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Highlights 30 

 31 

• Acidic/basic gases and PM2.5 water-soluble ions were measured hourly in urban 32 

air. 33 

• Thermodynamic model was used to predict the inorganic aerosol system at 34 

equilibrium. 35 

• Only nitrate contribution to PM2.5 increased with decreasing visibility. 36 

• Mutual promotion of nitrate and aerosol water was key to impaired visibility. 37 

• PM2.5 was most sensitive to HNO3 and hence NOx, and relatively insensitive to 38 

NH3. 39 

 40 
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 42 

Abstract 43 

This study investigated the hourly inorganic aerosol chemistry and its impact on 44 

atmospheric visibility at an urban area in Taiwan, based on long-term measurements 45 

of aerosol light extinction, inorganic gases (NH3, HNO3, HCl) and PM2.5 water-46 

soluble ions (WSIs; SO4
2−, NO3

−, Cl−, NH4
+, Na+, K+, Ca2+ and Mg2+) and the 47 

ISORROPIA II thermodynamic equilibrium model. On average, the SO4
2-, NO3

- and 48 

NH4
+ (SNA) contributed to 90% of WSIs, which in turn made up about 50% of the 49 

PM2.5. The PM2.5, SNA and aerosol pH, aerosol liquid water content (ALWC), 50 

sulfur/nitrogen oxidation ratio all increased with decreasing visibility. In particular, 51 

the NO3
− contribution to PM2.5 increased whereas the SO4

2− contribution decreased 52 

with decreasing visibility. The diurnal variations of the above parameters indicate that 53 

the coupling of NO3
− and ALWC were obvious under decreasing visibility, indicating 54 

the mutual promotion between the two enhanced the aerosol hygroscopicity and 55 

aqueous phase reactions conducive for NO3
− formation. The ambient relative 56 

humidity (RH) was a required but not sufficient condition for the elevated NO3
−. The 57 

thermodynamic model results show that the inorganic aerosol system in the study area 58 

was characterized by excessive NH3 and NH4
+ under high RH (average 70.7%), under 59 

which the PM2.5 was most sensitive to HNO3 and hence NOx, and relatively 60 

insensitive to NH3. Meantime, the SO4
2− was fully neutralized and thus was not a 61 

limiting but saturated factor for degrading visibility. Therefore, a reduction of NOx 62 

would result in an instantaneous reduction of NO3
−, PM2.5, ALWC, and hence 63 

improved visibility. On the other hand, a substantial amount of NH3 reduction (73%) 64 

is required such that PM2.5 becomes sensitive to NH3.  65 

 66 
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1. Introduction 73 

Fine particulate matter (PM2.5) is well known for its adverse impact on 74 

atmospheric visibility, as well as human health, and its role in Earth’s radiative 75 

balance (Myhre et al., 2013; Pope et al., 2020; Pui et al., 2014). The extent of those 76 

impacts depends on the physicochemical properties of PM2.5, such as the chemical 77 

composition, size distribution, hygroscopicity, mixing state and morphology. PM2.5 78 

speciation studies in cities around the globe show that its major composition includes 79 

inorganic water-soluble ions (WSIs) or salts, organic matter (OM), elemental carbon 80 

(EC), soil and sea salt (NaCl), among which the relative abundance varies across 81 

different locations (Cheng et al., 2016; Liang et al., 2016). However, the aerosol 82 

liquid water content (ALWC) associated with PM2.5 is typically not being accounted 83 

by conventional sampling and analytical methods. In particular, sulfate (SO4
2−), 84 

nitrate (NO3
−) and ammonium (NH4

+) (together referred to as SNA) are the major or 85 

dominant WSIs, which are primarily responsible for the uptake of ALWC. The most 86 

important gas-phase precursors of SNA are basic ammonia (NH3) and acidic sulfur 87 

dioxide (SO2) and nitrogen oxides (NOx=NO+NO2). The latter two acidic gases could 88 

undergo gas-phase oxidation by hydroxyl radical (OH) during the daytime to form 89 

sulfuric acid (H2SO4) and nitric acid (HNO3), respectively. With ozone (O3), NOx 90 

could also be oxidized to gas-phase dinitrogen pentoxide (N2O5). In clouds or fogs, 91 

SO2 oxidation is enhanced due to aqueous-phase reactions with hydrogen peroxide 92 

(H2O2), O3 and oxygen (O2). During the nighttime, the uptake of N2O5 by the ALWC 93 

on the aerosol surface could then lead to the formation of HNO3. In a recent study, Yu 94 

et al. (2020) (Yu et al., 2020) showed that the measured N2O5 were typically below 95 

0.2 ppb and the uptake coefficient averaged 0.026 in several cities in China. H2SO4 96 

has very low vapor pressure and thus predominantly partitions to the aerosol phase. 97 

NH3 reacts preferentially with H2SO4 over HNO3 and forms ammonium sulfate 98 

((NH4)2SO4) and/or bisulfate (NH4HSO4). After H2SO4 is completely neutralized, the 99 

excess NH3 would then react with HNO3 and HCl, forming ammonium nitrate 100 

(NH4NO3) and ammonium chloride (NH4Cl). Because the SNA are mainly formed via 101 

atmospheric (photo)chemical reactions, they are also known as the secondary 102 

inorganic component of aerosols. 103 

Atmospheric visibility is commonly perceived as an indicator of air quality, and is 104 

determined by the light scattering (bs) and absorption (ba) by ambient aerosols and 105 

gases, collectively known as light extinction (bext), with the aerosol contribution 106 

dominating over gases. The US Interagency Monitoring of Protected Visual 107 

Environments (IMPROVE) algorithm has been commonly used to estimate the 108 

contributions of individual PM2.5 chemical components to bext under ambient RH 109 

(Malm et al., 1994; Pitchford et al., 2007; Watson, 2002). The PM2.5 is assumed to 110 
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consist of (NH4)2SO4, NH4NO3, soil, OM, EC and NaCl. The hygroscopicity of 111 

(NH4)2SO4, NH4NO3 and NaCl is accounted by using the water growth term (f(RH)), 112 

which is mass-dependent for the former two salts. All PM2.5 chemical components 113 

contribute to the aerosol light scattering (bsp), as well as coarse particle (PM2.5-10), 114 

except the EC that contributes to aerosol light absorption (bap). In addition, the gas 115 

scattering (bsg) and absorption (bag) are attributed to Rayleigh scattering and NO2, 116 

respectively. A number of earlier studies in Asia, particularly in China, have reported 117 

severely impaired visibility (i.e., haze events) and its relationship with PM2.5 118 

composition and meteorology (Cao et al., 2012; Fu et al., 2016; See et al., 2006; Shen 119 

et al., 2014; Szidat, 2009; Wang et al., 2012). The haze events were reported to be 120 

associated mainly with elevated SO4
2−, OM and relative humidity (RH). In recent 121 

years, interestingly, numerous studies have shown that NO3
− has become the main 122 

culprit of severe haze as well as PM2.5 pollution (Fu et al., 2020; Hu et al., 2021; Tian 123 

et al., 2019; Wang et al., 2020; Wen et al., 2015; Zhang et al., 2021; Zhou et al., 124 

2016). Such a change of focus may be related to a number of reasons as a result of a 125 

complex interplay among precursor gases and aerosol composition, and atmospheric 126 

conditions. For example, the substantial reduction of SO2 emission and hence SO4
2− 127 

could be offset by NO3
− formation if both HNO3 and sufficient NH3 are available. The 128 

increase of NO3
− formation has been observed even though NOx has been declining 129 

over the years (Fu et al., 2020), and such increase would lower the deliquescence RH 130 

and promotes enhanced ALWC uptake at moderate RH. Wang et al. (Wang et al., 131 

2020) have shown that the increased ALWC in turn increases the aerosol pH and thus 132 

favors the partitioning shift from gas-phase HNO3 to aerosol-phase NO3
-. In addition, 133 

the ALWC could enhance the N2O5 uptake that leads to its hydrolysis to form NO3
− 134 

(Yu et al., 2020) . Unlike nonvolatile SO4
2−, NH4NO3 is semivolatile and in reversible 135 

equilibrium with gas-phase HNO3 and NH3, and thus could volatile under high 136 

temperature and low RH. Addressing the question about the chemical domains in 137 

which the PM2.5 is sensitive to HNO3 and/or NH3 is becoming increasingly crucial for 138 

an effective control strategy to reduce PM2.5 and improve visibility. Nenes et al. 139 

(Nenes et al., 2020) have shown that the transition between HNO3-dominated and 140 

NH3-dominated sensitivity rather consistently occurs at aerosol pH2 over variable 141 

levels of ALWC, suggesting the ALWC plays a more important role in determining 142 

the type of aerosol sensitivity. In specific, the transition aerosol pH varies with 143 

temperature and logarithmically with ALWC.       144 

As shown above, the impaired visibility has been strongly linked to secondary 145 

inorganic aerosols. Thermodynamic models, e.g., ISORROPIA (Fountoukis and 146 

Nenes, 2007; Nenes et al., 1999) and AIM (Clegg et al., 1998; Wexler and Seinfeld, 147 

1990), have been extensively used to obtain a more complete picture of the inorganic 148 
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aerosol system at equilibrium state. For example, ISORROPIA II solves the 149 

thermodynamics of the K+–Ca2+–Mg2+–NH4
+–Na+–SO4

2−–NO3
−–Cl−–H2O aerosol 150 

systems with data on gas plus particle phase (forward mode) or particle phase 151 

(backward mode) assuming stable or metastable state. The model predicts the 152 

concentration of species in gas, liquid and solid phase at equilibrium, and also 153 

estimates the ALWC and aerosol pH. The aerosol pH (acidity) and its close 154 

interactions with ALWC have great importance in the aqueous chemistry in the 155 

atmosphere (Pye et al., 2020). During Beijing winter haze, Song et al. (Song et al., 156 

2018) showed that the forward mode is less sensitive to measurement errors, and NH3 157 

plays a more important role than ALWC in aerosol pH. Using ISORROPIA II, Guo et 158 

al. (Guo et al., 2018) examined the sensitivity of aerosol NH4NO3 to NH3 and NOx 159 

controls in Europe, the United States and China of contrasting PM2.5 levels and 160 

meteorological conditions. They found that, regardless of location, PM2.5 is sensitive 161 

to NH3 only when aerosol pH drops below a critical value of ~3. On the other hand, 162 

Nenes et al. (Nenes et al., 2020) proposed a new conceptual framework that explicitly 163 

considers ALWC, aerosol pH and temperature as the key factors in determining the 164 

sensitivity of secondary inorganic WSIs. They showed that, regardless of location, the 165 

transition between NH3
−-dominated and HNO3-dominated sensitivity always occurred 166 

at aerosol pH of ~2 but over a wide range of ALWC. As such, they suggested that the 167 

limiting factor is the ALWC, whereas aerosol pH alone is not sufficient to determine 168 

the type of sensitivity.     169 

In Taiwan, a number of previous studies have attempted to link visibility with 170 

aerosol composition and meteorology (Chen et al., 2014; Lee et al., 2012; Maurer et 171 

al., 2019; Tsai, 2005; Tsai et al., 2007; Tsai and Cheng, 1999; Yuan et al., 2002). Most 172 

of those studies relied on filter-based time-integrated samples for aerosol 173 

composition, and thus could not resolve the highly dynamic aerosol chemistry 174 

associated with impaired visibility. In a short intensive field study, on the other hand, 175 

Chen et al. (2014) adopted hourly measurement techniques for aerosol composition 176 

and illustrated the finer chemistry details that led to impaired visibility in Taichung, 177 

Taiwan. Those earlier studies consistently showed that SO4
2− played a major role, 178 

along with stagnant air and high RH, in impairing visibility. More recently, a long-179 

term study by Ting et al. (Ting et al., 2021) used in-situ measurements of hourly PM2.5 180 

composition and identified the NO3
− as the only chemical component with which its 181 

fraction in PM2.5 increased with decreasing visibility at a suburban site in Taichung. 182 

The change of SO4
2−-driven to NO3

−-driven impaired visibility requires further 183 

examination. In addition, the inorganic aerosol chemistry (i.e., gas and aerosols) has 184 

not yet been fully scrutinized. Here, we examine the hourly inorganic aerosol 185 

chemistry at an NH3-rich urban area in Taichung, Taiwan, using long-term hourly 186 
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measurements of HNO3, NH3 and PM2.5 WSIs from 2017 to 2019. The monthly and 187 

hourly variations of inorganic gases and aerosols were determined and related to 188 

visibility (bext). The ISORROPIA thermodynamic equilibrium model was used to 189 

explore gas-particle partitioning of NH4NO3, and the chemical regimes of WSIs 190 

sensitivity to HNO3 and NH3 availability for policy implications. 191 

 192 

2. Methods 193 

2.1 Study period and area 194 

The sampling campaign was conducted from September 2017 to September 195 

2019, during which hourly measurements of HNO3, NH3 and PM2.5 WSIs, aerosol 196 

light extinction, gas pollutants and meteorological parameters were made 197 

simultaneously. Fig. S1 shows the monitoring sites, industrial/science parks, and 198 

major sources in the study area. The study area was in the basin area of urban 199 

Taichung City (lower right corner in Fig. S1), which has a population density of 200 

1273.6 people km–2 and is the 7th largest city located in the central part of Taiwan. 201 

There are an industrial park and a science park nearby, to the northwest of the urban 202 

area. Further away to the northwest and near the coastline, there are a coal-fired 203 

power plant (5500 MW), a steel plant, a harbor and a few more industrial parks. The 204 

monitoring of pollutants (except aerosol light extinction) was carried out in an air-205 

conditioned monitoring station, about 20 m adjacent to one of the Taiwan EPA air 206 

quality monitoring sites, Zhongming (ZM) station (indicated as a star in Fig. S1), 207 

nearby the urban center. Both stations are located on the rooftop of a school, where 208 

the sample inlet was 17.5 m above ground level. About 6 km to the northwest of ZM 209 

station is another satellite site (indicated as a circle in Fig. S1), where the aerosol light 210 

extinction measurements were made inside an air-conditioned trailer with the 211 

sampling height of 10 m above ground level. 212 

The data on criteria air pollutants and meteorological parameters during the 213 

study period were acquired from the Taiwan EPA-operated ZM station. The ZM 214 

station is equipped with β-ray attenuation monitors for PM2.5 and PM10 (Met One 215 

BAM-1020; WINS impactor for PM2.5), UV fluorescence spectrometer for SO2 216 

(Ecotech 9850B), IR analyzer for CO (Horiba APMA-360), chemilluminescence 217 

detector for NOx (Ecotech 9841B) and nondispersive UV photometer for O3 (Ecotech 218 

9810B). In addition, it also houses a suite of metrological instruments for 219 

measurements of ambient temperature/RH (Met One 083D), wind speed (Met One 220 

014A), and wind direction (Met One 024A).  221 

 222 

2.2 Hourly inorganic gases and WSIs measurement  223 

A semi-continuous instrument, In-situ Gas and Aerosol Composition (IGAC) 224 
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monitoring system (Model S-611, Zhang Jia), was used to measure gas-phase NH3, 225 

HNO3, HCl and PM2.5 WSIs, including SO4
2-, NO3

-, Cl-, NH4
+, Na+, K+, Ca2+ and 226 

Mg2+. Details of the performance and application of IGAC are available in a number 227 

of earlier studies (Feng et al., 2018; Liu et al., 2017, 2019; Ting et al., 2021; Wu et al., 228 

2019; Young et al., 2016). In brief, the IGAC draws ambient air at 16.7 L min−1 229 

through a series of PM10 impactor (Thermo Scientific) and a PM2.5 cyclone. Acidic 230 

and basic gases are absorbed by a Wet Annular Denuder (WAD) with dilute H2O2 231 

solution based on gas diffusion. The PM2.5 aerosols are collected by a SCrub and 232 

Impact collector (SCI) that relies on the principles of wet scrubbing, particle growth 233 

and impaction. The gas and aerosol liquid samples from the WAD and SCI are drawn 234 

separately by a pair of syringe pumps that simultaneously collect (46 min) and then 235 

alternatively inject the liquid samples to an in-line ion chromatography system 236 

(Dionex ICS-3000) for the quantification of water-soluble anions and cations. The 237 

method detection limits of the WSIs are in the range of 0.05 to 0.11 g m−3 (Table 238 

S1). 239 

Quality assurance and control procedures were implemented on the measured 240 

WSIs data. In specific, cation-to-anion (C/A, equivalent molar ratio) and anion-to-241 

cation (A/C) outliers were defined as those with values smaller than the small extreme 242 

(SE = Q1 – 1.5IQR, where Q1 is the first quartile and IQR is the inter-quartile range) 243 

value and those larger than the large extreme (LE = Q3 + 1.5IQR), and subsequently 244 

removed from the dataset. The resulting data recovery rate was 85.3%, yielding 245 

10,835 rows of hourly data. Fig. S2 presents the scatter plots of the molar equivalent 246 

concentrations of cations versus anions, SO4
2− versus NH4

+, and (SO4
2− + NO3

−) 247 

versus NH4
+. The results show that, on average, their resulting regression slopes were 248 

1.00, 1.48 and 1.03, respectively, indicating the neutrality of WSIs and the complete 249 

neutralization of both SO4
2− and NO3

−. Yet, individual hourly data points were quite 250 

variable about the 1:1 line. Finally, a pair-wise deletion was carried out such that 251 

5,508 hours of data were available for thermodynamic modeling. The percentage of 252 

data for each season is as follow: 27% in spring (Mar-May), 12% in summer (Jun-253 

Aug), 17% in fall (Sep-Nov) and 43% in winter (Dec-Feb). 254 

The extent of neutralization of the two major ions NO3
- and SO4

2- by NH4
+, and 255 

all acidic gases and water-soluble inorganic anions by total NH3 (TNH3) was 256 

evaluated by means of charge balance, with which the excess (or deficiency) of NH4
+ 257 

and TNH3 could be determined, as follow. 258 

 259 

Required 𝑁𝐻4
+ = 18 × (

[𝑆𝑂4
2−]

48
+

[𝑁𝑂3
−]

62
)       (1) 260 

Excess 𝑁𝐻4
+ = Measured 𝑁𝐻4

+ − Required 𝑁𝐻4
+     (2) 261 
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Required 𝑁𝐻3 = 17 × (

[𝑆𝑂4
2−]

48
+

[𝑁𝑂3
−]

62
+

[𝐶𝑙−]

35.5
+

[𝐻𝑁𝑂3]

63
+

[𝐻𝐶𝑙]

36.5
−

[𝑁𝑎+]

23
−

[𝐾+]

39
−

[𝐶𝑎2+]

20
−

[𝑀𝑔2+]

12

)   (3) 262 

Total 𝑁𝐻3 = 17 × (
[𝑁𝐻4

+]

18
+

[𝑁𝐻3]

17
)         (4) 263 

Excess 𝑁𝐻3 = Total 𝑁𝐻3 − Required 𝑁𝐻3       (5) 264 

 265 

 266 

2.3 Aerosol light extinction measurement 267 

A seven-wavelength aethalometer (AE33, Magee Scientific) was used to measure 268 

the bap of PM2.5 at the wavelengths of 370, 470, 520, 590, 660, 880 and 950 nm with 269 

time-resolution of 1 min and a flow rate of 5 L min−1. The bsp of PM2.5 was measured 270 

with an integrating nephelometer (Model 3563, TSI) at three wavelengths of 450, 550 271 

and 700 nm, and only the bsp at 550 nm was used because human vision is most 272 

sensitive to the wavelength of 550 nm (i.e., the green region of the visible light 273 

spectrum). As such, the bap at 550 nm was interpolated using the absorption Ångström 274 

exponent (AAE) at 370 nm and 880 nm as follow. 275 

 276 

AAE = −
ln[𝑏𝑎𝑝(370)/𝑏𝑎𝑝(880)]

ln (370/880)
          (6) 277 

𝑏𝑎𝑝(550) = 𝑏𝑎𝑝(880) (
550

880
)

−𝐴𝐴𝐸
         (7) 278 

 279 

In this study, the bext (Mm−1) is the sum of bap and bsp, ignoring the light 280 

scattering and absorption by gases (bsg and bag). It is important to note that the above 281 

bext is more representative of the dry condition due to the heating effect from the 282 

halogen lamp of the nephelometer (Fierz-Schmidhauser et al., 2010). In addition, the 283 

bext under ambient RH greater than 90% were excluded in the present discussion to 284 

separate potential fog events from haze events (Cai et al., 2018; Luan et al., 2018). 285 

 286 

2.4 Inorganic aerosol equilibrium modeling 287 

The ISORROPIA II thermodynamic equilibrium model was used to determine 288 

the composition, phase state and gas-particle partitioning of the inorganic aerosol 289 

system (Fountoukis and Nenes, 2007; Song et al., 2018; Yu et al., 2005; Zhang et al., 290 

2002). The model was run with the forward mode with the inputs of measured 291 

ambient temperature, RH, gas-phase HNO3, NH3, HCl, and PM2.5-phase SO4
2−, NO3

−, 292 

Cl−, NH4
+, Na+, K+, Ca2+ and Mg2+, assuming metastable equilibrium state (i.e., no 293 

precipitation of salts). The forward mode has been shown to be more accurate and 294 
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robust (Song et al., 2018), whereas the metastable equilibrium state is more suitable 295 

for the study area with the average RH > 70% (Guo et al., 2018). The timescale for 296 

sub-micrometer (< 1 m) and coarse (1 – 2.5 m) particles to reach equilibrium had 297 

been estimated to be less than 0.5 hr and more than 1 hr, respectively (Fountoukis et 298 

al., 2009; Meng and Seinfeld, 1996). Table S2 shows the predicted gas and WSIs 299 

concentrations were in good agreement with the observed concentrations, except for 300 

gas-phase HNO3 and HCl because of their low concentrations (< 0.5 ppb; see Section 301 

3.2) and potential sampling losses under high RH environment. The predicted aerosol 302 

pH and ALWC were used in the PM sensitivity analysis, given in the following 303 

section.    304 

 305 

2.5 PM sensitivity analysis 306 

Aerosol-phase, semivolatile NH4NO3 has become more and more prominent in 307 

elevated PM2.5 and severely impaired visibility in many Asian cities. Here, the PM2.5 308 

sensitivity to changes in HNO3 and NH3 was evaluated in relation to aerosol pH and 309 

ALWC according to the new conceptual framework proposed by Nenes et al. (Nenes 310 

et al., 2020). The fraction of NO3
− and NH4

+ partitioning in the aerosol phase at 311 

equilibrium are denoted as (NO3
−) and (NH4

+), respectively, and can be calculated 312 

according to the dissolution and dissociation reactions of HNO3 and NH3 (Guo et al., 313 

2017; Nenes et al., 2020; Song et al., 2018), as follow. 314 

 315 

ε(𝑁𝑂3
−) =

𝐾𝑛1𝐻𝐻𝑁𝑂3𝑊𝑖𝑅𝑇

𝛾𝐻+𝛾𝑁𝑂3
−[𝐻+]+𝐾𝑛1𝐻𝐻𝑁𝑂3𝑊𝑖𝑅𝑇

        (8) 316 

 317 

ε(𝑁𝐻4
+) =

(𝛾𝐻+[𝐻+]/𝛾
𝑁𝐻4

+)𝐻𝑁𝐻3𝑊𝑖𝑅𝑇

1+(𝛾𝐻+[𝐻+]/𝛾
𝑁𝐻4

+)𝐻𝑁𝐻3𝑊𝑖𝑅𝑇
        (9) 318 

 319 

where Kn1 is the dissociation constant, H is the Henry’s constant, Wi is the ALWC 320 

associated with inorganic WSIs, R is the gas constant,  is the activity coefficient, T is 321 

the temperature and [H+] is the hydrogen ion concentration. For a given Wi, Eqs. (8) 322 

and (9) yield two sigmoidal functions (also known as the S-curve) that give a 323 

characteristic pH-sensitive range, between which a small change of aerosol pH results 324 

in a large change of (NO3
−) and (NH4

+). An increase of aerosol pH would increase 325 

(NO3
−) but decrease (NH4

+), whereas a decrease of aerosol pH has an opposite 326 

effect. An arbitrary threshold of (NO3
−) = (NH4

+) = 0.1 was used to identify the 327 

characteristic aerosol pH beyond or below which a substantial increase of (NO3
−) or 328 

(NH4
+) is anticipated.  329 
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 330 

3. Results and Discussion 331 

3.1 Meteorology, air quality and visibility 332 

The meteorological conditions and air quality during the study period are given 333 

in Table S3. The hourly averages of ambient temperature, RH and wind speed (WS) 334 

were 22.4 °C, 70.7% and 1.4 m s−1, respectively. The prevailing wind direction was 335 

north and northeasterly winds (Fig. S3). It is notable that the low WS and hence 336 

stagnant condition (<0.5 m s−1) is very common in the urban area, due to its basin 337 

geology and surrounding elevated terrain that impede air flow movements (Fig. S1). 338 

The hourly averages of PM2.5, SO2, CO, O3, NO and NO2 were 22.9 g m-3, 2.3 ppb, 339 

0.46 ppm, 28.0 ppb, 4.8 ppb and 18.3 ppb, respectively. Table 1 shows that the hourly 340 

averages of bap, bsp and bext were 76.5, 28.3 and 103.2 Mm−1, respectively. On 341 

average, the bsp dominated and contributed to 74% of the bext. Our earlier work 342 

showed that the IMPROVE-derived “wet” bext is a factor of 2 to 6 higher than the 343 

Aethalometer-derived “dry” bext at the satellite site of this study (Ting et al., 2021). In 344 

a 24-city study in China, Cheng et al. (Cheng et al., 2017) showed that dry PM2.5 345 

extinction (40.3%) and its hygroscopic extinction (54.6%) dominated the total bext (bsp 346 

+ bap + bsg + bag). Their observed dry PM2.5 extinction averaged 305.8 Mm−1, which is 347 

considerably higher than that in this study. This is not surprising as the observed PM2.5 348 

ranged from 38.1 to 127.2 g m-3, which is a factor of 1.7 to 5.6 higher than the 349 

present study. The percentile values of bext in Table 1 were used to divide the data into 350 

four visibility classes (i.e., quartiles, Q1, Q2, Q3 and Q4) for discussion in relation to 351 

changes in visibility. As shown, the contribution of bsp to bext clearly increased with 352 

decreasing visibility, suggesting aerosol light scattering is the key factor affecting 353 

visibility and becomes even more dominant under severely impaired visibility. 354 

 355 

Table 1. Summary statistics of measured aerosol light 

scattering, absorption and extinction (Mm-1).  
  bsp bap bext 

N 4001 4255 3735 

Mean 76.5 28.3 103.2 

SD 61.6 18.5 74.8 

RSD 0.80 0.65 0.73 
 

25th percentile 34.1 15.4 51.3 

50th percentile 59.1 24.2 83.7 

75th percentile 100.1 36.4 135.2 

N is the sample size (hourly data), SD is the standard 

deviation, and RSD is the relative standard deviation. 
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 356 

3.2 Diurnal PM2.5, aerosol light scattering and major water-soluble ions   357 

The measured basic and acid gases, and PM2.5 WSIs during the study period are 358 

given in Table 2. The average NH3, HNO3 and HCl were 11.9, 0.21 and 0.32 ppb, 359 

whereas the average major ions SO4
2−, NO3

− and NH4
+ (SNA) were 5.66, 5.10 and 360 

3.71 g m−3, respectively. On average, the SNA contributed to 90% of the total WSIs, 361 

which in turn made up about 50% of PM2.5. The average concentrations of the 362 

remaining minor ions were all less than 1 g m-3. Fig. S4 shows the monthly averages 363 

of the SNA. As expected, all three major ions were positively correlated with each 364 

other on a monthly basis. The major ions had minimum concentrations during the 365 

summer, and higher concentrations during the winter and spring, similar to that 366 

reported in Hong Kong (Griffith et al., 2015). Such seasonal differences are likely 367 

attributable to the stronger atmospheric instability (i.e., vertical mixing and elevated 368 

mixing height) in the summer than other seasons. The diurnal variations of PM2.5, bext, 369 

bsp, bap, SO4
2−, NO3

− and NH4
+ are given in Fig. 1. As shown, the PM2.5 and bext were 370 

correlated and were relatively higher during the nighttime than the daytime, but each 371 

had a daytime peak at different time of day. The bext peaked at 0700 local time (LT) 372 

due to the increased bap, which was likely associated with the soot or black carbon 373 

emitted by morning rush-hour traffic. The PM2.5 peaked a few hours later at 1000 LT, 374 

suggesting its secondary nature. It is notable that the bsp were also higher in the 375 

nighttime, and gradually decreased in the daytime to a minimum at 1500 LT. These 376 

results show that the visibility was generally better in the daytime.  377 

 378 

 379 

 380 

Table 2. The measured basic and acidic gases, and PM2.5 WSIs during the study period. 

  NH3 HNO3 HCl Na+ NH4
+ K+ Ca2+ Cl− NO3

− SO4
2− 

N 5458 4987 4733 5508 5508 5508 5508 5508 5508 5508 

Mean 11.9 0.21 0.32 0.29 3.71 0.55 0.07 0.69 5.10 5.66 

SD 5.8 0.17 0.28 0.17 3.48 0.86 0.05 0.65 5.83 3.56 

RSD 0.49 0.82 0.86 0.59 0.94 1.57 0.76 0.95 1.14 0.63 

Gaseous species are in ppb, and particulate species in g m-3. 

The measured Mg2+ were below the MDL of 0.12 g m-3. 

 381 

 382 
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 383 

Fig. 1. The diurnal variation of hourly PM2.5, bext, bsp, bap, SO4
2−, NO3

− and NH4
+. 384 

 385 

The NO3
− had a peak at 1100 LT, closely followed by NH4

+, and both began to 386 

decrease in the afternoon to a minimum at about 1800 LT, and then increased rather 387 

sharply into late night. The conversion of NOx to NO3
− is known to include four 388 

pathways: 1) the oxidation of NO2 by OH in daytime, 2) the hydrolysis of N2O5 on 389 

aerosol surface at night, 3) the reduction of nitrate radical (NO3) by hydrocarbons at 390 

night, and 4) the condensation of HNO3 on aerosol surface (Seinfeld and Pandis, 391 

2016; Zhang et al., 2021). Because the NO3
− peak at 1100 LT occurred a few hours 392 

after the morning rush hours (NOx peak), it was likely that the two gas-phase 393 

pathways (1) and (4) were driving the elevated NO3
− in the daytime. The 394 

simultaneous increases of NO3
− and NH4

+ in the evening hours suggest that the two 395 

aqueous-phase (nocturnal) pathways (2) and (3) were likely in play. For example, the 396 
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reduction of NO3
− in the early evening and increasing RH in the evening favor the 397 

uptake and subsequent hydrolysis of N2O5 (Yu et al., 2020). These two aqueous-phase 398 

processes may also be responsible for the moderate, stable levels of NO3
− and NH4

+ in 399 

the early morning, between 0000 to 0600 LT. Non-parametric wind regression (NWR) 400 

plots revealed that elevated NO3
− and NO2 were considerably more localized, whereas 401 

elevated NH4
+ and NH3 were slightly less localized and may have a strong source 402 

region to the southwest of the study area (Fig. S5).   403 

Unlike NO3
− and NH4

+, the SO4
2− had a more obvious peak after noontime at 404 

1300 LT, when the photochemistry was expected to be the strongest, suggesting the 405 

SO2 oxidation by OH was the primary formation mechanism of SO4
2−. In addition, the 406 

SO4
2− appeared to be decoupled from NO3

− and NH4
+, and maintained at a relatively 407 

stable concentration throughout the afternoon and evening. These results indicate that 408 

the SO4
2− formation was favored in the afternoon when the OH was limited and thus 409 

suppressed the NO3
- formation via the gas-phase, photochemically-driven pathways 410 

(1) and (4). The higher ambient temperature, lower RH and stronger atmospheric 411 

mixing in the afternoon may also contributed to the NO3
- suppression due to 412 

evaporation, lower aerosol pH and dilution, respectively. The simultaneous reductions 413 

of NO3
− and NH4

+ clearly shows that NO3
− was the limiting factor of the enhanced 414 

NH4
+ formation, independent of SO4

2-. Unlike NO3
− and NH4

+, the NWR plots show 415 

that elevated SO4
2- and SO2 were not only more spatially widespread but also had a 416 

strong source to the northwest-west of the study area where there are a number of 417 

major point sources (Fig. S5).   418 

 419 

3.3 Inorganic aerosol characteristics under impaired visibility 420 

In this section, we discuss the inorganic aerosol characteristics during impaired 421 

visibility by dividing the dataset into four visibility classes (i.e., quartiles) according 422 

to the percentile values of bext shown in Table 1. In specific, the first quartile (Q1) had 423 

the best visibility, whereas the fourth quartile (Q4) had the poorest visibility. Fig. 2 424 

presents the PM2.5, SNA (SO4
2− + NO3

− + NH4
+), ALWC and RH under different 425 

visibility classes. The results clearly show that the PM2.5, SNA and ALWC were 426 

coupled and thus all increased substantially with decreasing visibility, consistent with 427 

earlier studies (Hu et al., 2021; Shen et al., 2014; Zhou et al., 2016). The increases 428 

were in the range of 3.7 to 4.6-fold. The ambient “wet” PM2.5 (= PM2.5 + ALWC) was 429 

on average a factor of 1.79 higher than BAM-measured “dry” PM2.5 (Fig. S6) due to 430 

the heating of aerosol sampling inlet. Therefore, it is clear that measured “dry” PM2.5 431 

alone could not fully explain the visibility (Cheng et al., 2017; Yi et al., 2020), albeit 432 

the two are moderately correlated. The average RH, however, was relatively 433 

invariable across different visibility classes. On the outset, this appears that the RH 434 
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did not play much of a role in the changes of PM2.5 inorganic composition, ALWC 435 

and visibility. However, a more refined analysis suggests otherwise, which will be 436 

discussed in later sections. 437 

 438 

 439 

Fig. 2 The PM2.5, SNA (SO4
2− + NO3

− + NH4
+), ALWC and RH under different 440 

visibility classes, Q1 (1st quartile; best visibility), Q2, Q3 and Q4 (poorest visibility). 441 

 442 

Fig. 3 shows the WSIs concentrations and their respective contributions under 443 

different visibility classes. As shown, all WSIs increased with decreasing visibility, 444 

but their individual contributions to the total WSIs varied over different visibility 445 

classes. In particular, the NO3
− contribution increased from 18.8% to 38.2%, whereas 446 

the SO4
2− contribution decreased from 51.5% to 33.6% with decreasing visibility. The 447 

NH4
+ contributions increased slightly from 17.9% to 21.3%. These results strongly 448 

suggest that NO3
- was the dominant WSI under severely impaired visibility, whereas 449 

SO4
2- was the dominant WSI under good visibility. Such an increasing role of NO3

− in 450 

severely impaired visibility has been reported in a number of studies (Fu et al., 2020; 451 

Hu et al., 2021; Tian et al., 2019; Wang et al., 2020; Wen et al., 2015; Zhang et al., 452 

2021; Zhou et al., 2016). The inverse relationships between the relative contributions 453 

of NO3
− and SO4

2− to PM2.5 (expressed as fraction), along with ALWC and RH 454 

changes, are more clearly illustrated between Q1 and Q4 of contrasting visibility (Fig. 455 

4). As shown, regardless of visibility conditions, the NO3
- fraction increased whereas 456 

the SO4
2- fraction decreased with increasing ALWC, which was positively correlated 457 

with RH. It is important to note that the NO3
− and SO4

2− fractions were rather 458 
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invariant with RH changes. This highlights that the RH is a required but not sufficient 459 

condition for increases of NO3
−, whereas the ALWC appears to be more directly 460 

related to the increases of NO3
−. Wang et al. (Wang et al., 2020) recently showed the 461 

mutual promotion between ALWC and NO3
− that can rapidly enhance PM mass and 462 

degrade visibility within a day. 463 

 464 

 465 

Fig. 3 The concentrations and contributions WSIs under different visibility classes, 466 

Q1 (1st quartile; best visibility), Q2, Q3 and Q4 (poorest visibility). 467 

 468 
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 469 

Fig. 4. The NO3
− and SO4

2− fractions in PM2.5 as a function of ALWC and RH under 470 

best (Q1) and poorest (Q4) visibility. 471 

 472 

Again, comparing Q1 and Q4, Fig. 5 shows the diurnal variations of hourly 473 

ALWC, aerosol pH, SOR and NOR. The hourly trends of all four variables were 474 

similar between Q1 and Q4, except that their average values were all higher in Q4 475 

than in Q1. In addition, the variation of ALWC was considerably stronger in Q4 than 476 

in Q1. As expected, the ALWC and aerosol pH had minimum values near midday 477 

hours when the RH was the lowest, consistent with the fact that [H+] concentrations 478 

increases with lower ALWC. The SOR gradually increased during daytime and 479 

reached a maximum around 17:00 LT, and then decreased during nighttime. Unlike 480 

SOR, the maximum of NOR occurred earlier at 14:00 LT, coinciding with the O3 481 

peak, and then sharply dropped to a minimum at 18:00 LT. The decreasing trend of 482 

both NOR and NO3
− (Fig. 1) was accompanied with increasing SOR. These results 483 

indicate that the formation of daytime NO3
− and SO4

2− were driven primarily by 484 

photochemical gas-phase reactions, during which the oxidation of sulfur was 485 

particularly more efficient and competitive than the oxidation of nitrogen in the 486 

afternoon. The average SOR and NOR were 0.31 and 0.10, respectively, during the 487 

study. On the other hand, since the NO3
- and NOx increased during humid nighttime 488 

hours, the relatively low NOR suggests that the uptake and subsequent hydrolysis of 489 

N2O5 was likely responsible for the elevated NO3
− during nighttime. 490 

 491 

 492 
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 493 

 494 

Fig. 5. The diurnal variations of hourly ALWC, aerosol pH, SOR and NOR under best 495 

(Q1) and poorest (Q4) visibility. 496 

 497 

3.4 Ammonium neutralization and excess ammonia 498 

Fig. 6 shows the relationships between the measured NH4
+ versus the required 499 

NH4
+ for complete neutralization of NO3

− and SO4
2−, and the measured TNH3 versus 500 

the required TNH3. The linear regression indicates that, on average, the excess NH4
+ 501 

was about 24%, and the excess increased with increasing PM2.5. Under high PM2.5 (> 502 

35 g m-3; the 24-hr average air quality standard), the NH4
+ were more than enough to 503 

balance all the inorganic anions. Because the concentrations of nonvolatile cations 504 

(Na+, K+, Ca2+ and Mg2+; Table 2) were quite low in the study area, the excess NH4
+ 505 

are likely associated with organic acids (Kerminen et al., 2001). In addition, the 506 

measured TNH3 substantially exceeded the required TNH3 for the overall charge 507 

balance, and the excess amount increased with increasing NH3. The measured NH3 508 

averaged 11.9  5.8 ppb in this study (Table 1). It is clear that the inorganic aerosol 509 

system was under NH4
+ and NH3-excess condition in the study area. Similar 510 

ammonia-rich environments have been reported in large urban and livestock farming 511 

areas (Acharja et al., 2022; Cheng and Wang-Li, 2019; Duan et al., 2021).  512 

 513 

 514 

 515 
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 516 

 517 

 518 

Fig. 6. The relationships between the measured NH4
+ versus the required NH4

+, and 519 

the measured TNH3 versus the required TNH3 under varying PM2.5 and NH3, 520 

respectively. 521 

 522 

3.5 Gas-particle partitioning and PM sensitivity 523 

The above results show that the severely impaired visibility was attributable to 524 

the elevated NO3
− and ALWC under NH3-excess condition. The question about how 525 

to control the NO3
− formation arises as an important topic for air pollution abatement 526 
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and hence visibility improvement policy. Fig. 7(a) shows the dependency of (NO3
−) 527 

and (NH4
+) on the aerosol pH under 298 K and the observed average ALWC of 15.6 528 

g m−3 in this study. The predicted average pH of 3.010.52 is also plotted alongside 529 

the x axis, at which the predicted (NO3
−) and (NH4

+) are 78.1% and 7.1%, 530 

respectively. It is noted that the aerosol pH of this study is generally lower than that in 531 

several China cities (Ding et al., 2019; Duan et al., 2021; Song et al., 2018), whereas 532 

it is higher than that in several US cities (Guo et al., 2017, 2015; Nah et al., 2018). 533 

Assuming a threshold of (NO3
−) = (NH4

+) = 0.1, the characteristic pH above which 534 

(NO3
−) becomes sensitive to HNO3 is 1.51 (shown as the purple plus white zone), 535 

whereas that above which (NH4
+) becomes insensitive to NH3 is 2.84 (white zone). 536 

Given the observed ALWC (15.6  19.3 g m−3) and aerosol pH (3.01  0.52), the 537 

PM2.5 in the study area is expected to respond strongly to the TNO3
− (= NO3

− + 538 

HNO3), i.e., the PM2.5 is sensitive to HNO3 and hence NOx. On the other hand, the 539 

TNH4
+ (= NH4

+ + NH3) predominantly resides in the gas phase as NH3, and thus is 540 

insensitive to NH3. For the PM2.5 to become sensitive ((NO3
−) = 0.5) to NH3, a 72% 541 

reduction of NH3 is required such that the aerosol pH would drop from its current 542 

state of 3.01 to 2.46 (pH in Fig. 7(a)). The pH drop would in turn drive 50% of 543 

aerosol NO3
− to gas phase HNO3. For a more substantial reduction of the PM2.5 level 544 

((NO3
−) = 0.1), a reduction of 95% reduction of NH3 is required for the aerosol pH to 545 

drop from 3.01 to 1.51 (pH in Fig. 7(a)). Such large NH3 reductions are very difficult 546 

to realize in the short run because the major sources of NH3 in Taiwan are livestock 547 

farming (41.5% contribution) and waste water treatment plants (29.1%), both of 548 

which are considered fugitive emissions (Taiwan EPA, 2021) (Fig. S6). Unlike other 549 

cities in Taiwan, the study area in Taichung has a unique, major fuel-combustion 550 

source (27%), i.e., the largest coal-fired power plant in Taiwan. Even so, large NH3 551 

reductions are challenging and require long-term, comprehensive planning. Fig. 7(b) 552 

more clearly shows the chemical domains of PM sensitivity under different visibility 553 

classes (Q1 to Q4), with respect to aerosol pH and ALWC. The results indicate that 554 

the aerosol pH becomes less variable whereas the ALWC increases with decreasing 555 

visibility. In addition, as pointed out by Nenes et al. (Nenes et al., 2020), the transition 556 

between HNO3-sensitive and NH3-sensitive domain occurs at aerosol pH2 over a 557 

wide range of ALWC (1 to 100 g m−3). In this study, regardless of the visibility 558 

classes, most of the data points fall in the HNO3-sensitive domain. This is especially 559 

the case under severely impaired visibility (Q4). As such, the reduction of HNO3 560 

would promptly result in the decrease of NO3
−, PM2.5 and hence improved visibility 561 

because the above assessments are based on hourly data. Overall, the study area is 562 

characterized by excessively high NH3, as well as low nonvolatile cations, and thus 563 

HNO3 is the main limiting factor in the formation of inorganic PM2.5.  564 
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 565 

 566 

 567 

 568 

Fig. 7. The dependency of (NO3
−) and (NH4

+) on the aerosol pH, and the chemical 569 

domains of PM sensitivity for different visibility classes, Q1 (best visibility), Q2, Q3 570 

and Q4 (poorest visibility).  571 

 572 

4. Conclusions 573 

This study investigated the relationships between inorganic aerosol chemistry and 574 

atmospheric visibility at an ammonia-rich urban area in Taiwan, based on long-term 575 

hourly measurements of gas-phase NH3, HNO3, HCl and PM2.5 water-soluble ions 576 

WSIs SO4
2−, NO3

−, Cl−, NH4
+, Na+, K+, Ca2+ and Mg2+ from 2017 to 2019. The 577 

thermodynamic equilibrium state of the inorganic aerosol system and the gas-particle 578 

partitioning of volatile NH4NO3 were assessed using the ISORROPIA II model. On 579 
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average, the WSIs made up about 50% of the PM2.5, with the major ions SO4
2−, NO3

− 580 

and NH4
+ (SNA) contributing to 90% of WSIs. The SNA had the lowest 581 

concentrations in the summer, and higher concentration in the other seasons. The 582 

diurnal variations of SNA, aerosol pH, aerosol liquid water content (ALWC) and 583 

sulfur/nitrogen oxidation ratio (SOR/NOR) indicate that there were two different 584 

processes driving the daytime and nighttime formation of elevated NO3
−. In the 585 

daytime, the gas-phase NO2 oxidation and HNO3 condensation were more important, 586 

but being suppressed by the competition from SO2 oxidation in the afternoon of 587 

diminishing oxidants (e.g., OH and O3). In the nighttime, the aqueous-phase uptake 588 

and hydrolysis of N2O5 and the reduction of NO3 radical were more prominent. The 589 

elevated SO4
2− formation was more associated with the gas-phase SO2 oxidation in 590 

the daytime. In addition, the diurnal variation of SO4
2− clearly deviated from that of 591 

NO3
− and NH4

+, particularly in the afternoon, indicating NO3
− was the limiting factor 592 

of elevated NH4
+. The elevated NO3

− were prevalence under stagnant condition and 593 

thus of local origin, whereas the elevated SO4
2− were related to regional transport 594 

from the northwest-west area where the source strength is strong. 595 

The PM2.5, SNA and ALWC increased with decreasing atmospheric visibility, with 596 

the maximum increase by a factor of about 4. The ambient “wet” PM2.5 was a factor 597 

of 1.79 higher than the measured “dry” PM2.5. Among the SNA, the NO3
− contribution 598 

to the PM2.5 increased substantially whereas the SO4
2− contribution decreased with 599 

decreasing visibility. The coupling of NO3
− and ALWC were obvious under 600 

decreasing visibility, indicating the mutual promotion between the two enhanced the 601 

hygroscopicity and aqueous-phase reactions conducive for NO3
− formation. 602 

Interestingly, the RH appeared to be a required but not sufficient condition for 603 

elevated NO3
- formation; ALWC was more important. These results suggest that “dry” 604 

PM2.5 may not fully explain the impaired visibility, and the SNA and ALWC must also 605 

be considered in the visibility assessment. Overall, the inorganic aerosol system in the 606 

study area was characterized by excessive NH3 and NH4
+ under high RH (average 607 

70.7%), where the PM2.5 was sensitive to HNO3 and hence NOx, and insensitive to 608 

NH3. Under such condition, the SO4
2− was fully neutralized as (NH4)2SO4 and thus 609 

was not a limiting factor of impaired visibility. A reduction of SO2 would cause a 610 

decrease of SO4
2−, but that reduction would be balanced by enhanced NO3

− formation, 611 

though the exact extent needs to be further examined. In contrast, a reduction of NOx 612 

would result in an instantaneous reduction of NO3
−, PM2.5, ALWC, and hence 613 

improved visibility. Lastly, a substantial amount of NH3 reduction (73%) is required, 614 

which is likely impractical in the short run, such that PM2.5 becomes sensitive to NH3.  615 

 616 
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 902 

Table S1. The method detection limits (MDL) of the semi-

continuous inorganic gases and aerosol composition (IGAC) 

monitor for water-soluble ions.  

 MDL in solutiona MDL in airb 

Species ppb g/m3 

Na+ 2.3 0.06 

NH4
+ 2.1 0.05 

K+ 2.0 0.05 

Mg2+ 4.7 0.12 

Ca2+ 2.8 0.07 

Cl- 2.7 0.07 

NO2
- 2.5 0.05 

NO3
- 4.3 0.11 

SO4
2- 3.3 0.08 

a. The average solution collected per hour by IGAC is 25 ml. 

b. The average air volume collected per hour is 24 m3. 
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Table S2. The relationships between the ISORROPIA-

predicted and measured inorganic gases and PM2.5 water-

soluble ions. 

Species 
Linear regression 

Slope Intercept R2 

NH3 1.11 -0.29 0.95 

HCl 0.33 0.12 0.24 

HNO3 2.60 0.03 0.44 

Na+ 1.00 0.00 1.00 

NH4
+ 0.71 0.09 0.91 

K+ 1.00 0.00 1.00 

Ca2+ 0.96 0.01 1.00 

Cl- 0.85 -0.19 0.84 

NO3
- 0.97 -0.66 0.94 

SO4
2- 1.00 0.00 1.00 

Linear equation: predicted = slope  observed + intercept 

The sample size (N) is 5508 (hourly data).  
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Table S3. The meteorological condition and air quality during the study period.  

  
Temp. 

(°C) 

RH 

(%) 

Wind speed 

(m s-1) 
PM10 PM2.5 SO2 CO O3 NO NO2 

N 5500 5483 5492 5391 5344 5381 5425 5426 5324 5412 

Mean 22.4 70.7 1.4 37.7 22.9 2.3 0.46 28.0 4.8 18.3 

SD 5.3 13.0 0.8 25.0 15.4 1.2 0.24 18.5 9.3 10.0 

RSD 0.24 0.18 0.52 0.66  0.67  0.50 0.53 0.66 1.92 0.55 

N is the sample size (hourly data), SD is the standard deviation, and RSD is the relative 

standard deviation. 

PM is in g m-3, CO in ppm and other gaseous species in ppb. 



34 
 

 942 

 943 

 944 

Fig. S1. A map of the study area and sampling sites (star: main site; circle: satellite 945 

site) and surrounding major stationary sources (diamond: power plant; square: steel 946 

plant; triangle: Taichung port; shaded area: industrial or science park). 947 
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Fig. S2. The relationships between the molar equivalent concentrations of cations, 951 

anions, NH4
+, SO4

2−, and SO4
2−+NO3

−. 952 
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 954 

Fig. S3. The wind rose during the study period. 955 
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 958 
Fig. S4. The monthly averages of SO4

2−, NO3
− and NH4

+ during the study period. 959 
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 963 

Fig. S5. The non-parametric wind regression (NWR) plots for NO2, NH3, SO2, NO3
−, 964 

NH4
+ and SO4

2−. 965 
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 968 

 969 

Fig. S6. The ambient “wet” PM2.5 (=PM2.5 + ALWC) versus the BAM-measured “dry” 970 

PM2.5 under varying RH. 971 
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Fig. S7. Primary emission sources of NH3 in Taiwan (Taiwan EPA, 2021).  976 
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