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Abstract: SO2 concentration decreased rapidly in recent years in China due to the implementation of strict control 25 

policies by the government. Particulate sulfate (pSO4
2-) and gaseous H2SO4 (SA) are two major products of SO2 and they 26 

play important roles in the haze formation and new particle formation (NPF), respectively. We examined the change in 27 

pSO4
2- and SA concentrations in response to reduced SO2 concentration using long-term measurement data in Beijing. 28 

Simulations from the Community Multiscale Air Quality model with a 2-D Volatility Basis Set (CMAQ/2D-VBS) were 29 

used for comparison. From 2013 to 2018, SO2 concentration in Beijing decreased by ~81% (from 9.1 ppb to 1.7 ppb). 30 

pSO4
2- concentration in submicrometer particles decreased by ~60% from 2012-2013 (monthly average of ~10 μg·m-3) to 31 

2018-2019 (monthly average of ~4 μg·m-3). Accordingly, the fraction of pSO4
2- in these particles decreased from 20-30% 32 

to less than 10%. Increased sulfur oxidation ratio was observed both in the measurements and the CMAQ/2D-VBS 33 

simulations. Despite the reduction in SO2 concentration, there was no obvious decrease in SA concentration based on 34 

data from several measuring periods from 2008 to 2019. This was supported by the increased SA:SO2 ratio with reduced 35 

SO2 concentration and condensation sink. NPF frequency in Beijing between 2004 and 2019 remains relatively constant. 36 

This constant NPF frequency is consistent with the relatively stable SA concentration in Beijing, while different from 37 

some other cities where NPF frequency was reported to decrease with decreased SO2 concentrations. 38 

Key words: sulfur dioxide, gaseous sulfuric acid, particulate sulfate, long-term observation, new particle formation 39 
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 41 

Highlights 42 

· Particulate sulfate concentration and its fraction in submicrometer particles decreased from 2012 to 2019 in 43 

Beijing. 44 

· Sulfur oxidation ratio increased from 2013 to 2019 in Beijing. 45 

· Sulfuric acid concentration remains relatively stable based on several measuring periods from 2008 to 2019. 46 

· The frequency of new particle formation events in Beijing remains relatively stable from 2004 to 2019. 47 

 48 

1 INTRODUCTION 49 

In Chinese megacities, both atmospheric new particle formation (NPF) and haze formation happen frequently (Chu et al., 50 

2019; Guo et al., 2014; Zheng et al., 2016). Gaseous H2SO4 (SA) is the key precursor initiating NPF while particulate 51 

sulfate (pSO4
2-) is one of the most important drivers for haze formation. Both of them are ubiquitous atmospheric 52 

sulfur-containing compounds that originate from the oxidation of SO2
 (Seinfeld and Pandis, 2006; Zhang et al., 2015). In 53 

recent decades, the anthropogenic emission of SO2 has been reduced dramatically in China because of the 54 

implementation of strict control policies, and atmospheric SO2 concentration was significantly reduced consequently 55 
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(Cheng et al., 2019; Wang et al., 2017; Xia et al., 2016; Zeng et al., 2019; Zhai et al., 2019). The formation of pSO4
2- and 56 

SA may change in response to the SO2 reduction. In megacities like Beijing and Shanghai, the oxidants for the formation 57 

of pSO4
2- and SA are of high complexity (Cheng et al., 2016; Wang et al., 2016), and various non-linear processes may 58 

happen in such complex atmospheric environments (Wang et al., 2011a; Zhao et al., 2017). 59 

 60 

Atmospheric SA is mainly produced from gas-phase oxidation of SO2 by OH radicals (Finlayson-Pitts and Pitts, 1999; 61 

Kuang et al., 2008; Weber et al., 1999; Zhang et al., 2012). Thus, a decrease in SO2 might lead to a decreasing production 62 

rate of SA, in the condition of no significant changes in the atmospheric oxidants. However, the condensational loss rate 63 

of SA to the particle surface may also decrease due to the reduced aerosol loading. Accurate measurement of atmospheric 64 

SA concentration is challenging because of its low concentration (105-108 #·cm-3), short lifetime (less than 1 min), and 65 

the sticky nature (completely non-volatile) (Eisele and Tanner, 1993; Zhang et al., 2012; Zheng et al., 2011). Limited 66 

long-term measurements of SA were achieved until recently (Bertram et al., 2011; Birmili et al., 2003; Jokinen et al., 67 

2012; Mikkonen et al., 2011). Several proxies were proposed to estimate atmospheric SA concentration (Dada et al., 68 

2017; Lu et al., 2019; Mikkonen et al., 2011; Petaja et al., 2009), but the applicability of these proxies in different places 69 

and conditions remains to be tested.  70 

 71 

A direct influence of changing SA concentration would be on atmospheric NPF. The occurrence of NPF was reported to 72 

decrease with reduced SO2 concentration in a number of sites (Birmili and Wiedensohler, 2000; Hamed et al., 2010; 73 

Jaatinen et al., 2009; Kyro et al., 2014; Saha et al., 2018). The influences of reduced SO2 concentration on NPF 74 

frequency were argued to be caused by a reduction in SA concentration. It was estimated in the model that if 75 

anthropogenic SO2 emission is removed, particle formation potential from SA would drop by about two orders of 76 

magnitude (Perraud et al., 2015). However, due to the lack of direct SA measurements, it remains uncertain whether the 77 

observed reduction in NPF frequency in these sites is indeed attributed to reduced SA concentration. What’s more, the 78 
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occurrence of NPF is also influenced by other factors. For instance, the aerosol surface area was reported to be a 79 

governing factor for the occurrence of NPF events in Beijing (Cai et al., 2017b).  80 

 81 

pSO4
2- is a dominating inorganic compound in particulate matter in sulfur-dominating atmospheric environments, and its 82 

origin is mainly secondary processes, especially during haze events (Huang et al., 2014; Zheng et al., 2015a). In the UK, 83 

France, and German, pSO4
2- between 1980 and 2000 decreased by 50-70% in response to a 90% reduction in 84 

atmospheric SO2 concentration (Manktelow et al., 2007). In Eastern USA, pSO4
2- between 1989 and 1995 decreased by 85 

26% in response to a 35% reduction in SO2 concentration (Holland et al., 1998). A simulation analysis on Europe and the 86 

USA indicates that every 1% decrease in SO2 emissions will reduce pSO4
2- by 0.65% (Manktelow et al., 2007). Those 87 

observed non-linear responses were not well understood. Recent studies have shown high uncertainty of sulfate 88 

formation in China (Cheng et al., 2016; Guo et al., 2017; Ma et al., 2018; Shao et al., 2019; Wang et al., 2016). Although 89 

some short-term studies have reported decreased pSO4
2- concentration in recent years (Li et al., 2019a; Moch et al., 2018; 90 

Shao et al., 2018), more data is needed to examine the long-term change in pSO4
2-.  91 

 92 

In this study, we aim to address the following question: How did pSO4
2-, SA, and NPF frequency change as a response to 93 

reduced SO2 concentration in Beijing? Long-term non-refractory submicron particulate matter (NR-PM1) was measured 94 

using a quadrupole aerosol chemical speciation monitor (Q-ACSM) from Dec. 2011 to Mar. 2019 in Beijing. SA 95 

concentration was measured in 2008 summer, 2016 spring, and 2018 to 2019. Simulations from the Community 96 

Multiscale Air Quality model with a 2-D Volatility Basis Set (CMAQ/2D-VBS) were also used to explore these 97 

responses.  98 
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2 METHODOLOGY 99 

2.1 Long-term measurements 100 

Long-term measurements were carried out at two urban sites in Beijing. One site (THU site) is located on the top floor of 101 

a four-layer building in the campus of Tsinghua University (40°94′N, 116°33′E), with no tall buildings nearby but three 102 

cafeterias which are 170-300 m away from the site (Cai and Jiang, 2017; He et al., 2001). The other site (BUCT site) is on 103 

the fifth floor of a teaching building at the west campus of Beijing University of Chemical Technology (39°94′N, 104 

116°30′E), surrounded by some commercial and residential tall buildings (Lu et al., 2019). Both of the two sites are at 105 

Haidian District, northwest area of Beijing, and are typical urban sites. The distance between the two sites is 7.1 km. 106 

Both of the two sites have meteorological stations to measure temperature (T), relative humidity (RH), solar radiation 107 

(SR), and other routine parameters. For the long-term SO2 trend, the data from national stations in Beijing were used 108 

(Jiang et al., 2015). Detailed items and time-span of measurements at each site were described in the supplementary 109 

information (Figure S1). In the following analysis, winter, spring, summer, and autumn are Dec.-Feb., Mar.-May., 110 

Jun.-Aug., and Sep.-Nov., respectively. 111 

 112 

Chemical compositions of the NR-PM1, including pSO4
2- and other non-refractory particulate components, were 113 

measured using a Q-ACSM (Ng et al., 2011) between Dec. 2011 and Mar. 2019 at the THU site. The sampling interval 114 

was 15-30 min. For this analysis, the data were averaged to an hourly resolution. During the sampling periods, an overall 115 

of 26 calibrations for ACSM ionization efficiency (IE) was performed following the procedure described by Ng et al., 116 

(2011). An average IE and an average relative ionization efficiency for sulfate (RIESO4) of 6 × 109 and 0.9, respectively, 117 

were used. Particle collection efficiency (CE, Figure S2) was calculated using the ammonium nitrate mass fraction 118 

(ANMF) method (Middlebrook et al., 2012). Details of the calibrations can be found in the supplementary information.  119 

SA concentration from two campaigns and one continuous measurement spanning from 2008 to 2019 was used. The 120 
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continuous measurements were at the BUCT site from Jan. 2018 to Mar. 2019, using a nitrate chemical ionization 121 

reaction source coupled with a chemical ionization high-resolution time of flight mass spectrometer (HToF-CIMS, 122 

Aerodyne Research, Inc). The nitrate reaction source based on the design of Eisele and Tanner (1993) can measure SA 123 

down to 104 #·cm-3 (Bertram et al., 2011; Jokinen et al., 2012; Kürten et al., 2016). The setup and operation of 124 

HToF-CIMS were similar to previously described (Lu et al., 2019). The calibration of the instrument followed a previous 125 

study (Kürten et al., 2012). One campaign was at the THU site during Mar. 2016 and Apr. 2016 (Cai et al., 2017b), using 126 

a home-made corona discharge ionization source coupled with an HToF-CIMS, The detailed design and calibration of 127 

the system have been reported previously (Zheng et al., 2015b). The earliest campaign in Beijing (Wang et al., 2013a; 128 

Zheng et al., 2011) was during Jun. 2008 and Aug. 2008, on the campus of Peking University, which is within 2 km of 129 

THU site, using an atmospheric pressure ion-drift tube with a quadrupole mass spectrometer (AP-ID-CIMS). The 130 

operation and calibration have been described elsewhere (Zheng et al., 2010). SO2 concentration was measured with SO2 131 

analyzers (Model 43i, Thermo) at all the three sites in parallel with the SA measurements. All the SA data were averaged 132 

to a 5-min resolution.  133 

 134 

Size distributions of particles between 1 nm and 10 μm were measured in parallel with SA at both the THU and the 135 

BUCT site. Sub-5 nm particles were measured using a home-made DEG-SMPS equipped with a specially designed 136 

miniature cylindrical differential mobility analyzer (mini-cyDMA) and a core-sampling apparatus (Cai et al., 2017a; Fu 137 

et al., 2019; Jiang et al., 2011). Particles between 3 nm and 10 μm were measured using a particle size distribution 138 

spectrometer (PSD) (Liu et al., 2016). Time intervals were 5 minutes. Details of the size distribution measurement 139 

system can be found elsewhere (Cai et al., 2017b). The size distribution data were used for estimating condensation sink 140 

(CS) and also for classifying NPF events.  141 
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2.2 Observational analysis of the sources and sinks of SA and pSO4
2-  142 

Sulfur oxidation ratio (SOR) is commonly used to indicate the conversion ratio of SO2 to pSO4
2- (Wang et al., 2019),  143 

2

4

2-

4 2

SO
SOR

SO SO

−  =
   +   

 (Eq. 1) 

[SO4
2-] and [SO2] are the molar concentration of pSO4

2- and SO2. Note that pSO4
2- in this study represents sulfate in 144 

NR-PM1, the calculated SOR might be lower than those calculated using coarse particles or PM2.5. Besides secondary 145 

conversion in the atmosphere, primary emissions and transport processes can contribute to pSO4
2- and may lead to some 146 

uncertainties in the estimated SOR values.  147 

 148 

The main source of atmospheric SA is the oxidation of SO2 by OH radical (Finlayson-Pitts and Pitts, 1999). The main 149 

loss of SA is the condensation loss onto preexisting particles. Thus, the change in SA concentration can be written as:  150 

( )
2 4

2 -
d H SO

k T OH SO SA CS
dt

   =     (Eq. 2) 

 151 

SA was sufficiently short-lived that its sources and sinks can be assumed to be in pseudo-steady state, then the change 152 

in SA concentration is equal to zero: 153 

2SA production rate k OH SO SAloss rate SA CS=   = =   (Eq. 3) 

where CS (s-1) is the condensation sink which was defined as the rate of condensational loss of SA onto preexisting 154 

particles (Kulmala et al., 2001; Pirjola et al., 1999). The calculation method of CS was described previously elsewhere 155 

(Cai et al., 2017b). The temperature-dependent reaction constant, k, is adopted from previous studies (DeMore et al., 156 

1997; Sander et al., 2002). Studies have shown that tropospheric OH concentration has strong linear correlations with 157 

solar ultraviolet radiation despite the complex sources (e.g., photolysis of O3, NO2, HONO, H2O2, and HCHO) and losses 158 

(Rohrer and Berresheim, 2006). Here, we used global solar radiation (SR). To limit onto daytime processes, only data 159 

when SR is greater than 10 W are used for the analysis.  160 



9 

 

2.3 Modeling of SA and pSO4
2- 161 

pSO4
2- in PM2.5 and SA concentrations in Beijing during 2013, 2015, and 2017 were modeled using the CMAQ/2D-VBS 162 

(Leung et al., 2018; Zhao et al., 2018; Zheng et al., 2019). The modeling domain covered East Asia with a grid spacing of 163 

36 × 36 km2. The anthropogenic emission inventories used in the simulations were developed by Zhao et al. (2018) and 164 

Ding et al. (2019). The meteorological fields for input into the CMAQ/2D-VBS model were simulated by the Weather 165 

Research and Forecasting Model (WRF) v3.7. The configurations of WRF and CMAQ/2D-VBS have been described in 166 

previous studies (Leung et al., 2018; Zhao et al., 2018; Zheng et al., 2019). We compared the CMAQ/2D-VBS simulation 167 

results with surface observations of O3, PM2.5, major chemical components of PM2.5, and satellite retrievals of aerosol 168 

optical depth (AOD) and NO2 column density. The simulated magnitude and temporal trends of these pollutants agree 169 

reasonably well with observations (Leung et al., 2018; Zhao et al., 2018). 170 

3. RESULTS AND DISCUSSION 171 

3.1 Response of particulate sulfate 172 

pSO4
2- and its fraction in NR-PM1 declined with fluctuations in response to reduced SO2 concentrations during 2012 and 173 

2019 (Figure 1). The average SO2 concentration decreased from an annual average of 9.1 ppb in 2013 to an annual 174 

average of 1.7 ppb in 2018 (Figure 1a). The reduction rate during the six years was 81%. The meteorological conditions 175 

(RH, T, and SR) in different years (2012-2019) were comparable to each other (Figure S3). The concentration of pSO4
2- 176 

decreased with fluctuations from ~10 μg·m-3 during 2012-2014 to ~4 μg·m-3 during 2017-2019 (Figure 1b). The 177 

reduction rate was ~60%. The modeled pSO4
2- (in PM2.5) reduction trend agreed well with the measured pSO4

2- (in 178 

NR-PM1). The mass fraction of pSO4
2- in NR-PM1 decreased from ~20-30% in 2012 to less than 10% in 2019 (Figure 1c). 179 

pSO4
2- in Beijing is mainly from secondary formation, with a nonnegligible fraction from primary emissions (Huang et 180 

al., 2014; Shao et al., 2019). Therefore, the reduction of pSO4
2- should be attributed to a combined effect of reductions in 181 
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secondary formation from SO2
 and primary emissions of pSO4

2-. The decreased pSO4
2- fraction in NR-PM1 is in 182 

accordance with the fact that SO2 and particulate matter are the most significantly reduced pollutants, as compared to 183 

NOx, NH3, and VOCs (Cheng et al., 2019; Zheng et al., 2018).  184 

 185 

 186 

Figure 1. (a) Monthly average SO2 concentrations in Beijing from Jan. 2013 to Mar. 2019. The data is the average from twelve national 187 

monitoring stations in Beijing (Jiang et al., 2015). (b) Monthly average pSO4
2- concentrations in NR-PM1 measured using the Q-ACSM from 188 

Dec. 2011 to Mar. 2019. Grey points are the simulated pSO4
2- in PM2.5 using CMAQ/2D-VBS. (c) Corresponding monthly pSO4

2- mass 189 

fraction in NR-PM1. The red lines in the three subplots represent the standard deviations of the data. The blue dashed lines are the trend lines 190 

obtained by linear regression of the measured data. The black dashed line is the trend line obtained by linear regression of the simulated 191 

data. 192 

 193 

Non-linear reduction in pSO4
2- with the reduced SO2 concentration was observed, as indicated by increased SOR 194 

during 2013 and 2019 (Figure 2). Firstly, SOR in different seasons were significantly different: the highest SOR was 195 

observed in summer, with an average of ~0.4, nearly twice as that in winter. The distinct seasonal variation was also 196 

captured by the CMAQ/2D-VBS model. The higher SOR in summer was a combined effect of higher RH, higher T, 197 

and higher atmospheric oxidation capability (Figure S3 & S4). Average SOR in wintertime and springtime increased 198 
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from an average of ~0.15 in 2012-2013 to an average of ~0.19 in 2018-2019. This indicated a non-linear relationship 199 

between reduced pSO4
2- and SO2 concentrations. Due to the limited data points, no clear long-term trend on SOR 200 

change during summer and autumn can be concluded. The modeled SOR also showed increasing trends from 2013 to 201 

2017. Considering that the measured and modeled SOR were calculated from pSO4
2- in NR-PM1 and PM2.5, 202 

respectively, and the measured results represent the situation at the measuring site while the modeled results represent 203 

a larger space in Beijing, however, the exact values cannot be directly compared. Besides, previous studies have 204 

reported underestimation of modeled SOR due to missing or underestimated pathways for pSO4
2- formation in the 205 

CMAQ model (Cheng et al., 2016; Sarwar et al., 2013; Shao et al., 2019) and overestimation of measured pSO4
2- due 206 

to the misinterpret of some organosulfur compounds (Moch et al., 2018; Song et al., 2019a). 207 

 208 

 209 

Figure 2. Measured (red points) and CMAQ/2D-VBS simulated (grey points) monthly average sulfur oxidation ratio (SOR = [pSO4
2-] / 210 

([pSO4
2-] + [SO2])). The end of the red lines represents the 25th and 75th percentiles. The blue dashed line is the trend line obtained by 211 

linear regression of the measured data. The black dashed line is the trend line obtained by linear regression of the simulated data. 212 

 213 

Based on the CMAQ/2D-VBS simulation results, the increased SOR was mainly attributed to the increased O3 and OH 214 

concentrations. Firstly, the simulated SOR has good positive correlations with O3 and OH concentrations (Figure 3a-b), 215 

which indicates that O3 and OH are good representations of the SO2 oxidants in the CMAQ/2D-VBS model. The 216 
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simulated O3 concentrations increased from 26.1 ppb in 2013 to 31.4 ppb in 2017, the simulated OH increased from 217 

1.3×106 #·cm3 in 2013 to 1.7×106 #·cm3 in 2017, and the simulated SOR increased from 0.11 in 2013 to 0.17 in 2017. 218 

The increases in oxidants were most significant in winter (Figure S4). Previous studies also indicated increased 219 

atmospheric oxidation capability during 2013 and 2017 in Chinese megacity clusters (Li et al., 2019b). Secondly, as 220 

shown in Figure 3a and 3b, under similar O3 or OH concentrations, SOR was slightly higher for low SO2 concentrations, 221 

which may be explained by the relatively more sufficient oxidation capacity under low SO2 concentrations. The 222 

increased SOR should not be caused by the meteorological conditions in different years as when we fixed the 223 

meteorological conditions as the same with year 2015 in the CMAQ/2D-VBS model, the SOR increasing trend is similar 224 

(Figure S5).  225 

 226 

 227 

 228 
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Figure 3. The modeled monthly and yearly sulfur oxidation ratio (SOR = [pSO4
2-] / ([pSO4

2-] + [SO2])) as a function of (a) O3 229 

concentration and (b) OH concentration colored by SO2 concentration; the measured hourly SOR as a function of (c) O3 concentration and 230 

(d) Ox (O3+NO2) concentration colored by SO2 concentration.  231 

 232 

However, reasons for the increased SOR are probably more complicated, possibly be a combined effect from the 233 

increased oxidants (e.g., O3), relatively more sufficient oxidation capacity under reduced SO2 concentrations, and other 234 

possible factors (e.g., increased NH3 concentrations). Figure 3c shows all the measured hourly average SOR as a 235 

function of O3 concentration. Firstly, SOR generally increased with O3 concentrations when O3 was high and SO2 was 236 

low. The measured O3 increased slightly from an annual average of 20.3 ppb in 2013 to an annual average of 28.0 ppb 237 

in 2018, as shown in Figure S4. As a result, the measured increase in SOR from 2013 to 2018 could be introduced by 238 

increased O3 concentration. However, under low O3 concentrations or high SO2 concentrations, the positive correlation 239 

between SOR and O3 did not exist, which was not expected by the model. A possible reason is that the reliance of SOR 240 

on O3 was interfered by its reliance on RH, which is another important factor for SOR (Cheng et al., 2016; Wang et al., 241 

2016; Zhang et al., 2019). Another possibility is that other important oxidants, like NO2, take the dominating role in 242 

oxidizing SO2 under low O3 and high SO2 concentrations. As shown in Figure 3d, SOR has a better correlation with Ox 243 

(odd oxygen: O3+NO2) than O3. Recent studies have emphasized the importance of NO2 on the oxidation of SO2 under 244 

high NO2, high NH3, high RH, and sometimes high dust aerosol concentrations in Beijing (Cheng et al., 2016; Wang et 245 

al., 2016; Zhang et al., 2019). However, this pathway has not been integrated into the current CMAQ/2D-VBS model 246 

because of the high uncertainty introduced by its high reliability on particle pH. However, neither RH nor Ox had a 247 

long-term increasing trend, which could not be the reason for the long-term increase in SOR. Secondly, under similar 248 

O3 concentrations, SOR was significantly higher under low SO2 (SOR = 0.37 for SO2 < 2 ppb) than high SO2 249 

concentrations (SOR = 0.11 for SO2 > 20 ppb), this can be explained by the relatively more sufficient oxidation 250 

capacity under low SO2 concentrations, consistent with the simulated results. Thirdly, previous studies have reported 251 
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increased particle pH due to the relatively more abundant NH3, the increased pH would facilitate the heterogeneous 252 

formation of pSO4
2- and thus increase SOR (Fu et al., 2017; Song et al., 2019b). Thus, the increased O3 concentrations, 253 

the relatively more sufficient oxidation capacity under low SO2 concentrations, and possibly the relatively more 254 

abundant NH3 can play a synergistic role in elevating SOR. 255 

3.2 Response of sulfuric acid 256 

No dramatic change in SA concentration was observed in response to the decreased SO2 trend (Figure 4). Average SO2 257 

during the four measuring periods in Beijing from 2008 to 2019 were 4.1, 5.8, 4.2, 2.5 ppb. However, no dramatic change 258 

in SA concentration was observed, with the average concentration during the four periods being 2.4×106, 5.6×105, 259 

4.5×106, and 2.0×106 #·cm-3, respectively. Note that the SA measurements were relatively scarce and spread in different 260 

seasons, thus we cannot exclude the possibility that SA concentration presented in this analysis did not catch the 261 

long-term trend. The ongoing continuous SA measurement at the BUCT site will help to further address this. When 262 

comparing Beijing with other sites around the world (Figure 4), SO2 in Beijing and Atlanta (both urban sites) was 263 

significantly higher than the rural and forest sites. However, SA concentrations in the urban sites were comparable to 264 

those in the rural and forest sites. 265 

 266 

 267 

Figure 4. The average, 5th, 50th, and 95th percentiles of (a) SO2, (b) condensation sink (CS), and (c) SA concentration, during four periods in 268 
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Beijing (BJ) and other sites of the world (Mikkonen et al., 2011), including Atlanta, Georgia, USA (ATL), Melpitz, Germany (MEL), 269 

Hyytiälä, Finland (HYY), Hohenpeissenberg, Germany (HPB), San Pietro Capofiume, Italy (SPC), Niwot Ridge, Colorado, USA (NWR). (d) 270 

The average SA production rate for Beijing and other sites. The red shaded area includes urban sites, the blue shaded area includes rural and 271 

forest sites.  272 

 273 

When putting all the 5-min average sampling data together (Figure S7), we observed that the apparent SA conversion 274 

ratio (SA:SO2 molar ratio) increased significantly from ~0.001% to ~1% as SO2 decreased from 10 ppb to 0.01 ppb. This 275 

increase in SA:SO2 ratio in response to reduced SO2 concentration was also observed in the CMAQ/2D-VBS simulation 276 

results. The increased apparent conversion ratio indicated that the response of SA concentration to SO2 is non-linear. One 277 

reason for the non-linear response is that the sulfuric acid concentration is often limited by the oxidants, rather than SO2 278 

concentration. That is, the oxidants to form SA became more sufficient in reduced SO2 concentrations. 279 

 280 

Decreased CS was one of the reasons for the relatively stable SA concentration and the increased SA:SO2 under reduced 281 

SO2 concentrations. CS during the four periods in Beijing was 0.102, 0.033, 0.055, and 0.032 s-1, respectively. It has a 282 

decreasing trend. As a result, the reduced SA production (due to reduced SO2) and the reduced loss rate (due to reduced 283 

CS) may cancel out to some extent and result in stable SA concentrations in Beijing. Similarly, CS and the SA loss rate 284 

(SA·CS) in the clean rural and forest sites is significantly lower than the urban sites (Figure 4), which buffered the 285 

difference in SA concentration in different sites by reducing SA loss rate. When looking at the 5-min average data 286 

points in Beijing (Figure 5a), a clear influence from CS was observed on SA:SO2 molar ratio. SA:SO2 under CS < 0.02 287 

s-1 can be one magnitude higher than those under CS > 0.05 s-1.  288 
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 289 

Figure 5. (a) The apparent SA conversion ratio (SA:SO2 molar ratio) as a function of solar radiation colored by condensation sink (CS) in 290 

Beijing. (b) The CMAQ/2D-VBS simulated monthly SA:SO2 as a function of modeled OH concentrations. 291 

 292 

The increased atmospheric oxidation capacity may also play a minor role in the relatively constant SA concentration 293 

and the increased SA:SO2 ratio with reduced SO2 concentration. In Figure 5a, a positive correlation between measured 294 

SA:SO2 with solar radiation, which has a good positive relationship with OH concentration, can be observed. The 295 

positive correlation is stronger under low CS. While in the CMAQ/2D-VBS model, SA:SO2 relies radically on OH 296 

concentration, as indicated by the good linearity between SA:SO2 and OH concentration in Figure 5b. The modeled 297 

OH concentrations increased from 1.3 × 106 #·cm-3 in 2013 to 1.7 × 106 #·cm-3 in 2017, and the SA:SO2 molar ratio 298 

increased from 2.6 × 10-4 #·cm-3 in 2013 to 4.3 × 10-4 #·cm-3 in 2017. When comparing different sites, one can assume 299 

pseudo-steady state and that all SA is formed via OH oxidation. If so, the OH concentrations required to explain the 300 

observed SA concentration in the urban area (105-107 #·cm-3) is one magnitude higher than in rural and forest sites 301 

(104-106 #·cm-3) as shown in Figure S6. These OH concentrations were in the same range as our modeled results in 302 

Beijing (Figure S4) and those observed in the urban and rural areas (Petaja et al., 2009; Rohrer and Berresheim, 2006). 303 

3.3 Variations of NPF frequency 304 

Despite its seasonal variations, the NPF frequency in Beijing remains relatively constant from 2004 to 2019 (Figure 6). 305 

NPF frequency in 2018 was 41%, based on our one-year measurement. This frequency is close to 40% in 2004 and 43% 306 
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in 2008 (Shen et al., 2011; Wang et al., 2013b; Wu et al., 2007). The stable NPF frequency in Beijing is in good 307 

agreement with the relatively stable SA concentrations. However, the occurrence of NPF is also influenced by other 308 

factors such as CS and gaseous precursors such as NH3 and amines (Cai et al., 2017b; Kerminen et al., 2018; Wang et al., 309 

2011b). The constant NPF frequency in Beijing is different from that at eastern Lapland, Finland (Kyro et al., 2014), 310 

Melpitz, Germany (Hamed et al., 2010), and Pittsburgh, USA (Saha et al., 2018), where NPF frequency and NPF strength 311 

decreased significantly with decreased SO2 concentration. Revealing the governing factor for NPF events at different 312 

sites are needed to understand the observed differences.  313 

 314 

 315 

Figure 6. The variations of NPF frequency (fraction of days having NPF) in different seasons in Beijing during 2004-2019. Data from Jan. 316 

2018 to Mar. 2019 is measured in our study. Data from other years are from previous studies (Cai et al., 2017b; Jayaratne et al., 2017; Shen et 317 

al., 2011; Wang et al., 2013b; Wu et al., 2007; Yue et al., 2009). A day is classified as an NPF day if there is a burst of sub-3 nm particles that 318 

follows with subsequent particle growth. While a day is classified as an “undefined” day if the burst of particles does not follow with the 319 

subsequent growth. 320 

 321 

Clear seasonal variations of NPF frequency were observed in Beijing, with the highest frequency in winter (50-70%) and 322 

lowest in summer (10-25%). The lowest NPF frequency in summer is possibly due to the evaporation of those clusters 323 
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critical for NPF because of high temperatures. This seasonal variation is also different from other sites around the world, 324 

like Finland and German, where NPF frequency is highest in summer when solar radiation is the strongest (Dada et al., 325 

2017; Hamed et al., 2010; Kyro et al., 2014).  326 

4 CONCLUSION 327 

With the SO2 concentration in Beijing decreased from an annual average of 9.1 ppb in 2013 to an annual average of 1.7 328 

ppb in 2018, the concentration of particulate sulfate decreased with fluctuations from ~10 μg·m-3 in 2012-2013 to ~4 329 

μg·m-3 in 2018-2019. The 81% reduction in SO2 resulted in a ~60% reduction in particulate sulfate. This non-linear 330 

response of particulate sulfate to SO2 concentration was supported by a slight increase in sulfur oxidation ratio from 2013 331 

to 2019, which was also observed in the CMAQ/2D-VBS simulations. The increased sulfur oxidation ratio with reduced 332 

SO2 concentration can be attributed to the relatively more sufficient oxidation capability under low SO2 concentration 333 

and a slight increase in atmospheric oxidation capability (e.g., increased O3 and OH concentrations), as indicated by both 334 

measurements and CMAQ/2D-VBS simulations. Other factors, like the increasing NH3 concentration, may also play a 335 

role. 336 

 337 

Based on data from several measuring periods from 2008 to 2019, sulfuric acid concentrations remained relatively stable. 338 

Bulk sulfuric acid apparent conversion ratio (SA:SO2) decreased with increased SO2 concentration. This was supported 339 

by the CMAQ/2D-VBS simulations. This might be due to the decreased condensation sink which buffered the decrease 340 

in sulfuric acid concentration. The slightly increased atmospheric oxidation capacity may also play a role. Despite its 341 

relatively high SO2 concentration, sulfuric acid concentration in Beijing is in a similar range with sites in other countries, 342 

also because of a buffering effect from high condensation sink. The new particle formation frequency remains relatively 343 

constant during 2004 and 2019, consistent with the relatively stable sulfuric acid concentration. Continuous long-term 344 

measurement of sulfuric acid, OH radical, amine, NH3, low volatile organics, and particulate molecular compositions 345 
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will be helpful to further address the response of secondary formation processes to the strict air pollution control actions 346 

in China.  347 
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