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Abstract 32 

Secondary organic aerosols (SOA) account for a large fraction of atmospheric aerosol mass and 33 

play significant roles in visibility impairment by scattering solar radiation. However, comprehensive 34 

evaluations of SOA scattering abilities under ambient relative humidity (RH) conditions on the basis 35 

of field measurements are still lacking due to the difficulty of simultaneously direct quantifications of 36 

SOA scattering efficiency in dry state and SOA water uptake abilities.  In this study, field 37 

measurements of aerosol chemical and physical properties were conducted in Guangzhou winter 38 

(lasted about three months) using a humidified nephelometer system and aerosol chemical speciation 39 

monitor. A modified multilinear regression model was proposed to retrieve dry state mass scattering 40 

efficiencies (MSE, defined as scattering coefficient per unit aerosol mass) of aerosol components. The 41 

more oxidized oxygenated organic aerosol (MOOA) with O/C ratio of 1.17 was identified as the most 42 

efficient light scattering aerosol component. On average, 34% mass contribution of MOOA to total 43 

submicron organic aerosol mass contributed 51% of dry state organic aerosol scattering. Organic 44 

aerosol hygroscopicity parameter 𝜅𝑂𝐴  was quantified through hygroscopicity closure. The highest 45 

water uptake ability of MOOA among organic aerosol factors was revealed with 𝜅𝑀𝑂𝑂𝐴 reaching 0.23, 46 

thus further enhanced the fractional contribution of MOOA in ambient organic aerosol scattering. 47 

Especially, scattering abilities of MOOA was found to be even higher than that of ammonium nitrate 48 

under RH of <70% which was identified as the most efficient inorganic scattering aerosol component, 49 

demonstrating that MOOA had the strongest scattering abilities in ambient air (average RH of 57%) 50 

during Guangzhou winter. During the observation period, secondary aerosols contributed dominantly 51 

to visibility degradation (~70%) with substantial contributions from MOOA (16% on average), 52 

demonstrating significant impacts of MOOA on visibility degradations. Findings of this study 53 

demonstrate that more attentions need to be paid to SOA property changes in future visibility 54 

improvement investigations.  Also, more comprehensive studies on MOOA physical properties and 55 

chemical formation are needed to better parameterize its radiative effects in models and implement 56 

targeted control strategies on MOOA precursors for visibility improvement.  57 
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1 Introduction 62 

Atmospheric aerosols directly scatter and absorb solar radiation thus have significant radiative 63 

effects on both Earth-Atmosphere radiative budget and atmospheric environment. Aerosols represent 64 

the dominant contributor to atmospheric visibility impairment in polluted regions (Liu et al., 2017a). 65 

With the rapid industrialization and urbanization, China has been experienced severe haze pollution in 66 

recent ten years and frequent low visibility events have aroused public attention and concern, 67 

especially since 2013.  In recent years, the Chinese government has implemented stringent control 68 

policies called “blue sky actions” to lower aerosol mass concentration and improve atmospheric 69 

visibility. However, Xu et al. (2020) revealed that the less than expected visibility improvement in 70 

southern China, especially the poor visibility improvement in Pearl River Delta region, due to the non-71 

linear responses of visibility improvement to PM2.5 (particulate matter with aerodynamic diameter less 72 

than 2.5 𝜇m) mass concentration reduction. Several recent literature reports also proved that visibility 73 

was less improved than PM2.5 mass concentrations. Results of Liu et al. (2020) demonstrated that 74 

increased aerosol extinction efficiency associated with nitrate was responsible for the less improved 75 

visibility in eastern China. Hu et al. (2021) raised the challenge of visibility improvement due to 76 

increased nitrate contribution in Beijing area.  However, results of Xu et al. (2020) demonstrate that 77 

this situation was likely associated with both increased aerosol scattering efficiency and aerosol 78 

hygroscopicity and particularly pointed out that other than changes of inorganic aerosol components, 79 

special attention should be paid to scattering efficiency and hygroscopicity changes of secondary 80 

organic aerosol (SOA). 81 

Organic aerosols including primary and secondary organic aerosols (POA and SOA) represent a 82 

large and sometimes even dominant fraction of submicron aerosol mass (Jimenez et al., 2009). 83 

Especially, SOA was found to contribute dominantly to total organic aerosol mass under polluted hazy 84 

conditions (Huang et al., 2014;Kuang et al., 2020a).  Wang et al. (2019b) reported increased 85 

contributions of both secondary organic and inorganic aerosol mass across China due to clean air 86 

actions, and the nonlinear responses of secondary aerosol mass concentration to emission reductions 87 

were further confirmed during COVID lock down period as reported by Huang et al. (2020). Xu et al. 88 

(2019) also reported substantial changes of SOA properties such as enhanced oxidation state. However, 89 

most previous studies only paid attention to influences of nitrate increase on visibility degradation, 90 

whereas synergistic effects of SOA on visibility has never been the focus due to the complexity of 91 
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SOA hygroscopicity and scattering efficiency. Organic aerosol evolves in the atmosphere including 92 

their sizes and chemical structures thus also their optical properties and hygroscopicity (Jimenez et al., 93 

2009), leading to the difficulty of quantifying contributions of organic aerosol in visibility degradation. 94 

Li et al. (2022) reported that nitrate and SOA dominated particle extinction in dry state in Beijing due 95 

to clean air actions, however, lacking evaluations in ambient air, stressing further the importance of 96 

comprehensive evaluations of SOA scattering abilities under ambient relative humidity (RH) 97 

conditions to better elucidate roles of SOA in visibility degradation and long-term visibility changes.  98 

In this study, we comprehensively quantified the dry state mass scattering efficiencies (MSEs) of 99 

both primary and secondary organic aerosol components and organic aerosol hygroscopicity, thus 100 

systematically evaluated contributions of SOA factors to aerosol scattering and visibility degradation 101 

in ambient air.   102 

2 Materials and Methods 103 

2.1 Campaign information 104 

Aerosol physical and chemical properties were simultaneously measured during winter from 13th 105 

December 2020 to 25th February 2021 in Guangzhou urban area. Instruments were housed in an air-106 

conditioned container in Haizhu wetland park (Sect.S1 for site information). A PM2.5 inlet (BGI, SCC 107 

2.354) was used for aerosol sampling, and sample flow of 8-9 L was maintained during the observation 108 

period thus generally satisfying the flow requirement (8 L) of 2.5 μm cutting diameter.  A Nafion drier 109 

was used to lower sample RH to less than 40%. A humidified nephelometer system with a total flow 110 

of about 5 L/min and a quadrupole-Aerosol Chemical Speciation Monitor Q-ACSM with a flow of 111 

3L/min were placed downstream of the drier to measure aerosol scattering abilities under controlled 112 

RH conditions and aerosol chemical compositions. An AE33 aethalometer (Drinovec et al., 2015) set 113 

up with a flow rate of 5 L/min was separately operated under another inlet (PM2.5, BGI SCC 1.829) to 114 

measure aerosol absorptions thus indirectly black carbon (BC) mass concentration. Measurements of 115 

meteorological parameters such as temperature, wind speed and direction, and RH were made by an 116 

automatic weather station.  117 

2.2 Humidified nephelometer measurements.  118 

The humidified nephelometer system is a laboratory-assembled one, including two Aurora 3000 119 

nephelometers, one measuring aerosol scattering abilities (aerosol scattering and back scattering 120 

coefficients at 450, 525 and 635 nm) under low RH conditions (mostly less than 30%, dry 121 
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nephelometer) and another one measuring aerosol scattering abilities under controlled RH conditions 122 

(wet nephelometer). The humidified nephelometer system can operate either in fixed-RH mode or in 123 

scanning RH mode, details about techniques of fixed RH mode and scanning RH mode were 124 

introduced in detail in several previous studies (Kuang et al., 2017;Kuang et al., 2020b).  In this study, 125 

the humidified nephelometer system was operated in scanning RH mode before 26th January 2021 and 126 

in fixed RH mode (80% RH) from 26th January to 9th February. The RH ranges of scanning RH mode 127 

were 75-90% from 11th December 2020 to 5th January 2021 and 60-90% from 13th to 26th January 2021. 128 

The humidified nephelometer system provides direct measurements of aerosol light scattering 129 

enhancement factor  𝑓(RH, λ) =
𝜎𝑠𝑝(𝑅𝐻,   λ)

𝜎𝑠𝑝(𝑑𝑟𝑦   λ)
 where 𝜎𝑠𝑝(𝑅𝐻,   λ) is the aerosol scattering coefficient of 130 

light wavelength λ at condition of RH (Titos et al., 2016;Zhao et al., 2019a), and 𝑓(RH, 525) referred 131 

directly to as 𝑓(RH)  was usually used to derive the optical hygroscopicity parameter 𝜅𝑠𝑐𝑎  through 132 

𝑓(RH) = 1 + 𝜅𝑠𝑐𝑎 ×
𝑅𝐻

100−𝑅𝐻
  (Brock et al., 2016;Kuang et al., 2017;Kuang et al., 2018;Xu et al., 133 

2020;Kuang et al., 2020b;Kuang et al., 2021b). The nephelometer measurements are associated with 134 

truncation error and non-ideality of light source. The dry state aerosol scattering coefficients were 135 

corrected using the empirical formula provided by Qiu et al. (2021). RH0 in the dry nephelometer was 136 

in the range of 6-49% with an average of 22%, thus dry state aerosol scattering coefficient at 525 nm 137 

( 𝜎𝑠𝑝,525 ) was further corrected using measured aerosol optical hygroscopicity through 138 

𝜎𝑠𝑝,525=𝜎𝑠𝑝,525,𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑/(1+𝜅𝑠𝑐𝑎 ×
𝑅𝐻0

100−𝑅𝐻0
).  139 

2.3 Q-ACSM measurements and PMF analysis.  140 

The Q-ACSM was deployed to routinely characterize and measure the mass concentrations of 141 

non-refractory submicron aerosol components at a time resolution of 15min, including organics, 142 

sulfate, nitrate, ammonium and chloride, details about Q-ACSM set-up please refer to Ng et al. (2011). 143 

The mass concentrations and mass spectra were processed using ACSM data analysis software (ACSM 144 

Local 1.5.10.0 Released July 6, 2015) based on Igor Pro (version 6.37). The detailed procedures were 145 

described in Ng et al. (2011) and Sun et al. (2012). Composition dependent CE value consistent with 146 

Sun et al. (2013) was chosen considering that aerosol samples was dried before entering the ACSM 147 

instrument. RIEs of 5.15 and 0.7 from calibration results during the campaign using 300 nm pure 148 

ammonium nitrate (AN) and ammonium sulfate (AS) were used for ammonium and sulfate 149 

quantifications, while default RIEs of 1.4, 1.1 and 1.3 for organic aerosol, nitrate and chloride were 150 
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adopted. Positive matrix factorization technique with the multilinear engine (ME-2 (Canonaco et al., 151 

2013;Canonaco et al., 2021)) were used for resolving potential OA factors related with different 152 

sources and processes. Four factors were deconvolved, including two primary OA factors and two 153 

oxygenated OA factors which were usually treated as SOA. A hydrocarbon-like OA (HOA, O/C~0.15），154 

a cooking-like OA (COA, O/C~0.13), a less oxidized oxygenated OA (LOOA, O/C~0.7), and a more 155 

oxidized oxygenated OA (MOOA, O/C~1.17). The mass spectra of these factors (Fig.S9) and more 156 

details about the factor analysis could be found in Sect.S2 of the supplement. 157 

2.4 Organic aerosol hygroscopicity derivation.  158 

Organic aerosol was usually treated as nearly hydrophobic in many previous studies when 159 

considering environmental effects of organic aerosol (Cheng et al., 2016), however quantified in this 160 

study based on the most recently developed organic aerosol hygroscopicity quantification method by 161 

Kuang et al. (2019). On the basis of field measurements, organic aerosol hygroscopicity parameter 𝜅 162 

(𝜅𝑂𝐴) can only be estimated through closure between directly measured overall aerosol hygroscopicity 163 

and aerosol chemical compositions using the volume mixing rule (Kuang et al., 2020c). Kuang et al. 164 

(2020b) developed an optical method to calculate 𝜅𝑂𝐴 based on the combination of the humidified 165 

nephelometer system measurements and bulk PM1 aerosol chemical-composition measurements, and 166 

the application of this method was further manifested and discussed in Kuang et al. (2021b), thus used 167 

in this study to estimate  𝜅𝑂𝐴. The humidified nephelometer system provides direct measurements of 168 

the optical hygroscopicity parameter 𝜅𝑠𝑐𝑎 and aerosol scattering Ångström exponent, which can be 169 

used together to derive a 𝜅 value referred to as 𝜅𝑓(RH) (Kuang et al., 2017) which can be treated as the 170 

overall aerosol hygroscopicity parameter in the hygroscopicity closure (Kuang et al., 2021a). In the 171 

closure, ions were paired using the scheme proposed by Gysel et al. (2007) as listed in Tab.S1.  Same 172 

with Kuang et al. (2021b), κ values of ammonium sulfate (AS) and ammonium nitrate (AN) at 80% 173 

RH were predicted using the Extended Aerosol Inorganic Model (E-AIM), and those of ammonium 174 

chloride (AC) and ammonium bisulfate (ABS) were consistent with Liu et al. (2014). Then, the 𝜅𝑂𝐴 175 

can be estimated using the following formula by assuming volume additivity and zero κ of BC: 176 

𝜅𝑂𝐴 =
 𝜅𝑓(RH)−(𝜅𝐴𝑆𝜀𝐴𝑆+ 𝜅𝐴𝑁𝜀𝐴𝑁+𝜅𝐴𝐵𝑆𝜀𝐴𝐵𝑆+𝜅𝐴𝐶𝜀𝐴𝐶+𝜅𝑋𝜀𝑋)

𝜀𝑂𝐴
  (1) 177 

Where ε represents volume fraction whose calculation needs total aerosol volume concentrations and 178 
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subscript represents name of an aerosol component. The total PM1 aerosol volume concentration was 179 

calculated using measurements of the dry nephelometer following the machine learning method 180 

proposed by Kuang et al. (2018). Organic aerosol density varies over a wide range, and previous 181 

studies demonstrate that it is tightly associated with aerosol oxidation state (Kuwata et al., 2012) and 182 

higher O/C ratio usually corresponds to higher aerosol density. Following Wu et al. (2016) , densities 183 

of primary organic aerosol components (POA) including HOA and COA was assumed as 1 g/cm3, and 184 

density of MOOA was assumed as 1.4 g/cm3 due to its highly oxygenated feature with O/C of 1.17, 185 

however, the density of LOOA was assumed as 1.2 g/cm3 due to its moderate O/C value of 0.7. In 186 

addition, the difference between predicted volume concentration from nephelometer measurements 187 

and the total aerosol volume concentrations summed from known aerosol components was attributed 188 

to aerosol components unidentified by the mass spectrometer, thus its volume fraction and 189 

hygroscopicity were named as 𝜀𝑋 and 𝜅𝑋in Eq.1, where 𝜅𝑋 was assumed as 0.05 since the unidentified 190 

part are usually metals and dust with low aerosol hygroscopicity. For more comprehensive discussions 191 

on  𝜅𝑂𝐴 estimations as well as 𝜅𝑋 treatment please refer to Kuang et al. (2021b). 192 

Table 1. Densities (ρ) and hygroscopicity parameters (κ) of inorganic salts 193 

Species 𝑁𝐻4𝑁𝑂3 (AN) 𝑁𝐻4𝐻𝑆𝑂4 

(ABS) 

(𝑁𝐻4)2𝑆𝑂4 

(AS) 

𝑁𝐻4𝐶𝑙  

(AC) 

ρ (g 𝑐𝑚−3) 1.72 1.78 1.769 1.528 

κ 0.56 0.56 0.56 0.93 

 194 

3 Results and discussions 195 

3.1 Overview of the pollution characteristics during Guangzhou winter.  196 

The timeseries of corrected aerosol scattering coefficients in dry state (𝜎𝑠𝑝,525), non-refractory 197 

PM1 (NRPM1) mass concentrations, resolved organic aerosol factors as well as meteorological 198 

parameters are shown in Fig.1. Scattering coefficient at 525 nm of aerosols in dry state (𝜎𝑠𝑝,525) varied 199 

over a wide range of 8 to 688 Mm-1 with an average of 118 Mm-1. The average NRPM1 is 20 μg/m3 with 200 

the highest NRPM1 mass concentrations reached beyond 160 μg/m3. This suggests for relatively clean 201 

conditions compared to aerosol pollution in other polluted regions in China (Zhou et al., 2020), 202 
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however, severe pollution episodes occurred occasionally. Three haze pollution episodes characterized 203 

by relatively high aerosol mass loading and scattering coefficients were observed before February 204 

(Gray shaded areas in Fig.1). The evolution and formation of these three episodes were tightly 205 

associated with the stagnant meteorological conditions as indicated by the low wind speed (< 2 m/s) 206 

and increasing RH during the last two severe pollution episodes. As shown in Fig.1c, organic aerosol 207 

and nitrate contributed dominantly to the increase of aerosol mass, while sulfate remains almost flat 208 

or increased slightly during these pollution episodes. For example, for the episode with the worst 209 

pollution condition occur, the daily average NRPM1 increased from 19 to 143 μg/m3 from 12th to 16th 210 

February with the organic aerosol increased from 9.3 to 69.8 μg/m3 and nitrate increased from 5.5 to 211 

44.2 μg/m3, however, sulfate only increased from 1.4 to 8.5 μg/m3. This phenomenon is quite different 212 

from the results reported by Guo et al. (2020) and Chen et al. (2021b) that organic aerosol dominated 213 

Figure 1. Timeseries of (a) RH; (b) aerosol scattering coefficient in dry state, and NRPM1 concentration; (c) sulfate, nitrate 

and organic aerosol in rigt axis, (d) MOOA and LOOA; (e) HOA and COA; (f) wind speed and wind direction. Gray shaded 

areas are three identified pollution episodes, and pink shaded area is period of spring festival.  
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the aerosol mass increase with obvious increase of both sulfate and nitrate in pollution episodes in 214 

autumn of Guangzhou urban area, however, was generally consistent with the increasing 215 

characteristics reported by Chen et al. (2021a). These observations suggest that the aerosol pollution 216 

differs much among seasons and years due to the highly variable characteristics of meteorological 217 

conditions. As for the organic aerosol mass increase, the time series of resolved organic aerosol factors 218 

are also shown in Fig.1d and Fig.1e. For the three observed pollution episodes, both increases of 219 

primary and secondary organic aerosol (represented by summation of MOOA and LOOA) were 220 

observed, with LOOA contributing dominantly to SOA increase and HOA contributing dominantly to 221 

POA increase. However, the accumulation of POA (summation of HOA and COA) contributed almost 222 

twice as much as the increase of SOA, suggesting primary emissions especially vehicle emissions 223 

played significant roles in aerosol mass increase during pollution episodes of Guangzhou winter.   224 

3.2 Strong scattering ability of MOOA in dry state.  225 

Traditional multiple linear regression models were usually applied to determine MSEs of different 226 

aerosol components using simultaneously measured aerosol scattering coefficients and mass 227 

concentrations of aerosol components (Hand and Malm, 2007;Han et al., 2015;Chan et al., 1999). 228 

However, the traditional model failed in this study due to co-variations of input variables and impactor 229 

inconsistencies (PM2.5 versus PM1) between aerosol chemical compositions and aerosol scattering 230 

measurements. Details about this failure was discussed in Sect.S4 of the supplement. A new 231 

methodology was proposed to lower correlations between variables and reduce the impacts of 232 

measurement inconsistency of aerosol populations between nephelometer and the mass spectrometer. 233 

This method considers mainly the responses of aerosol scattering coefficient to quick mass 234 

concentration increases of aerosol components. Using AN as an example, obvious increasing cases of 235 

AN were identified, average changes of aerosol components as well as 𝜎𝑠𝑝,525  for these cases are 236 

shown in Fig.2a. On average, AN dominated the aerosol mass increase (>90%) in these cases, however, 237 

changes of other aerosol components differed much among cases as indicated by large standard 238 

deviations. The MSEAN can be roughly estimated as around 7 m2/g if assuming 𝜎𝑠𝑝,525 was solely 239 

contributed by AN increase. As shown in Fig.1d and Fig.1e, prominent increase of HOA, COA and 240 

LOOA were frequently observed. Average changes of aerosol components and 𝜎𝑠𝑝,525 for identified 241 

cases of HOA increase or COA increase are shown in Fig.2b. It shows that increases of HOA or COA 242 

were usually accompanied with obvious increases of BC and LOOA, thus the impacts of HOA or COA 243 
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increases on observed aerosol scattering increases cannot be isolated. Similar results were obtained 244 

with LOOA and MOOA. As shown in Fig.1, remarkable increases of LOOA cases were almost always 245 

accompanied with the spontaneously quick HOA increase because most LOOA rapid increase cases 246 

Figure 2. Average changes of aerosol components and 𝜎𝑠𝑝,525 (right axis) for identified increase cases of (a) Nitrate; (b) 

HOA; (c) LOOA; (d) MOOA, black error bars represent standard deviations. (e) Comparisons between observed 𝜎𝑠𝑝,525 

changes for identified cases and multiple linear fitted values. (f) The comparison between observed 𝜎𝑠𝑝,525 and calculated 

𝜎𝑠𝑝,525 using retrieved MSEs of aerosol components. Red dashed lines represent 20% deviation lines.  

https://doi.org/10.5194/acp-2022-218
Preprint. Discussion started: 8 April 2022
c© Author(s) 2022. CC BY 4.0 License.



11 
 

happened during pollution episodes and start near dusk when accumulation of vehicle emissions and 247 

nitrate formation occurred. Thus, the average increase of LOOA was even smaller than those of AN 248 

and HOA. Slight but obvious MOOA increase cases were also identified, and average results are also 249 

shown in Fig.2d, showing that MOOA increase were usually accompanied with obvious nitrate 250 

formation. These results demonstrate that MSEs of aerosol components cannot be quantified directly 251 

from responses of aerosol scattering to aerosol emission or formation processes. However, for these 252 

cases, mass increases of aerosol components and corresponding changes in aerosol scattering matter 253 

most and impacts of unidentified aerosol components are reduced substantially through differential 254 

considering the average time change for these identified cases are only 4 hours. In addition, as listed 255 

in Tab.S3, the correlations between changes of most variables for all identified cases are much smaller 256 

than their timeseries correlations shown in Tab.S1. Thus, the modified multiple linear regression model 257 

∆𝜎𝑠𝑝,525 = ∆𝐻𝑂𝐴 × 𝑀𝑆𝐸𝐻𝑂𝐴 + ∆𝐶𝑂𝐴 × 𝑀𝑆𝐸𝐶𝑂𝐴 + ∆𝐿𝑂𝑂𝐴 × 𝑀𝑆𝐸𝐿𝑂𝑂𝐴 + ∆𝑀𝑂𝑂𝐴 × 𝑀𝑆𝐸𝑀𝑂𝑂𝐴 +258 

∆𝐴𝑆 × 𝑀𝑆𝐸𝐴𝑆 + ∆𝐴𝑁 × 𝑀𝑆𝐸𝐴𝑁 + ∆𝐵𝐶 × 𝑀𝑆𝐸𝐵𝐶  was applied to retrieve MSEs of aerosol 259 

components. The derived MSEs for HOA, COA, LOOA, MOOA, AN, AS and BC were 2.1, 3.9, 3.4, 260 

9.9, 7.1, 5.5 and 3.3 m2/g, respectively. The fitted ∆𝜎𝑠𝑝,525 correlated highly (R2=0.98, average ratio 261 

1.0) with observed ∆𝜎𝑠𝑝,525 as shown in Fig.2e. Derived MSEs were used to calculate 𝜎𝑠𝑝,525 during 262 

the whole observation period using the formula 𝜎𝑠𝑝,525 = 2.1 × 𝐻𝑂𝐴 + 3.9 × 𝐶𝑂𝐴 + 3.4 × 𝐿𝑂𝑂𝐴 +263 

9.9 × 𝑀𝑂𝑂𝐴 + 5.5 × 𝐴𝑆 + 7.1 × 𝐴𝑁 + 3.3 × 𝐵𝐶 , and compared with observed 𝜎𝑠𝑝,525 . Good 264 

consistency (R2=0.93 and average ratio of 1.05, Fig.2f) was achieved between calculated and observed 265 

𝜎𝑠𝑝,525 values. In addition, the retrieved MSEAN (7.1) using the modified multilinear regression model 266 

was quite consistent with the estimated one (7 m2/g) based on average changes shown in Fig.2a, which 267 

indirectly confirms the reliability of the modified method.  268 

 Tao et al. (2019) quantified MSEs of fine mode AS, AN as well as elemental carbon (EC) using 269 

size-resolved filter measurements in four seasons of Guangzhou urban area. Their results demonstrate 270 

that MSEs of AN and AS bears relatively large standard deviations and variations among seasons, 271 

however, MSE of EC varied little among seasons with small standard deviations (2.6±0.1 m2/g). The 272 

derived MSEBC of 3.3 m2/g was close to the MSEEC reported in Tao et al. (2019). The derived MSEAN 273 

and MSEAS were obviously higher than those reported in previous studies in which MSEAN and MSEAS 274 

were estimated through Mie theory of size-resolved filter measurements (Tao et al., 2019;Chen et al., 2020). For 275 

example, Tao et al. (2019) reported MSEs of 4.4±1.3 m2/g for AN and 4.3±0.9 m2/g for AS in winter 276 
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of urban Guangzhou for fine mode aerosols (<2.1 𝜇m). The reason explaining this inconsistency is that 277 

the derived MSEAN using multiple regression method here is 𝑀𝑆𝐸𝐴𝑁
∗ =

𝜎𝑠𝑝,525(𝑃𝑀2.5)

[𝐴𝑁](𝑃𝑀1)
, however, MSEAN 278 

derived for example in Tao et al. (2019) of fine mode is 𝑀𝑆𝐸𝐴𝑁,𝑃𝑀2.1
=

𝜎𝑠𝑝,525(𝑃𝑀2.1)

[𝐴𝑁](𝑃𝑀2.1)
. The MSEAN,PM2.1

, 279 

MSEAN,PM1
 and MSEAN

∗  values of 4.4, 5.3 and 7.5 m2/g are simulated using the reported average AN 280 

mass size distributions reconstructed from size-resolved filter measurements in winter of urban 281 

Guangzhou by Tao et al. (2019) (as shown in Fig.3a) as inputs of Mie model. The simulated MSEAN
∗  282 

of 7.5 is very close to the retrieved MSEAN
∗   and is much higher than simulated MSEAN,PM1

  due to 283 

substantial mass contributions of 1 to 2.1 μm as shown in Fig.3a, demonstrating that good consistency 284 

between results of the multiple regression model and results of Tao et al. (2019) was achieved.  285 

If using the simulated ratio MSEAN,PM1
 /MSEAN

∗   to approximate MSEAN,PM1
 , MSEAS,PM1

  and 286 

MSEMOOA,PM1
, values of 5.0, 3.9 and 6.9 m2/g for MSEAN,PM1

, MSEAS,PM1
 and MSEMOOA,PM1

 would 287 

be obtained, which falls in the reported ranges of MSEAS and MSEAN (Tao et al., 2019), however, the 288 

high MSEMOOA,PM1
 needs further investigation. MSE is determined by the aerosol volume scattering 289 

efficiency (VSE) defined as aerosol scattering per unit aerosol volume and aerosol density (𝜌𝑎) with 290 

𝑀𝑆𝐸 =
𝑉𝑆𝐸

𝜌𝑎
 . High MSEMOOA

∗   of 9.9 m2/g was retrieved, however, most of the difference between 291 

MSEMOOA
∗   and MSEAN

∗   might be explained by their density differences. Based on the Mie theory, 292 

aerosol scattering is in general proportional to aerosol volume (Kuang et al., 2018), thus the volume 293 

Figure 3. (a) AN mass size distributions derived by Tao et al, (2019) based on size-resolved filter measurements, Da is the 

aerodynamic diameter; (b) Simulated aerosol volume scattering efficiency (VSE) under different volume size distributions 

through varying volume geometric mean Dgv and standard deviation 𝜎𝑔𝑣 of lognormal size distributions. Blue shaded area 

corresponding to PM1 and pink shaded area corresponding to PM1-2.1. 
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size distribution are determining factors in VSE variations. The VSE of PM1 under different unimodal 294 

volume lognormal distribution conditions with refractive index of 1.53-10-7i were simulated and shown 295 

in Fig.3b. The approximated MSEAN,PM1
  and MSEMOOA,PM1

  of 5.0 and 6.9 m2/g corresponds to 296 

VSEAN,PM1
 and VSEMOOA,PM1

of 8.6 and 9.7 m2 μm3⁄  according to the aerosol densities discussed in 297 

Sect. 2.4, falling within the VSE ranges of geometric mean diameter (Dgv ) near 500 nm and geometric 298 

standard deviation (𝜎𝑔𝑣) of 1.3 to 1.5. This result is consistent with conclusions of several previous 299 

studies that the MOOA with highest oxygen state that have experienced complex chemical aging such 300 

as aqueous phase reactions likely share similar shape of mass/volume size distribution with inorganic 301 

secondary aerosols (Kuang et al., 2020a;Wang et al., 2021), and this result rationalizes that using 302 

MSEAN,PM1
/MSEAN

∗  ratio to derive MSEAS,PM1
 and MSEMOOA,PM1

. In addition, aerosol refractive index 303 

also played significant roles in aerosol VSE variations (Zhao et al., 2019b;Liu et al., 2013), and the 304 

high MSE of MOOA might also be related with the high real part of its refractive index. Laboratory 305 

results of Li et al. (2017) revealed enhanced light scattering of SOA formed through multiphase 306 

reactions due to increase of the real part of the refractive index. Zhao et al. (2021) reported that real 307 

part of aerosol refractive index varied over a wide range (1.36 to 1.78), and in general increased with 308 

the mass fraction increase of organic aerosol, suggesting generally higher real part of refractive index 309 

of organic aerosol. In general, these results revealed strong scattering abilities of MOOA under dry 310 

state, however the size distribution and refractive index of MOOA needs further comprehensive 311 

investigations.  312 

Moreover, effective densities of HOA, COA, LOOA are near 1 g/cm3, suggesting that VSEs of 313 

HOA, COA, LOOA are around or slightly higher than their corresponding MSEs. As shown in Fig.3b, 314 

VSEPM1
< 4 m2 μm3⁄  means that Dgv was generally lower than 250 nm, thus more than 99% of aerosol 315 

mass resided in PM1 under 𝜎𝑔𝑣<1.8. Therefore, derived MSEs of HOA, COA, LOOA can be treated 316 

as their corresponding MSEPM1
values. Cai et al. (2020) reported average HOA and COA volume size 317 

distributions in urban Beijing using PMF techniques. They found (Fig.7 in Cai et al. (2020)) that HOA 318 

volume peaked near 200 nm, and COA volume size distribution showed bimodal characteristics with 319 

the first mode peaking near 90 nm and the second mode peaking near 350 nm, yielding MSEs that 320 

share similar magnitude with the retrieved MSEs of HOA and COA. These results further confirmed 321 

the reliability of the newly proposed multiple regression method.   322 
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3.3 Water uptake abilities of organic aerosols  323 

Timeseries of derived 𝜅𝑂𝐴 is shown in Fig.4a,  estimated 𝜅𝑂𝐴 ranged from -0.08 to near 0.35 with 324 

an average of 0.09 which is in general consistent with those reported in other regions (Kuang et al., 325 

2020c). It was found that variations of derived 𝜅𝑂𝐴 correlated tightly with mass fractions of MOOA 326 

(R=0.6) and POA (R=-0.52) as shown in Fig.4b and Fig.4c. The MOOA enhanced the overall 𝜅𝑂𝐴 and 327 

POA lowered 𝜅𝑂𝐴, which is consistent with conclusions of previous studies, however, no correlations 328 

were found between 𝜅𝑂𝐴  and mass fractions of LOOA (R=0.06). As shown in Fig.4d and Fig.4e, 329 

drastic increase of POA before dusk would bring drastic decrease of 𝜅𝑂𝐴 to around 0.05, which are in 330 

accordance with reported results in previous literature that most POA components are hydrophobic 331 

with 𝜅  of almost zero.  Assuming 𝜅  values of HOA and COA as zero, the multilinear formula 332 

considering ZSR mixing rule with 𝜅𝑂𝐴 = 𝜅𝑀𝑂𝑂𝐴 × 𝜀𝑀𝑂𝑂𝐴 + 𝜅𝐿𝑂𝑂𝐴 × 𝜀𝐿𝑂𝑂𝐴 was used to fit the average 333 

diurnal variations of 𝜅𝑂𝐴 with average volume fractions of MOOA and LOOA (εMOOA and εLOOA) in 334 

total organic aerosol as inputs. The fitted results are shown in Fig.4e (R2=0.89, average ratio of 1), 335 

yielding 𝜅𝑀𝑂𝑂𝐴  and 𝜅𝐿𝑂𝑂𝐴  values of 0.23 and 0.13.  The relatively lower value of 𝜅𝐿𝑂𝑂𝐴  and 336 

sometimes co-increase phenomena of LOOA and POA during dusk period (as shown in Fig.1 and 337 

Fig.3d) explain the weak correlations between 𝜅𝑂𝐴 and LOOA mass fraction. Most previous field-338 

based organic aerosol hygroscopicity studies focused only on the overall 𝜅𝑂𝐴 characterization of entire 339 

organic aerosol population, and rarely specific to secondary organic aerosol factors (Kuang et al., 340 

2020c). Considering the estimated O/C ratios of 1.17 and 0.7 for MOOA and LOOA, the retrieved 341 

𝜅𝐿𝑂𝑂𝐴  and 𝜅𝑀𝑂𝑂𝐴  values are consistent with previous findings that organic aerosol oxidation state 342 

impacts significantly on organic aerosol hygroscopicity and usually higher hygroscopicity of more 343 

oxygenated organic aerosol (Kuang et al., 2020c). Especially, Lambe et al. (2011) investigated the 344 

relationships between organic aerosol hygroscopicity of laboratory generated SOA of varying kinds of 345 

volatile organic compounds using cloud condensation nuclei activity measurements and reported a 346 

linear relationship of 𝜅𝑂𝐴 = (0.18 ± 0.04) × 𝑂 𝐶⁄ + 0.03, yielding 𝜅𝑂𝐴 values of 0.24 and 0.16 for 347 

O/C of 1.17 and 0.7, which is slight higher but generally consistent with retrieved ones of this study. 348 

In addition, the retrieved 𝜅𝐿𝑂𝑂𝐴  and 𝜅𝑀𝑂𝑂𝐴  values fall well within the predicted relationship band 349 

between O/C and intrinsic 𝜅𝑂𝐴 in Wang et al. (2019a) , implying that the hygroscopicity of SOA at RH 350 

of 80% during this field campaign might not be limited by solubility (Liu et al., 2018). Overall, the 351 

retrieved 𝜅𝐿𝑂𝑂𝐴 and 𝜅𝑀𝑂𝑂𝐴 are further verified indirectly through comparison with previous literature 352 
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results, confirming the strongest water uptake abilities of MOOA among OA factors.  353 

 354 

3.4 Dominant contribution of MOOA to organic aerosol scattering ability.  355 

High scattering efficiency and water uptake abilities of MOOA resulted in the strongest light 356 

scattering abilities of MOOA among all organic aerosol factors. As shown in Fig.5a and Fig.5b, on 357 

average, 34% mass contribution of MOOA to entire PM1 organic aerosol populations, however, 358 

Figure 4. Timeseries of derived κ𝑂𝐴 (a); Correlations between derived κ𝑂𝐴 and mass fractions of MOOA (b), POA (c) in total 

organic aerosols. (d) Average diurnal variations of derived κ𝑂𝐴 (blue) and corresponding fitted ones. (e)  Average diurnal 

variations of resolved mass concentrations of organic aerosol factors.  
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contributed 51% of organic aerosol scattering in dry state.  The dominant role of MOOA in organic 359 

aerosol scattering would be further enhanced under ambient RH conditions due to the highest water 360 

uptake abilities of MOOA among organic aerosol factors. Results of Kuang et al. (2017) demonstrate 361 

that hygroscopicity parameter 𝜅  can be directly linked to optical hygroscopicity parameter 𝜅𝑠𝑐𝑎 362 

through 𝜅𝑠𝑐𝑎 = 𝜅 × 𝑅𝑠𝑐𝑎, and thus aerosol light scattering enhancement factor f(RH). Particle number 363 

size distributions plays the most important role in  Rsca variations with 𝜅 plays the smaller role.  Yu et 364 

al. (2018) investigated Rsca variations from measurements of several field campaigns, found that Rsca 365 

varied within the range of 0.55 to 0.8 with an average of 0.66 and parameterized Rsca with scattering 366 

Ångström exponent. Here, the relationship between VSEPM1 and Rsca were further simulated using 367 

Mie theory through varying volume geometric mean Dgv of lognormal size distributions from 100 to 368 

700 nm considering that aerosol size distributions also play the dominant role in VSEPM1 variations. 369 

Simulated results are shown in Fig.S11, demonstrating that Rsca decreased almost linearly with the 370 

increase of VSEPM1 for VSEPM1< ~6 𝑚2 𝜇𝑚3⁄  , however, varied complexly with VSEPM1 for 371 

VSEPM1>~6 m2 μm3⁄ .  According to estimated MSE PM1 values of LOOA, MOOA, AS, AN in Sect 4.2 372 

and their densities introduced in Sect.2.4.  VSEPM1 values of LOOA, MOOA, AS and AN are 4.08, 9.6, 373 

6.9 and 8.7 m2 μm3⁄ , respectively. Accordingly, the Rsca,LOOA was estimated as 0.87, and 0.63 as an 374 

average estimate was used for Rsca,MOOA, Rsca,AS and Rsca,AN. MSEs of LOOA, MOOA, AS and AN 375 

with their water uptake abilities considered under different RH conditions can thus be estimated using 376 

𝑀𝑆𝐸𝑃𝑀1,𝑋(𝑅𝐻) = 𝑀𝑆𝐸𝑃𝑀1,𝑋,𝑑𝑟𝑦 × (1 + 𝜅𝑋 × 𝑅𝑠𝑐𝑎,𝑋 ×
𝑅𝐻

100−𝑅𝐻
).  377 

The problem remain that if continuous increase of MSE as a function of ambient RH increasing 378 

can be applied, because aerosol phase states were also crucial in determining the responses of aerosol 379 

scattering to RH increases (Kuang et al., 2016). Many factors such as ambient RH (Liu et al., 2017b;Liu 380 

et al., 2016), RH history aerosol particles have been experienced (Kuang et al., 2016), deliquescent 381 

and crystalline properties determined by aerosol chemical compositions and mixing states are 382 

important in determining aerosol phase state (Li et al., 2021). The ambient RH ranged from 20 to 94 383 

with an average of 57%, with the histogram of ambient RH also shown in Fig.S12. Results of Liu et 384 

al. (2017b) found a transition from semisolid to liquid state at RH of about 60%, suggesting ambient 385 

aerosol particle might exist as semisolid or solid phase at low RH conditions. The phase state of 386 

ambient aerosols depends not only on ambient RH but also the RH history that aerosols have 387 
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experienced (Kuang et al., 2016). For instance, aerosols under ambient RH of 40% in the afternoon 388 

would remain liquid if their crystalline RH is lower than 40% and they experienced high RH conditions 389 

(such as >80%) during the morning. Therefore, the lowest RH that aerosols have experienced in the 390 

afternoon and highest RH they have experienced in the morning are crucial for their phase state for 391 

hydrophilic aerosols. Besides, the deliquescent RH and crystalline RH are another two crucial 392 

parameters, however, quite complex for ambient multicomponent aerosols (Kuang et al., 2016;Li et 393 

al., 2021). Scanning RH of 60-90% was set-up for the humidified nephelometer system from 13th to 394 

26th January and continuous increase of aerosol light scattering enhancement factor were always 395 

observed (Fig.S13) with the RH in the dry nephelometer are always lower than 35% (Fig.1a), 396 

suggesting that aerosols were either not crystalized under RH of <35% or were deliquesced under RH 397 

of < 60%. The lines of 35% and 60% are plotted in Fig.1a and most of days (>85%) were either with 398 

Figure 5. (a) Average mass fractions of organic aerosol components in total organic aerosol; Contributions of different 

organic aerosol components to total organic aerosol scattering coefficients under dry (b) and ambient (d) conditions for 

PM1. (c) MSEs of aerosol components under different RH conditions. (e) Contributions of different aerosol components 

to visibility degradation under different visibility conditions.  
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its lowest RH >35% or with its highest RH>60%, suggesting liquid state in most times for internally 399 

mixed ambient secondary aerosols, and continuous increase of aerosol light scattering as ambient RH 400 

changes.  401 

Therefore, continuous increases of MSEs of LOOA, MOOA, AN and AS as a function of RH 402 

were considered, and results are shown in Fig.5c. MSEPM1 of MOOA changed from 6.9 m2/g under 403 

dry conditions to 11 and 16 m2/g (corresponding to f(RH) values of 1.6 and 2.3) under RH of 80% and 404 

90%, revealing that scattering abilities of MOOA would be largely enhanced by aerosol hygroscopic 405 

growth. The MSEPM1 of LOOA was enhanced from 3.4 under dry condition to 7 m2/g of 90% RH, 406 

however, MSEPM1 values of HOA and COA remained constant due to their hydrophobic properties. 407 

Both MSEPM1 values of AS and AN increased quickly as a function of RH, and their f(RH) values 408 

reached as high as 2.5 and 2.2 at RH of 80%. The MSEPM1 of AN exceeded that of MOOA at RH near 409 

70%, however, MSEPM1 of MOOA was always higher than that of AS for RH<90%.  Average MSEPM1 410 

values of secondary aerosol components considering water uptake under ambient RH conditions 411 

during the observation period are 6.8, 8.5, 8.9 and 4.2 m2/g for AS, AN, MOOA and LOOA, 412 

respectively. Demonstrating strongest scattering abilities of MOOA under ambient air conditions 413 

during the observation period. Thus, the average contribution of MOOA to PM1 organic aerosol 414 

scattering are further enhanced to 54% under ambient conditions as shown in Fig.5d (campaign 415 

average RH ~57%). 416 

 417 

4. Implications for visibility improvement and aerosol radiative effects simulations.  418 

The strong light scattering abilities of MOOA might have significant effects on atmospheric 419 

visibility and direct aerosol radiative effects, thus have broad implications for both aerosol 420 

environmental and climate effects. The contributions of MOOA to visibility degradation under 421 

different visibility conditions were estimated as MOOA contributions to ambient atmospheric 422 

extinction caused by both aerosols and air molecules. The results are shown in Fig.5e, and detailed 423 

estimation method is introduced in Sect.S6 of the supplement. It shows that AN contributed most to 424 

visibility degradation especially under polluted conditions, which is consistent with findings of several 425 

recent studies that nitrate plays increasing and event dominant role in visibility degradation (Liu et al., 426 

2020;Li et al., 2022) in several regions of China. MOOA contributed slightly smaller than ammonium 427 

sulfate and their contributions have increased to ~20% for visibility ranges of 10-20 km. Contribution 428 
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of MOOA to total organic aerosol scattering under ambient conditions was slightly higher than that 429 

under dry conditions due to the relatively low RH conditions during winter.  However, the contributions 430 

of MOOA might be much higher during other seasons due to much higher RH conditions, for example, 431 

yearly average RH of >70% in Guangzhou (Xu et al., 2020). Overall, secondary aerosols contributed 432 

dominantly to visibility degradation (~70% on average), and MOOA represented the third contributor 433 

among secondary aerosol components (16% on average), demonstrating significant impacts of MOOA 434 

to visibility degradations. Thus, more attentions should be paid to property changes of SOA regarding 435 

visibility improvement investigations and policy making. Moreover, MOOA with high scattering 436 

abilities would likely contribute substantially to aerosol optical depth, and the accurate estimations of 437 

organic aerosol radiative effects in models need accurate representations of MOOA even its mass 438 

contribution to organic aerosol is small. However, constant scattering efficiency for organic aerosols 439 

derived from fixed size distributions and refractive index were usually assumed in current chemical 440 

models (Latimer and Martin, 2019) and unsatisfactory performance of current models in SOA 441 

simulations were generally reported, which hinders the accurate representations of direct aerosol 442 

radiative effects.  443 

The role of MOOA would be likely getting more important in future due to stringent control 444 

policy of precursors of inorganic aerosol components such as sulfur dioxide and nitrogen oxides. Both 445 

formation pathways and precursor sources of MOOA are complex, however, current understandings 446 

about physical and chemical properties as well as formation pathways of MOOA remain limited. 447 

Therefore, call for more comprehensive studies on formation, evolution, and physical properties of 448 

MOOA, to better parameterize optical properties of MOOA in models and implement targeted control 449 

strategies on MOOA precursors of volatile organic compounds in the future.  450 
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