 

BBOA 1.87  0.11  5.8  

HOA 2.62  0.18  6.8  

intercept 0.38  0.08  21.6  

  



Table S8. The summary of campaign–averaged light absorption coefficients (M m–1) of total aerosols, 

BC, and BrC, as well as the BrC contribution to the total absorption of particles (fBrC, %). 

Average ± SD 370nm 470nm 520nm 590nm 660nm 880nm 

YBJ 

Total 1.59±1.59 1.19±1.24 1.01± 1.05 0.88± 0.92 0.76±0.80 0.58±0.60 

BC 1.34±1.46 1.06±1.15 0.96±1.04 0.84±0.92 0.75±0.82 0.58±0.60 

BrC 0.22±0.32 0.13±0.17 0.05±0.08 0.03± 0.05 0.02±0.03 0 

fBrC 15.4±14.0 13.0±13.2 8.5±13.4 6.4±11.5 5.2±11.8 0 

GIG 

Total 13.2±7.0 9.5±5.1 8.1±4.4 7.1±3.7 6.1±3.3 4.4±2.4 

BC 10.5±5.6 8.3±4.4 7.5±4.0 6.6±3.5 5.9±3.1 4.4±2.4 

BrC 2.9±2.0 1.5±0.9 1.1±0.5 0.6± 0.4 0.3± 0.2 0 

fBrC 21.0±7.8 14.9±6.2 12.5±7.8 8.5±4.3 5.1±3.4 0 

  



Table S9. The summary of OA factors contributing to BrC absorption at 370 nm using the PMF–MLR method. The asterisks (*) represent the absorption contributions of soluble BrC from 

different sources at 365nm. The sources include POA (primary OA) (BBOA (biomass burning OA), HOA (hydrocarbon–like OA), CCOA (coal combustion OA), COA (cooking–related 

OA), NOA (nitrogen‐containing OA); If other types of BrC primary sources exist in the literature, they are unified as POA and SOA (secondary OA).  

Sites BBOA HOA CCOA COA NOA *POA SOA Unidentified References 

China          

Gucheng (winter) (16%) (10%) (42%)     (52%)  (Sun et al., 2021) 

Beijing (winter 2016) (17%)  (48%) (3%)    (32%)  (Xie et al., 2019) 

Beijing (winter 2020)   (56%) (7%)   (37%)  (Sun et al., 2021) 

Xianghe (winter) (49%) (4%) (28%)     (19%)  (Wang et al., 2019) 

Xianlockdown (winter) (20%) (11%) (28%)    (40%) (1%) 
(Zhang et al., 2022) 

Xiannormal (winter) (17%) (20%) (45%)    LO–OOA (12%) (6%) 

Guangzhou(summer; This study) (36%) (51%)      (13%)  

Guangzhou (Winter 2014) (25%) (23%)     LV–OOA (52%)  (Qin et al., 2018) 

QTP region 

Gaomeigu (Spring) (51%)      po–OOA (49%)  (Tian et al., 2023) 

QOMS (Spring) (64%)    (20%)  MO–OOA (16%)  (Zhang et al., 2021b) 

YBJ (Summer; This study) (40%) (38%)      (22%)   

Other countries 

Paris (winter) (74%) (8%)     
OOA 

(18%) 
 (Zhang et al., 2020c) 

Delhi (winter) (48%) (10%)     SV–OOA (26%) (16%) (Singh et al., 2021) 

Athens (winter) (33%) (13%)  (13%)   (41%)  (Kaskaoutis et al., 2021) 

Singapore (winter)  (83%)  (2%)   LO–OOA (15%)  (Kasthuriarachchi et al., 2020) 

Manaus (Summer+Autumn) (57%) (22%)     (17%) (4%) (De Sá et al., 2019) 

Mexico (winter) (14%) (54%)     (24%)  

(Retama et al., 2022) 
Mexico (Spring) (55%) (40%)     (0.2%) (4.8%) 

Mexico (Summer) (6%) (49%)     (5%) (40%) 

Mexico (Winter to summer) (43%) (46%)     (6%) (5%) 

*Soluble BrC a 365nm 

*Central Alabama (Summer) (85%)      LO–OOA (10%) (3%) (Washenfelder et al., 2015) 

*Urumqi (Winter)      (46%) (54%)  

(Zhong et al., 2023) 
*Xining (Winter)      (51%) (49%)  

*Lanzhou (Winter)      (60%) (40%)  

*Yinchuan (Winter)      (30%) (70%)  

*Xian (Winter) (19%) (12%) (13%)    OOA (28%) (28%) 
(Lei et al., 2019) 

*Xian (Summer)  (7%) (1%)    OOA (75%) (17%) 

*Yangzhou (Autumn to early 

Spring) 
(24%) (19%)     (47%)  (Chen et al., 2020) 



*Nanjing (Spring)      (58%) (42%)  

(Bao et al., 2022) 
*Nanjing (Summer)      (44%) (56%)  

*Nanjing (Autumn)      (75%) (25%)  

*Nanjing (Winter)      (60%) (40%)  

Note:  

*Nanjing SOA = anthropogenic SOA+ biogenic SOA + secondary nitrate and sulfate formation  

*Urumqi Xining Lanzhou Yinchuan SOA = HO–OOA1 + HO–OOA2 + LO–OOA 

Mexico SOA = LO–OOA+MO–OOA 

*Yangzhou SOA = LO–OOA+MO–OOA 

Paris BBOA = LO–BBOA+MO–BBOA 

Manaus BBOA = LO–BBOA+MO–BBOA 

Manaus SOA = MO–OOA+LO–OOA+IEPOX–SOA 

Athens SOA = SV–OOA+LV–OOA 

Singapore HOA = HOA+O–HOA 

Beijing CCOA = FFOA 

Beijing (winter 2016)–SOA = aqOOA + OPOA+OOA 

Beijing (winter 2020)–SOA = LO–OOA+MO–OOA 

Xianlockdown SOA = LO–OOA + MO–OOA 

  



Table S10. The literature summary of MAC (m2 g–1) from different BrC sources, which was obtained by the PMF–MLR method in different environments. All the results were 

categorized based on the locations of their observation sites (urban China, Qinghai–Tibet Plateau (QTP region), and other countries). 

 

Sites BBOA HOA CCOA LO–OOA MO–OOA References 

Urban China 

Xianghe (winter) 3.40±0.16 0.50±0.16 5.73±0.32   (Wang et al., 2019) 

Guangzhou (Winter 2014) 3.40±0.41 0.61±0.05   1.04±0.08 (Qin et al., 2018) 

Xiannormal (winter) 1.66±0.08 1.44±0.08 5.35±0.13 0.71±0.05 –0.26±0.08 
(Zhang et al., 2022) 

Xianlockdown (winter) 2.39±0.13 1.92±0.19 5.22±0.19 2.08±0.14 0.73±0.14 

Guangzhou (Summer; This study) 1.91±0.21 2.57±0.28     

QTP region 

Gaomeigu (Spring) 2.78±0.39    1.43±0.23 (Tian et al., 2023) 

QOMS (Spring) 2.29±0.02    0.60±0.03 (Zhang et al., 2021b) 

YBJ (Summer; This study) 1.11–2.54 2.08±0.30  0.15±0.08 0.18±0.08  

Other countries 

Delhi (winter) 0.86 0.42  0.67  (Singh et al., 2021) 

Manaus (Summer+Autumn) 

(LO–BBOA) 

1.5±0.07 
2.04±0.14  0.01±0.02 0.01±0.02 (De Sá et al., 2019) 

(MO–BBOA) 

0.82±0.01 

Athens (winter) 7.63±0.74 1.34±0.49  4.02±0.44 1.98±0.33 (Kaskaoutis et al., 2021) 

Paris (winter) 

(LOBBOA) 

4.86±0.18 
1.06±0.23  

(OOA) 

0.55±0.05 
(Zhang et al., 2020c) 

(MO–BBOA) 

2.02 ±0.12 

Central Alabama (Summer) 1.35±0.06   0.03±0.02 –0.01±0.01 (Washenfelder et al., 2015) 

Mexico (Spring) 1.82±0.02 1.76±0.03  0.01±0.04 0±0.01 

(Retama et al., 2022) 
Mexico (Summer) 0.4±0.14 1.47±0.07  0.03±0.06 0.04±0.03 

Mexico (winter) 0.83±0.09 1.79±0.03  0.97±0.06 –0.14±0.02 

Mexico (Winter to summer) 1.73±0.02 1.75±0.02  0.29±0.03 0±0.01 

Singapore (winter)  0.97±0.33  0.67±0.23  (Kasthuriarachchi et al., 2020) 



 
Figure S1. The setup diagram of instruments during campaign in Yangbajing and Guangzhou. 

 

 
Figure S2. Diagnostics plots of factor selections in the unconstrained PMF at the YBJ site (left) and the 

GIG site (right). 

 



 
Figure S3. ME2-Diagnostics plots of factor selections at the GIG site. 

 
 



 
Figure S4. The final optimum solution for OA sources at the YBJ site and the GIG site. The mass 

spectrum was plotted in the form of UMR, and each peak was colored on the basis of the contributions 

of 8 ion categories: Cx
+, CxHy

+, CxHyO1
+, CxHyOz

+, CxHyNp
+, CxHyO1Np

+, CxHyOzNp
+, HxO+. 

 
Figure S5. Mass spectra scatter plots among BBOA, HOA and Biofuel-OA at YBJ site. 

 

 



 
Figure S6. The Pearson's correlation coefficient (R) between the OA factor and tracers at the YBJ site 

and the GIG site. 

 
Figure S7. The time series of OA mass concentration and BrC light absorption coefficients at 370, 470, 

520, 590, and 660 nm at the YBJ site and GIG site. 



  
Figure S8. Diurnal variations of light absorption of total aerosol at seven wavelengths at the YBJ site (a) 

and the GIG site (b). 

 
Figure S9. (a) The contributions of different OA factors to total OA (left) and contributions of different 

OA factors to BrC light absorption at 370 nm (Center and right; represent a upper and lower bound based 

on the different cases discussed in Section 2.5.1 and Section S2) at YBJ site (a) and GIG site (b). 

 
Figure S10. Scatter plots of brown carbon absorption at 370 nm versus the mass concentrations of OA 

factors during the campaign.  



 
Figure S11. Hourly rose plots at the YBJ site. 

 
Figure S12. Rose plots and Bivariate polar plots of HOA and BBOA during morning peak (6:00 to 

11:00) and evening peak (17:00 to 24:00). The unit of wind speed is km h−1 in the Bivariate polar plots. 

(map source: © Google Earth) 

 
Figure S13. The diurnal variations of wind speed at the YBJ site 



 
Figure S14. The summary of the contribution of organic aerosols from different sources to BrC 

absorption at 370 nm using the PMF–MLR method. The asterisks (*) represent the absorption 

contributions of soluble BrC from different sources at 365nm. The sources include POA (primary OA) 

and SOA (secondary OA). The dashed line represents 50% of BrC absorption. 
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