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1. Calibration for SP2 63 

Calibration work was conducted to study the positive monotonic relationship between aerosol 64 

scattering coefficient and scattering peak signal measured by SP2. The relationship is described by 65 

the following: 66 

𝐶𝑠𝑐𝑎 = 𝐾1𝑠𝑐𝑎 × 𝑃𝑠𝑐𝑎 + 𝐾2𝑠𝑐𝑎                                                                                                                                     (1) 67 

where 𝐶𝑠𝑐𝑎 is the particle scattering coefficient and 𝑃𝑠𝑐𝑎 is peak of scattering signal. For SP2, the 68 

method for observing scattering signal is recording time series of scattering signal through both high 69 

gain and low gain channel. Ammonium sulphate, with a refractive index of 1.53 + 10−7i was used 70 

for calibration. The DMA was set to scan aerosol diameters ranging from 80nm to 500nm. For each 71 

selected diameters, corresponding particle scattering coefficient was calculated by Mie theory. The 72 

results from both high gain and low gain channels are displayed in FigureS1 (a) and (b), with 73 

correlation coefficient reaching more than 0.99. The relationship between aerosols scattering 74 

coefficient and scattering peak signal can be described as： 75 

𝐶𝑠𝑐𝑎 = 4.499−15 × 𝑃𝑠𝑐𝑎 − 1.676−12                                                                                                                          (1) 76 

𝐶𝑠𝑐𝑎 = 5.083−14 × 𝑃𝑠𝑐𝑎 − 8.472−12                                                                                                                          (2) 77 

On the basis of observed scattering of particles, and aerosol diameters determined by the DMA, 78 

real part of aerosol refractive index of BC-free aerosols at 1064 nm can be retrieved using the method 79 

proposed by Zhao et al. (2019b).  80 

Figure S1. Comparison between measured scattering coefficient and scattering peak signal from (a) high gain 

channel and (b) low gain channel of SP2. 
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2. The source apportionment of volume size distribution 81 

The PMF technique was applied to resolve the particle number size distribution measured by 82 

the SMPS into different source factors. The diagnostics analysis, as presented in Figure S2, 83 

Figure S2. Diagnostic plots of the 5-factor solution in the unconstrained PMF. 
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performed that number of 3-6 could be possible solution. It was determined that five factors solution 84 

was the best solution. The four factors solution failed to split two mutual independent factors. For 85 

example, the factor 2 of 5 factor solutions are not resolved. This factor at relatively larger diameter 86 

ranges is usually associated with aqueous secondary aerosol formations (Kuang et al., 2020) While 87 

six factors solution over split factors, with factor 6 contributing negligibly to aerosol volume. The 88 

volume size distribution, diurnal variation and correlation coefficients with chemical components 89 

for four, five and six factors solutions are displayed in figure S3. Four factors solution was unable 90 

to split the factor that prominently profiles the volume size distribution in the 300nm to 700nm range. 91 

In contrast, in five factors solution, factor 2 exhibited a distinct correlation coefficient with chemical 92 

components compared to the other factors, particularly with SOA (LOOA and MOOA,𝑅 = 0.87). 93 

However, when an additional sixth factor was included, corresponding characteristics show less 94 

pronounced. Therefore, we suggest that five factors can explain dataset well. 95 

 96 

3. The relationships between dry state aerosol scattering of PM1 and TSP  97 

Figure S3. The volume size distribution, diurnal volume variation and correlation coefficient with chemical 

components of 3-5 factors solution. 
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         Kuang et al. (2024) developed an advanced aerosol-cloud sampling system designed to 98 

measure fog and cloud activation processes with this system include inlets of PM1, PM2.5 and TSP 99 

and the sampling flow switch automatically between these three inlets. Under subsaturated 100 

conditions (not in cloud and fog cases), this system could be used to measure scattering coefficients 101 

of PM1, PM2.5 and TSP aerosols if a nephelometer is placed downstream of this sampling system. 102 

This system coupled with two nephelometers (one without drying, and another one with sampling 103 

RH dried to below 15%) and other instruments was placed in Panyu station (Tan et al., 2013) of 104 

Institute of Tropical and Marine Meteorology, Guangzhou, China, since 24th May. Time duration 105 

for each inlet is 10 minutes and switch in the order if PM1, TSP and PM2.5. Linear interpolation was 106 

applied to all aerosol scattering measurements of PM1 to match the time of TSP measurements. 107 

Results of Xu et al. (2024) demonstrated that the dry-state PM1 measurements would be affected by 108 

aerosol hygroscopic growth when RH is higher than 60%. Therefore, data points with RH smaller 109 

than 60% (from 24th May to 19th August) was used to retrieve relationships between aerosol 110 

scattering of dry-state PM1 and TSP (𝜎𝑠𝑝,𝑃𝑀1,525 vs 𝜎𝑠𝑝,𝑇𝑆𝑃,525) as shown in Fig.S4. Fig.S4a shows that 111 

aerosol scattering of dry-state PM1 and TSP correlate highly with the correlation coefficients reaches 112 

0.99, however their ratio varies depending on aerosol scattering levels as shown in Fig.S4b. The 113 

ratio 𝜎𝑠𝑝,𝑇𝑆𝑃,525/𝜎𝑠𝑝,𝑃𝑀1,525 could reaches as high as 1.5 when 𝜎𝑠𝑝,𝑇𝑆𝑃,525 is smaller than 15 Mm-1 114 

with the standard deviations could be higher than 0.2, however, the 𝜎𝑠𝑝,𝑇𝑆𝑃,525/𝜎𝑠𝑝,𝑃𝑀1,525 reduces 115 

as nearly a constant of 1.08 for 𝜎𝑠𝑝,𝑇𝑆𝑃,525 higher than 90 Mm-1  with standard deviation of about 116 

0.05. This relationship allows us to establish an average correction curve as a function of 𝜎𝑠𝑝,𝑇𝑆𝑃,525, 117 

and 1.08 is used for 𝜎𝑠𝑝,𝑇𝑆𝑃,525 higher than 130 Mm-1. 118 

Figure S4.  (a) Comparison dry-state aerosol scattering coefficients at 525 nm between inlets of PM1 (𝜎𝑠𝑝,𝑃𝑀1,525) 

and TSP (𝜎𝑠𝑝,𝑇𝑆𝑃,525); (b) The ratio 𝜎𝑠𝑝,𝑇𝑆𝑃,525/𝜎𝑠𝑝,𝑃𝑀1,525 under different  𝜎𝑠𝑝,𝑇𝑆𝑃,525 levels. 
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4.The calculating procedures of aerosol scattering coefficient simulations 119 

As discussions presented in Sect 2.3, aerosol particle number size distribution (PNSD), BC 120 

mass size distribution and mixing state, as well as refractive index of BC and non-BC (treated as 121 

almost pure scattering at 525 nm where light absorption of brown carbon is small) is needed for the 122 

aerosol scattering simulations. Rext (mass fractions of externally mixed BC in total BC mass) of  123 

0.56 and Rcsm (number fractions of coreshell mixed particles in total non-external BC particles, 124 

including BC containing coreshell mixed BC and pure scattering) of 0.13 are used to represent BC 125 

mixing state. The BC mass concentrations measured (MBC) by AE33 is distributed to different 126 

diameters using the lognormal distribution with the 𝐷𝑔 of 258 and 𝜎𝑔 of 1.69: 127 

𝑑𝑀𝐵𝐶(𝐷𝑝)

𝑑𝑙𝑜𝑔𝐷𝑝
=

𝑀𝐵𝐶

√2𝜋 log(𝜎𝑔)
∙ exp⁡(−

[log(𝐷𝑝)−log(𝐷𝑔)]
2

2 log(𝜎𝑔)2
)                                                      (1) 128 

Three types of aerosols were included in this simulation: (1) BCe, externally mixed BC particles, (2) 129 

BCc, BC-containing coreshell particles; (3) PS, BC-free pure scattering particles. For each type of 130 

particles, the aerosol scattering can be represented as: 131 

𝜎𝑠𝑝,𝑡𝑦𝑝𝑒(𝜆) = ∫𝑄𝑠𝑝,𝑡𝑦𝑝𝑒,𝑛𝑒𝑝(𝐷𝑝, 𝑚̃, 𝜆) ∗ (
𝜋𝐷𝑝2

4
) ∗ 𝑁(𝑙𝑜𝑔𝐷𝑝, 𝑡𝑦𝑝𝑒) ∗ 𝑑𝑙𝑜𝑔𝐷𝑝       (2) 132 

where scattering efficiency (𝑄𝑠𝑐𝑎,𝑡𝑦𝑝𝑒,𝑛𝑒𝑝ℎ) that considered the truncation error of nephelometer and 133 

non-ideality of light source is a function of particle diameter (Dp), refractive index 𝑚̃  and 134 

wavelength (λ)  based on the basis of Mie theory, N(logDp, type)  is the particle number size 135 

distribution (PNSD) of corresponding aerosol type. The refractive index of BC is 1.96 – 0.66𝔦 which 136 

is consistent with Ma et al. (2011), and refractive index of non-BC components is 𝑚𝑟 – 10−7𝔦, and  137 

10−7 for the imaginary part is recommended by (Wex et al., 2002) , 𝑚𝑟 is the parameter that needs 138 

to be retrieved in the closure.  139 

The 𝑄𝑠𝑐𝑎,𝑡𝑦𝑝𝑒,𝑛𝑒𝑝ℎ was calculated by integrating the scattering intensity function |𝑆(𝜃, 𝑥, 𝑚̃)| from 140 

0° to 180°: 141 

𝑄𝑠𝑐𝑎,𝑡𝑦𝑝𝑒,𝑛𝑒𝑝ℎ=
1

𝑥2
∫ |𝑆(𝜃, 𝑥, 𝑚̃)|2 sin 𝜃 × 𝑍𝑡𝑠(𝜃) 𝑑𝜃
180

0
                                          (3) 142 

Where 𝑥 = 𝜋𝐷𝑝 𝜆⁄ , 𝑍𝑡𝑠(𝜃) is scattering sensitivity functions that counts for angel truncation errors 143 

and light source non-ideality of the Aurora 3000 nephelometer which was reported by Müller et al. 144 

(2011) through calibration experiment. Note that, for the BCc type particles, the |𝑆(𝜃, 𝑥, 𝑚̃)| can be 145 

calculated using the BHCOAT code (Cheng et al., 2008). 146 
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For the BCe type particles, N(logDp)BCe can be derived as: 147 

N(logDp)BCe =
𝑑𝑀𝐵𝐶(𝐷𝑝)×Rext

𝑑𝑙𝑜𝑔𝐷𝑝×𝜌𝐵𝐶×
𝜋

6
×𝐷𝑝

3                                                                      (4)  148 

Where 𝜌𝐵𝐶  is density of BC and set as 1 g/cm3 for BC on the basis of results of Zhou et al. (2022) 149 

Then N(logDp)BCc and N(logDp)PS can be derived as: 150 

N(logDp)BCc = (𝑁(𝑙𝑜𝑔𝐷𝑝) − N(logDp)BCe) × 𝑅𝑐𝑠𝑚                                    (5) 151 

N(logDp)PS = (𝑁(𝑙𝑜𝑔𝐷𝑝) − N(logDp)BCe) × (1 − 𝑅𝑐𝑠𝑚)   152 

The core diameter of BCc particle can be calculated as: 153 

𝐷𝑐 = (
6∗𝑀𝐵𝐶(𝐷𝑝)∗(1−𝑅𝑒𝑥𝑡)

𝜌𝐵𝐶∗𝜋∗N(logDp)BCc
)
1

3   154 

On the basis of above formulas, aerosol scattering coefficient at 525 nm for each type of aerosols 155 

that have corrected to the nephelometer case can be simulated, and thus the total aerosol scattering 156 

coefficient at 525 nm of the nephelometer case (𝜎𝑠𝑝,𝑛𝑒𝑝ℎ,525) can be calculated as: 157 

𝜎𝑠𝑝,𝑛𝑒𝑝ℎ(525) = 𝜎𝑠𝑝,𝑛𝑒𝑝ℎ,𝐵𝐶𝑒(525) + 𝜎𝑠𝑝,𝑛𝑒𝑝ℎ,𝐵𝐶𝑐(525) + 𝜎𝑠𝑝,𝑛𝑒𝑝ℎ,𝑃𝑆(525)（6） 158 

 159 

 5. Sensitivity test associated with aerosol scattering coefficients and 𝒎𝒓𝒄𝟓𝟐𝟓  retrieval with 160 

different input parameters 161 

As introduced in Sect.S4, aerosol scattering is influenced by many factors such as refractive 162 

index, mixing state, BC mass size distributions and BC mass concentration. A sensitivity analysis 163 

on the basis of measured average PNSD, BC mass size distributions and mixing sates during the first 164 

campaign is conducted to explore impacts of these parameters on aerosol scattering coefficient at 165 

525 nm (⁡𝜎𝑠𝑝,𝑠𝑖𝑚) through perturbating these input parameters. These parameters include the density 166 

of BC, BC refractive index, BC mass concentration, real part of the refractive index (𝑚𝑟) of BC 167 

coating materials and BC-free particles, mixing state, geometric standard deviation (GSD) and 168 

geometric mean diameter (GM) of BC mass size distributions and BC mass concentration. The 169 

mixing state takes on two extreme states: core-shell mixed state and external mixed state, while 170 

ranges of other parameters change from minimum to maximum values shown in Fig.S5. Results with 171 

⁡𝜎𝑠𝑝,𝑠𝑖𝑚 absolute changes are shown in Fig.S5a, and relative changes are shown in Fig.S5b, with the 172 

black circle represents the average case during the short campaign of this study. It shows that 𝑚𝑟 is 173 

the most important parameter that influence aerosol scattering, while the mixing state also plays a 174 
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role. However, as demonstrated by results of the first short term campaign, the mixing state would 175 

not change in the range of completely core-shell to completely external case, observed mixing state 176 

variations can only cause a maxima of ~5% relative changes in aerosol scattering.  177 

Note that, the sensitivity results shown here is somehow contrary to the conclusion draw by 178 

Zhao et al. (2019a) that BC mass size distributions, that is GM here, should have comparable impacts 179 

with BC mixing states on simulations of aerosol scattering . Here, we explored this further through 180 

simulating variations of the ratio (⁡𝜎𝑠𝑝,600/⁡𝜎𝑠𝑝,180) between ⁡𝜎𝑠𝑝,𝑠𝑖𝑚 with GM of 600 nm and 180 nm 181 

under different Rext (mass ratio of externally mixed BC in total aerosol mass) and Rcsm (number 182 

fraction of internally core-shell mixed BC in total number of internally mixed BC and BC-free 183 

particles) conditions, and the results are shown in Fig.S6. It shows that variations of GM have 184 

different impacts on aerosol scattering efficiency. For lower Rcsm, ⁡𝜎𝑠𝑝,600/⁡𝜎𝑠𝑝,180 is very close to 1, 185 

demonstrating that variations in BC mass size distributions have small impacts on aerosol scattering 186 

calculations. For Rcsm equal to 1, which is the case for Zhao et al. (2019a), relative difference 187 

between ⁡𝜎𝑠𝑝,600 and ⁡𝜎𝑠𝑝,180 could be higher than 10% which share similar magnitudes of influence 188 

with BC mixing states. This results explains the inconsistency between findings of Zhao et al. (2019a) 189 

with sensitivity results shown in Fig.S5 (the Rext and Rcsm is also marked on Fig.S6).  190 

          A comprehensive sensitivity experiment was further conducted to explore how much 191 

variations in these input parameters of optical closure calculations could impact on 𝑚𝑟𝑐525 retrieval, 192 

and results are shown in Fig.S7. It demonstrates that the ratio used for converting measured aerosol 193 

Figure S5. The change and corresponding relative deviation of ⁡𝜎𝑠𝑝,𝑠𝑖𝑚 associated with variations in different 

input parameters. The range of parameters are show on the right side of bar. 
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scattering coefficient of TSP (⁡𝜎𝑠𝑝,𝑇𝑆𝑃,525) to scattering coefficient of PM1 (⁡𝜎𝑠𝑝,𝑃𝑀1,525) represents 194 

the most important parameter that influence the accuracy of  𝑚𝑟𝑐525 retrieval.  195 

 196 

 197 

Figure S6. Simulated variations of the ratio ⁡𝜎𝑠𝑝,600/⁡𝜎𝑠𝑝,180 under different Rext (x-axis) and Rcsm (y-axis) 

conditions, colors represent values of ⁡𝜎𝑠𝑝,600/⁡𝜎𝑠𝑝,180.  

Figure S7. The change and corresponding relative deviation of retrieved 𝑚𝑟𝑐525  associated with variations in 

different input parameters. The range of parameters are show on the right side of bar. The sensitivity study was 

performed using average PNSD, BC mass size distributions and mixing states in the first short campaign. 
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6. Test experiment on using the volume mixing rule to retrieve 𝒎𝒓𝒄𝟓𝟐𝟓 of POA and SOA if 198 

POA and SOA is externally mixed 199 

To evaluate the applicability of the volume mixing rule under conditions where POA and SOA 200 

are externally mixed, simulations were conducted following these steps, and the : (1) Assume the 201 

geometric mean of the volume size distribution of POA is 250 nm and the geometric standard deviation 202 

is 1.5; (2) Assume the geometric mean of the volume size distribution of SOA is 450 nm and the 203 

geometric standard deviation is 1.5; (3) Define the 𝑚𝑟 of POA at 525 nm (𝑚𝑟525,𝑃𝑂𝐴) to range from 204 

1.34 to 1.54; (4) Define the 𝑚𝑟 of SOA at 525 nm (𝑚𝑟525,𝑆𝑂𝐴) to range from 1.43 to 1.63; (5) For each 205 

𝑚𝑟525,𝑃𝑂𝐴 and 𝑚𝑟525,𝑆𝑂𝐴 pair,  assume SOA mass concentration of 10 µg/m3 and ranging POA mass 206 

concentrations from 5 to 15 µg/m3;  (6) For each 𝑚𝑟525,𝑃𝑂𝐴 and 𝑚𝑟525,𝑆𝑂𝐴 pair, calculate the summed 207 

aerosol scattering coefficients at 525 nm based on the combined contributions of POA and SOA, then 208 

derive corresponding 𝑚𝑟𝑐525  values; (7) Retrieve the 𝑚𝑟𝑐525  of POA and SOA using the volume 209 

mixing rule.  210 

The introduced procedures mean that for each 𝑚𝑟525,𝑃𝑂𝐴 and 𝑚𝑟525,𝑃𝑂𝐴 pair, aerosol scattering 211 

under different POA and SOA fractions were simulated and different 𝑚𝑟𝑐525 values that could be 212 

retrieved using simulated total aerosol scattering and particle number size distributions. For each POA 213 

and SOA condition, the volume of POA ans SOA are converted from assumed mass concentrations 214 

using densities of POA (1.0 g/cm³) and SOA (1.3 g/cm³ for convenience). 215 

The volume size distributions of POA and SOA follow lognormal distributions: 216 

d𝑉𝑥/dlogDp =
𝑉𝑥

√2𝜋 log(σg,x)
exp⁡[−

(log(D𝑝)−log(Dg,x))
2

2log2σg,x
]    (7) 217 

where x corresponding to SOA and POA, 𝑉𝑥 represents corresponding total volume concentration 218 

derived from mass concentrations, σg,x represents corresponding geometrical mean, σg,x represents 219 

corresponding geometric standard deviation.  220 

N(logDp)POA = d𝑉𝑃𝑂𝐴/dlogDp 𝑉(Dp)⁄                                                                     (8) 221 

N(logDp)SOA = d𝑉𝑃𝑂𝐴/dlogDp 𝑉(Dp)⁄                                                                     (9) 222 

Where 𝑉(Dp) is the volume one single particle with diameter of Dp.  223 

𝜎𝑠𝑝,𝑃𝑂𝐴(525) = ∫𝑄𝑠𝑝(𝐷𝑝, 𝑚̃𝑃𝑂𝐴, 525) ∗ (
𝜋𝐷𝑝2

4
) ∗ N(logDp)POA ∗ 𝑑𝑙𝑜𝑔𝐷𝑝            (10) 224 

Where 𝑚̃𝑃𝑂𝐴 = 𝑚𝑟525,𝑃𝑂𝐴 + 𝑖 × 10−7 , and  𝑄𝑠𝑝,𝑃𝑂𝐴  is the scattering efficiency, 10−7  for the 225 

imaginary part for consistency with the optical closure calculations in Sect 2.3. 226 
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𝜎𝑠𝑝,𝑆𝑂𝐴(525) = ∫𝑄𝑠𝑝(𝐷𝑝, 𝑚̃𝑆𝑂𝐴, 525) ∗ (
𝜋𝐷𝑝2

4
) ∗ N(logDp)SOA ∗ 𝑑𝑙𝑜𝑔𝐷𝑝             (11) 227 

Where 𝑚̃𝑆𝑂𝐴= 𝑚𝑟525,𝑆𝑂𝐴 + 𝑖 × 10−7, and  𝑄𝑠𝑝 is the scattering efficiency. 228 

Then: 229 

𝜎𝑠𝑝(525) = 𝜎𝑠𝑝,𝑃𝑂𝐴(525) + 𝜎𝑠𝑝,𝑆𝑂𝐴(525)                                                              (12) 230 

And, size distributions of SOA and POA populations: 231 

N(logDp) = N(logDp)𝑃𝑂𝐴 + N(logDp)SOA                                                              (13) 232 

Finally, the 𝑚𝑟𝑐525 of the total aerosol populations could be retrieved iteratively using the following 233 

form equation: 234 

𝜎𝑠𝑝(525) = ∫𝑄𝑠𝑝(𝐷𝑝, 𝑚̃𝑐, 525) ∗ (
𝜋𝐷𝑝2

4
) ∗ N(logDp) ∗ 𝑑𝑙𝑜𝑔𝐷𝑝                            (14) 235 

Where 𝑚̃𝑐= 𝑚𝑟𝑐525 + 𝑖 × 10−7, 236 

For each 𝑚𝑟525,𝑃𝑂𝐴 and 𝑚𝑟525,𝑃𝑂𝐴 pair, a list of data pairs of retrieved 𝑚𝑟𝑐525 as well as volume 237 

fractions of SOA and POA could be obtained. Then 𝑚𝑟𝑐525,𝑃𝑂𝐴 and 𝑚𝑟𝑐525,𝑃𝑂𝐴 could be retrieved 238 

using the volume mixing rule with retrieved 𝑚𝑟𝑐525 points and corresponding volume fractions of 239 

POA and SOA (𝑓𝑉,𝑃𝑂𝐴 and 𝑓𝑉,𝑆𝑂𝐴) as inputs of the following multilinear regression formula: 240 

𝑚𝑟𝑐525 = 𝑚𝑟𝑐525,𝑃𝑂𝐴 × 𝑓𝑉,𝑃𝑂𝐴 +𝑚𝑟𝑐525,𝑆𝑂𝐴 × 𝑓𝑉,𝑆𝑂𝐴                                             (15) 241 

For all 𝑚𝑟525,𝑃𝑂𝐴 and 𝑚𝑟525,𝑃𝑂𝐴 pairs, the comparison results between the retrieved  𝑚𝑟𝑐525,𝑃𝑂𝐴 and 242 

𝑚𝑟𝑐525,𝑆𝑂𝐴 values and their assumed counterparts are shown in Fig. S9. Results demonstrate that in 243 

general, the retrieved 𝑚𝑟𝑐525⁡ values closely match the original values, with deviations averaging less 244 

than 2%. These findings confirm the applicability of the volume mixing rule under conditions where 245 

POA and SOA are externally mixed. 246 
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  249 

Figure S8. Comparison between original 𝑚𝑟525 and 𝑚𝑟𝑐525 retrieved using the volume mixing rule for both 

POA and SOA in simulations where SOA and POA are externally mixed.   
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7. Other supplementary Figures 250 
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 262 

Figure S9. Time series of aerosol components and size dependent real part of refractive index (𝑚𝑟1064) retrieved 

using DMA-SP2 measurements at different particle size from January 12 to February 27, 2022. 
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 268 

Figure S11. 𝑚𝑟1064,400 variations with the ratio (a)MOOA to SOA (b)LOOA SOA derived from factor1 and 

factor 2, which account for over 70% of all factors at 400 nm. The intensity of colors indicates the number of 

samples, while red spots and error bars represent average values and standard deviations. 

 

Figure S10. Probability distributions of MOOA mass fractions in total NR-PM1 in two rectangular regions of Fig.1b 
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