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ABSTRACT 

 

A heavy haze episode that occurred in Beijing from 20 September to 27 September, 2011 was observed to explore the 

secondary processes of the haze episode. During the haze episode, the relatively stable synoptic conditions and regional 

transport from polluted areas in the south and southwest of Beijing favored the formation of haze. Significant increases of 

PM2.5/PM10 ratio was observed during haze period, which implied that the haze was caused by fine particles. Additionally, 

the presence of secondary inorganic pollutants (SO4
2–, NO3

– and NH4
+) sharply increased during the haze episode, which 

indicated that secondary processes significantly strengthened the haze episode. The sulfur oxidation ratio (SOR) sharply 

increased from a non-haze episode with a highest value of 0.11 to a haze episode with a highest value of 0.62. Low 

correlations between SOR and O3 and the temperature were found, whereas a high correlation between SOR and RH was 

found during the haze episode, which implied that sulfate was mainly produced by the aqueous-phase oxidation of SO2 

rather than the gas-phase conversion of SO2 to sulfate in haze episode in Beijing. Furthermore, a fine linear relationship 

between SOR and the surface area (dS) of particles smaller than 1 µm confirmed the heterogeneous processes of sulfate 

formation in haze episode. The nitrogen oxidation ratio (NOR) also sharply increased from a non-haze episode with a 

highest value of 0.03 to a haze episode with a highest value of 0.26, which indicated more intense secondary formation of 

nitrate in haze episode. Nitrate was found to be mainly produced by a homogenous reaction under ammonium-rich 

conditions. Higher RH in haze episode reduced the thermodynamic equilibrium constant Ke’, and favored the 

thermodynamic equilibrium reaction of HNO3(g) + NH3(g) ↔ NH4NO3(s, aq) to formed nitrate, which might help explain 

the enhanced homogenous production of nitrate in haze episode. In addition, a good empirical fit (R2 = 0.70) between 

NOR and dS was found, which indicated that the particle surface area significantly contributed to the intense homogeneous 

production of nitrate in haze episode. 
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INTRODUCTION 

 
Air pollution has become a serious problem in China 

with the rapid development of the economy, increased 

population and urbanization. Among these problems, haze 

has received significant domestic and overseas attention 

because many cities in China have suffered from heavy haze  
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pollution in recent years, such as the serious haze episode 

that broke the records over the past 60 years occurred in 

Beijing on 12–13 January, 2013 (highest hourly PM2.5 

concentration of 886 µg m–3, http://www.nasa.gov/multime 

dia/imagegallery/image_feature_2425.html). Haze is defined 

as the condition when the daily average relative humidity is 

less than 90%, and the daily average visibility is less than 

10 km, excluding precipitation, snow and dust storms (Wu 

et al., 2005). Haze is an atmospheric phenomenon with 

smoke, dust and moisture suspended in the air and impairing 

visibility (Watson et al., 2002). Haze can not only reduce 

visibility and affect traffic safety, but it also has detrimental 

effects on human health; for example, it causes respiratory 

and cardiovascular diseases (Tie et al., 2009). Therefore, it 
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is important to understand the formation mechanism of haze 

in China, to implement control measures and help residents 

avoid impairment from haze. 

Previous studies have found that haze is characterized by a 

high loading of fine particles and high fractions of secondary 

species of sulfates, nitrates and ammonium (SNA) in the 

fine particles (Sun et al., 2006; Wang et al., 2012; Liu et 

al., 2013). Thus, understanding the formation mechanism 

of SNA will help understand the formation mechanism of 

haze. Secondary sulfate was produced under tropospheric 

conditions via both gas- and aqueous-phase processes 

(Seinfeld and Pandis, 2006). With respect to gas-phase 

processes, SO2 oxidation by the OH radical followed by 

gas-to-particle conversion dominates (Stockwell and Calvert, 

1983). Sulfate formation in aqueous solution is generated 

by the uptake of SO2 onto wet, pre-existing particles or 

cloud droplets followed by oxidation by O3, H2O2, NO2 or 

O2 catalyzed by Fe(III) and Mn(II) (Seinfeld and Pandis, 

2006; Wang et al., 2012). Previous studies found that sulfate 

is produced mainly by heterogeneous reactions by oxidizing 

SO2 on wet, pre-existing particles or cloud droplets under 

high relative humidity (RH) conditions in haze episode in 

winter (Sun et al., 2006; Li et al., 2011; Wang et al., 2012; 

Zhao et al., 2013). Both laboratory experiments and in situ 

observations suggest that the aqueous oxidation of SO2 is 

attributed to catalysis by metals, such as iron and manganese 

(Turšič et al., 2003; Li et al., 2011; Wang et al., 2012). The 

formation pathway of nitrates, however, is less well known 

compared to the formation of sulfate, and it is influenced 

by the emission load of the precursors, the concentrations 

of oxidants in both the gas and the liquid phase, the 

characteristics of pre-existing particles and meteorological 

conditions (Seinfeld and Pandis, 2006; Pathak et al., 2009; 

Guo et al., 2010; Ye et al., 2011; He et al., 2012). Generally, 

fine nitrate is more concentrated in homogeneous gas-phase 

reactions between ammonia and nitric acid in ammonium-

rich conditions and is attributed to heterogeneous hydrolysis 

of N2O5 on the surface of humid and acidic pre-existing 

particles under ammonium-poor conditions (Seinfeld and 

Pandis, 2006; Pathak et al., 2009). He et al. (2013) suggests 

aerosol acidity instead of ammonium rich/poor conditions 

as the key parameter to investigate the formation pathways 

of nitrate. 

However, most previous studies focused on filter 

measurements with low time resolution or sampling artifacts 

such as evaporative loss, whereas the haze pollution varies 

fast in the atmosphere due to the influences of air-pollutant 

emission, secondary processes and so on. Hence, 

measurement with high time resolution and fewer sampling 

artifacts is crucial to characterize the real-time change of 

the chemical, physical, and optical properties of haze and 

to understand the formation mechanism of haze. Sun et al. 

(2014) studied the source and evolution mechanisms of the 

heavy haze episode that occurred in January, 2013 in Beijing 

with the high time resolution of the Aerodyne Aerosol 

Chemical Speciation Monitor (ACSM), and found that the 

formation and evolution of haze pollution was mainly 

produced by four factors: stagnant meteorological conditions, 

coal burning, secondary processes and regional transport. 

In previous study, we generally discussed the formation 

and evolution mechanism of a regional haze episode in 

megacity Beijing from 20 September to 27 September, 

2011 (Liu et al., 2013). Particle mass concentration and size 

distribution, aerosol optical properties, gas pollutants and 

meteorological parameters were measured. We found that 

the formation and evolution of this haze episode was mainly 

affected by stable anti-cyclone synoptic conditions at the 

surface, PBL (planetary boundary layer) height decreasing, 

heavy emissions of pollutants and hygroscopic growth of 

aerosol. In this study, we focus on investigating the secondary 

formation mechanism of sulfate and nitrate in detail to 

explore the secondary processes of the haze episode by 

real-time and high time resolution instruments. 

 

METHODS 

 

Experimental Site 

Beijing is located on the northern edge of the North 

China Plain, surrounded by high mountains in the west, 

north, and northeast, which is disadvantageous for air-

pollutant dispersion (Fig. 1). The meteorological observation 

were made at Peking University on the roof of the 

Atmospheric and Oceanic Sciences Department, Physics 

School (39.98°N, 116.35°E), and the monitoring instruments 

for atmospheric pollutants were located on the roof of the 

Environmental Science and Engineering College, Peking 

University, which is 200 meters away from the meteorological 

observation instrument. The ACSM and LIDAR were 

performed on the roof of a building (~8 m above ground 

level) at the Institute of Atmospheric Physics (IAP), Chinese 

Academy of Sciences (39.91°N, 116.37°E). The observation 

site is approximately 0.9 km to the north of 3rd ring road. 

Inversion of the boundary-layer height was based on 

observational data from the LIDAR. 

 

Instrumentation and Measurements 

All of the observation instruments involved in this study 

except ACSM were described in detail in Liu et al. (2013), 

and the time series of the meteorological parameters are 

illustrated in Fig. 2. The submicron aerosol was measured 

in situ from 20 September to 27 September, 2011 by 

ACSM. The Aerodyne Aerosol Chemical Speciation Monitor 

(ACSM) is specially designed recently for long-term 

continuous measurements of the mass concentration and 

chemical components (OM (organic materials), Cl–, NO3
–, 

SO4
2– and NH4

+) of PM1.0 (particulate matter with an 

aerodynamic diameter equal or less than 1 µm) at a time 

resolution of ~15 min. The detailed descriptions and 

evaluation of ACSM have been given in Ng et al. (2011) 

and Sun et al. (2012). The temporal resolution of each 

instrument varied, and the data were averaged to 1h during 

data processing and analysis. 

Two day air-mass back trajectories arriving at the sampling 

site during the measurement period were calculated by the 

HYSPLIT-4 (Hybrid Single-Particle Lagrangian Integrated 

Trajectory) model (U.S. National Oceanic and Air 

Administration/Air Resources Laboratory) with a 1° × 1° 

latitude–longitude grid and final meteorological database. 
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Fig. 1. Schematic diagram of the monitoring site. 

 

 

Fig. 2. Time series of meteorological parameters (wind speed, PBL, visibility, temperature and RH) in Beijing from 20–27 

September 2011. 

 

The six hourly final archive datasets were obtained from 

the GDAS (National Center for Environmental Prediction’s 

Global Data Assimilation System) wind field reanalysis. 

The HYSPLIT-4 model is described in detail on the 

website (http://www.arl.noaa.gov/ready/open/hysplit4.html). 

The backward air trajectories are presented in Fig. 3. 

 

RESULTS AND DISCUSSION 

 

Meteorological Condition and Pollutant Concentrations 

Meteorological Conditions 

Fig. 2 shows the meteorological parameters in Beijing 

from 20–27 September 2011. The visibility was below 10 

km (the mean value is 3.6 km), and RH was less than 90% 

with no precipitation, which indicated that a haze episode 

occurred from 23 to 27 September. Thus, a non-haze episode 

was defined from 20–22 September. During the haze 

episode, the wind speed was relatively low with a mean 

value of 0.7 m s–1, and there were no strong pressure gradients 

over Beijing (as discussed in Liu et al. (2013)), which 

meant relatively weak air circulation over the region. This 

relatively stable synoptic condition limited the dispersion 

of air pollutants and led to an increase in the pollutant 

concentrations. As discussed in Liu et al. (2013), a slowly 

migrating high pressure system overlaid Beijing and the air 

mass was sinking in the vertical direction during the 
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Fig. 3. Two-day backward air trajectories arriving at PKU, Beijing on 20–22 September (a) and 23–27 September (b). 

Data in brackets denotes the fraction of the air mass. 

 

formation of haze, which caused the further accumulation 

of pollutants. In addition, the daily maxima PBL height 

decreased from 1.7 km on 20–22 September to 0.75 km on 25 

September. A low height of PBL would retain the pollutants 

in the ground layer and favor the formation of regional 

haze (decreasing the height of PBL is discussed in detail by 

Liu et al. (2013)). Meanwhile, RH was relatively high with 

a mean value of 55.5%, compared with RH in non-haze 

episode (a mean value of 34.4%), which favored hygroscopic 

growth of ambient particles and heterogeneous reactions of 

gaseous precursors (Liu et al., 2010; Wang et al., 2012; Zhao 

et al., 2013).  

In a non-haze episode, all of the trajectory clusters were 

from the north or northwest of Beijing, originating from 

Mongolia and then passing through the northeast region of 

Inner Mongolia. These areas are mainly desert and the semi-

desert regions with less anthropogenic pollutions. However, 

the trajectory clusters mainly originated from the south and 

southwest provinces of Beijing (accounting for approximately 

71%) in a haze episode and traveled over Shandong and 

Hebei, where highly polluted cities, such as Tianjin and 

Tangshan, are located. The levels of secondary species 

(SO4
2–, NO3

–, and NH4
+), OM and EC were observed to be 

much higher in the air mass from the south and southwest 

than in the air mass from the north or northwest of Beijing 

(Sun et al., 2006; Zhang et al., 2013). Higher concentrations 

of secondary species and OM were also found in this study 

(Fig. 6). Thus, air parcels transported through the south and 

southwest of Beijing bring more air pollutants to Beijing 

and favor the formation of haze. 

 

Temporal Variations of Atmospheric Pollutants 

Fig. 4 shows the temporal variations of the measured 

PM10, PM2.5, ratio of PM2.5/PM10, NO, NO2, SO2, O3 and 

CO in Beijing from 20–27 September 2011. There was a 

significant upward trend of PM2.5, PM10 and PM2.5/PM10: 

the average PM2.5 and PM10 concentrations and PM2.5/PM10 

ratio increased from 37.6 µg m–3, 91.7 µg m–3 and 0.42, 

respectively, in a non-haze episode to 116.8 µg m–3, 190.9 

µg m–3 and 0.60, respectively, in a haze episode. Higher 

particle pollutants, especially fine particles, on a haze day 

were also found by other studies (Sun et al., 2006; Liu et al., 

2013; Zhao et al., 2013; Sun et al., 2014), which indicated 

that the haze was caused by fine particles. 
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Fig. 4. Time series of PM10, PM2.5 and gaseous pollutants. 

 

Generally, the averaged concentrations of the air pollutants 

CO, CO2, SO2, NO2 and O3 significantly increased: from 

0.58 ppm, 410.49 ppm, 3.59 ppb, 30.26 ppb and 14.07 ppb, 

respectively, in non-haze episodes to 1.44 ppm, 430.11 ppm, 

13.23 ppb, 52.15 ppb and 36.56 ppb, respectively, in haze 

episodes, which was in accordance with other studies (Zhao et 

al., 2013). The averaged NO concentration fell by nearly 

half from 51.69 ppb in non-haze episodes to 26.63 ppb in haze 

episodes, which was probably oxidated by photochemistry 

process. The sharp increase of the gas precursors during the 

haze episode was ascribed to the following factors. First, 

the low height of PBL would retain the gas precursors in 

the surface layer, and the stable synoptic condition limited 

the vertical and horizontal diffusion of pollutants, which 

led to an increase of gas precursors and the formation of 

haze. Second, pollutants are regionally transported from 

heavily polluted areas in the south and southwest provinces 

of Beijing. CO, SO2, NO2, NO and CO2 resulted mainly 

from primary emissions, including the emissions of coal 

combustion and vehicle exhaust. The two-day backward air 

trajectories arriving at PKU in haze episodes (Fig. 3) were 

shown mainly from the south and southwest provinces of 

Beijing, where heavy industry and coal combustion were 

located. The spatial distribution of the annual mean fine 

aerosol optical depth (AOD) retrieved from the MODIS 

satellite remote sensing is discussed in Liu et al. (2013). 

Obvious pollution existed in the south and southwest 

provinces of Beijing before and during the haze episodes, 

which indicated that the air mass passing through these 

areas would bring pollutants into Beijing and favor the 

formation of haze. Thus, regional transport from the polluted 

south and southwest provinces of Beijing significantly 

attributed to a sharp increase of the pollutants during the 

haze episodes. 

Time series of OM, SO4
2–, NO3

–, NH4
+ and Cl– in PM1.0 

measured by ACSM were presented in Fig. 5. All of the 

measured chemical species showed a significant upward 

trend from non-haze episodes to haze episodes, especially 

for the secondary pollutants SO4
2–, NO3

– and NH4
+ (SNA): 

the averaged concentrations increased from 21.3, 0.8, 1.8, 

1.0 and 0.2 µg m–3, respectively, for OM, SO4
2–, NO3

–, 

NH4
+ and Cl– in non-haze episodes to 49.9, 20.6, 29.6, 18.7 

and 2.3 µg m–3 in haze episodes. The growth rate of SNA 

far exceeded that of OM (approximately ten times higher) 

when haze formed, which indicated that secondary processes 

of SNA significantly strengthened when haze formed 

(discussed in section 3.2). Additionally, the proportions of 

OM, SO4
2–, NO3

–, NH4
+ and Cl– in PM1.0 measured by 

ACSM illustrated sharp differences for non-haze episodes 

and haze episodes (Fig. 6). The fractions of SNA were 

higher in a haze episode (~57%) than in a non-haze episode 

(~14%), whereas the OM fraction was just the opposite, 

which was in accordance with previous studies (Sun et al., 

2006; Wang et al., 2012; Zhao et al., 2013). 
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Fig. 5. Time series of OM, SO4
2–, NO3

–, NH4
+ and Cl– in PM1.0 measured by ACSM. 
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Secondary Formation of Sulfate in Haze Episodes 

As illustrated in Fig. 5, the sulfate concentration 

continuously increased during the multi-day haze episodes 

by secondary processes. The sulfur oxidation ratio SOR = 

nSO4
2–/(nSO4

2– + nSO2) (n refers to the molar concentration) 

is used in this study (Sun et al., 2006; Wang et al., 2006; Zhao 

et al., 2013) to estimate the degree of secondary formation of 

sulfate.  

As shown in Fig. 7, the SOR ratio presented an upward 

trend from a non-haze episode to a haze episode: the average 

value of SOR was 0.05 in non-haze episodes with a highest 

value of 0.11, whereas the average value of SOR was 0.27 in 

haze episodes with a highest value of 0.62, which indicated 

more intense secondary formation of sulfate in haze episodes. 

Previous studies suggested that the conversion of SO2 to 

sulfate during a haze episode in winter was mainly through 

the aqueous-phase oxidation of SO2 by the catalytic oxidation 

of iron and manganese with weak photochemical activity 

(low O3 concentration, high NO2 concentration and low 

temperature) during the haze period (Sun et al., 2006; Li et 

al., 2011; Wang et al., 2012; Zhao et al., 2013). To evaluate 

the effect of gas-phase oxidation of SO2 during the haze 

period, we analyzed the correlations of SOR with O3 and 

temperature in haze episodes and found that low correlations 

existed between SOR and O3 (r = –0.53, p = 0.01) and SOR 

and temperature (r = –0.53, p = 0.01). In addition, SOR 

showed evident diurnal variation with a high value before 

dawn when the concentration of O3 was low and the 

concentration of NO2 was high, and a low value in the 

afternoon when the concentration of O3 was high and the 

concentration of NO2 was low in a haze episode, which 

indicated that the photochemical activity had an insufficient 

effect on the gas-phase conversion of SO2 to sulfate in haze 

episodes. However, SOR and RH exhibited a high correlation 

(r = 0.84, p = 0.01) in haze episodes and a poor correlation 

in non-haze episodes (r = 0.22, p = 0.21), which was in 

accordance with other studies (Sun et al., 2006; Sun et al., 

2013). To investigate the effects of RH on SOR during a 
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Fig. 7. Time series of SOR and O3 during the monitoring period. 

 

 

Fig. 8. Scatter plot of SOR versus RH in haze episodes of 23–27 September, 2011. 

 

haze period, a scatter plot was shown of SOR versus RH in 

haze episodes (Fig. 8), and curve fitting was performed to 

explore the relationship between SOR and RH. The 

relationship between the SOR ratio and RH could be fitted 

by the function (y = 0.0002x2 – 0.0194x + 0.5428, R2 = 0.85). 

As illustrated in Fig. 8, the SOR ratio was enhanced with 

rising RH. If the average RH was below 45%, the SOR 

ratio was generally lower than 0.2. Once the RH was above 

45%, the ratio of SOR increased sharply, with a maximum 

of 0.62 at the RH of 80%. This might be attributed to 

higher liquid water content in the aerosols at high RH, which 

enhanced the heterogeneous formation of sulfate (Wang et al., 

2012). Thus, sulfate was mainly produced by the aqueous-

phase oxidation of SO2 rather than the gas-phase conversion 

of SO2 to sulfate in haze episodes in Beijing, which was 

similar to the results of previous studies (Sun et al., 2006, 

2013; Zhao et al., 2013). However, the O3 concentration was 

high in our study compared with previous studies observed in 

winter when the O3 concentration was low (5 ppb, Zhao et 

al., 2013; 5.4 ppb, Wang et al., 2012), which indicated that 

sulfate was produced mainly by heterogeneous processes 

instead of gas-phase processes in haze episodes for both 

high and low photochemical activity atmospheres. 

Furthermore, because the heterogeneous processes of 

sulfate occurred on the wet surfaces of particles, we analyzed 

the relationship between SOR and the surface area (dS) of 

particles smaller than 1 µm (Fig. 12) to confirm the 

heterogeneous processes of sulfate in haze episodes. As 

presented in Fig. 12, the SOR ratio grew linearly with the 

particle surface area and significantly correlated with particle 

surface area (dS) with the regression function (y = 2.78E – 

4x + 0.03, R2 = 0.71). In addition, dS increased with RH 

rising, with high correlation of r = 0.64, which might be due 

to hygroscopic growth of ambient particles. Thus, particle 

surface area significantly contributed to the enhanced sulfate 

formation on haze day, which might be due to more SO2 
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gas and oxidants (O3, H2O2 or O2) dissolved onto the humid 

particle surface and enhanced the heterogeneous production 

of sulfate and improved the SOR ratio on the haze day. 

 

Secondary Formation of Nitrate in Haze Episodes 

With the growth of NOx emissions in recent years, the 

concentration and proportion of nitrate in particles are 

found to have increased significantly in most Chinese 

megacities (Zhang et al., 2007; Chan and Yao, 2008; Shen 

et al., 2008). As shown in Fig. 5, an obvious increase of 

nitrates was also observed during haze episodes, and 

nitrates dominated SNA during the measurement periods 

(discussed in section 3.1.2), which implied that nitrate had 

become a major concern during haze pollution. 

Fig. 9 shows the correlation of measured NH4
+ with 

predicted NH4
+ that is required to fully neutralize Cl–, NO3

– 

and SO4
2– (predicted NH4

+ (= 18 × (2 × SO4
2–/96 + NO3

–/62 

+ Chl/35.5)). A slope of higher than 1 (slope = 1.04) 

indicates that almost complete neutralization of Cl–, NO3
– 

and SO4
2– during the monitoring period; therefore, the samples 

are in ammonium-rich conditions. Cl–, NO3
– and SO4

2– are 

components of PM1.0 measured by ACSM. Figs. 10(a) and 

10(b) present scatter plots of the nitrate-to-sulfate molar 

ratio ([NO3
–]/[SO4

2–]) versus the ammonium-to-sulfate molar 

ratio ([NH4
+]/[SO4

2–]) during haze and non-haze periods, 

which is used as an indication of the pathway of NO3
– 

formation (Pathak et al., 2009). As shown in Figs. 10(a) 

and 10(b), the molar ratio of [NO3
–]/[SO4

2–] grew linearly 

with the [NH4
+]/[SO4

2–] molar ratio in NH4
+-rich conditions in 

both haze and non-haze episodes with significant correlations 

(r = 0.75, p = 0.01 and 0.95, p = 0.01, respectively in non-

haze and haze episodes), which indicated that the formation 

of aerosol NO3
– was dominated by the homogenous reaction 

of HNO3(g) + NH3(g) ↔ NH4NO3(s, aq) (Pathak et al., 2009; 

He et al., 2012). To demonstrate the homogenous formation 

of nitrate, a scatter plot of the molar concentrations of 

nitrate and “excess ammonium” is shown in Figs. 10(c) and 

10(d), and “excess ammonium” is defined as [NH4
+]Excess = 

([NH4
+]/[SO4

2–] – 2.29) × [SO4
2–] for non-haze episodes, and 

[NH4
+]Excess = ([NH4

+]/[SO4
2–] – 2.58) × [SO4

2–] for haze 

episodes (the constants of 2.29 and 2.58 were the intercept 

of the regression line of [NO3
–]/[SO4

2–] versus [NH4
+]/[SO4

2–] 

with the axis, respectively on non-haze and haze day (He et 

al., 2012)). As illustrated in Figs. 10(c) and 10(d), the nitrate 

molar concentrations increased with the excess ammonium 

molar concentrations for both haze and non-haze episodes: 

the regression functions were y = 0.59x + 5.19 (R2 = 0.57) 

and y = x + 21.81 (R2 = 0.98), respectively in non-haze and 

haze episodes, which suggested that nitrate was mainly 

produced by the homogenous reaction mentioned above 

after ammonium neutralized most of the sulfate. A shallower 

slope (0.59) was found in non-haze day, which indicated 

that in PM1.0 there was approximately 41% excess NH4
+ 

bounded to other species like Cl– (NH4Cl). 

Because the nitrate concentration obviously increased 

during the haze episodes, the nitrogen oxidation ratio NOR 

= nNO3
–/(nNO3

– + nNO2) (n refers to the molar concentration) 

is used in this study to estimate the degree of secondary 

formation of nitrate (Sun et al., 2006; Wang et al., 2006; 

Zhao et al., 2013). The NOR ratio with an average ratio of 

0.12 and a highest ratio of 0.26 in haze episodes was 

significantly higher than the NOR ratio with an average 

ratio of 0.01 and a highest ratio of 0.03, which indicated that 

nitrate formation was significantly enhanced in haze episodes. 

Additionally, the molar ratios of both ([NO3
–]/[SO4

2–]) and 

([NH4
+]/[SO4

2–]), and molar concentrations of nitrate and 

“excess ammonium”, presented better correlation in haze 

episodes than in non-haze episodes, which suggested that 

the homogenous production of nitrate was strongly enhanced 

in haze episodes. 

The thermodynamic equilibrium reaction of HNO3(g) + 

NH3(g) ↔ NH4NO3(s, aq) was influenced by the ambient 

temperature, RH and the characteristics of the pre-existing 

particles (Pakkanen et al., 1996; Seinfeld and Pandis, 2006; 
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Fig. 9. Correlation between measured NH4
+ and predicted NH4

+ (= 18 × (2 × SO4
2–/96 + NO3

–/62 + Chl/35.5) during the 

monitoring period.; Cl–, NO3
– and SO4

2– are components of PM1.0 measured by ACSM. 
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Fig. 10. Molar ratios of [NO3
–]/[SO4

2–] versus [NH4
+]/[SO4

2–] in (a) non-haze of 20–22 September and (b) haze episodes of 

23–27 September; scatter plot of the molar concentrations of [NO3
–] versus the molar concentrations of [NH4

+]Excess in (c) 

non-haze and (d) haze episodes. 

 

Ianniello et al., 2011; Wang et al., 2012). The thermodynamic 

equilibrium constant Ke for solid NH4NO3 was calculated 

as a function of temperature: lnKe = 84.6 – 24220/T – 

6.1ln(T/298) (Stelson and Seinfield, 1982). However, for 

deliquescent particles, Ke was considerably reduced by the 

coexistence of sulfated, so the NH4NO3 ion strength fraction 

Y = [NH4NO3]/([NH4NO3] + 3[(NH4)2SO4]) was brought 

in and calculated according to Stelson and Seinfield (1982). 

Then the new equilibrium dissociation constant Ke’ was 

derived by multiplying Ke with Y. Fig. 11 shows the scatter 

plot of equilibrium constant Ke’, RH and the temperature 

in haze and non-haze episodes. As illustrated in Fig. 11, the 

theoretical equilibrium constant Ke’ followed the function 

of temperature in both haze and non-haze episodes, which 

was in accordance with previous studies (Guo et al., 2010; 

Ianniello et al., 2011); while nearly a quarter of points in 

haze episode did not follow the function with sharply smaller 

Ke’. These points were mainly distributed in RH higher than 

66%, where deliquescent particles existed and the NH4NO3 

ion strength fraction Y was used in Ke’ calculation. In 

addition, these points were mainly distributed at about 

1:00–7:00 am, so we compared the data at 1:00–7:00 am in 

haze and non-haze episodes (Fig. 13). The mean value of 

Ke’ in haze day (Ke’ = 2.32) was slightly lower than in 

non-haze day (Ke’ = 2.38), and the mean value of NOR in 

haze episode (0.129) was sharply higher than in non-haze 

episode (0.006), which suggested that the high RH in haze 

episode might significantly enhance the homogeneous 

production of nitrate. Moreover, Ke’ grew linearly with 

SO4
2– concentration increasing with regression function of 

y = 0.04x + 1.22 (R2 = 0.21) during 1:00–7:00 am in haze 

episode, which indicated that the sulfate content in particles 

impacted on the thermodynamic equilibrium constant of 

Ke’. Therefore, higher RH in haze episodes reduced the 

thermodynamic equilibrium constant Ke’, and favored the 

thermodynamic equilibrium reaction of HNO3(g) + NH3(g) 

↔ NH4NO3(s, aq) to formed nitrate, which might help 

explain the enhanced the homogenous production of nitrate 

in haze episodes.  

Furthermore, we analyzed the relationship between NOR 

and the surface area (dS) of particles smaller than 1 µm 

(Fig. 12) to explore the influence of the particle surface area 

on the production of nitrate. As illustrated in Fig. 12, the 

NOR ratio was enhanced as the particle surface area rose 

and significantly correlated with the particle surface area 

(dS) with an exponential fit function of y = 0.0083e0.0025x (R2 

= 0.70). If the average particle surface area was lower than 

700 µm2 cm–3, the NOR ratio was generally below 0.05. 
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Fig. 11. Scatter plot of equilibrium constant Ke’, RH and the temperature in haze and non-haze episodes. 
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Fig. 12. Scatter plot of SOR, dS and RH; NOR, dS and RH during haze and non-haze episodes. 

 

However, if the average particle surface area was higher 

than 700 µm2 cm–3, the NOR ratio increased sharply with a 

maximum of 0.26 at a particle surface area of 1140 µm2 cm–3. 

Compared to the sulfates, the variation of NOR was less 

consistent with RH rising, and showed no significant 

correlation with RH (r = 0.05 in haze episodes), which 

indicated heterogeneous reactions did not significantly 

contributed to the enhanced nitrate formation in haze 

episodes. Therefore, the particle surface area significantly 

contributed to the enhanced homogeneous production of 

nitrate in haze episodes.  

 

CONCLUSIONS 

 

Meteorological and air-pollutant measurements were 

used during a heavy haze episode in Beijing from 20 

September to 27 September, 2011 to explore the secondary 

processes in the haze episode. The relatively stable synoptic 

conditions and regional transport from polluted areas in the 

south and southwest of Beijing favored the haze formation. 

PM2.5, PM10 and PM2.5/PM10 significantly increased during the 

haze period (with average PM2.5 and PM10 concentrations and 

a PM2.5/PM10 ratio of 116.8 µg m–3, 190.9 µg m–3 and 0.60, 

respectively), which indicated that the haze was caused by 

fine particles. In addition, the concentrations of secondary 

inorganic pollutants (SO4
2–, NO3

– and NH4
+) were found 

sharply increased in haze episode, which indicated that 

secondary processes significantly strengthened in haze 

episode. Intense secondary formation of sulfate was observed 

in haze episode, which was mainly produced by the aqueous-

phase oxidation of SO2 rather than the gas-phase conversion 

of SO2 to sulfate in haze episode in Beijing. Furthermore, 

the relationship between SOR and the surface area (dS) of 

particles smaller than 1 µm was analyzed, and and SOR 
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Fig. 13. Scatter plot of Ke’ and SO4
2– during 1:00–7:00 am in haze episode. 

 

grew linearly with dS (R2 = 0.71). In addition, dS increased 

with RH rising, with high correlation of r = 0.64, which 

might be due to hygroscopic growth of ambient particles. 

Thus, particle surface area significantly contributed to the 

enhanced sulfate formation in haze episode, which might 

be due to more SO2 gas and oxidants (O3, H2O2 or O2) 

dissolved onto the humid particle surface and enhanced the 

heterogeneous production of sulfate and improved the SOR 

ratio during the haze periods. Intense secondary formation 

of nitrate was also found in haze episode, which was mainly 

due to the homogenous reaction under ammonium-rich 

conditions mentioned in this study. The thermodynamic 

equilibrium constant Ke’ was calculated in our study, and 

we analyzed the effects of temperature, RH, and sulfate 

content in the particles on it. Higher RH in haze episode 

reduced the thermodynamic equilibrium constant Ke’, and 

favored the thermodynamic equilibrium reaction of HNO3(g) 

+ NH3(g) ↔ NH4NO3(s, aq) to formed nitrate, which might 

help explain the enhanced homogenous production of 

nitrate in haze episode. Additionally, a good empirical fit 

(R2 = 0.70) between NOR and dS were found in this study, 

while the variation of NOR was less consistent with RH 

rising (r = 0.05 in haze episodes), which indicated that the 

particle surface area significantly contributed to the intense 

homogeneous production of nitrate in haze episodes. 
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