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Abstract 38 

Emission controls have substantially brought down aerosol pollution in China, however, aerosol 39 

mass reductions have slowed down in recent years in the Pearl River Delta (PRD) region, where 40 

secondary organic aerosol (SOA) formation poses a major challenge for air quality improvement. In 41 

this study, we characterized the roles of SOA in haze formation in urban Guangzhou City of the PRD 42 

using year-long aerosol mass spectrometer measurements for the first time and discussed possible 43 

pathways of SOA formations. On average, organic aerosols (OA) contribute dominantly (50%) to non-44 

refractory submicron aerosol mass (NR-PM1). The average mass concentration of SOA (including by 45 

less and more oxidized OA, LOOA and MOOA) contributed most to NR-PM1, reachinged about 1.7 46 

times that of primary organic aerosols (POA, including hydrocarbon-like and cooking-related OA) and 47 

accounting for 32% of NR-PM1, even more than sulfate (22%) and nitrate (16%). Seasonal variations 48 

of NR-PM1 revealed that haze formation mechanisms differed much among distinct seasons. Sulfate 49 

mattered more than nitrate in fall, while nitrate was more important than sulfate in spring and winter, 50 

with SOA contributing significantly to haze formations in all seasons. Daytime SOA formation was 51 

weak in winter under low oxidant level and air relative humidity, whereas prominent daytime SOA 52 

formation was observed in fall, spring and summer almost on a daily basis, suggesting for important 53 

roles of photochemistry in SOA formations. Further analysis showed that the coordination of gas-phase 54 

photochemistry and subsequent aqueous-phase reactions likely played significant roles in quick 55 

daytime SOA formations. Obvious nighttime SOA formations were also frequently observed in spring, 56 

fall and winter, and it was found that daytime and nighttime SOA formations together had resulted in 57 

the highest SOA concentrations in these seasons and contributed substantially to severe haze 58 

formations. Simultaneous increases of nitrate with SOA after sunset suggested the important roles of 59 

NO3 radical chemistry in nighttime SOA formations, and this was further confirmed by continuous 60 

increase of NO+/NO2
+ fragment ratio that related to measured particulate nitrate after sunset. Findings 61 

of this study have promoted our understanding ofin haze pollution characteristics of the PRD and laid 62 

down future directions on investigations of SOA formation mechanisms in urban areas of southern 63 

China that share similar emission sources and meteorological conditions.  64 

 65 
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1 Introduction 66 

Ubiquitous submicron aerosols in the atmosphere not only deteriorate human health and visibility, 67 

but also impact climate through interactions with solar radiation and clouds. Organic aerosols (OA) 68 

represent one of the most important and sometimes even dominant components (~10-90%) of PM1 69 

(aerosol particles with aerodynamic diameter less than 1 μm) in urban, rural and remote areas (Zhang 70 

et al., 2007;Jimenez et al., 2009). OA can either be emitted directly from emission sources or be formed 71 

through atmospheric reactions of volatile organic compounds, the former is referred to as primary OA 72 

(POA) and the latter is referred to as secondary OA (SOA). An increasing number of studiesresearches 73 

show that SOA account for a large fraction of OA worldwide (Zhang et al., 2007;Zhang et al., 2011), 74 

and even dominate in some cases (Kuang et al., 2020). The implementation of strict emission reduction 75 

policies has significantly improved the air quality of Pearl River Delta (PRD) region, which is a highly 76 

industrialized area of China, and the annual mean concentration of PM2.5 (particulate matter with 77 

aerodynamic diameter less than 2.5 μm) has been brought down to less than 30 μg/m3 (Xu et al., 2020). 78 

However, the reduction of PM2.5 mass concentrations in PRD has slowed down substantially in recent 79 

years, which might be related to the significant increases in the proportion of secondary aerosols (Xu 80 

et al., 2020), especially for SOA. Insights into SOA formation mechanisms are important for air 81 

pollution improvement.  82 

SOA formation mechanisms are a scientific hotspot an active research area of interest in 83 

atmospheric chemistry in the recent ten years since significant contributions of SOA to atmospheric 84 

aerosol mass have beenwere fully recognized (Zhang et al., 2007;Jimenez et al., 2009), however quite 85 

complex due to varying precursors, oxidants and formation pathways under different emission 86 

characteristics and meteorological conditions. As to SOA formation pathways, SOA can be formed 87 

through condensation of oxidized gas-phase organic vapors during the oxidation of volatile organic 88 

compounds (VOCs), this type of formed SOA was usually referred to as gasSOA (Kuang et al., 2020). 89 

SOA can also be formed in the aqueous phase through the further oxidation of dissolved VOCs which 90 

are usually products of gas-phase oxidation of VOCs, this type of SOA was usually referred as aqSOA 91 

(Ervens et al., 2011). Both field measurements and laboratory studies are needed in investigating 92 

detailed SOA formation mechanisms in different regions with field measurements provide insights into 93 

key oxidants and formation pathways, thus information from field measurements are important for 94 
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both designing laboratory experiments and targeting emission control strategies Both field 95 

measurements and laboratory studies are needed in investigating detailed SOA formation mechanisms 96 

in different regions. Field measurements provide insights into key oxidants and formation pathways 97 

under ambient conditions, thus information from field measurements are important for both designing 98 

laboratory experiments and targeting emission control strategies. Aerosol mass spectrometers are 99 

advanced on-line instruments that provide real time quantitative characterization of aerosol particle 100 

compositions (Jayne et al., 2000;Canagaratna et al., 2007;Jimenez et al., 2003). Positive matrix 101 

factorization (PMF) (Ulbrich et al., 2009) or a multilinear engine (ME-2) (Paatero, 1999;Canonaco et 102 

al., 2013) can be employed to further resolve different OA factors that are associated with different 103 

sources and formation mechanisms from the OA mass spectra. Using theseis techniques, the SOA 104 

sources and formation mechanisms are extensively investigated in China (Zhou et al., 2020), and many 105 

studies found that aqueous reactions in aerosol water contributed substantially even dominantly to 106 

SOA formations (Su et al., 2020) in haze episodes with daytime and nighttime SOA formations differ 107 

much due to different meteorological conditions and oxidants (Rollins et al., 2012;Huang et al., 2021).  108 

In fact, in a specific region, the compositions, sources, and evolution processes differ much among 109 

seasons due to changes in emission sources and meteorological conditions (Li et al., 2015). Therefore, 110 

long-term observations that cover measurements of different seasons were usually needed for 111 

characterizing OA sources and SOA formation mechanisms, thereby helping to address the challenge 112 

of fine particulate matter pollution mitigation. Even though aerosol mass spectrometers have been 113 

widely used in China in recent years and the importance of long-term measurements, most studies have 114 

been conducted in specific periods due to its high cost and maintenance (He et al., 2011;Chen et al., 115 

2021b;Qin et al., 2017), resulting in few long-term characterizations of the mass concentrations and 116 

chemical compositions of submicron particulate matter (PM1). The design of Aerosol Chemical 117 

Speciation Monitor (ACSM) has improved this problem to some extent (Ng et al., 2011;Sun et al., 118 

2015;Canonaco et al., 2021). For example, based on 2-year ACSM measurements, Sun et al. (2018) 119 

investigate the distinct characteristics of PM1 compositions among different seasons in Beijing urban 120 

area and illustrated the dominant role of SOA in OA across different mass loading scenarios during all 121 

seasons.  122 

Guangzhou is an expansive metropolis in the highly industrialized PRD region. Using the aerosol 123 
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mass spectrometer measurements and source apportionment technique, Qin et al. (2017) and Huang et 124 

al. (2011) reported that SOA contributed substantially to aerosol mass during autumn and winter in 125 

Guangzhou. Guo et al. (2020) found that OA played a dominant role in PM1 during winter in 126 

Guangzhou, with OA source apportionment emphasized the dominance of SOA. Guo et al. (2020) also 127 

suggested that gasSOA contributed predominantly to SOA formation during non-pollution periods, 128 

other mechanisms such as heterogeneous and multiphase reactions played more important roles in 129 

SOA formation during pollution episodes, however long-term aerosol spectrometer measurements that 130 

help for characterizing OA sources and SOA formation mechanisms in this region remain lacking. In 131 

this study, we performed a year-long continuous measurement of non-refractory submicron aerosols 132 

(NR-PM1) with an ACSM in urban Guangzhou from September 2020 to August 2021 to characterize 133 

POA sources and investigate SOA formation mechanisms in different seasons.  134 

2 Experimental methods 135 

2.1 sampling site and measurements 136 

A quadrupole-Aerosol Chemical Speciation Monitor (Q-ACSM) was deployed to continuously 137 

measure nonrefractory PM1 (NR-PM1) species including OA, sulfate (SO4), nitrate (NO3), ammonium 138 

(NH4), and chloride (Cl) from September 2020 to August 2021 at an urban site located in Haizhu 139 

wetland park of Guangzhou, which is surrounded by commercial streets and residential buildings, 140 

however, with a distance of at least 1 km (Liu et al., 2022). Therefore, measurements at this site are 141 

representative of the pollution characteristics of Guangzhou urban area. More detailed descriptions 142 

about the sampling site and the ACSM measurements could be referred to Liu et al. (2022) and Ng et 143 

al. (2011), respectively. An AE33 aethalometer (Drinovec et al., 2015) set up with a flow rate of 5 144 

L/min was separately operated downstream of a PM2.5 inlet (BGI SCC 1.829) to measure aerosol 145 

absorptions, from which optically equivalent black carbon (BC) mass concentrations in winter and 146 

early spring were calculated. In addition, mass concentrations of PM2.5 and trace gases such as nitrogen 147 

dioxide (NO2), ozone (O3), carbon monoxide (CO) and sulfur dioxide (SO2) were acquired from the 148 

publicly available datasets of the China National Environmental Monitoring network 149 

(http://www.cnemc.cn/en/), which includes a site located within 5 km distance to our observation site. 150 
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Measurements of meteorological parameters such as temperature, wind speed and direction (WS and 151 

WD), and relative humidity (RH) were made by an automatic weather station (Li et al., 2021). Aerosol 152 

liquid water content (ALWC) was predicted with the ISORROPIA-II thermodynamic model in reverse 153 

mode under metastable assumption (Guo et al., 2017) with aerosol chemical compositions measured 154 

by Q-ACSM as inputs, with more details in Supplement Sect.S2. 155 

2.2 Q-ACSM data analysis 156 

 The Q-ACSM data were processed using ACSM standard data analysis software (ACSM Local 157 

1.5.10.0 Released July 6, 2015) written in Igor Pro (version 6.37). The composition-dependent 158 

collection efficiency (CE) parameterization scheme proposed by Middlebrook et al. (2012) was chosen 159 

to determine the mass concentrations of NR-PM1 species which was also detailed in Liu et al. (2022). 160 

Relative ionization efficiencies (RIEs) of 5.15 and 0.7 were adopted for ammonium and sulfate 161 

quantifications which were calibrated using 300 nm pure NH4NO3 and (NH4) 2SO4 while the default 162 

RIEs of 1.4, 1.1 and 1.3 was used for organic aerosol, nitrate and chloride, respectively. Moreover, we 163 

also compared the mass concentrations of NR-PM1 with PM2.5 to ensure the validity of ACSM data 164 

during the whole study. As shown in Fig. S1 of the supplement, the measured NR-PM1 correlates 165 

highly with PM2.5 acquired from the nearest (about 5 km) Environmental Protection Agency site (R2 = 166 

0.71), and the average ratio of NR-PM1/PM2.5 is 0.77 (±0.36).  167 

Unconstrained Positive matrix factorization (PMF) was performed on OA mass spectra of the 168 

entire year-long dataset. For the two-factor solution, the POA factor peakinged in the evening with low 169 

O/C (~0.28) and an oxygenated OA (OOA) factor peaks in the afternoon with high O/C (~0.88) can 170 

be well resolved (Fig.S2), demonstrating the markedly different influences of primary emissions and 171 

SOA formations on diel aerosol mass concentrations. However, PMF-ACSM analysis of mass spectra 172 

of OA measured by unit mass resolution instruments still faced some uncertainties to further resolve 173 

potential POA or SOA components due to its rotational indeterminacy. For example, traffic-related 174 

hydron-carbon like organic aerosols (HOA) was uneasilysometimes not well to separated from 175 

cooking-related organic aerosols (COA) and there was also great uncertainty in distinguishing SOA 176 

with different degrees of oxidations (Sun et al., 2012;Sun et al., 2013;Zhang et al., 2015). Therefore, 177 

an improved source apportionment technique called Multilinear Engine (ME-2) was further used to 178 
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resolve better sources of POA and SOA (Paatero, 1999;Canonaco et al., 2013;Guo et al., 2020). 179 

Previously, both Guo et al. (2020) and Liu et al. (2022) demonstrated that during both autumn and 180 

winter seasons of Guangzhou urban areas, POA was mainly composed of HOA, (which is mostly 181 

associated with traffic emissions) and COA, whileand SOA could be resolved into less oxidized and 182 

more oxidized organic aerosols (LOOA and MOOA). The number selecting test using unconstrained 183 

PMF analysis (Fig.S3) also showed that four-factor solution likely be the best choice. Therefore, we 184 

had chosen 4 factors for ME-2 analysis with the a value of ME-2 rangeings from 0.1 to 0.5. 185 

Furthermore, and we constrained the HOA and COA profiles with HOA and COA profiles reported in 186 

Liu et al. (2022) as priories considering the following three reasons: (1) The used instrument of this 187 

study is the same one of Liu et al. (2022); (2) the COA profile reported in Liu et al. (2022) was 188 

determined during the period when both COVID-19 silence-action and festival spring occurred when 189 

cooking activities grew and traffic activities almost vanished thus COA shall dominated over HOA, 190 

more details about the method please refer to Liu et al. (2022); (3) Resolved variations of HOA and 191 

COA are well explained by external datasets. For example,such as correlations of HOA with black 192 

 Figure 1. Mass spectral profiles, diurnal cycles and correlations with external data of COA(a-c), HOA(d-f), 

LOOA(g-i) and MOOA(j-l) from ME2-ACSM analysis for the entire year. 
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carbon reached 0.79. The four-factor solution using the ME-2 technique with a=0.2 was obtained and 193 

shown in Fig.1. The resolved HOA and COA are summed as POA, resolved LOOA and MOOA are 194 

summed as SOA, and the comparison with those resolved by the PMF is shown in Fig.2. ME-2 analysis 195 

generally reproduced both the diurnal variations as well as absolute mass concentrations of POA and 196 

SOA during different months well. To explore the consistency of resolved factors using the entire year-197 

long dataset or only using seasonal dataset when performing ME-2 analysis, we performed individual 198 

ME-2 runs for each season. Results showed that factors resolved in each season using seasonal datasets 199 

as inputs of ME-2 are generally consistent with those resolved from year-long dataset (Fig.S4-S7). 200 

Therefore, factors resolved using the entire year-long dataset as input of ME-2 were used for further 201 

investigations and this also guaranteed consistency of factors for comparisons among seasons.   202 

The mass spectrum of COA deconvolved in this work was characterized by a high m/z 55-to-57 203 

ratio of 2.12, which was the same with the one reported by Guo et al. (2020), and close to the m/z 55-204 

to-57 ratio range of 2.2-2.8 reported by Mohr et al. (2012) for COA. Similar to previous studies (Guo 205 

Figure 2. (a) and (b) Diurnal variations of POA and SOA concentrations from ME-2 and PMF; (c) and 

(d) Scatter plots between monthly average POA and SOA concentrations from ME-2 and PMF. 
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et al., 2020;Sun et al., 2013), the concentration of COA was well correlated (R2=0.46) with m/z 55. 206 

The O/C ratio of 0.12 for COA revealed that it was less oxidized than HOA (O/C=0.16) during the 207 

whole year in Guangzhou, which was contrary to Sun et al. (2011). As shown in Fig.3, the diurnal 208 

profile of COA presented two typical peaks during the entire year with a noontime peak during 13:00 209 

- 14:00 LT and an evening peak during 20:00 - 21:00 LT, which were associated with noon and evening 210 

cooking activities. It was noteworthy that the nighttime peak concentration of COA was very close to 211 

that of noontime in summer, while the evening peak of COA was significantly higher than that of 212 

noontime in other three seasons. The ratio of evening COA peak to that of the noontime was 1.7 in fall, 213 

and was 1.6 in spring. In particular, the evening COA peak was nearly 4 times that of noontime in 214 

winter due to the relatively insignificant noontime peak during this period, which might be associated 215 

with the lock down and spring festival in winter which resulted in less noontime activities. Similar 216 

conclusions could be found in Sun et al. (2018). More frequent cooking activities at night such as the 217 

Chinese habit of eating midnight snacks, shallower boundary layer that inhibited diffusion of pollutants, 218 

and the lower temperature at night which facilitated semi-volatile compounds from cooking emissions 219 
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to partition into particles resulted in the higher peak concentration at nighttime than at noon (Guo et 220 

al., 2020).  221 

The mass spectrum of HOA (Fig.1b) was characterized with the 𝐶𝑛𝐻2𝑛−1
+  (m/z = 27, 41, 55, 69) 222 

and 𝐶𝑛𝐻2𝑛+1
+  (m/z = 29, 43, 57, 71) ion species. The concentration of HOA had a good correlation 223 

with that of primary BC emission (R2=0.74), and also correlated well with that of NO2 (R
2=0.58), 224 

indicating considerable impacts of traffic emissions on the HOA mass loading. As shown in Fig.3, 225 

except for summer, HOA increased significantly after sunrise especially in winter, however, began to 226 

decrease in the late evening. HOA was significantly higher during nighttime than during daytime in 227 

all seasons especially in winter, however, was not obvious in summer. HOA mass concentration peaks 228 

around 20:00 LT were attributed to traffic emissions during the nocturnal rush hours. However, the 229 

continuously high concentrations of HOA after 20:00 until 02:00 of the next day might have resulted 230 

from heavy-duty vehicles with daytime traffic restrictions in Guangzhou (Guo et al., 2020;Qin et al., 231 

2017).  232 

Two OOA factors were characterized with high O/C ratio, LOOA with O/C of 0.78 and MOOA 233 

Figure 3. Diurnal profiles of HOA, COA, LOOA and MOOA in spring (March to May), summer (Jnue to August), 

Fall (September to November), Winter (December to February).  
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with O/C of 1.2, suggesting high oxidation degrees of SOA factors in Guangzhou urban area, especially 234 

that of MOOA. MOOA and LOOA shared similar diurnal profiles regardless of seasons, with MOOA 235 

showed higher correlations with sulfate and LOOA showed higher correlations with nitrate. MOOA 236 

and LOOA increased together in fall from 09:00 LT until 14:00 LT reached a maximum of 3.7 μg/m3 237 

for MOOA and 5 μg/m3 for LOOA, followed by a gradual decrease in SOA concentrations and then 238 

remained relatively flat. The diurnal profiles of SOA in spring and summer were relatively similar to 239 

those in fall, however, more remarkable decreases of SOA from afternoon to midnight were observed 240 

in spring and summer. This is because SOA sometimes increased after sunset in autumn, which was 241 

even more prominent in winter, where LOOA and MOOA would first increase for a while after sunset 242 

and then begun to decrease. However, weaker daytime SOA formation was observed in winter. Note 243 

that a aqSOA factor (called aqOOA in these references) was previously resolved using the aerosol 244 

mass spectrometer measurements (Sun et al., 2016;Zhao et al., 2019) or time-of flight ACSM 245 

measurements (Lei et al., 2021), and the factor was resolved as aqSOA because of its high fraction of 246 

m/z 29 (CHO+) and high correlation with sulfate. Both two resolved SOA factors in this study showed 247 

relatively weak correlations with sulfate (Fig.1), and therefore, do not support directly if they are 248 

related with aqueous phase SOA formationreactions. 249 

3 Results and discussion 250 

3.1 The largest contribution of secondary organic aerosols in NR-PM1  251 

Time series of the meteorological parameters (including RH, WS and WD), the mass 252 

concentrations of NR-PM1 and PM2.5, chemical compositions of NR-PM1, trace gases and four 253 

resolved OA factors are shown Fig.S8. It shows that emission source intensities and meteorological 254 

variables changed dramatically among seasons. Hourly NR-PM1 mass concentrations ranged from near 255 

zero to 177 μg/m3 with an average of 21 μg/m3. From October to February, northerly winds prevailed 256 

and average NR-PM1 was relatively higher than that from February to September (26 vs 19 μg/m3), 257 

which were associated with relatively lower boundary height during cold seasons and northern winds 258 

brought polluted continental air mass. While during warm seasons of Guangzhou (March to 259 

September), south-easterly wind prevailed, which brought cleaner air mass from the ocean and the 260 
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boundary layer height was higher due to more surface heating. Monthly variations of PM2.5 are shown 261 

in Fig.4a, PM2.5 in summer was lowest and around 16 μg/m3 from May to August which were likely 262 

associated with the prevalence of rainy conditions in summer (Fig.S9) and possiblye higher boundary 263 

layer height (Yang et al., 2013). January was the month with highest PM2.5 mass concentrations with 264 

an average of 49 μg/m3, which was consistent with the fact that winter usually experienced the worst 265 

air pollutions due to the stagnant air conditions.  266 

The average mass contributions of different components to NR-PM1 during the entire year and 267 

among different seasons are shown in Fig.4b-4f. On average OA contributed about 50% to NR-PM1 268 

with the highest contribution in summer that reached near 57% and lowest contribution in spring of 269 

about 47%. The second largest contributor was sulfate, which on average contributed about 22%, and 270 

more than 20% in spring, summer and fall. However, the contribution of nitrate to NR-PM1 (23%) 271 

exceeded that of sulfate (14%) and became the second major component after OA in winter, consistent 272 

with the results of Guo et al. (2020) for pollution periods in winter of Guangzhou. The probability 273 

distributions of mass concentrations of OA, sulfate and nitrate are shown in Fig.4g-4i. Both OA and 274 

nitrate were distributed in wide ranges during winter and shared similar shape of probability 275 

distribution, with OA increasing gradually from summer to winter and then reducing in the spring. 276 

Sulfate shared similar magnitudes in summer and winter, and differed much from those in spring and 277 
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fall that had higher sulfate concentrations and varied in a wider range. Nitrate in summer and fall were 278 

relatively lower in summer and fall, however, had much higher concentrations in spring and winter.   279 

As shown in Fig.5a, average OA concentrations of different months ranged from about 7 μg/m3 280 

to 17 μg/m3 with the peak in January and the lowest in August, and the variations of OA mass 281 

concentration in winter and spring were much larger than those in summer and autumn. Monthly 282 

variations of mass concentrations of the four resolved factors are shown in Fig.5b-5e, and contributions 283 

of the four OA factors to OA are shown in Fig.5f. In general, HOA remained lower than 2 μg/m3 in 284 

most months, however, as the cold season approached from November, the monthly average OA 285 

increased substantially from about 2 μg/m3 to near 6 μg/m3. The much lower temperature and 286 

accumulation favorable meteorological conditions likely had resulted in the substantial increase of 287 

HOA. Compared with HOA, the seasonal variations of COA were less pronounced. The monthly 288 

average concentration of COA in warm months (February to October) was higher than those in cold 289 

months (October to January). The lowest monthly average concentration of COA was about 1 μg/m3 290 

which occurred in February when the contribution of COA to OA was near its lowest of about 9%. 291 

Overall, COA contributed about 19% of OA during the whole year which was close to that of HOA 292 

Figure 4. (a) Monthly average PM2.5 mass concentrations from September of 2020 to August of 2021; (b)-(f) The 

average mass fractions of the chemical components in NR-PM1 of the entire year and different seasons; (g)-(i) 

Probability distributions of OA, sulfate (SO4) and nitrate (NO3) in different seasons.  
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(18%). However, the contributions of COA and HOA to total OA differ much among seasons. The 293 

contributions of COA to OA were higher than that of HOA during warm months and lower than that 294 

of HOA in relatively cold months especially in winter. These results highlight the significant 295 

contributions of POA to OA in Guangzhou urban area, however, contributions of emission sources 296 

differed much among cold and warm seasons.  297 

SOA (MOOA+LOOA) contributed more than 60% to OA in all months, reached beyond 70% in 298 

October and February, and made up on average 63% of OA in the entire year. As shown in Fig.5(e-f), 299 

LOOA exhibited stronger seasonal variations than MOOA, with monthly average mass concentrations 300 

of LOOA varying between 2.6 to 6.1 µg/m3 and monthly average MOOA concentration ranging from 301 

Figure 5. The bar plots of monthly average mass concentrations of OA, COA, HOA, LOOA and MOOA from (a) 

to (e) and mass fractions of OA factors in OA (f).   
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2 to 3.8 µg/m3. The LOOA mass concentration peaked in the most polluted month of January, 302 

suggesting that significant contributions of LOOA formation to severe haze pollution in winter. The 303 

contribution of LOOA to OA ranged from 27% to 39% with an average of 34%, and the contribution 304 

of MOOA to OA ranged from 26% to 35% with an average of 32%. Overall, the average mass 305 

concentration of SOA was about 1.7 times that of POA for the whole year, and SOA accounted for 306 

about 32% of NR-PM1, which was higher than those of sulfate and nitrate, demonstrating the largest 307 

contribution of SOA to NR-PM1.  308 

3.2 Significant contributions of secondary organic aerosols to haze formations in all seasons 309 

Investigations on contribution variations of aerosol compositions under different aerosol pollution 310 

levels are helpful for understanding mechanisms of haze formations, and results in four seasons are 311 

presented in Fig.6. The chemical composition of NR-PM1 under different pollution levels differ much 312 

among seasons. In fall, as demonstrated by variations of mass concentrations of aerosol compositions 313 

under different pollution levels shown in Fig.6, pollution conditions in fall were dominantly controlled 314 

by secondary formations of sulfate and SOA, accumulation of primary aerosols and nitrate formation 315 

had relatively smaller impacts. With respect to mass fractions variations, contributions of aerosol 316 

components differed much among different pollution levels. The fraction of OA decreased rapidly from 317 

67% to 50% when the mass concentration of NR-PM1 gradually increased to 15 μg/m3, while the 318 

contribution of sulfate increased substantially from 17% to 30%, and the contribution of nitrate 319 

remained relatively stable at about 10%. When NR-PM1 further increased, OA contribution remained 320 

relatively flat for NR-PM1 below about 50 μg/m3. Accordingly, the contribution of SO4
2- decreased to 321 

~18%, and the contribution of nitrate substantially increased from ~10 % to 21%. After that, OA 322 

contribution decreased rapidly to about 40% and then remained stable for NR-PM1 >50 μg/m3. 323 

However, the contribution of sulfate began to increase, and the highest contribution could account for 324 

30%, while the contribution of nitrate began to decline gradually to 12%. In addition, the SOA 325 

contributed dominantly to OA (>60%) for NR-PM1 > 15 μg/m3 and even reached near 70% for NR-326 

PM1 > 35 μg/m3, suggesting the dominant role of SOA in OA accumulations in haze events during fall.   327 

In winter, haze formations are mostly associated with POA accumulations, SOA and nitrate 328 

formations, with nitrate formation playing the most important role, since it is also accompanied by 329 
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ammonium formation, while sulfate formation was weak in winter. The fraction of OA increased 330 

gradually with the increase of NR-PM1 concentration for NR-PM1 < 90 μg/m3 and reached the 331 

maximum of 60%, while the contribution of nitrate also showed a small increase from 21% to 26%. 332 

Under aggravating pollution, OA contribution fluctuated, however, showed a decreasing trend from 333 

60% to ~40%. Meanwhile, the nitrate contribution showed an increasing trend from 26% to ~40%, 334 

which was similar to that of OA. Sulfate contribution decreased with the increase of NR-PM1 335 

concentration for NR-PM1 < 100 μg/m3 and then remained at about 6% as NR-PM1 increases. In 336 

addition, the POA contribution increased about 25% to 50% for NR-PM1 < 100 μg/m3. Overall, the 337 

increase of nitrate, POA and SOA together had resulted in severely polluted conditions in winter. The 338 

substantial contribution of POA to severe haze demonstrates that meteorological conditions 339 

Figure 6. Left panels (a-d) show absolute mass concentration variations of aerosol compositions 

under different NR-PM1 levels, right panels (e-h) show mass fractions of chemical components as 

a function of NR-PM1. 
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unfavorable for the pollutant diffusion together with the substantial contributions of secondary nitrate 340 

and SOA formations have resulted in the most severe haze pollutions among the year. Especially, HOA 341 

contribution to OA increased from 17% to 52% when NR-PM1 concentration was less than 140 μg/m3, 342 

suggesting the significant role of traffic emission accumulation during severe haze pollution, which 343 

was consistent with results of Yao et al. (2020). 344 

In spring, haze pollutions were mostly associated POA accumulation and secondary formations of 345 

nitrate and SOA, especially that of nitrate. The contribution of OA decreased from 51% to 44% as NR-346 

PM1 mass concentration increased when NR-PM1 mass concentration was less than 50 μg/m3. When 347 

the mass concentration of NR-PM1 reached about 105 μg/m3, the fraction of OA reached a maximum 348 

of 55%, and then decreased to about 37%. The most noticeable characteristic was the increase of nitrate 349 

contribution (from 10% to 40%) and decrease of sulfate contribution (32% to 10%) as the NR-PM1 350 

increased. In summer, secondary aerosol formations contributed dominantly to haze formations, with 351 

POA contribution to NR-PM1 was about 20% in most conditions. The overall contribution of OA 352 

gradually decreased from near 60% to 35% as the mass concentration of NR-PM1 increased for NR-353 

PM1 concentration < 60 μg/m3 which was markedly different with those in other seasons, however 354 

increased to 49% as the NR-PM1 concentration increased further. The contribution of sulfate decreased 355 

from 25% to 13% and the contribution of nitrate increased from 9.0% to 31% with the increase of NR-356 

PM1 concentration for NR-PM1 concentration < 60 μg/m3. While the OA was dominated by SOA under 357 

most conditions (about 60%). 358 

Overall, haze formation mechanisms differed much among distinct seasons. Sulfate wasmattered 359 

more significant than nitrate in fall, while nitrate was more significantmattered more than sulfate in 360 

spring and winter, however, SOA contributed significantly to haze formations in all seasons. Note that 361 

seasonal variations of aerosol chemical compositions might differ much among years due to different 362 

meteorological conditions and emissions. For example, the evolution of sulfate during autumn in this 363 

study (Fig.S10) have remarkably different accumulation characteristics fromwith those observed in 364 

autumn of 2018 as shown in Fig.1 of Chen et al. (2021a). However, our conclusions about SOA playing 365 

significant roles in haze formations in Guangzhou urban area during all seasons are consistent among 366 

existing literature Even so, SOA play significant roles in haze formations of Guangzhou urban area in 367 

all seasons hold based on results of existing literatures (Zhou et al., 2020).  368 
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 369 

3.3 Discussions on SOA formation mechanisms 370 

As shown in Fig.3, both LOOA and MOOA mainly increased after sunrise, highlighting important 371 

roles of photochemistry in SOA formations. However, as demonstrated by Kuang et al. (2020), the 372 

daytime SOA formation could be either result from gas-phase photochemistry and subsequent 373 

condensation (gasSOA), or the result of gas-phase VOCs transformations with subsequent aqueous 374 

reactions (aqSOA). Especially since the PRD region is characterized by both active photochemistry 375 

due to strong solar radiation in subtropical regions and high relative humidity (annual average RH of 376 

~75%), both photochemistry and aqueous phase reactions might play significant roles in SOA 377 

formation, however, this aspect was not explored before.  378 

Figure 7. Time frequency diagrams of SOA increase events in (a) fall, (b) winter, (c) spring and (d) summer. 

X-axis represent start time of SOA increase, and y-axis represents the lasting hours of SOA increase events. 

The color scales indicate the number of occurrences. The values in the grid are the average SOA 

concentration during the SOA increase case. 
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Considering the frequent co-increase of MOOA and LOOA, they were grouped together as SOA 379 

for further investigations on their formation. SOA formation cases in four seasons were identified, the 380 

start time and lasting hours of their occurrences, as well as associated SOA levels are shown in Fig.7. 381 

Note that the identification of SOA formation cases has not considered the dilution effect of the lifting 382 

daytime boundary layer height and was only based on the absolute mass concentration variations. 383 

Therefore, this method has neglected some SOA formation cases that were masked by evolutions of 384 

the boundary layer, and the identified cases represent active SOA formation events that overcame 385 

dilution effects, which might be more suitable for further SOA formation investigations due to strong 386 

SOA formation signals. It shows that in all seasons, the SOA formation happened most frequently 387 

during daytime, starting in the morning and lasting about 4-8 hours. Especially, in spring, summer and 388 

fall, the daytime SOA formation almost happened everyday (Fig.S5-7), even if strong daytime 389 

boundary layer evolutions could be expected in these seasons due to strong surface solar heating, and 390 

resulted in the afternoon SOA mass concentration peaks in these seasons (Fig.3). However, highest 391 

SOA concentrations did not appear in the seasons with the most frequent morning to afternoon 392 

increases. Taking SOA formation cases in spring as an example, if the SOA increase started in the 393 

morning, more than 8 hours duration will result in significant higher SOA concentration. These cases 394 

started in the afternoon and lasted 4-8 hours would result in highest SOA concentration in spring. The 395 

SOA formation cases starting in the morning, however, only lasting within 4 hours, happened 396 

frequently in summer while less in spring and fall, suggesting that the absolute SOA mass 397 

concentration increase was more often stopped by strong boundary layer mixing in summer, which 398 

was consistent with the solar heating characteristics. The highest SOA in fall and winter were 399 

associated with the continuous increase of SOA after sunrise, suggesting that coordination of daytime 400 

and nighttime SOA formation together had resulted in the highest SOA concentrations in fall and winter.  401 

To dig deeper into possible mechanisms behind the active daytime SOA formations throughout 402 

the year, we investigated relationships between SOA formation rates and both O3 as well as aerosol 403 

liquid water content (ALWC) for the most frequent morning to afternoon SOA increase cases. Without 404 

considering the dilution effect of rising boundary layer, the daytime apparent growth rates of SOA 405 

varied from 0.2 to 4.4 μg m-3 h-1 (Fig.8). Note that the SOA growth rates was calculated on the basis 406 

of observations of the first four hours for each SOA increase case to reduce impacts of boundary layer 407 
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dilution effects. Some previous studies used variations of CO concentrations to partially correct for 408 

boundary layer dilution effects, however this method would fail in sites with strong CO emissions 409 

(Kuang et al., 2020). The SOA growth rates and were highly correlated to O3 formation rates (r=0.7) 410 

as shown in Fig.8. However, this result only proved the important role of photochemistry in SOA 411 

formations. The apparent SOA growth rates showed positive but much weaker correlation with the 412 

average O3 concentration during the period of SOA the increase (r=0.38), demonstrating that oxidant 413 

level was likely not the controlling factor for SOA formation, although O3 alone did not represent the 414 

variations of oxidation levels and other sources such as HONO photolysis (Yu et al., 2022) also 415 

contribute to OH radicals and is a typical oxidant in daytime photochemistry. To investigate the 416 

possible roles of aqueous reactions in SOA formation, the relationship between apparent SOA rates 417 

and corresponding average ALWC were also investigated, and a positive but weak correlation was 418 

found (r=0.33). More importantly, the correlation coefficient between apparent SOA growth rates and 419 

the variable of average ALWC multiplying by average O3 would be much higher (r=0.58, Fig.8d), 420 

suggesting that the coordination of gas-phase photochemistry and further aqueous reactions had likely 421 

Figure 8. Relationships between SOA daytime formation rates with corresponding (a) O3 formation rate; (b) average 

O3; (c) average ALWC (μg/m3) and (d) combination of averaged O3 and averaged ALWC. 
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resulted in the rapid daytime SOA formations.  422 

Besides the daytime SOA formation associated with photochemistry, dark transformations of 423 

VOCs that involve nighttime gas-phase and aqueous phase reactions might also result in efficient SOA 424 

formations. As shown in Fig.7, continuous increases of SOA were also frequently observed after sunset 425 

in spring (17 days), fall (18 days) and winter (20 days) with sporadic occurrence in summer, and the 426 

coordination of daytime and nighttime SOA formations together have resulted in the highest SOA 427 

concentrations in fall and winter which were associated with severe haze pollutions as demonstrated 428 

above. Average diurnal profiles of O3, NO2, CO, RH, ALWC, nitrate, sulfate, LOOA and MOOA for 429 

cases with co-increases of LOOA and MOOA after 18:00 in different seasons are shown in Fig.9. On 430 

average, SOA usually showed decreases during nighttime (Fig.3) due to transport of air mass from 431 

cleaner suburban regions. The average wind speed was 1.7 m/s from 18:00 to 23:00 LT for identified 432 

nighttime SOA increase cases and was obviously lower than the corresponding average wind speed of 433 

Figure 9. Average diurnal variations of (a) O3; (b) NO2; (c) CO; (d) ALWC; (e) nitrate; (f) sulfate; (g) MOOA; 

(h) LOOA and (i) RH for identified days with nighttime SOA increases. 
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2.3 m/s, suggesting the more stagnant air mass tended to favor the nighttime SOA increases. However, 434 

the nighttime 5h back trajectories shown in Fig.S11 demonstrated that the nighttime replacement of 435 

surrounding suburban cleaner air mass still prevailed, therefore the continuous increases of SOA 436 

suggested that nighttime SOA formation occurred on a regional scale. The increases of LOOA and 437 

MOOA were accompanied with obvious nitrate formation in all seasons as well as slight increases of 438 

sulfate, further indicating for regional scale nighttime secondary aerosol formations during these 439 

nighttime SOA formation events. Except for summer, continuous increase of SOA from the morning 440 

to nighttime confirmed that the coordination of daytime and nighttime SOA formations had contributed 441 

to haze formations. Number of days for daily average NR-PM1 ranges of 0-20, 20-35, 35-45, 45-60 442 

and >60 μg/m3 were 185,85,24,10 and 7, respectively (Fig.10a). All cases with daily average NR-PM1 443 

higher than 45 μg/m3 occurred in fall, winter and spring. The corresponding average diurnal variations 444 

Figure 10. (a) Number of days in different daily average NR_PM1 ranges; (b) Diurnal profiles of SOA under different 

NR_PM1 ranges; (c) Variations NO+/NO2
+ (RN) as a function of measured nitrate, horizontal dashed line corresponds to 

RN of 2.8, red markers and bars represents averages and standard deviations; (d) Diurnal profiles of RN under different 

NR_PM1 ranges.  
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of SOA for these relatively severe conditions shown in Fig.10b confirmed further that the coordination 445 

of daytime and nighttime SOA formations had contributed to severe haze formations in Guangzhou 446 

urban area.  447 

The NO3 radical formed through the rection between NO2 and O3 is the typical nighttime oxidant. 448 

Results of Rollins et al. (2012) and Kiendler-Scharr et al. (2016) revealed that NO3 oxidation of VOCs 449 

would contribute substantially to nighttime SOA increase. As shown in Fig.9a, after sunset, the O3 450 

concentration decreased quickly, however, remained substantially higher than zero, accompanied was 451 

the remarkable increases of NO2 and nitrate. In Guangzhou urban areas, nitrate can either be formed 452 

through gas-phase oxidation of NO2 by OH which forms HNO3 and then condenses onto aerosol phase, 453 

or be formed through the hydrolysis of N2O5, which is formed through reactions between NO2 and 454 

NO3 radical (Yang et al., 2022). The obvious co-increases in nitrate and SOA after sunset indicated 455 

that the decrease of O3 and increase of NO2 consumption had supplied the NO3 and N2O5 reaction 456 

chains and the increase of ALWC favored the hydrolysis of N2O5. This was indirectly confirmed when 457 

during winter, despite relatively high concentrations of O3 and NO2 after sunrise compared with other 458 

seasons, nitrate formation was much less prominent due to substantially lower ALWC associated with 459 

lower RH. However, the quick increase of SOA still occurred after sunset despite weak daytime SOA 460 

formation, suggesting that aqueous reactions might play minor roles in nighttime SOA formation that 461 

involve NO3 radical in Guangzhou urban area. The nighttime chemistry that involves NO3 radical 462 

might contribute substantially to organic nitrate formation (Ng et al., 2008;Fry et al., 2009;Rollins et 463 

al., 2012) which would produce the same ions (NO+ and NO2
+) with inorganic nitrate due to the 464 

fragmentation of nitrate functionality (-ONO2) under 70 eV electron ionization in the aerosol mass 465 

spectrometer measurements. However, organic nitrate has different fragmentation pattern with that of 466 

inorganic nitrate with previous laboratory studies have shown that the RN=NO+/NO2
+ of organic 467 

nitrate is substantially higher than that of inorganic nitrate. Farmer et al. (2010) thus proposed that the 468 

RN variations can be used as an indicator of organic nitrate formations. The Q-ACSM measurements 469 

with unit mass resolution cannot provide accurate measurements of RN due to the resolution limitation 470 

(Allan et al., 2004), however, the resolved RN related to measured nitrate might provide qualitative 471 

constraints on impacts of organic nitrates. The variations of resolved RN as a function of measured 472 

nitrate are shown in Fig.10c, which shows that at high levels of nitrate when inorganic nitrate usually 473 
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dominates (Xu et al., 2021), the RN approaches near 2.8 which was close to the inorganic nitrate RN 474 

reported in (Xu et al., 2021), and locates in the range of 1.1-3.5 of inorganic nitrate RN reported in 475 

literatures (Xu et al., 2015). Diurnal variations of RN under different pollution levels shown in Fig.10d 476 

reveals higher nighttime RN than daytime, and obvious continuous increase of RN after sunset can be 477 

observed for relatively clean and polluted conditions (daily average NR-PM1 of 20-35 μg/m3 to NR-478 

PM1 of 45-60 μg/m3), suggesting active nighttime organic nitrate formations, which confirmed the 479 

involvement of NO3 radicals in nighttime SOA formations.  480 

4 Implications for future studies 481 

In this study, we highlighted the significant roles of SOA in haze formations in Guangzhou urban 482 

area during the entire year and pointed out that for the most prominent and frequent daytime SOA 483 

formations all the year around, both gas-phase photochemistry and aqueous reactions played 484 

significant roles. Therefore, daytime SOA formation was weak in winter when oxidant level and RH 485 

were low, whereas prominent SOA formations were be observed in fall, spring and summer on almost 486 

daily basis. However, how gas-phase and aqueous phase reactions have coordinated to promote the 487 

SOA formation, and the different contributions of gasSOA and aqSOA to SOA formations under 488 

different meteorological conditions and VOCs profiles in different seasons are not clear. In addition, 489 

our results suggested that the coordination of daytime and nighttime SOA formation together had 490 

resulted in highest SOA concentrations in Guangzhou urban area, thus contributed significantly to 491 

severe haze formation. The co-increases of nitrate and SOA after sunrise indicated the significant roles 492 

of nighttime NO3 radical chemistry in promoting haze formations. However, our understanding on 493 

how nighttime chemistry evolved and contributed to secondary aerosols formations in different 494 

seasons is still highly insufficient in this region. Therefore, the precursors and formation pathways of 495 

daytime and nighttime SOA formations and how they coordinated to promote severe haze formations 496 

need further comprehensive investigations to make targeted emission control strategies to continuously 497 

improve air quality in the PRD region. Also, findings of this study have important implications on 498 

future investigations of SOA formation mechanisms in urban areas of southern China that share similar 499 

emission sources and meteorological conditions. 500 

 501 
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