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Abstract: Particle acidity is a fundamental property that affects atmospheric particulate chemistry. 22 

Synchronous online monitoring was performed in two urban sites (e.g., Zhengzhou (U-ZZ) and 23 

Anyang (U-AY)) and three rural sites (e.g., Anyang (R-AY), Xinxiang (R-XX), and Puyang (R-PY)) 24 

in Henan Province during a haze episode to investigate the pH value and its driving factors in the 25 

agricultural regions of China. The pH values of particles calculated by ISORROPIA-II model at rural 26 

sites were slightly higher than those urban sites, with the median values in the order of 5.2 (4.8–6.9, 27 

R-PY) > 5.1 (4.7–6.5, R-AY) > 4.9 (4.1–6.8, R-XX)> 4.8 (3.9–5.9, U-AY)> 4.5 (3.8–5.2, U-ZZ). 28 

Sensitivity tests showed that excess ammonia mainly affected the pH value of PM2.5. Moreover, low 29 

ammonia determined the high sensitivities of particle pH to sulfate and nitrate at urban sites. Elevated 30 

sulfate and nitrate in aerosol caused high pH sensitivity to ammonia. Regional transport may enhance 31 

the particle pH value in urban aerosols given the high pH of particles and high ammonia levels in rural 32 

and agricultural regions. These results suggest that ammonia is urgently needed to be involved in the 33 

regional strategy for the improvement of air quality in China. 34 

Keywords: ISORROPIA-II model, Particle acidity, Sulfate, Ammonia, Sensitivity test. 35 

 36 

1 Introduction 37 

High concentrations of acids and bases contained in the aqueous phase define the acidity of 38 

aerosols (Spurny, 1990). Particle acidity or pH value is an important parameter for atmospheric 39 

particulate chemistry, such as the gas-particle portioning of semi-volatile and volatile species (e.g., 40 

NH3/NH4
+, HCl/Cl−, and HNO3/NO3

−), the formation of secondary inorganic and organic aerosols, and 41 

the dissolution of metallic element (Bougiatioti et al., 2016; Meskhidze et al., 2003; Seinfeld and 42 
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Pandis, 2006; Shi et al., 2019; Shi et al., 2010; Surratt et al., 2010; Wang et al., 2018b). Particle acidity 43 

can affect the ecosystem through its influence on wet/dry deposition, atmospheric visibility, and 44 

radiative balance (Boucher and Anderson, 1995; Larssen et al., 2006; Watson, 2002). In addition, high 45 

particle acidity has an adverse impact on public health, especially for the cardiopulmonary and 46 

respiration system of humans (Dockery et al., 1996; Ostro et al., 1991).  47 

Direct measurements on particle pH are challenging because of the small size and nonideality of 48 

chemical species in solvated aerosols. Therefore, thermodynamic models, such as E-AIM 49 

(http://www.aim.env.uea.ac.uk/aim/aim.php) and ISORROPIA-II (http://isorropia.eas.gatech.edu) 50 

(Clegg et al., 1998; Nenes et al., 1998), which rely on the measurements of particulate and gaseous 51 

species, are widely used in estimating particle pH. Table 1 shows that the fine particulate matter with 52 

an aerodynamic diameter ≤ 2.5 μm (PM2.5) in mainland China were moderately acidic with pH values 53 

that ranged from 3.4–5.7 (Ding et al., 2019; Guo et al., 2017; Liu et al., 2017; Shi et al., 2017, 2019; 54 

Song et al., 2018; Wang et al., 2019a). Moreover, these results are 3–5 units higher than those reported 55 

in other regions, such as Hong Kong (0.25), Singapore (0.6), USA (0.07 ± 0.96 and 1.94 ± 0.59), and 56 

Greece (1.25 ± 1.14) (Behera et al., 2013; Bougiatioti et al., 2016; Guo et al., 2016; Guo et al., 2014; 57 

Pathak et al., 2004). High atmospheric total ammonia (TNHx, gas NH3 plus particle NH4
+) is a 58 

dominant factor that affects the high pH values in megacities of China because it suppresses the 59 

production of particle hydronium (Cheng et al., 2016; Wang et al., 2016). The primary sources for 60 

ammonia include agricultural emissions, such as livestock waste, N-fertilizer application, and biomass 61 

burning, as well as traffic and industrial emissions (Huang et al., 2012; Shen et al., 2011; Wang et al., 62 

2018a). According to field studies, high concentrations of NH3 and NH4
+ were found at rural sites in 63 
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the North China Plain (Meng et al., 2011; Meng et al., 2017; Shen et al., 2011; Wen et al., 2015). 64 

Therefore, studying in an agriculturally developed region is needed to obtain insight into the role of 65 

ammonia in particle pH. Unfortunately, previous studies mainly concentrated on calculating the 66 

particle pH in the megacity of China, and only few studies focused on the agricultural regions of China. 67 

In addition to ammonia, particle pH can be influenced by chemical compositions and 68 

meteorological conditions, such as aerosol water content (AWC), sulfate, temperature (T), and relative 69 

humidity (RH). Liu et al. (2017) argued that excessive NH3 and elevated AWC were responsible for 70 

the high pH in Beijing. Nevertheless, Guo et al. (2017) and Song et al. (2018) demonstrated that high 71 

levels of ammonia did not increase the PM2.5 pH into a fully neutralized condition in Beijing and Xi’an, 72 

China. Sensitivity tests in Beijing also suggested that sulfate, TNHx, and T were the common driving 73 

factors, and Ca2+ and RH were the unique factors in special seasons (Ding et al., 2019). The pH 74 

sensitivity based on the 10-year record in Canada showed that chemical compositions had various 75 

effects on particle pH under different meteorological conditions; moreover, careful examination for 76 

any particular region is needed (Tao and Murphy, 2019). 77 

Henan Province is situated in Central China; it has a dense rural population and is a top-ranking 78 

province in China in terms of agricultural production and chemical fertilizer consumption (NBS, 2016). 79 

NH3 emission inventory for Henan Province reported that approximately 1031.6 Gg NH3 was released 80 

in Henan in 2015, thereby contributing to approximately 10% of China's total emissions 81 

(approximately 10 Tg) (Huang et al., 2012; Wang et al., 2018a). Livestock waste and N fertilizer 82 

application were major sources for ammonia emissions, which may increase TNHx concentrations at 83 

rural sites than in urban sites. Furthermore, Henan Province is a severely PM2.5-polluted region in 84 
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China. In January 2018, a large-scale and long-lasting haze episode that caused PM2.5 concentration to 85 

reach 400 μg/m3 occurred in this region (Wang et al., 2019c). An experiment was performed in two 86 

urban and three rural sites in Henan Province to investigate the pH values and their driving factors in 87 

this region. ISORROPIA-II was utilized to estimate the pH of PM2.5 using a high time-resolution 88 

dataset. The novelty of the work addressed in the present study is that this study is the first on particle 89 

pH by comparing urban and rural sites in the agricultural regions of China. The specific objectives of 90 

the study were presented as follows: (1) Estimation and comparison of the PM2.5 pH at the five 91 

monitoring sites, (2) identification of the factors that determine the pH, and (3) discussion of the factors 92 

that affect the different sensitivities of pH to the chemical composition in the five sites. Our results are 93 

helpful to understand the factors that determine particle acidity better. 94 

2 Experiment and methods 95 

2.1 Site descriptions 96 

Field sampling was conducted from January 12 to 24, 2018 synchronously at five sites (i.e., two 97 

urban sites located in the center of Zhengzhou (U-ZZ) and Anyang (U-AY), and three sites located in 98 

the rural areas of Anyang (R-AY), Xinxiang (R-XX), and Puyang (R-PY)). Locations of the five sites 99 

with brief descriptions are listed in Table 2. U-ZZ site is surrounded by busy roads, and two freeways 100 

are located 3 km to the south and 7 km to the east. In addition, this site is near a coal-fired power plant; 101 

a gas-fired power plant; and several small-scale industries, such as pharmaceutical, electron, and 102 

equipment manufacturing. U-AY site is surrounded by busy roads, and Anyang steelwork is located 8 103 

km to the west. R-AY site is surrounded by farmland and is 1 km west of the Jing-Gang-Ao freeway 104 

and 1 km north of a belt freeway. R-XX and R-PY sites are surrounded by farmland without other 105 
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prominent anthropogenic emission sources.  106 

2.2 Instrumentations 107 

The hourly mass concentrations of water-soluble inorganic ions (WSIIs) in PM2.5, such as NH4
+, 108 

SO4
2−, NO3

−, Cl−, Na+, Mg2+, Ca2+, and K+ and their gaseous precursors (i.e., NH3, HNO3 and HCl) 109 

were measured using an ambient ion monitor (URG-9000D, Thermal Fisher Scientific, USA) in U-ZZ 110 

site and the monitor for aerosols and gases (MARGA, Metrohm, Switzerland) in four other sites. Both 111 

instruments are successfully deployed in several other field experiments using the similar analytical 112 

method (Li et al., 2017; Shi et al., 2017; Wang 2019b), and detailed information is available elsewhere 113 

(Markovic et al., 2012; Rumsey et al., 2013). As a brief summary, ambient air is drawn into the systems 114 

at a flow rate of 16.7 L/min. Subsequently, particles and gases are collected by two aerosol sample 115 

collectors through a wet parallel plate or wet rotating denuder. Aqueous solution samples are quantified 116 

by using two ion chromatography analyzers. The detection limits of five instruments for 11 species 117 

during the sampling periods were less than 0.1 μg/m3. Hourly elemental carbon (EC) and organic 118 

carbon (OC) concentrations in PM2.5 determined by the semi-continuous carbon analyzers (Model 4, 119 

Sunset Laboratory Inc, USA) were obtained at the same place and time, except for the U-ZZ site, of 120 

which data were provided by the Department of Environmental Protection of Henan Province. Detailed 121 

information on this instrument can be found in Panteliadis et al. (2014). The OC and EC collected by 122 

the device were oxidized to carbon dioxide and analyzed by a nondispersive infrared detector. 123 

Meteorological parameters, including T, RH, wind direction, and wind speed were recorded 124 

simultaneously at the same site. 125 
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2.3 pH prediction 126 

The pH values of PM2.5 were estimated using the ISORROPIA-II thermodynamic model. Input 127 

data, including WSIIs, gaseous precursors, RH, and T, were used to calculate the particle hydronium 128 

ion concentration per volume of air (H+
air) and particle water associated with inorganics (AWCinorg) by 129 

computing the equilibrium composition for the Na+-K+-Ca2+-Mg2+-NH4
+-SO4

2−-NO3
−-Cl−-H2O 130 

aerosol system. Considering that forward mode is less sensitive to measurement error than the reverse 131 

mode and high RH levels were recorded in sampling periods, ISORROPIA-II was run in the forward 132 

model for the aerosol system in the metastable condition (Ding et al, 2019). Aerosol pH was calculated 133 

according to the formula (Bougiatioti et al., 2016): 134 

 , (1) 135 

where the modeled concentrations for AWCinorg and H+
air are μg/m3, and AWCorg is the particle water 136 

associated with the organics predicted using the method: 137 

 , (2) 138 

where ms is the mass concentrations of organic matter (OC1.6), ρs is the organic density (1.35 139 

g/cm3), and korg is the organic hygroscopicity parameter (0.06) (Liu et al., 2017). 140 

The reliability of pH calculation depends on several assumptions, such as the equilibrated gas and 141 

particle phases. Thus, the predicted and observed semi-volatile species (e.g., NH4
+, SO4

2−, NO3
−, NH3, 142 

HNO3, and HCl) were compared to evaluate the reliability of the calculated pH. Prior this step, good 143 

ion balances (Text S1 for more details of calculation) for input WSIIs were observed with an average 144 

equivalent ratio that ranged from 0.99 ± 0.13 (U-ZZ) to 1.20 ± 0.12 (R-AY) in this work, thereby 145 
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assuring the validity and quality of input data. Figure S2 shows that the observed and predicted NH4
+, 146 

SO4
2−, and NO3

− exhibit significant correlations, have correlation coefficients (r) above 0.99, and have 147 

slopes near 1 at the five sites. In addition, NH3 was also in good agreement with r values between 0.83 148 

(U-ZZ) and 0.99 (U-AY and U-XX) and slopes between 0.80 (U-ZZ) and 1.23 (R-PY). These results 149 

suggest the good performance of ISORROPIA-II when modeling these species. However, the 150 

correlations between predicted and observed HNO3 and HCl are weak. This result is similar to other 151 

reported studies because of low gas concentrations, the distraction of coarse-mode particles, or 152 

instrument error (Ding et al., 2019, Liu et al., 2017). Furthermore, the PM2.5 pH was also calculated 153 

by E-AIM (Version Ⅳ) to evaluate the performance of ISORROPIA-II using the observed data (RH > 154 

60%) in the U-ZZ site as an example. Close correlation (r = 0.89) is observed between two models 155 

with a slope of 0.95 (Fig. S3). The pH values in ISORROPIA-II are 0.46 ± 0.15 units higher than those 156 

in E-AIM. These values are comparable to the results found in Liu et al. (2017) and Song et al. (2018). 157 

Therefore, the predicted pH values using ISORROPIA-II are effective in this work. 158 

2.4 NHx calculation 159 

TNHx, required NHx (Required-NHx), and excess NHx (Excess-NHx) concentrations were 160 

calculated using the following formulas: 161 

 , (3) 162 

 , (4) 163 

 , (5) 164 
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where [Na+], [K+], [Ca2+], [Mg2+], [NH4
+], [SO4

2−], [NO3
−], [Cl−], [NH3], [HNO3], and [HCl] are the 165 

measured mass concentrations (μg/m3) of these species. If excess NHx is above 0, then the system is 166 

considered NHx-rich. Otherwise, the system is under the NHx-poor condition. 167 

3 Results and discussion  168 

3.1 Haze episodes 169 

During the sampling periods, five monitoring sites simultaneously experienced a long-lasting and 170 

large-scale haze episode. Time series of the concentrations of WSIIs, NH3, and meteorological 171 

parameters are presented in Fig. 1 at the U-ZZ site as an example, and other sites are shown in Fig S4, 172 

with the mean values listed in Table 3. Three study cases were classified on the basis of the 173 

meteorological conditions and chemical component levels. The concentrations of WSIIs at five sites 174 

during Case 1 (January 12−14) gradually increased with T and RH in the southern wind. Elevated 175 

concentrations of WSIIs during Case 2 (January 14−21) were under high T and RH conditions with 176 

variable wind directions. Case 3 (January 21−25) was characterized by decreased pollutant 177 

concentrations, T, and RH with the northern wind. Evidently, the back trajectory frequency analysis 178 

(Figs. S5a and c) shows that the chemical components of PM2.5 at the five sites in Cases 1 and 3 were 179 

predominantly influenced by the southern and northern air mass transport, respectively. In contrast, 180 

local emissions played a key role in the pollution levels during Case 2 (Fig. S5b). 181 

Even though the total WSIIs concentrations were comparable, the chemical components of WSIIs 182 

under the effects of air masses from opposite directions were distinctly different between Cases 1 and 183 

3. NO3
−, NH4

+, and NH3 concentrations in Case 1 were higher than those in Case 3 at all sites. However, 184 

the SO4
2– concentrations in Case 1 were lower than those in Case 3 (Table 3). Wang et al. (2018a) 185 
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reported that southern cities of Henan Province (e.g., Nanyang, Shangqiu, Zhoukou, and Zhumadian) 186 

had relatively higher ammonia emissions than the cities involved in this study. Moreover, the northern 187 

air masses from the Jing–Jin–Ji regions were easily enriched with sulfate (Wang et al., 2019b; Wang 188 

et al., 2018c). The concentrations of chemical composition under stagnant weather conditions in Case 189 

2 clearly increased with average NH4
+, SO4

2−, and NO3
− concentrations that ranged from 12.8 ± 4.5 190 

μg/m3 (U-ZZ) to 45.5 ± 13.6 μg/m3 (R-AY), 30.9 ± 13.4 μg/m3 (R-XX) to 44.1 ± 17.5 μg/m3 (R-AY), 191 

and 56.6 ± 19 μg/m3 (U-AY) to 74.5 ± 20.7 μg/m3 (R-AY). The order of average concentrations of 192 

each WSIIs at the five sites varied substantially, but the average concentrations of NH3 at rural sites 193 

were higher than those at urban sites in the order of R-PY (26.5 ± 6.7 μg/m3) > R-XX (25.1 ± 10.0 194 

μg/m3) > R-AY (25.0 ± 6.7 μg/m3) > U-AY (23.1 ± 6.6 μg/m3) > U-ZZ (19.0 ± 5.3 μg/m3). Moreover, 195 

the NH3 levels in this work were extremely higher than the NH3 concentrations used in predicting pH 196 

values in Beijing (12.8 μg/m3) and Xi’an (17.3 μg/m3) (Guo et al., 2017), as well as other studies 197 

summarized in Table S1. Agricultural emissions, including livestock waste, N fertilizer application, 198 

and humans, were the top three ammonia contributors in Henan Province (Wang et al., 2018a), which 199 

may result in high ammonia concentrations at rural sites during Case 2. 200 

3.2 pH of PM2.5 at the urban and rural sites 201 

Figure 2 exhibits the predicted PM2.5 pH values, H+
air, and AWC at the five sites. PM2.5 have 202 

consistent moderate acidity during this haze episode, with median pH values in the order of 5.2 (4.8–203 

6.9, R-PY) > 5.1 (4.7–6.5, R-AY) > 4.9 (4.1–6.8, R-XX) > 4.8 (3.9–5.9, U-AY) > 4.5 (3.8–5.2, U-ZZ). 204 

As summarized in Table 1, the PM2.5 pH values in this work were comparable with the results found 205 

in other cities in China (e.g., Beijing, Xi’an, and Tianjin). Moreover, pH values at rural sites (i.e., R-206 
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AY, R-XX, and R-PY) were slightly higher than those at urban sites found in this and other studies. 207 

The median pH values at the five sites during Case 1 (Fig. 3a) were 0.2 (U-AY)–0.9 (R-PY) pH 208 

units higher than those in Case 2 (Fig. 3b). As shown in Figs. 2 and 3(d, g), pH values are closely 209 

negatively correlated with H+
air concentrations both in Cases 1 (r = –0.92) and 2 (r = –0.74). Moreover, 210 

H+
air concentrations were relevant for the total concentrations of WSIIs in Cases 1 (r = 0.73) and 2 (r 211 

= 0.63). These results suggest that predicted PM2.5 pH values were significantly affected by the WSIIs 212 

levels. Similar trends were also observed in Case 3 (Figs. 3c, f, and i). However, the median pH values 213 

in Case 3, which range from 4.4 (U-ZZ) to 5.3 (R-PY), were close to the pH values in Case 2 and lower 214 

than those in Case 1. In reference to Section 3.1, the diversity of pH values in Cases 1 and 3 may be 215 

due to the different proportions of particle- and gas-phase constituents. Table S2 shows that H+
air is 216 

significantly correlated with TNHx, SO4
2−, TNO3 (NO3

−+HNO3), and TCl (Cl−+HCl) at all sites 217 

because of these species account for the highest proportions of total WSIIs. 218 

The correlations between RH and H+
air suggest the major role of RH in particle pH. In addition, 219 

AWC concentration is largely determined by meteorological conditions (i.e., RH and T) (Liu et al., 220 

2017). Given the Case 2 was less affected by regional transport and could represent the local pollution 221 

characteristics for distinguishing urban and rural sites better, the diurnal patterns of median pH values 222 

of the five sites in this case (Fig. 4) imply that pH values were 0.3 (R-PY)–0.5 (U-ZZ) units higher 223 

during nighttime than daytime. Similar results were also reported in other cities (e.g., Beijing, and 224 

Tianjin) (Ding et al., 2019; Shi et al., 2019) because of the diurnal trends of T and RH (Fig. 4f) during 225 

winter haze episodes in China. 226 
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3.3 Sensitivity test of pH 227 

The median pH values at the five sites were all in the order of R-PY > R-AY > R-XX > U-AY > 228 

U-ZZ during three cases under different pollution levels and meteorological conditions, indicating that 229 

dominant factors determine the local particle pH levels and resulting in the high pH values at rural 230 

sites. The pH sensitivity represented by the relative standard deviation (RSD) to each WSIIs and 231 

meteorological parameters (i.e., T and RH) were carried out using the average values in Case 2 (Table 232 

3). To represent the actual ambient conditions better, the ranges of each factor near the observed 233 

minimum and maximum values in Case 2 were selected in the sensitivity tests. As shown in Figs. 5 234 

and S6, the most important factor that influenced the predicted pH was TNHx, followed by SO4
2− and 235 

T at the five sites. The U-ZZ site was also slightly affected by TNO3. These results are distinctly 236 

different from the results found in Beijing (SO4
2− > TNHx > TNO3 > T in winter) (Ding et al., 2019). 237 

Similarly, RH, TCl, Na+ and crustal ions (i.e., K+, Ca2+
, and Mg2+) have less influence on the predicted 238 

pH values. In general, pH values gradually grow with increased cation and decreased anion 239 

concentration though suppressing the production of H+
air and AWC. Specifically, the TNHx 240 

concentration that increased from 25 μg/m3 to 90 μg/m3 can promote particle pH by 3.5 (U-ZZ)–4.5 241 

(R-AY) units. Moreover, SO4
2− and TNO3 that increased from 10 μg/m3 to 80 μg/m3 and 1 μg/m3 to 242 

125 μg/m3 can reduce the pH values by 1.5 (R-PY)–4.0 (U-ZZ) and 0.2 (R-AY)–1.4 (U-ZZ) units, 243 

respectively. In addition, a 20 ℃ (–5 ℃ to 15 ℃) and 65% (30% to 95%) increase drops the pH by 244 

approximately 1.3 and 2.7 units at the five sites, respectively. The reason is that high T facilitated the 245 

dissociation of particle-phase ammonium (e.g., NH4NO3), and high RH enhanced the AWC 246 

concentration (Saraswati et al., 2019). Consequently, lower TNHx concentrations and higher T values 247 
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caused the lower pH values at urban sites than rural sites. 248 

The pH values (Figs. 5 and S6) obtained from each sensitivity test at the five sites under the same 249 

conditions are nearly in the order of R-PY > R-AY > R-XX > U-AY > U-ZZ, except for the TNHx, 250 

which is the same with the order of the median pH in Case 2 (Fig. 3b). These results imply that TNHx 251 

dominated the local pH values in this work. However, the observed average TNHx concentrations in 252 

Case 2 were in the order of R-AY (68.1 ± 16.6 μg/m3) > R-PY (62.8 ± 17.9 μg/m3) > R-XX (56.8 ± 253 

15.7 μg/m3) > U-AY (55.5 ± 15.2 μg/m3) > U-ZZ (46.8 ± 14.7 μg/m3). To gain insight into the role of 254 

TNHx on pH, the sensitivities of pH to TNHx at each site are illustrated in Fig. 6 with the concentrations 255 

of TNHx, Required-NHx, Excess-NHx, and corresponding pH values marked. Similar growth trends of 256 

pH to increasing TNHx are presented in Fig. 6(a). Figures 6(b-f) suggest that the calculated Excess-257 

NHx at the five sites significantly affected the pH values with 1.5 (U-ZZ)–2 (R-PY) units increased. 258 

Note that the order of pH values in Required-NHx concentrations at the five sites are changed. In 259 

addition, the order of Excess-NHx concentrations (i.e., R-PY (30.1 ± 6.2 μg/m3) > R-AY (27.1 ± 4.2 260 

μg/m3) > R-XX (26.0 ± 4.6 μg/m3) > U-AY (24.3 ± 3.9 μg/m3)> U-ZZ (14.8 ± 4.1 μg/m3)) is the same 261 

with the order of pH in Case 2. Therefore, Excess-NHx concentrations during the observation periods 262 

may determine the local pH values rather than TNHx. 263 

Additionally, figure 6(a) shows that when the TNHx concentrations are extremely high (> 70 264 

μg/m3), the pH values increase slowly and are close to 5.2, 5.4, 5.5, 5.6, and 5.6 at U-ZZ, U-AY, R-265 

XX, R-AY, and R-PY, respectively. Similar results were reported by Guo et al., (2017) and Song et al., 266 

(2018), because NH3 reacted with SO4
2– and HNO3 orderly, during when large amounts of H+

air were 267 

consumed and pH values rapidly increased. Subsequently, dissolving NH3 into the particles became 268 
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difficult, and pH values slowly increased (Ding et al., 2019; Seinfeld and Pandis, 2016). These results 269 

indicate that elevated TNHx concentrations are not sufficient in achieving a fully neutralized condition 270 

for PM2.5. Note that the order of pH values under high TNHx concentrations (> 70 μg/m3) at five sites 271 

are R-PY > R-AY > R-XX > U-AY > U-ZZ, which is opposite to the order of observed T values in 272 

Case 2 with U-ZZ (5.2 ± 3.2 ℃) > U-AY (3.0 ± 3.0 ℃) > R-XX (1.9 ± 3.9 ℃) > R-AY (1.3 ± 3.2 ℃) > 273 

R-PY (1.0 ± 3.7 ℃). Therefore, T affects the content of NH4
+ in particles and thus change H+

air. 274 

3.4 Factors that affect pH sensitivity 275 

The sensitivities of pH to SO4
2−, TNO3, as well as other ions (except for TNHx), at urban sites 276 

were more significant than those at rural sites, especially for U-ZZ sites with 7.2% and 14.8% of RSD 277 

to SO4
2− and TNO3, respectively. By contrast, the sensitivities of pH to TNHx at the five sites are 278 

unordered. To further understand the major drivers, the sensitivities of pH to SO4
2−, TNO3, and TNHx 279 

were explored using the fixed SO4
2− (36.5 μg/m3) and TNO3 (67.5 μg/m3) concentrations under fixed 280 

meteorological parameters (T = 2.5 ℃ and RH = 60%), of which these values are close to the average 281 

values of the five sites in Case 2 (i.e., 36.4 ± 15.4 μg/m3 for SO4
2−, 67.5 ± 23.5 μg/m3 for TNO3, 2.5 ± 282 

1.5 ℃ for T, and 59.3 ±14.0% for RH). As shown in Figs. 7(a, b), the RSD values of pH to SO4
2− and 283 

TNO3 (purple lines) increase with the decrease in TNHx concentrations (20–120 μg/m3), especially 284 

when the TNHx concentrations are lower than 60 μg/m3 and 40 μg/m3, respectively. Therefore, the 285 

sensitivities of pH to SO4
2−and TNO3 at the U-ZZ site were obviously higher than those of other sites 286 

with the lowest TNHx concentrations (46.8 ± 14.7 μg/m3). These results suggest that low ammonia 287 

determined the high sensitivities of particle pH to sulfate and nitrate at urban sites. 288 

Good liner relations (red lines) between the RSD values of pH to TNHx concentrations with SO4
2− 289 
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and TNO3 concentration (1−120 μg/m3) are observed with the following equations: 290 

 , (6) 291 

 , (7) 292 

where RSDA/S and RSDA/N represent the pH sensitivities to TNHx under different mass concentrations 293 

of SO4
2− [SO4

2−] and TNO3 [TNO3], respectively. The results show that the influence of SO4
2− on the 294 

sensitivity of pH to TNHx is roughly 2.9 times greater than that of TNO3 in the same concentrations. 295 

The observed average TNO3 concentrations were 1.7 (U-AY)–2.1 (R-XX) times higher than those of 296 

SO4
2− at the five sites in Case 2. Moreover, the order of RSD values of pH to TNHx (Fig. 5d) at the 297 

five sites is the same as that of the average SO4
2− concentrations (Table 3). Thus, the pH sensitivities 298 

to TNHx were dominated by SO4
2− concentrations in our analysis, and the pH values were easily 299 

changeable when altering the ammonia concentration under high sulfate conditions. In the long run, 300 

recent data suggested the decreasing sulfate concentration in PM2.5 accompanied with increasing 301 

nitrate concentration compared to earlier years during haze episodes in China, because strong actions 302 

were taken to reduce the coal consumption in recent years (Tian et al., 2017; Wang et al., 2017). 303 

Therefore, TNO3 may rule the sensitivity of pH to TNHx in this region at some point in the future. 304 

3.5 Implications of regional transport 305 

The difference in pH characteristics between Cases 1 and 2 indicates that regional transport has a 306 

remarkable influence on local particle pH. As discussed above, air mass from rural regions may 307 

increase the particle pH in urban ambient. Moreover, the sampling regions in this study are located in 308 

the transport route for Beijing (MEP, 2017), thereby contributing to the high concentrations of air 309 

pollutants. In addition, the lifetimes of NH3 (1–5 days or less) and NH4
+ (1–15 days) in the atmosphere 310 
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are sufficient for transporting to Beijing during a haze episode (Aneja, 2000; Lefer et al., 1999; 311 

Warneck, 1988). Therefore, the particle pH in Beijing will be enhanced when southern air masses 312 

accompany elevated-pH particles and high ammonia levels from agricultural regions. Aqueous 313 

formations of sulfate are strongly dependent on particle pH levels. Chen et al. (2016) reported that the 314 

aqueous-phase sulfate production rates from NO2 and O3 oxidation of SO2 had a positive correlation 315 

with particle pH value during the Beijing haze events. When pH exceeded approximately 4.5 (higher 316 

than this value at rural sites in this work), NO2-oxidation dominated the sulfate formation, and its 317 

reaction rate increased by one order of magnitude with the rise of pH by one unit. Thus, air masses 318 

transported from rural and agricultural regions may promote sulfate formation. Therefore, ammonia 319 

should be included in the regional strategy to improve air quality in China. 320 

4 Conclusions 321 

An experiment was performed using a series of high time-resolution instruments in two urban 322 

(i.e., U-ZZ and U-AY) and three rural sites (i.e., R-AY, R-XX, and R-PY) in Henan Province during a 323 

large-scale and long-lasting haze episode. The ISORROPIA-II model was used to investigate the pH 324 

value and its driving factors. PM2.5 exhibited moderate acidity, with median pH values in the order of 325 

5.2 (4.8–6.9, R-PY) > 5.1 (4.7–6.5, R-AY) > 4.9 (4.1–6.8, R-XX)> 4.8 (3.9–5.9, U-AY)> 4.5 (3.8–5.2, 326 

U-ZZ). The pH values in rural sites were slightly higher than those in urban sites.  327 

The predicted pH values of PM2.5 were significantly affected by the WSIIs levels, the different 328 

proportions of particle- and gas-phase constituents, and meteorological parameters. The sensitivity 329 

tests of pH values showed that TNHx, followed by SO4
2− and T, were the important factors that 330 

influenced the predicted pH values at the five sites. Generally, pH values rise with the increase in 331 
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cation increasing, and the decrease in the anion, T, and RH. The increase in TNHx concentration from 332 

25 μg/m3 to 90 μg/m3 can promote particle pH by 3.5 (U-ZZ)–4.5 (R-AY) units. Further study 333 

demonstrates that excess NHx concentrations during observing periods determined the local pH values 334 

rather than TNHx. In addition, ammonia determined the sensitivities of sulfate and nitrate on particle 335 

pH. Different pH sensitivities to TNHx at the five sites were closely related to SO4
2− concentrations. 336 

Therefore, air masses transported from rural and agricultural regions with elevated pH particles and 337 

high ammonia levels may promote the sulfate formation in urban aerosols. Therefore, ammonia should 338 

be involved in the regional strategy for improving the air quality in China. 339 
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Figure lists: 484 

Fig. 1 Temporal variations of temperature (T), relative humidity (RH), wind speed (WS), wind 485 

direction (WD), and concentrations of NH3 and water-soluble inorganic ions (WSIIs) in three cases 486 

at the Zhengzhou (U-ZZ) site. 487 

Fig. 2 Time series and box plot of predicted PM2.5 pH, H+
air, and aerosol water content (AWC) at the 488 

five sites. In each box, the top, middle and bottom lines represent the 75th, 50th, and 25th percentile 489 

of statistical data, respectively; the upper and lower whiskers represent the maximum and minimum 490 

values, respectively. 491 

Fig. 3 (a)–(c) Box plots of PM2.5 pH at the five sites in three cases. (d)–(f) Correlations between pH 492 

and H+
air. (g)–(i) Correlations between total concentrations of WSIIs and H+

air. The color scale bar 493 

represents AWC concentration. 494 

Fig. 4 (a)–(e) Diurnal patterns of median (min–max) pH values, (f) average RH, and T of the five 495 

sites in Case 2. The upper and lower ends of the line represent the maximum and minimum values of 496 

pH, respectively. The color scale bar represents AWC concentration. 497 

Fig. 5 Sensitivity tests of PM2.5 pH to T, RH, TCl (Cl− + HCl), TNHx (NH4
+ + NH3), TNO3 (NO3

− + 498 

HNO3), and SO4
2−. The range of the x-axis is close to the observed minimum and maximum values 499 

in Case 2. The color scale bar represents the pH values. The square plots on the graph represent the 500 

average values of each factor observed in Case 2 with standard deviation as an error bar. The relative 501 

standard deviation (RSD) and range (Range) represent the variation degree and range (min–max) of 502 

the pH values in the test. 503 

Fig. 6 Sensitivity tests of PM2.5 pH to TNHx at the five sites. The concentrations of TNHx, required 504 
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NHx (Required-NHx), excess NHx (Excess-NHx), and corresponding pH values are plotted. The blue 505 

and orange background colors correspond to the NHx-poor and NHx-rich, respectively. 506 

Fig. 7 pH calculated with fixed meteorological parameters (T = 275.5 K and RH = 60%) under 507 

different combinations of TNHx and (a) SO4
2− (Fixed TNO3 = 67.5 μg/m3) and (b) TNO3 (Fixed 508 

SO4
2− = 36.5 μg/m3). The color scale bar represents the pH values. The red lines in (a) and (b) 509 

represent the RSD of pH for TNHx under different SO4
2− and TNO3 concentrations, respectively, and 510 

the purple lines represent the RSD of pH for SO4
2− and TNO3 in (a) and (b) under different TNHx 511 

concentrations. The markers on the graph represent the average concentrations of TNHx, SO4
2−, and 512 

TNO3 at the five sites in Case 2 with standard deviation as error bar. 513 

 514 
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 522 

Fig. 1 Temporal variations of temperature (T), relative humidity (RH), wind speed (WS), wind 523 

direction (WD), and concentrations of NH3 and water-soluble inorganic ions (WSIIs) in three cases 524 

at the Zhengzhou (U-ZZ) site. 525 

 526 

 527 
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 529 

Fig. 2 Time series and box plot of predicted PM2.5 pH, H+
air, and aerosol water content (AWC) at the 530 

five sites. In each box, the top, middle and bottom lines represent the 75th, 50th, and 25th percentile 531 

of statistical data, respectively; the upper and lower whiskers represent the maximum and minimum 532 

values, respectively. 533 
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 534 

Fig. 3 (a)–(c) Box plots of PM2.5 pH at the five sites in three cases. (d)–(f) Correlations between pH 535 

and H+
air. (g)–(i) Correlations between total concentrations of WSIIs and H+

air. The color scale bar 536 

represents AWC concentration. 537 

 538 
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 539 

Fig. 4 (a)–(e) Diurnal patterns of median pH values, (f) average RH, and T of the five sites in Case 2. 540 

The upper and lower ends of the line represent the maximum and minimum values of pH, 541 

respectively. The color scale bar represents AWC concentration. 542 

 543 

 544 

 545 
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 547 

Fig. 5 Sensitivity tests of PM2.5 pH to T, RH, TCl (Cl− + HCl), TNHx (NH4
+ + NH3), TNO3 (NO3

− + 548 

HNO3), and SO4
2−. The range of the x-axis is close to the observed minimum and maximum values 549 

in Case 2. The color scale bar represents the pH values. The square plots on the graph represent the 550 

average values of each factor observed in Case 2 with standard deviation as an error bar. The relative 551 

standard deviation (RSD) and range (Range) represent the variation degree and range (min–max) of 552 

the pH values in the test. 553 

 554 
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 555 

Fig. 6 Sensitivity tests of PM2.5 pH to TNHx at the five sites. The concentrations of TNHx, required 556 

NHx (Required-NHx), excess NHx (Excess-NHx), and corresponding pH values are plotted. The blue 557 

and orange background colors correspond to the NHx-poor and NHx-rich, respectively. 558 

 559 

 560 

 561 
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 563 

Fig. 7 pH calculated with fixed meteorological parameters (T = 275.5 K and RH = 60%) under 564 

different combinations of TNHx and (a) SO4
2− (Fixed TNO3 = 67.5 μg/m3) and (b) TNO3 (Fixed 565 

SO4
2− = 36.5 μg/m3). The color scale bar represents the pH values. The red lines in (a) and (b) 566 

represent the RSD of pH for TNHx under different SO4
2− and TNO3 concentrations, respectively, and 567 

the purple lines represent the RSD of pH for SO4
2− and TNO3 in (a) and (b) under different TNHx 568 

concentrations. The markers on the graph represent the average concentrations of TNHx, SO4
2−, and 569 

TNO3 at the five sites in Case 2 with standard deviation as error bar.  570 
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