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Abstract 

 
Aerosol particles are suspended solid or liquid particles in the atmosphere that impact 

many chemical and physical processes and human health. Aerosol particles consist of 

various substances including hygroscopic components such as sulfate, nitrate and 

ammonium. Depending on relative humidity (RH) of the air, aerosol particles absorb water 

vapor and grow their size. Thus, the aerosol particles often contain liquid water of high 

ionic strength. Aerosol acidity is the pH of the liquid water in the aerosol particles. It is a 

critical parameter that strongly affects the gas/particle phase partitioning of inorganic 

semivolatile species and the multiphase chemical processes. However, it is difficult to 

measure aerosol pH directly because of small solution quantity and the high ionic strength 

of atmospheric aerosol particles. In the earlier studies, aerosol pH is inferred based on the 

aerosol sample extracts, but it cannot adequately indicate real aerosol pH due to much 

lower ionic strength of extracts than that in aerosols. Recently, the chemical 

thermodynamic models are often used to estimate aerosol pH during short-term and high 

concentration events in some areas. However, long-term studies based on a high-quality 

data set including gaseous ammonia are scarce. 

In this study, aerosol pH is estimated by using a benchmark chemical thermodynamic 

model, the Extended Aerosol Inorganics Model (E-AIM), based on two-years data obtained 

from continuous observations of water-soluble gaseous species (NH3 and HNO3) and ionic 

constituents of particles in Nagoya during 2017–2018. Moreover, based on the same data, 

the factors affecting aerosol pH are investigated by various sensitivity tests conducted 

using E-AIM model. The estimation results show that aerosol pH presented a seasonal 

variation of low in summer (an average of 2.31 ± 0.39) and high in winter (an average of 

3.05 ± 0.15). The sensitivity test results indicate that (1) such seasonal variation of aerosol 

pH appears only in the low SO4
2− concentration area like Nagoya, (2) the liquid water 

content of aerosol particles is related to temperature, resulting in the influence of 

temperature on aerosol pH, and (3) ammonium, which can neutralize SO4
2−, is also an 

important driving factor for aerosol pH. 
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In order to provide comparable data for relating the chemical thermodynamic 

estimations with atmospheric aerosol particles, a direct measurement method of aerosol pH 

is needed. Herein, according to hygroscopic equilibrium under high RH conditions, a direct 

measurement method for the pH of hygroscopic particles was developed by utilizing a pH 

testing paper. The color response accuracy for 6 kinds of pH testing papers were examined 

under various ionic strengths to select the best performing paper under higher ionic strength 

of various salt mixtures. Then the KNO3 saturated solution is used to provide the constant 

RH at 92%, enabling hygroscopic constituents in the aerosol sample to form an aqueous 

droplet which has realistic high ionic strength in the atmosphere. After selected the best 

pH test paper using the droplet tests, it is further examined for the measurement capability 

of atmospheric aerosols. The results indicate that this method needs more than about 12 μg 

per sample spot of fine aerosols to form the detectable size of the deliquesced droplet. 

By comparing the measurement results of the pH testing paper method and the 

estimation results from the E-AIM model, the effect of gaseous NH3 on the pH testing 

paper method was examined. The NH3 concentration in the chamber should be controlled 

to obtain more reliable data. Moreover, this comparison also indicates that the pH definition 

based on a molality scale is the most suitable when the E-AIM model is used to estimate 

aerosol pH. 

The results of this thesis revealed the seasonal variation and driving factors of aerosol 

pH in Nagoya, which is expected to be a representative for other less-polluted urban areas 

and a future situation for the currently polluted but improving areas. Furthermore, 

approaches shown in this study, including the application of E-AIM model and the pH 

testing paper method, can provide more realistic pH data on various acidity-dependent 

chemical processes on aerosol particles. 
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Chapter 1:  Introduction 
 

1.1 Atmospheric aerosol particle and its acidity 
Aerosol particles are the suspension of fine solid or liquid particles in the atmosphere, 

arise from various anthropogenic activities and natural sources. It has a complex 

composition, including hygroscopic components such as sulfate, nitrate, and ammonium. 

These compounds enhance the hygroscopic ability of aerosol particles, resulting in particle 

growth with relative humidity (RH) by absorbing water vapor (Fig 1, Seinfeld and Pandis, 

2016). At high RH condition, aerosol particles with high liquid water are ubiquitous and 

often in non-ideal state due to the high ionic strength (Mekic and Gligorovski, 2021; Wei 

et al., 2018). The hydrogen ion in the liquid phase of aerosol particle plays an important 

role in these atmospheric chemical reactions that impacts the gas/particle partitioning of 

semivolatile species (Guo et al., 2017a), the formation of secondary inorganic/organic 

aerosols (SIA and SOA) (Surratt et al., 2010, 2007; Sqizzato et al., 2013; Han et al., 2016), 

and the solubility of some metals (Meskhidze et al., 2005, 2003). Therefore, it has attracted 

increasing interest in aerosol research. Similar to aquatic chemistry, the hydrogen ion in 

the liquid phase of aerosol particles is defined as aerosol acidity (Fig. 2). To more clearly 

indicate aerosol acidity, the pH scale also uses in this field. It is calculated as the negative 

logarithm of H+ ion activity in the liquid phase of aerosol particles and referred to as aerosol 

pH. 

 
Figure 1. Illustration of diameter change of (NH4)2SO4, NH4HSO4, and H2SO4 

particles as a function of relative humidity. Dp0 is the diameter of the particle at 0% RH. 
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Figure 2. Schematic diagram of aerosol acidity. The aerosol particles form from 

various emission sources. At high relative humidity, the hygroscopic compounds in the 

aerosol particle grow the particle size by absorbing water vapor, forming the liquid phase 

of aerosol particle. The H+ ion in the liquid phase is defined as aerosol acidity. The negative 

logarithm of its activity is referred to as aerosol pH. 

 

1.2 Environmental effect of aerosol acidity 
In the atmosphere, aerosol acidity directly affects the gas/particle partitioning of 

NH3/NH4
+, HNO3/NO3

−, HCl/Cl−, and some organic acids and bases (Guo et al., 2017a; 

Ahrens et al., 2012). At lower aerosol acidity condition, the phase partitioning of total 

ammonium (T_NH4
+ = NH3(g) + NH4

+
(p)) tends to gaseous ammonia (NH3) (Seinfeld and 

Pandis, 2016). With the increase of aerosol acidity, gaseous NH3 decrease and NH4
+ ion in 

the aerosol particle increases, resulting in extending T_NH4
+ atmospheric lifetime and 

lowering its relevant dry deposition velocity (Nenes et al., 2021). Similar to T_NH4
+, the 

phase partitioning of total nitrate (T_NO3
− = HNO3(g) + NO3

–) is also controlled by aerosol 

acidity. While, on the contrary, high aerosol acidity is helpful for forming gaseous nitric 
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acid (NHO3), resulting in shortening T_NO3
− atmospheric lifetime and slowing its 

deposition down (Seinfeld and Pandis, 2016; Nenes et al., 2021). Aerosol acidity therefore 

directly affects inorganic nitrogen deposition by governing the phase partitioning of 

T_NH4
+ and T_NO3

−, thereby affecting the ecosystem load of nitrogen (Bobbink et al., 

2010). 

In addition to the effect on nitrogen deposition, aerosol acidity controls acid deposition 

directly which can engender water acidification and the deterioration of soil and vegetation 

(Lawrence et al., 2015; Jia and Gao, 2017; Wu and Zhang, 2018). Aerosol acidity also 

strongly influences some important formation pathway of second organic aerosols (SOA), 

such as α-pinene and isoprene oxidation processes (Surratt et al., 2010, 2007; Han et al., 

2016; Zhang et al., 2019). Results of laboratory chamber experiments and field 

measurements have indicated that high aerosol acidity engenders increased SOA formation 

(Jang et al., 2002; Iinuma et al., 2004; Rengarajan et al., 2011; Zhang et al., 2015). Previous 

studies about human health assessment also suggest that aerosol acidity is important for 

the solubilities of hazardous materials in aerosol particles (e.g., trace metals) (Deguillaume 

et al., 2005; Fang et al., 2017). Moreover, the high acidity of particles can affect the human 

respiratory system adversely by inhalation of the acidic particles directly (Dockery et al., 

1996; Raizenne et al., 1996). 

As a result, aerosol acidity is a critical parameter in atmospheric science. Obtaining 

the information of aerosol acidity is beneficial for many related studies (Su et al., 2020). 

For example, Nenes et al. (2021) indicated aerosol acidity is key to estimating the dry 

deposition and atmospheric lifetime of inorganic nitrogen. Vasilakos et al., (2018) 

suggested that aerosol acidity is critical in the chemical transport model for the simulation 

response of PM2.5 components to the change of precursor emissions. However, the studies 

on aerosol acidity have increased only recently, resulting in some unsolved problems (Pye 

et al., 2020). The current understandings and major challenges of aerosol acidity will be 

introduced in the following section. 
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1.3 Overview of previous studies on aerosol acidity 
1.3.1 Earlier studies of aerosol acidity based on the proxy methods 

In the earlier studies, researchers began to focus on aerosol acidity because of the 

potential adverse health effect and the acid deposition associated with aerosol acidity 

(Tanner et al., 1981). Because the collection and analytical methods of aerosol particles 

(e.g. filter collection and ion chromatograph analysis) and the measurement method of 

solution pH by pH probe (e.g. EPA Method IO-4.1) are widely used in atmospheric science, 

coupled with lack of direct measurement method for aerosol acidity, the aqueous extracts 

pH of aerosol samples is converted into the H+ concentration per unit volume of air to be 

used as a proxy for aerosol acidity (e.g., Koutrakis et al., 1988; Sakamoto et al., 1994; Liu 

et al., 1996). However, the aqueous extracts pH cannot replace aerosol pH due to the 

different ionic strengths in aqueous extracts and aerosol liquid water. Thus, to distinguish 

them, the H+ concentration calculated from the aqueous extracts pH is referred to as strong 

acidity ([H+]strong) referenced to the definition in the measurement method of solution pH 

(e.g., Pathak et al., 2004; Yao et al., 2006; Behera et al., 2015). When the data of the 

aqueous extracts pH is absence, the relationships between the water-soluble cations and 

anions are used to indicate the degree of acidity of aerosol particles (e.g., Yao et al., 2006; 

Zhou et al., 2018), which is under the assumption that H+ exists in aerosol particles to 

balance the excess of anions. 

Table 1 summarized the most commonly used proxy methods, such as strong acidity 

([H+]strong), ion balance (Ʃcation − Ʃanion), and cation/anion equivalent ratio based on the 

concentrations of ionic species. Because the proxy methods are based on ionic analysis, the 

results are convenient to obtain in laboratory. Thus, it is still widely used in laboratory 

chamber studies (Surratt et al., 2007, 2010; Lewandowski et al., 2015). 

However, the proxy methods do not consider gaseous components such as ammonia, 

which have a strong influence on the aerosol pH. Without the constraint of the gas phase, 

the proxy methods possess significant uncertainty (Guo et al., 2017b). Moreover, because 

the measurement conditions of proxy methods are quite different considering the ionic 

strength of aerosol particles, and ionic concentration measurements made in different 

laboratories do not agree well (Xu et al., 2020), these results do not necessarily reflect the 

real values of atmospheric aerosol pH. Additionally, the concentration of H+ measured for 
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the aqueous extracts is not a conservative value (the non-conservative nature, Saxena et al., 

1993). It does not scale in proportion to the level of dilution produced by buffering effects 

and the partial dissociation of weak acids (Hennigan et al., 2015). As a result, the proxy 

method results cannot completely replace aerosol acidity. However, many conclusions of 

aerosol acidity were obtained by using proxy method in earlier studies. But they are not 

worthless, only that the relationship between proxy method results and aerosol acidity 

should be revealed. 

 
Table 1. Summary of the proxy methods. The unit for all chemical species is equivalent 
concentrations per unit volume of air (neq m−3). 

Proxy method Formula 

Measured acidity a) Total concentration of H + in the aqueous extract of aerosol 
samples measured by the pH meter. 

Ion balance b) [NH4+] + [Na+] + [K+] + [Ca2+] + [Mg2+] − ([SO42−] + [HSO4−] + 
[NO3−] + [Cl−]) 

Cation/anion ratio c) [NH4
+] + [Na+] + [K+] +[Ca2+] + [Mg2+]

[SO4
2-] + [HSO4

−] + [NO3
−] + [Cl-]

 

Degree of sulfate  
   neutralization d) 

[NH4
+] −  [NO3

−]
[SO4

2-] + [HSO4
−]

 

Degree of neutralization e) [NH4
+]

[SO4
2-] + [HSO4

−] + [NO3
- ]

 

Gas ratio f)  [NH3] + [NH4
+] - [SO4

2-] - [HSO4
- ]

[HNO3] + [NO3
- ]  

a) Liu et al., 1996. b) Ito et al., 1998. c) Quinn et al., 2006. d) Solomon et al., 2014.  
e) Adams et al., 1999. f) Ansari and Pandis, 1998. 
 

1.3.2 Recent studies of aerosol acidity based on the thermodynamic models 

As mentioned previously, the liquid phase of aerosol particles is different from the 

aqueous extracts of aerosol samples due to their different ionic strength and the non-

conservative nature of H+ concentration. Namely, the proxy method based on the analysis 

of aqueous extracts is defective for the studies of aerosol acidity. Therefore, the 

thermodynamic models are used to simulate atmospheric aerosol behaviors under a 
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designated temperature and RH, thereby estimating aerosol acidity by using the model 

output results such as the mole fraction activity coefficients of H+ and the liquid water 

content of particles. Such models include the Extended Aerosol Inorganics Model (E-AIM, 

Wexler and Clegg, 2002), ISORROPIA II (Fountoukis and Nenes, 2007), SCAPE2 (Meng 

et al., 1995), and EQUISOLV II (Jacobson, 1999). Among them, the E-AIM model is 

regarded as the benchmark thermodynamic model for inorganic aerosol system, because it 

is based on the measurement thermodynamic data of pure aqueous solutions and mixtures 

(Wexler and Clegg, 2002; Pye et al., 2020) and its calculation is only based on the 

thermodynamic interactions among the solute species (Zaveri et al., 2008; Hennigan et al., 

2015). Several studies have demonstrated that E-AIM model is more accurate and suitable 

to estimate aerosol acidity (Yao et al., 2006; Seinfeld and Pandis, 2016). For these reasons, 

E-AIM model is one of most commonly used methods in aerosol acidity studies. 

Based on various input parameters including meteorological data, the concentrations 

of ionic species of aerosol particles, and gaseous data of NH3 and HNO3, E-AIM model 

provide a rigorous estimation of aerosol acidity. Among these input parameters, the data 

of gaseous NH3 is much crucial because it strongly relates to the phase partitioning of 

NH3/NH4
+. Without NH3 data, the estimation of aerosol acidity is expected to be highly 

uncertain. Namely, in the absence of NH3, more NH4
+ will be partitioned into the gas phase 

to remain the gas-particle equilibrium of NH3/NH4
+, resulting in the underestimation of 

NH4
+ in particle phase (Hennigan et al., 2015; Song et al., 2018). As the unique alkaline 

inorganic component in aerosol particles, the underestimation of NH4
+ will lead to an 

inaccurate estimation of aerosol acidity. Therefore, NH3 data should be input into model to 

avoid the inaccurate phase partitioning of NH3/NH4
+. However, the gaseous NH3 data are 

scarce and often neglected in many previous studies (e.g., He et al., 2012; Vieira-Filho et 

al., 2016). Furthermore, the observation of gaseous NH3 and its corresponding particulate 

NH4
+ under the same accuracy is more scarce because of the volatilization of NH4

+ and 

adhesive characteristics of NH3 (Osada et al., 2011). The different measurement techniques 

for NH3 and NH4
+ are likely to cause the mismatch of NH3 and NH4

+ (von Bobrutzki et al., 

2010; Bae et al., 2007), resulting in misestimation of phase partitioning of NH3/NH4
+ in 

the thermodynamic model. In addition to lack of NH3 data, long-term records for aerosol 

acidity are also rare. Most of previous studies mainly focused on a special period in a single 
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year, especially the haze period studies (e.g., Behera et al., 2015; Tian et al., 2018; Shi et 

al., 2019). However, a long-term study of aerosol acidity is necessary because many crucial 

parameters in atmospheric science change over prolonged periods such as temperature. The 

long-term study of aerosol acidity can reliably figure out the dominant factors affecting 

aerosol acidity and its temporal trend. Thereby, some acidity-dependent processes in the 

atmosphere can be predicted (e.g., in case of α-pinene formation, Surratt et al., 2007) and 

the influence of aerosol acidity can be parameterized in the risk assessment of ecosystem 

health and human health (e.g., in case of health risk, Behera et al., 2015). However, to date, 

only one previous study reported a long-term investigation of aerosol pH based on a 

comprehensive data by using E-AIM model (Tao and Murphy, 2020). Considering the lack 

of the long-term investigation based on the high-quality data set including NH3, the studies 

of aerosol acidity needs to be continued. 

On the other hand, to reduce the interference of sudden haze events in the long-term 

investigation of aerosol acidity, a less-polluted region should be considered as the study 

area. Moreover, with controlling of global air pollution, clean air worldwide could be 

achieved under policy interventions in the future (Amann et al., 2020). The study in a less-

polluted region can provide a forecast of aerosol acidity for the areas where air pollution is 

decreasing year by year. Nagoya is exactly such region. Although Nagoya is a major urban 

city in Japan, concentrations of air pollution are not so high, as indicated by the annual 

mean value of PM2.5 concentration (mass concentration of aerosol particles having 

aerodynamic diameter less than 2.5 µm) of about 12 µg m−3 in recent years, which is below 

the WHO interim target 3 (15 µg m−3; WHO, 2017). Target 3 is the ultimate aim of the 

improvement in air quality that will be finally achieved in many countries (Rafaj et al., 

2018). 

Based the long-term data of Nagoya, including NH3 and its corresponding particulate 

NH4
+, the other species concentrations of aerosol particles, and meteorological data, the 

variation characteristics of aerosol acidity and its driving factors will be rigorously 

investigated by using E-AIM model. The results can supplement the long-term variations 

of aerosol acidity, reveal the dominant factors affecting aerosol acidity, and provide a 

forecast of aerosol acidity for the currently polluted but improving areas. 
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1.3.3 Importance of development for methods measuring aerosol acidity 

Although the E-AIM model simulates aerosol inorganic behaviors accurately, it has a 

few weaknesses. The E-AIM model provide several output results, such as the ionic activity 

coefficients, the mole concentrations, the mole fractions and the molality concentrations. 

Based on different definitions or assumptions, aerosol acidity can be calculated by using 

some of these output results (Jia et al., 2018b; Pye et al., 2020). For example, the 

International Union of Pure and Applied Chemistry (IUPAC) defines pH as the negative 

logarithm of the product of H+ molality concentration and its activity coefficient (IUPAC, 

1997). While, Wexler and Clegg (2002) recommended that pH is equal to the negative 

logarithm of H+ mole fraction multiplied by its activity coefficient. To date, there is no 

final conclusion for the most suitable equation in the estimation of aerosol acidity. 

Although Pye et al. (2020) gave the derivations of conversions between the different 

equations to help the intercomparison of the reports, this problem still prevents the proper 

understanding of atmospheric aerosol acidity. Therefore, a reliable measurement method 

for aerosol acidity that relates thermodynamic estimations with realistic atmospheric 

aerosol data should be developed. 

However, because of low water content and high ionic strength of aerosol particles, 

the measurement method of aerosol acidity remains challenging. Recently, three semi-

direct measurement methods for aerosol acidity were reported. One method uses 

colorimetry coupled with a reflectance UV–visible spectrometer to measure the absorbance 

change of a dyed indicator filter before and after aerosol sampling (Li and Jang, 2012; Jang 

et al., 2020). In this method, the H+ concentration of an aerosol sample is calculated using 

the observed absorbance change. A second method uses Raman microspectroscopy to 

measure the concentration of an acid and its conjugate base (e.g., HSO4
−/SO4

2−, 

HNO3/NO3
−, etc.), the results of which are combined with extended Debye–Hückel activity 

calculations to determine the pH of aerosol particles (Rindelaub et al., 2016; Craig et al., 

2017). A third method utilizes pH testing papers to measure aerosol acidity (Craig et al., 

2018). In this method, aerosol samples are collected on the pH testing paper using a 

multiple-stage impactor. The pH of the aerosol sample is then observed from the resulting 

color of the pH testing paper. Although their tests were limited, Craig et al. (2018) 

demonstrated the potential of pH testing paper for measuring aerosol acidity. However, it 
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is widely recognized that pH testing papers are generally used to measure the pH of dilute 

solutions, while the liquid phase of aerosol particles is extremely high ionic strength 

because of the low water content. For example, the ionic strength of urban aerosol particles 

ranges from 7 to 45 M (Herrmann et al., 2015); therefore, the liquid phase of these particles 

cannot be considered as an ideal solution. Without the examination of the color response 

of pH testing papers in the presence of high ionic strength, the application of pH testing 

paper to aerosol particles is limited. Therefore, a newly reliable measurement method is 

required. 

 

1.4 Research objectives 
In view of the importance of aerosol acidity in atmospheric science and the various 

limitations of exiting studies, a comprehensive investigation of aerosol acidity is required. 

In this thesis, I have reviewed the current understandings and issues of aerosol acidity in 

Chapter1 to elucidate the motivation and purpose of this study. In Chapter 2, aerosol acidity 

is rigorously estimated by using the E-AIM model based on the 2-years data obtained in 

Nagoya, including continuous observation data of NH3 and its corresponding particulate 

NH4
+, the other ionic species concentrations of aerosol particles, and meteorological data. 

The model estimation results can elucidate the long-term variation characteristics of 

aerosol acidity and identify its dominant driving factor(s). Then, in order to relate the 

estimation results of Chapter 2 to the acidity of realistic atmospheric aerosol particles, a 

direct measurement method of aerosol acidity is developed by using pH testing paper and 

hygroscopic equilibrium under high relative humidity, and present in Chapter 3. The 

comparison between the estimation results based on E-AIM model and the detected results 

used by the newly-developed pH testing paper method is presented and discussed in 

Chapter 4, thereby drawing the conclusions about the variation characteristics and driving 

factors of aerosol acidity. Finally, the conclusions of this thesis are described in Chapter 5. 
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Chapter 2:  Seasonal variation and driving factors of aerosol 

acidity analyzed by the E-AIM model based on the two-years 

data of Nagoya 
 

Many previous studies attempt to characterize aerosol acidity, but it is still challenging 

to obtain the long-term variation characteristics of aerosol acidity and reliably identify its 

driving factors because of various limitations, such as the short time span of sample data 

(e.g., Zhou et al., 2018) and the lack of NH3 data (e.g., Vieira-Filho et al., 2016). More 

detailed investigations of aerosol acidity are needed to improve the understanding of 

acidity-dependent chemical processes in the atmosphere (e.g., Surratt et al., 2010) and the 

assessment of ecosystem health and human health (e.g., Nenes et al., 2021; Raizenne et al., 

1996). As far as the existing studies, the long-term continuous observation data for the 

estimation of aerosol acidity are still scarce, especially the gaseous NH3 data and its 

corresponding particle NH4
+ data. Due to the importance of NH3/NH4

+ gas-particle 

partitioning, their data should input into the model together to avoid the misestimation 

(Hennigan et al., 2015; Song et al., 2018). In this study, the continuous observations of 

gaseous NH3 and its corresponding particle NH4
+, gaseous HNO3, the major ionic 

concentrations, temperature, and relative humidity were conducted in Nagoya from 

January 2017 through December 2018. Based on these high-quality continuous data, the 

E-AIM model was employed to estimate aerosol acidity and conduct several sensitivity 

tests for identifying its driving factors. Moreover, the aerosol data were obtained from less-

polluted metropolitan area, the results are expected to be a representative for other less-

polluted areas and a forecast for the worst air pollution areas. 

 

2.1 Data sources and analysis method 
2.1.1 Study area, sampling collection and chemical analysis 

Nagoya, located in the central area of Honshu Island of Japan, near the coastline of the 

Pacific Ocean (Fig. 3), is the fourth largest metropolitan urban area (metropolitan Tokyo, 

Yokohama, Osaka, and Nagoya in order of population) in Japan. The Nagoya city residents 

of about 2.3 million live in an area of 326 km2. Its busy port and Chukyo industrial areas 
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are located in the south, which serves as a major industrial hub in Japan. Major sources of 

local air pollution are associated with various forms of traffic (motor vehicles and ships), 

steel, machine and chemical industries, and agricultural activities in surrounding areas. 

Nonetheless, the air pollution level in Nagoya is low. The annual mean PM2.5 concentration 

has remained about 12 µg m−3 in recent years (Nagoya City, 2019, 

http://www.city.nagoya.jp/kankyo/page/0000117927.html). The weather in Nagoya is 

mild (annual mean ambient temperature is 15.8°C), with adequate rainfall (annual mean 

rain amount is about 1500 mm), and four seasons that are governed mainly by warm, humid 

summer monsoon winds from the south with several typhoon arrivals and cold, dry winter 

monsoon winds from the northwest. 

 

 

Figure 3. Left: location of Nagoya, Japan. Right: red line represents the city limits; 

A, Nagoya University observation site; B, Nagoya local meteorological observatory. 

 

Atmospheric observations were conducted on the roof atop the seven-story 

Environmental Studies Hall (51 m above sea level; 35.16°N, 136.97°E) of Nagoya 

University (Fig. 3, A) from January 2017 through December 2018. A denuder and 

multistage filter system (DF system, Fig. 4) was used for gaseous nitric acid (HNO3) and 

ionic constituents of size-segregated aerosols. The temporal resolution was typically 2–3 

days and occasionally 8 hr to 1 day under high aerosol concentrations. After removing 

coarse particles using a Nuclepore membrane filter (8 μm pore size, 47 mm diameter; 
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Nomura Micro Science Co., Ltd.), HNO3 was collected using an annular denuder 

(2000−30x242−3CSS; URG Corp.), which was coated inside with NaCl (Perrino et al., 

1990). Fine aerosol particles were collected using a PTFE filter (pore size 1 μm; Advantec, 

Tokyo), and a nylon filter (Pall Corp.) to capture HNO3 volatized from the PTFE filter 

(Appel et al., 1981; Vecchi et al., 2009). Ambient air was drawn into the DF system at a 

flow rate of 16.7 L min−1 (25°C, 1 atm). Under these conditions, the aerodynamic diameter 

of 50% cutoff for the nuclepore filter was about 1.9 μm (John et al., 1983). The filter 

samples (Nuclepore, PTFE and Nylon) were placed in air-tight polypropylene tubes and 

were stored in a refrigerator until extraction using 13 ml of pure water overnight. The 

extracts were analyzed for major ionic constituents (Cl−, NO3
−, SO4

2−, C2O4
2−, Na+, 

NH4
+

(FP), K+, Mg2+, Ca2+) with an ion chromatograph (IC, LC-10A modified; Shimadzu 

Corp.). For this study, NO3
− concentrations in fine particles were reported as the sum of 

data obtained from PTFE and nylon filters. For the extracts, pH was also measured using a 

pH meter (F-72; Horiba Ltd.) with a glass electrode (8103BNUWP ROSS Ultra; Orion 

Research Inc.). The H+ concentration in the atmospheric aerosol extracts (strong acidity, 

[H+]strong) was calculated by subtracting the laboratory background value (3 μmol L−1, 

approximated as the H+ concentration in ultrapure water equilibrated with the laboratory 

CO2 concentration of 700 ppm), and then dividing by the volume of air collected. For the 

annular denuder samples, 10 ml of pure water was added to extract NO3
−. Then the extracts 

were measured using ion chromatography. 

 

 
Figure 4. Configuration of the denuder and multistage filter system. 

 



13 
 

The concentrations of NH3(g) and NH4
+

(P) in fine particles were measured using a semi-

continuous microflow (MF) analytical system (MF-NH3A; Kimoto Electric Co., Ltd.; 

Osada et al., 2011). Two identical sampling lines were used to differentiate total 

ammonium (NH3(g) and NH4
+

(P)) and NH4
+

(P) after removal by a H3PO4-coated denuder. 

After passing an impactor (cut-off diameter of about 2 μm) and a glass tube (one coated; 

the other uncoated), pure water droplets were added to the sample air at 100 μl min−1. The 

equilibrated sample water was analyzed respectively using a microflow fluorescence 

analyzer to quantify NH4
+ in the lines of NH4

+
(P) and total ammonium. The concentration 

of NH3(g) was calculated using their difference. The sample air flow rate of the MF system 

was 1 L min−1. The temporal resolution was 30 min for one pair of NH4
+

(P) and total 

ammonium measurements. Details of the MF system and atmospheric applications are 

presented elsewhere (Osada et al., 2011, 2019). 

Hourly meteorological data (ambient temperature and relative humidity etc.) were 

obtained in Nagoya Local Meteorological Observatory (Fig. 3, B; data available from the 

official website https://www.jma.go.jp/jma/index.html). Data of the MF system (NH3(g) 

and NH4
+

(P)) and meteorological parameters were averaged to fit the sampling time interval 

of the DF system. 

 

2.1.2 Thermodynamic model 

The E-AIM model, a semi-empirical model, runs in a stable state condition. Based on 

the minimization method of Gibbs free energy with respect to the composition and phase 

state of the particle, the model can calculate the phase behavior and gas-particle 

equilibrium in aerosol (Wexler and Clegg, 2002; Friese and Ebel, 2010). Depending on the 

input data, the E-AIM model can solve two types of problems, so-called forward and 

reverse modes (Fig. 5). For the forward mode, input data include ambient temperature (T), 

relative humidity (RH), and the total concentrations of gaseous and particle phases for 

NH4
+ and NO3

− with some other major ionic species depending on the versions of the E-

AIM. It runs in a closed system in which the masses of chemical species are conserved. 

For reverse mode, input data include T, RH, and the concentration of chemical species in 

particle phase only. It assumes an open system so that the gas-phase partial pressures must 

be maintained at a constant value, presumably by continuous infusion of new air. As a 

https://www.jma.go.jp/jma/index.html
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result, the mass balance is not satisfied because of the continuous addition of substances. 

The output of both modes is the concentration and various parameters of each of the species 

in gas, liquid, and solid phases. Compared to the forward mode, the reverse mode is more 

sensitive to the ion-balance of ionic species, which will cause large uncertainty of aerosol 

acidity estimation from the measurement error (Hennigan et al., 2015; Song et al., 2018). 

 

 

Figure 5. Schematic of the two modes of E-AIM model, including forward mode (blue 

arrow) and reverse mode (green arrow). The input data for forward mode include ambient 

temperature (T), relative humidity (RH), gaseous and ionic concentrations. While for revise 

mode, the input data are T, RH, and ionic concentrations. The output items of the two 

modes are the same, which are various parameters of chemical species at the equilibrium 

state. 

 

The model simulates the behaviors of aerosol particles which place in the atmosphere, 

thus, “in situ” is used to highlight the place of simulated aerosol particles. In this study, 

that is in situ acidity and in situ pH, which were estimated using both modes of E-AIM 

model. The notation of pHIS was used for the values based on both modes, and the notations 

of pHISF and pHISR were used for forward mode and reverse mode, respectively.  

The E-AIM model has four versions (http://www.aim.env.uea.ac.uk/aim/aim.php). 

The AIM-IV was developed recently by Friese and Ebel (2010) for a 
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H+−NH4
+−Na+−SO4

2−−NO3
−−Cl−−H2O mixture system under variable temperatures 

ranging from 263.15 K to 330 K and relative humidity higher than 60% 

(http://www.aim.env.uea.ac.uk/aim/model4/model4a.php). It can be regarded as a more 

authentic mode because AIM-IV covers more components such as sea salt particles: a key 

species at the coastal area. Typhoons (tropical cyclone) sometimes strike Japan. Therefore, 

atmospheric conditions are affected strongly by sea salt particles, especially in summer and 

autumn. The average relative humidity in Nagoya was 66%. Considering the sea salt effect, 

higher relative humidity, and availability of data on precursor gases, the forward mode of 

the AIM-IV was selected to estimate the particle acidity. There are 165 data used to 

calculate various parameters after screening average RH > 60% in the total air sample 

number of 286.  

The E-AIM model outputs various parameters of aerosol particles. The in situ pH is 

calculated by using these parameters based on the formula of pH definitions. The original 

pH definition is the negative logarithm of H+ activity in the liquid water (Stumm and 

Morgan, 1996). According to the practical operability of obtaining data, the formula can 

be transformed into several equations. The differences among these equations were 

described by Jia et al. (2018b), and also discussed further in Section 4.1 in this study. 

Leaving aside the difference of pH definition formulas, in this section, the following 

equation was used to calculate pHIS, as described in the E-AIM model Tutorial: the activity 

of H+ is equal to its mole fraction multiplied by its activity coefficient 

(http://www.aim.env.uea.ac.uk/aim/tutorial/lesson1a.htm). 

                                       pH𝑓𝑓 = −log10�𝑎𝑎𝑓𝑓𝑓𝑓� = −log10(𝑓𝑓𝑓𝑓𝑥𝑥𝑓𝑓),                                   (1) 

where 𝑎𝑎𝑓𝑓𝑓𝑓 and 𝑓𝑓𝑓𝑓 denote the mole-fraction-based activity and the activity coefficient 

of H+, respectively. The 𝑥𝑥𝑓𝑓 represents the mole fraction of H+ in particles calculated as 

𝑥𝑥𝑓𝑓 = 𝑛𝑛𝐻𝐻
∑ 𝑛𝑛𝑗𝑗𝑗𝑗

 , where 𝑛𝑛𝑓𝑓 is the moles of H+, and ∑ 𝑛𝑛𝑗𝑗𝑗𝑗  is the summation of all solution species 

j, including water. 

 

 

 

 

http://www.aim.env.uea.ac.uk/aim/model4/model4a.php
http://www.aim.env.uea.ac.uk/aim/tutorial/lesson1a.htm
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2.2 Results and discussion 
2.2.1 Ionic composition and measured acidity 

Figure 6 presents the ionic concentrations measured by IC and H+ calculated from pH 

measurements of solution extracted from aerosol samples (n=286). Filled circles (n=165) 

show samples for RH higher than 60%, on average, during sample collection. Samples with 

higher RH were obtained in all seasons. However, it was infrequent in spring. 

Concentrations of NH4
+, SO4

2−, and NO3
− were much higher than those of other ions, with 

respective averages of 60.4 neq m−3, 54.4 neq m−3, and 17.6 neq m−3. Both NH4
+ and SO4

2− 

concentrations showed a tendency to be high in summer and low in winter. As opposed to 

them, NO3
− concentrations were high in winter and low in summer, presumably because 

of the dissociation of ammonium nitrate at higher temperatures. The average 

concentrations of Na+ and Cl− were, respectively, 3.8 neq m−3 and 2.8 neq m−3. Sea salts 

include both ions but the Na+ concentration is often used as an indicator of sea salts because 

Cl− can be modified and can escape from particles as HCl (Vogt et al., 1996). In Nagoya, 

Na+ concentrations were sporadically high in summer and autumn associated with arrival 

of typhoons with strong winds from the south. For example, high Na+ concentrations were 

observed in early July and early September, 2018. Unlike Na+, Cl− showed lower 

concentrations in summer. Reports of earlier studies have described that Cl− from sea salts 

tends to evaporate as HCl in summer after reacting with acidic substances (Kawakami et 

al., 2008; Xiao et al., 2018), which can affect aerosol acidity directly. The concentrations 

of K+, Mg2+, and Ca2+ were very low relative to the others. The concentrations of [H+]strong 

were 0.4–27.5 neq m−3, with the average of 5.4 neq m−3, and were low in winter and high 

in other seasons with large variation. 
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Figure 6. Left column: time series of ionic concentrations and measured acidity 

[H+]stong of water extracts for fine particle samples (n=286). Filled circles (n=165) show 

data for samples with RH higher than 60% on average, subsequently used to estimate pHIS 

using the E-AIM IV model. Right column: seasonal averages of ionic concentrations and 

[H+]strong. The ranges of respective seasons were winter – December, January, and February; 

spring – March, April, and May; summer – June, July, and August; autumn – September, 

October, and November. 
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Figure 7 shows the seasonal average of relative abundance (color bars) of ionic 

concentrations to the total amount in equivalent units and the seasonal average of [H+]strong 

(black line): spring – March, April, and May; summer – June, July, and August; autumn – 

September, October, and November; winter – December, January, and February. The 

highest and nearly constant (38.8–44.6%) contributions to the total ionic constituents were 

found for NH4
+. Contributions of SO4

2− varied: they were higher in summer and lower in 

winter, in contrast to the trend shown for NO3
−. The seasonal variation of [H+]strong 

resembles that of the SO4
2− contribution. Compared to the contributions of NH4

+, SO4
2−, 

and NO3
− (together accounting for 91.3–96.0% of total ions), the contributions of other 

water-soluble ions (Cl−, Na+, K+, Ca2+, and Mg2+) were minor (4.0–8.7% in total ions). 

 

 
Figure 7. Relative distributions among water-soluble ionic species in fine particles 

based on equivalent concentrations. NO3
− is the sum of data from PTFE and nylon filters; 

the other ionic concentrations were referred from data on PTFE filters. Black line with 

diamond symbols shows the seasonal average of measured acidity [H+]strong: winter – 

December, January, and February; spring – March, April, and May; summer – June, July, 

and August; autumn – September, October, and November. 
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Figure 8 presents scatter plots of the ionic balance between major anions and cations. 

As shown in Fig. 8a, the sum of major cations (NH4
+

(FP) and [H+]strong) correlates well 

(R2=0.98) with the sum of major anions (SO4
2− and NO3

−). The slope (0.99) of the linear 

regression equation indicates that the major cations almost neutralized these anions. 

Among these parameters, the relation (Fig. 8b) between SO4
2− and [H+]strong also shows 

positive correlation (R2=0.67, p<0.01), suggesting that the seasonal variation of [H+]strong 

was affected by the SO4
2− concentration. 

 

 
Figure 8. Relation between measured acidity [H+]strong and the major ions: (a) 

correlation of (SO4
2− + NO3

−) with ([H+]strong + NH4
+

(FP)) and (b) correlation of SO4
2− with 

[H+]strong. 

 

2.2.2 In situ pH of fine particles 

Figure 9 presents values of in situ pH (pHISF, bottom) estimated using forward mode 

of the E-AIM IV model with various data used for estimation, and extreme values marked 

as filled circles in red. Gray thin lines in Fig. 9 show their seasonal averages as the same 

seasonal division in Fig. 7. The pHISF was 3.68–5.37 with the average of 4.44 ± 0.39, 

exhibiting a clear seasonal variation that is low in summer and high in winter. In 2017, the 

lowest value of pHISF (3.68) appeared for the sample taken during July 10–12. In this 

sample, NH3 concentrations were much lower (112 nmol m−3) than the summer average 

(236 nmol m−3). The highest value of pHISF in 2017 (5.12) was obtained for the sample 

taken during January 13–16. In this sample, the SO4
2− concentration was very low: 6.89 
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nmol m−3 compared to its winter average of 18.6 nmol m−3. In 2018, the lowest value of 

pHISF (3.82) was also found in summer, with the sample taken during June 26–28. In this 

sample, the NH4
+ concentration was lower (87.5 nmol m−3) than its summer average (105 

nmol m−3). 

The highest value (5.37, denoted as “#”) of pHISF in the study period was found for the 

sample taken during August 22–24, 2018. During this period, Nagoya was buffeted by 

double typhoons (Soulik, August 15–25 and Cimaron, August 16–24), which moved from 

southwest to west of Nagoya. Because of the counterclockwise movement of winds around 

those typhoons, strong southerly winds brought sea salt particles from the Pacific Ocean to 

Nagoya area. Indeed, both Na+ and Cl− concentrations in the sample were much higher 

(13.2 nmol m−3 and 11.8 nmol m−3, respectively) than their respective averages of 3.6 nmol 

m−3 and 3.0 nmol m−3. 

To deduce sea salt effects on in situ pH, I compared the results with those estimated 

using AIM-II (forward mode), which runs in a H+−NH4
+−SO4

2−−NO3
−−H2O system (Clegg 

et al., 1998) without Na+ and Cl−. In H+−NH4
+−Na+−SO4

2−−NO3
−−Cl−−H2O system (E-

AIM IV), solid phase of sodium sulfate was formed with Na+ and SO4
2− because 

atmospheric RH (80%) was lower than the DRH (85%) of Na2SO4 (Tang and Munkelwitz, 

1994), which is expected to reduce SO4
2− in liquid phase. Cl− can be evaporated by reaction 

with other inorganic acids (Kawakami et al., 2008; Xiao et al., 2018), which is expected to 

reduce the H+ in liquid phase. Because of the two mechanisms, pHISF estimated from the 

AIM-II (3.78) was much lower than that of AIM-IV, suggesting significance of fresh sea 

salts for raising pH of particles. A similar result was reported for the existence of Na+ and 

NH4
+ to SO4

2− ratio in a thermodynamic model (ISORROPIA II; Guo et al., 2018). Because 

of the large difference of pH obtained in this study together with others, sea salt particles 

should be included in pHIS estimation for coastal areas, which are often affected by sea salt 

particles. 
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Figure 9. Time series of data used for estimating pHISF. Extreme values marked in red 

and the highest value marked with “#”. T_NO3
− represents the total nitrate (NO3

− plus 

HNO3). Gray thin lines show seasonal averages. 
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As presented in Fig. 9, air temperature in Nagoya also shows seasonal variation, which 

varies inversely with pHISF. Figure 10 shows the relation between ambient temperature and 

pHISF, excluding the highest value of pHISF (5.37, denoted as “#”) taken during August 22–

24. Strong correlation (R2=0.83, p<0.01) was found for these, indicating that temperature 

is an important factor driving the seasonal variation of pHISF. The derivative of pHISF 

dependence on temperature is 
d pHISF

d T
 = -0.04, which corresponds to increasing temperature 

by 2.5 °C decreases the pH unit by 0.1. Similar results (-0.05 per Kelvin) were observed in 

Canada (Tao and Murphy, 2019). The temperature effects on pHISF estimation of particles 

are discussed further in section 2.2.4. 

 

 
Figure 10. Relation between air temperature and pHISF. The regression line and the 

equation shown in the figure were calculated by excluding the highest value of pHISF (5.37, 

marked in red with “#”). 

 

It is particularly interesting that the seasonal variation of pHISF is similar to the 

seasonal tendency of [H+]strong, which is high in summer and low in winter. To examine the 

relation between pHIS and [H+]strong further, the pHISF-95% was estimated using the E-AIM 

IV forward model assuming a fixed RH of 95% for all samples (n=286). Estimation of 

pHISF-95% provides more data pairs for comparison between in situ pH of particles and pH 

of extracted samples. The results are presented in Fig. 11b (pHISF-95%) and 11c ([H+]ISF-95%). 

The seasonal variation of pHISF-95% was nearly parallel with that of pHISF (Fig. 11a, n=165): 
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it was shifted upward by 0.50 pH units, on average. Significant correlation (R2=0.91, 

p<0.01) between pHISF-95% and pHISF is portrayed in Fig. 11e. The highest value of pHISF 

(5.37, denoted as “#”) taken from August 22–24 is an outlier in Fig. 11e. Sea salt particles 

have strong hygroscopicity (Seinfeld and Pandis, 2016; Snider et al., 2006). Therefore, this 

sample containing higher Na+ and Cl− is presumably deviated from the relation obtained 

for other samples. Data of [H+]ISF-95% (Fig. 11c) were calculated as the number of moles of 

free H+ in particles per unit volume of air assuming RH at 95%. The high RH (95%) can 

engender a high aerosol liquid water content (ALWC). Most of the components will 

dissolve in liquid phase. As a result, the liquid phase in the aerosol is close to the solution 

extracted from aerosol samples. As shown in Figs. 11c and 11d, [H+]ISF-95% and [H+]strong 

exhibit closely similar temporal variations, implying that in situ acidity at high RH without 

a large contribution of nonvolatile cations is closely related to the measured acidity of the 

extracted solution. Their absolute values differ because of the activity coefficient 

dependence on ALWC. As described in section 2.2.1, a positive correlation between 

[H+]strong and SO4
2− in extracted solutions suggests that the seasonal variation of [H+]strong 

was affected by SO4
2−. Similarly, I tried to compare [H+]ISF-95% and SO4

2−, as portrayed in 

Fig. 11f. Weak positive correlation (R2=0.52, p<0.01) was found between them, suggesting 

that SO4
2− partly affected [H+]ISF-95%. 
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Figure 11. (a–d) Time series of pHISF, pHISF-95%, [H+]ISF-95%, and [H+]strong. pHISF-95% 

and [H+]ISF-95% are simulated results obtained using the E-AIM IV forward model assuming 

a fixed RH of 95% for all samples (n=286). (e) Relation between pHISF-95% and pHISF, the 

outlier marked in red with “#”. (f) Relation between SO4
2− concentration and [H+]ISF-95%. 

 

Although Nagoya is located near the ocean coast, strong contributions of fine sea salt 

particles and other nonvolatile cations are not so common. Generally, the concentrations 

of fine sea salt particles are not high in Nagoya. To avoid miscalculation of pHIS in some 

particular period, fine sea salt particles should also be considered. However, for the 

seasonal variation of in situ acidity and pHIS, the major factors are air temperature and 

SO4
2− concentration. A similar conclusion was reported in Beijing that temperature and 

SO4
2− were two of the driving factors affecting the seasonal variation of aerosol acidity 

(ISORROPIA II; Ding et al., 2019). 
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2.2.3 Comparison with other studies 

Table 2 presents (1) the average concentrations of chemical compositions and values 

of pHIS using forward and reverse modes for samples (n=165) with RH > 60% in this study 

and (2) data from earlier studies using E-AIM at other places. As presented in Table 2, the 

average value of pHIS in Nagoya was the highest among reports used by the E-AIM model. 

Estimation using the reverse mode did not require gaseous data for NH3 and HNO3 for the 

input data. Therefore, most earlier studies have used reverse mode of various versions of 

the E-AIM. Only a few studies used forward mode of the E-AIM, such as those reported 

by Hennigan et al. (2015) and by Tao and Murphy (2019). Because of the different versions 

and modes used in those earlier studies, all the results are difficult to compare. Generally, 

as Table 2 shows, the concentrations of PM2.5 and ionic constituents in Nagoya were much 

lower than those at other sites, especially for the major anions. The concentrations of SO4
2− 

(25.2 nmol m−3) and NO3
− (16.4 nmol m−3) in Nagoya were one-half to one-tenth of those 

in many Chinese cities: for example, concentrations of SO4
2− in Chongqing (253 nmol m−3, 

He et al., 2012) and NO3
− in Beijing (160 nmol m−3, Pathak et al., 2009) were about 10 

times higher than those found in the present study. The values of pHIS for Chinese cities in 

Table 2 were much lower than those in Nagoya. In Mexico and the Po Valley, the 

concentrations of major ions were approximately equal to those found in this study. The 

values of pHIS were also close to those found for Nagoya. These comparisons imply that 

lower ionic concentrations in Nagoya might be one factor underlying its higher pHIS. The 

effects of ionic concentrations on pHIS estimation will be discussed in section 2.2.4 based 

on various sensitivity tests. In addition to differences in the concentrations of inorganic 

constituents, organic substances might also modify ALWC. Water-soluble organic 

substances in fine particles absorb water proportionally to their organic fraction (Dick et 

al., 2000). Guo et al. (2015) showed that increasing organics increased ALWC, producing 

lower acidity of particles. In this study, concentration of oxalate in Nagoya was 1.08 nmol 

m-3. Oxalate is the representative organic acid of water-soluble organics. Comparing 

oxalate concentrations to those of other cities such as Chengdu, China (6.1−15.3 nmol m-

3, Cheng et al., 2015), organic effects on in situ pH are not expected to be large.
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Table 2. Ionic concentrations (nmol m−3), PM2.5 (µg m−3), trace gases (ppb), and pHIS in Nagoya (n=165) from this and other studies 
Location Period NH4+ SO42− NO3− Na+ Cl− NH3 HNO3 PM2.5 Modelb pHIS Reference 

Nagoyaa 2017–2018 112±56.7 25.2±16.8 16.4±13.5 3.64±2.26 2.98±3.18 4.04±2.18 0.362±0.344 11.7±5.16 AIM-IV R 3.88±0.58 This study F 4.44±0.39 
              

Tanggu 2013 
500 240 210 13.0 50.7   132 

AIM-II R 
1.3 Zhou et al. 

(2018) Bohai 444 260 135 21.7 25.4   142 1.2 
              

Mexico 2006 93.9 39.0 47.3 13.5 7.61 25.2 2.43  AIM-IV 
R 2.36 Hennigan et al. 

(2015) F 3.24 
              

Po Valley 2009 127 36.3 62.4     30.7 AIM-IV R 3.15 Squizzato et al. 
(2013) 

              

Beijing 
2005–2006 

378 150 134 17.4 36.6   93.5 
AIM-II R 

−0.6–0.4 He et al. 
(2012) Chongqing 422 253 80.6 26.1 39.4   130 0.5–1.4 

              

Toronto 

2007–2016 

56.5 17.6 26.1   3.16 0.72  

AIM-II F 

2.62 

Tao and 
Murphy (2019) 

Simcoe 53.7 18.8 20.2   2.01 0.46  2.41 
Windsor 64.8 22.5 26.8   2.01 0.68  2.27 
Ottawa 35.1 12.4 14.1   1.97 0.41  2.54 

Montreal 32.7 11.7 14.0   2.13 0.44  2.35 
St. Anicet 36.2 12.2 13.7   2.08 0.32  2.51 

              

Chengduc 2011 350–833 188–375 177–339 47.8–187 42.3–200    AIM-II R −2.3–2.1 Cheng et al. 
(2015) 

              

Hong Kong 2008–2009 172 104 29.7 19.1 7.89    AIM-III R −0.03 Xue et al. 
(2011) 

              

Beijing 2005 
261 235 160 4.35 11.3   68.0 

AIM-IV R 

−0.52 
Pathak et al. 

(2009) 
Shanghai 228 165 115 17.4 53.5   67.0 −0.77 
Lanzhou 2006 227 102 51.6 21.7 155   65.0 −0.38 

Guangzhou 2004 267 136 83.9 17.4 25.4   55.0 0.61 
              

Guangzhou 2013 282 118 44.5 6.96 9.86    AIM-III F 1.5–3.4 Jia et al. 
(2018a) 

a Results for Nagoya were averaged for the aerosol samples (< 1.9 μm, n=165) with RH > 60%. 
b Letters “R” and “F” respectively denote reverse and forward modes. 
c Particle size in Cheng’s study was < 2.1 μm. 
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2.2.4 Factors affecting seasonal variation of in situ pH of fine particles 

Based on results of analyses explained up to this point, the possible factors affecting 

pHIS were air temperature and major ionic constituents (especially SO4
2− concentration). 

To assess these factors, the pHIS was tested under different conditions by changing factors 

one by one while fixing other factors. The initial condition was set as the average ionic 

concentrations of samples (n=165) with RH > 60%, including T0 (17.4°C), RH0 (0.70), as 

presented in Table 2. The initial pHIS was also used from the average in Table 2. 

To characterize the effects of temperature on pHIS estimation, RH and the ionic 

concentrations were fixed. The temperature was changed by raising it by 5 °C, 10 °C, and 

15 °C from T0, and by lowering it by 5 °C and 10 °C. Figure 12a presents pHIS estimated 

using both forward and reverse modes under different temperature conditions, and colored 

by the ALWC. In either mode, pHIS decreases considerably with increasing temperature. 

The rate of decrease versus the temperature increase is almost identical in the two modes: 

increasing temperature by 2 °C can be expected to decrease the pH unit by 0.1 

(
d pHIS

d T
 = -0.05). It is slightly different from the result explained in section 2.2.2 (-0.04 per 

Kelvin in Nagoya), indicating that temperature is not the only factor affecting seasonal 

variation of pHIS in Nagoya. Moreover, as the ALWC indicated by the color of the pHIS in 

Fig. 12a, clear reduction of the ALWC can be found with increasing temperature. The 

reduced ALWC has a concentrating effect on the free H+ in particles. It can enhance the 

ionic strength of free H+, resulting in lower pHIS. Therefore, the major pathway of 

temperature effects on pHIS is the result of changing the ALWC with temperature. A similar 

result was described by Ding et al. (2019) using ISORROPIA II. However, correlation 

between temperature and pHIS was not clear in some aerosol acidity studies (Pathak et al., 

2009; He et al., 2012; Cheng et al., 2015; Zhou et al., 2018). The concentrations of the 

major ionic constituents in these studies were very high (Table 2). Therefore, the 

temperature effects on pHIS with different concentrations of major ions were assessed. 

Considering the high proportion of SO4
2− in all anions as described in section 2.2.1, it 

is selected firstly to test the temperature effects on pHIS. Relative humidity and other ionic 

concentrations were fixed. Then the SO4
2− concentrations were multiplied from 1 to 10 

times from the initial concentration of 25.2 nmol m−3. Figure 12b shows pHISF estimated 

by the forward mode under different temperature conditions and SO4
2− concentrations 
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represented by color. At higher SO4
2− concentrations, pHISF increased slightly with the 

increase of temperature. However, below a certain value of SO4
2− concentration, the 

temperature effects became strong, which demonstrated that pHISF decreased with 

increased temperature. The value obtained using this simple sensitivity analysis was 126 

nmol m−3 lower than the SO4
2− concentrations of most Chinese sites in Table 2. This finding 

is consistent with the fact that no correlation was reported based on results obtained for 

these sites. Therefore, the temperature effect on pHIS estimation is limited by the 

concentration of chemical compositions. At low air pollution sites, temperature is the major 

factor affecting pHIS, as reported for Canada by Tao and Murphy (2019). 

 

 
Figure 12. Effects of ambient air temperature on pHIS estimation. (a) pHIS estimated 

by both forward mode (circles) and reverse mode (squares) under different temperatures 

with the fixed RH and ionic concentrations at the initial values. pHIS is colored by the 

aerosol liquid water content (ALWC). (b) pHIS estimated using forward mode under 

different temperatures and SO4
2− concentrations with fixed RH and other ionic 

concentrations at initial values. 

 

As discussed in section 2.2.3, higher pHIS in Nagoya than that found in many other 

earlier studies might result from lower ionic concentrations in fine particles. The effects of 

concentration levels and key species of ionic compositions on pHIS were examined as the 

following: (1) the concentrations of all the chemical compositions (NH4
+, SO4

2−, NO3
−, 

Na+, Cl−, NH3, and HNO3) were increased by 1.5–5 times; (2) in the forward mode, the 

concentration of total nitrate (T_NO3
−, equaling to NO3

− plus HNO3) was increased by 1.5–
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5 times. Similarly, in the reverse mode, only the NO3
− concentration was increased by 1.5–

5 times; (3) the SO4
2− concentration was increased by a factor of 1.5–5; (4) the NH4

+ 

concentration was reduced by 1.5–5 times. These sensitivity experiments were conducted 

using the average values of temperature and RH at the initial values. 

 

 
Figure 13. Effects of concentrations on pHIS estimation. The pHIS estimated by both 

forward and reverse modes under different ionic concentrations with fixed T and RH at the 

initial values: (a) all ionic concentrations were multiplied to 1.5–5 times; (b) T_NO3
− was 

increased to 1.5–5 times in the forward mode, with the NO3
− concentration increased in the 

reverse mode; (c) SO4
2− concentration was increased to 1.5–5 times; (d) NH4

+ 

concentration was reduced by 1.5–5 times. 
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Figure 13 presents results of the sensitivity experiments. When the concentrations of 

all ionic constituents were increased, the values of pHIS increased concomitantly with 

increasing concentrations monotonically for both the forward and the reverse modes (Fig. 

13a). In contrast, when the concentration of a single major ion was modified, the values of 

pHIS changed variously among the relevant species (Fig. 13b for NO3
− or T_NO3

−; Fig. 13c 

for SO4
2−; Fig. 13d for NH4

+). Compared with NH4
+ and SO4

2−, changing NO3
− (or T_NO3

−) 

concentration had only a slight effect on pHIS (Fig. 13b). The contributions of SO4
2− and 

NH4
+ on pHIS were strong and showed similar behavior to that of the concentration change. 

Figure 13c shows that the values of pHIS decreased concomitantly with increasing SO4
2− 

concentration. In the forward mode, pHIS declined slowly because of the buffering effects 

from NH3 vapor–liquid equilibrium. In the reverse mode, the values of pHIS were more 

sensitive to SO4
2− concentrations. Then they declined sharply. For the contribution of NH4

+ 

on pHIS, the values of pHIS decreased concomitantly with increasing NH4
+ concentration. 

Considering that the initial concentration of NH4
+ in Nagoya is lower than those reported 

from other studies (Table 2), the high pHIS in Nagoya is not solely attributable to changes 

in NH4
+ concentration, although tests proved that NH4

+ has a slight effect on pHIS. Because 

the concentrations of NO3
− and SO4

2− in this study are much lower than those of most other 

sites, and because the NO3
− concentration has little effect on pHIS, the major factor 

affecting pHIS for Nagoya is the SO4
2− concentration. 

Results of sensitivity experiments presented above are consistent with the discussion 

in sections 2.2.2–2.2.3 indicating that the seasonal variation of pHIS in Nagoya is strongly 

affected by ambient air temperature and the SO4
2− concentration. 

 

2.3 Chapter summary 
In this chapter, a rigorous investigation of aerosol acidity was conducted by using E-

AIM model based on a set of high-quality continuous data of NH3 and its corresponding 

NH4
+, HNO3, ionic components of particles, temperature, and RH in Nagoya during 2017–

2018. The major water-soluble ions in water extracts were NH4
+, SO4

2−, and NO3
−. The 

strong acidity ([H+]strong) calculated from the pH measurements of extracted samples 

showed seasonal variation, high in summer and low in winter, which correlates with SO4
2− 
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concentration (R2=0.67), suggesting that the major factor driving its seasonal variation was 

the SO4
2− concentration. 

The in situ pH was estimated by the forward mode of the E-AIM IV model, showed 

that high in winter and low in summer. The seasonal variation of pHISF correlated well and 

significantly with air temperature (R2=0.83, excluding the highest value), suggesting 

temperature as an important factor driving the seasonal variation of pHISF. The highest 

value of pHISF appeared on the sample taken during August 22–24, 2018, which contained 

high Na+ and Cl− concentrations influenced by oceanic air masses. Compared with other 

studies using the E-AIM models, pHIS in Nagoya was higher than at other sites where major 

ionic concentrations were much higher than those in Nagoya. 

To assess these factors affecting pHIS suggested by initial analysis, various sensitivity 

tests were conducted using the E-AIM IV models by changing factors one by one while 

fixing the other factors. Sensitivity tests of temperature showed that pHIS decreased 

concomitantly with increasing temperature. Based on analysis of the temperature effects 

with related parameters, temperature dependence of the ALWC was the main moderator of 

the temperature effect. Furthermore, sensitivity tests on the temperature combined with the 

SO4
2− concentration indicated a critical threshold (ca. 126 nmol m-3) of the SO4

2− 

concentration on the effect: the temperature effect on pHIS was only found below the 

threshold concentration. In addition, sensitivity tests of ionic species showed that changes 

in the SO4
2− or NH4

+ concentration exerted the strongest effect on pHIS. Therefore, 

considering that the initial concentration of NH4
+ in Nagoya was low, the major factor 

affecting pHIS was the SO4
2− concentration. With increasing SO4

2− concentration, the pHIS 

value declined slowly because of buffering effects from NH3 vapor–liquid equilibrium in 

the forward mode. These results are consistent with those of the initial analysis based on 

observations indicating that the major factors affecting pHIS of fine aerosols in Nagoya are 

air temperature and the SO4
2− concentration in the particles. 
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Chapter 3:  Development of a direct measurement method for 

aerosol acidity using pH testing paper and hygroscopic 

equilibrium under high relative humidity 
 

Aerosol acidity is important to many atmospheric chemical processes (e.g., Han et al., 

2016), deposition of acidic particles and inorganic nitrogen (e.g., Driscoll et al., 2007), and 

human health (e.g., Fang et al., 2017). Despite its importance, it is difficult to measure 

aerosol acidity directly because of the low water content and the high ionic strength in 

aerosol particles, especially atmospheric aerosols are often in non-ideal states (Mekic and 

Gligorovski, 2021). In general, the proxy methods and the thermodynamic models are used 

to estimate it, however, the direct measurement method of aerosol acidity must be 

developed, because the determination data of aerosol acidity is needed for connecting the 

estimation results of the thermodynamic models with the realistic atmospheric aerosol 

acidity. Recently, the previous studies reported several semi-direct methods for aerosol 

acidity (Li and Jang, 2012; Jang et al., 2020; Rindelaub et al., 2016; Craig et al., 2017, 

2018). However, these methods are difficult to widely apply for real atmospheric samples 

because of various complexities. Therefore, in this chapter, a direct measurement method 

for aerosol acidity is developed. In order that the new direct measurement method can be 

widely applied for real atmospheric samples, pH testing paper is selected as the major 

experimental material, because it is simple to purchase and utilize, and the results of pH 

testing paper can be detected quickly. Firstly, the color-response accuracy of several kinds 

of pH testing papers under different ionic strengths is examined to select the optimal pH 

testing paper. A KNO3 saturated solution is then used to provide a constant RH of 92%, 

which enable hygroscopic constituents in the aerosol sample to form an aqueous droplet 

that possesses a realistic high ionic strength. After selecting the best pH testing paper using 

the droplet tests, it is examined further to measure the atmospheric aerosol samples. 
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3.1 Experiments 
3.1.1 Screening of pH testing papers 

Many kinds of pH testing papers are commercially available from several 

manufacturers. In this study, six pH testing papers (TP1 to TP6) were examined. Their 

details are presented in Table 3. To examine the color responses of the pH testing papers, 

three kinds of salt mixture solutions were prepared according to the major ions often found 

in aerosol particles. As shown in Table 4, the salt mixture solutions are as follows: SM1 

composed of ammonium sulfate, SM2 composed of ammonium sulfate and sodium 

chloride, and SM3 composed of ammonium nitrate and ammonium bisulfate. Instead of 

the typical winter aerosol combination of ammonium sulfate and ammonium nitrate, which 

yield similar results as SM1 and SM2, ammonium bisulfate was used in SM3 to provide 

low-pH solutions and to test the wide pH range of aerosol particles (from −1 to 5; Pye et 

al., 2020). All chemicals were >98% purity and manufactured by Wako Pure Chemical 

Industries Ltd. The solutions of these salt mixtures were prepared with ionic strengths of 

moderate (0.006 to 0.4 mol kg−1) to high (17.2 to 32.0 mol kg−1), which are referred to as 

dilute solutions (IS1 and IS2), dense solution (IS3), and saturated solution (IS4). The 

corresponding mass fraction (ω, %) of each salt solute in the solvent of pure water is also 

presented in Table 4. The properties of all chemicals for this study are presented in Table 

5. The room temperature for the experiments and tests was 25 ℃. The pH testing paper 

results were compared with the pH measured using a pH meter (LAQUAtwin, pH-11B, 

Horiba, Japan) to evaluate the color response of the pH testing papers under different ionic 

strengths. 

 

Table 3. Summary of the examined pH testing papers. 
pH testing paper TP1 TP2 TP3 TP4 TP5 TP6 
pH range 1–14 0–6.0 0.5–5.5 4.0–7.0 1.0–3.5 3.6–5.1 
Interval scale 1 0.5 0.5 0.3 0.5 0.3 
Thickness (mm) 0.1 0.45 0.1 0.1 0.4 0.4 
Type Strips Strips Roll Roll Strips Strips 
Product code 9.129805 9200 90205 90207 005.3 006.3 
Manufacturer a b c c d d 

a: Lab Logistics Group GmbH (LLG-Labware);    b: Micro Essential Laboratory Inc.; 
c: Macherey-Nagel GmbH & Co. KG;       d: Johnson Test Papers Ltd. 
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Table 4. Compositions and ionic strengths of salt mixture solutions. 

Salt mixture solution 
Ionic strengtha (mol kg−1) 

IS1 IS2 IS3  IS4 

SM1 (NH4)2SO4 0.2 (1)b 2.4 (10) 6.1 (21) 17.2 (43) 

SM2 
(NH4)2SO4 

0.4 
(1) 

3.8 
(10) 

8.6 
(21) 

23.1 
(43) 

NaCl (0.7) (7) (13) (26) 

SM3 
NH4HSO4 0.006 

(0.02) 
0.06 

(0.2) 
8.7 

(24) 
32.0 

(49) 
NH4NO3 (0.03) (0.3) (32) (65) 

a Ionic strength was estimated as 1
2
∑𝑚𝑚𝑖𝑖𝑧𝑧𝑖𝑖2, where 𝑚𝑚 and 𝑧𝑧 are the molal concentration (mol kg−1 

solvent) and the charge number of ion 𝑖𝑖, respectively. 
b Values in parentheses show the mass fraction (ω,%) of the salt solute in the solvent pure water. 

 

Table 5. Properties of the salts mentioned in this study. 
Salt DRH, (%, 25 °C)a, b Solubility, (grams per 100 g H2O, 20 °C)c 

KNO3 92 31.6 
(NH4)2SO4 81 75.4 
NH4HSO4 40 100 
NH4NO3 62 192 
NaCl 75 35.9 
K2SO4 97 11.1 
Na2SO4 84 19.5 
KCl 84 34.2 

a Seinfeld and Pandis (2006). 
b Lide (1994). 
c IUPAC (2012). 
 

3.1.2 Testing under realistic high ionic strengths 

To further test the color responses of the pH testing papers under realistically high-

ionic-strength atmospheric conditions, the aqueous solution droplets were prepared under 

high RH conditions using the deliquescence of hygroscopic particles. A small amount (ca. 

2 mg) of the dry salt mixtures of SM1 and SM2 were placed under high RH in an airtight 

box (750 cm3, as shown in Fig. 14) for 5 hours. The RH of the air in the airtight box was 

maintained at 92% using a saturated solution of KNO3 due to the high deliquescent relative 

humidity (DRH) of KNO3 (Rockland, 1960). The mass of KNO3 was approximately 40 g, 

with a corresponding pure water mass of approximately 10 g, and the superficial area of 
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the KNO3 saturated solution was approximately 80 cm2. Because the DRH of all of the dry 

salt mixtures (SM1 and SM2) were lower than 92%, the dry salt particles could form 

droplets in the airtight box. Next, the pH testing papers were used to measure the pH of the 

droplets after quickly opening the airtight box. To prevent drying of the droplets by 

laboratory air after opening the airtight box, one side of the lid was lifted approximately 

30° to allow insertion of the pH testing paper, and the operation was completed within 5 

seconds. 

 

 
Figure 14. Schematic diagram of the measurement apparatus using pH testing paper 

for aerosol samples. The RH of the air in the airtight box (750 cm3) was maintained at 92% 

by using a KNO3 saturated solution. A small hygrothermograph sensor was placed inside 

to monitor the RH and temperature in the airtight box. The sample was held in the 92% RH 

airtight box to form droplets following hydration. The pH of a resulting droplet was 

measured using the pH testing paper quickly after the airtight lid was opened. 

 

Considering the influence of temperature on both the pH of pure water (Light, 1984) 

and the pH of atmospheric aerosols (Tao and Murphy, 2019), the temperature effects of 

this experiment were investigated by changing the temperature from 15 to 35 °C with 10 °C 

intervals. The water content of each droplet was also measured via the weighing of water-
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absorbent paper (Whatman No. 41; Whatman Paper Ltd, UK). Firstly, this water-absorbent 

paper was used to absorb different masses of pure water and imaged the wet areas on this 

paper using a digital camera. Then, the wet area was calculated using ImageJ software 

(https://imagej.nih.gov/ij/index.html). The correlation between the wet area (Swet area, mm2) 

on the water-absorbent paper and the mass (mg) of pure water is presented in Fig. 15. The 

regression line in Fig. 15 is expressed as follows: 

                                Mwater = 0.0002Swet area
2 +0.03Swet area.                               (2) 

The water in a droplet in the 92% RH airtight box was also absorbed by the water-

absorbent paper. After the wet area on the water-absorbent paper was calculated, the 

droplet water content was estimated using Eq. (2). Parallel experiments of the water content 

were conducted six times to determine the average value. 

 

 
Figure 15. Correlation between the wet area (mm2) on the water-absorbent paper and 

the mass (mg) of pure water. 

 

3.1.3 Readout method for the color changes of the pH testing paper  

The color of the pH testing papers changes after reaction with the droplet formed from 

the sample particles when the droplet diameter is greater than 0.7 mm (ca. 0.1 μL). The 

color response of the pH testing paper does not show differences between the droplet sizes 

(Fig. 16). 

 

https://imagej.nih.gov/ij/index.html
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Figure 16. TP3 color responses for different droplet volumes. These droplets were 

prepared using a micropipette for 0.1, 0.5, 1.0, and 3.0 μL of the dilute solution (IS 1) of 

SM3. 

 

The colors of the pH testing papers after this reaction and the color scale of the pH 

indicator supplied by the manufacturer were photographed together in the same image 

using a digital camera. To reduce the visual error caused by the lightness of the image and 

human error, a readout method for the pH testing paper color is developed in this study. 

Recently, several studies have used a MATLAB script to estimate the color–pH 

relationship based on red, green, and blue (RGB) values (Craig et al., 2018; Li et al., 2020a; 

Angle et al., 2021). Instead estimating three parameters (RGB), for a simpler method, we 

applied the hue value of a color (Agoston, 2005). The hue values provide a value on a 

single-color axis for all colors regardless of lightness and saturation. By using the hue color 

axis, the color of pH testing paper can be expressed by only one parameter. Compared with 

the RGB estimation method, the hue value is more preferable for color-based detection 

(Fitriyah and Wihandika, 2018). The color palette function of the PicPick software 

(https://picpick.app/en/) was used to extract the hue value. An example color readout is 

presented in Fig. 17. 

As shown in Fig. 18, a calibration curve was created using the pH values as the X-axis 

and the hue values of the color scale of the pH indicator as the Y-axis. Using this calibration 

plot, the hue value of the color of the reacted pH testing paper was converted to the pH 

value of the sample. 

https://picpick.app/en/
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Figure 17. Illustration of obtaining the hue value for the reacted pH testing paper by 

using the color palette function of PicPick software. 

 

             
Figure 18. Schematic of the pH estimation from the color of the reaction spot on the 

pH testing paper. The digital values of the hue for the place of interest were obtained using 

the color palette function of the PicPick software. The hue values of the color scale for pH 

indication were used to create a calibration curve. As an example, the pH for the color of 

the reaction spot shown above is 2.1. 
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3.1.4 Size-segregated sampling of aerosol particles 

The atmospheric aerosol samples were collected using an inertial impactor (Kawakami 

et al., 2008) on the rooftop of the Environmental Studies Hall of the Higashiyama Campus 

of Nagoya University (35.16°N, 136.97°E) from October 2019 to January 2020. As 

mentioned previously, the annual average PM2.5 concentration in Nagoya in recent years is 

approximately 12 μg m−3 (https://www.city.nagoya.jp/kankyo/page/0000129706.html). 

Time-series data of PM2.5 concentration during the sampling periods in this study are 

presented in Fig.19.  

 

 
Figure 19. Time series of PM2.5 concentrations in Nagoya from October 2019 to 

January 2020 obtained from Nagoya Air Quality Measurement Station 

(https://soramame.env.go.jp/). The sampling periods for aerosol particles (with 

aerodynamic diameters of 0.2 to 2.0 μm) used in this study are shown in the shaded yellow 

areas. 

 

The inertial impactor has seven and nineteen nozzles for stages 1 and 2, respectively. 

The estimated aerodynamic 50% cutoff diameters were 2.0 μm for stage 1 (coarse particle 

sample, >2.0 μm) and 0.2 μm for stage 2 (fine particle sample, 0.2–2.0 μm) at a flow rate 

of 26 L min−1. The samples were collected on Polytetrafluoroethylene (PTFE) sheets 

(25 mm diameter; T020A025A, Advantec Toyo Kaisha Ltd.) for both stages. To obtain the 

different mass accumulations of aerosols, we conducted ten runs of air sampling by 

https://www.city.nagoya.jp/kankyo/page/0000129706.html
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controlling the sampling duration. All sample sheets were stored in air-tight polypropylene 

tubes and kept in a refrigerator until laboratory tests were conducted. 

One spot (Fig. 20) was separated from the sample sheet and placed in the high-RH 

airtight box for pH measurement to form a hygroscopic droplet. Seven spots from the 

sample sheets were extracted using 13 mL of pure water overnight. The extracts were 

analyzed for major ionic constituents (NH4
+, SO4

2−, NO3
−, Na+, Cl−, Ca2+, Mg2+, and K+) 

using ion chromatography (LC-10A modified; Shimadzu Corp.). 

 

 

Figure 20. Size-segregated samples of aerosol particles. Both coarse and fine particle 

samples were collected on PTFE sheets (25 mm diameter). For pH measurements, one spot 

from the sample sheet was separated and placed in the 92% RH airtight box. Two spots for 

the coarse particles and seven spots for the fine particles were used for pure water 

extraction to analyze the major ionic constituents. 

 

3.2 Results and Discussion 
3.2.1 Screening results for the pH testing papers 

To examine the color responses of the six pH testing papers under different ionic 

strengths, the pH of the salt mixture solutions was measured using both a pH meter and the 

pH testing papers. The results of these comparisons are shown in Fig. 21. The pH values 

of solutions SM1–2 measured using a pH meter were 4.8–5.6. The pH values of the SM3 

solutions measured using a pH meter were 0–3.0, which were lower than those of the SM1–

2 solutions because of the included NH4HSO4. All pH values for the salt mixture solutions 

increased concomitantly with increasing ionic strength. The pH of the ammonium salt 

solution depends on the dissociation of H2O and NH4
+. The enhanced ionic strength 



41 
 

increases pKNH4
+, thereby decreasing the pH of the solution (Maeda, 2000). Among the six 

examined pH testing papers, the results of TP3 (diamonds) were the most consistent with 

the results of the pH meter (Fig. 21). The results of the other pH testing papers were largely 

different from the pH meter results, especially for higher ionic strengths. For instance, the 

pH measured by the pH meter was 4.8–5.1 for the saturated solutions (IS4) of SM1–2, 

while the results determined by the pH testing papers TP2 and TP4 were 2.5–3.0 and 6.1–

6.4, respectively. These discrepancies are attributed to functional accuracy of the dye used 

in the pH testing papers under higher ionic strengths, as discussed by Pye et al. (2020). 

Therefore, some pH testing papers may provide erroneous results under realistically high-

ionic-strength conditions found in atmospheric aerosol particles. 

 

 
Figure 21. Comparison of the results measured by the pH meter and those by the pH 

testing papers. The results of the pH testing papers are differentiated using symbols; those 

of the pH meter are indicated by gray bars. Error bars indicate the standard deviation of 

three to four repeated measurements. 
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3.2.2 Test results obtained under realistic high ionic strength  

It has been suggested that the ionic strength of water in real aerosol particles is 

extremely high (Herrmann et al., 2015; Su et al., 2020; Mekic and Gligorovski, 2021). Thus, 

TP3 was tested further under realistic high-ionic-strength conditions using hygroscopic 

equilibrium, as described in Section 3.1.2. First, a KNO3 saturated solution was used to 

maintain the RH of the air at 92% in an airtight box. The dry salt particles of SM1 and SM2 

were permitted to form a droplet, and the pH of the droplet was then measured using TP3. 

The results of this experiment were pH 3.6–3.7 at 25 °C, approximately 1 pH unit lower 

than those of the saturated solutions of SM1 and SM2 (4.8–5.1), as shown in Fig. 21. To 

investigate the reason for this difference in pH between the droplet experiments and the 

IS1–4 solutions used in Fig. 21, the changes in the droplet pH over time were recorded 

using 10 μL droplets of the IS3 solutions of SM1 and SM2 instead of the dry salt particles. 

Moreover, all saturated salt solutions other than KNO3 were tested at high-RH conditions, 

including saturated solutions of K2SO4, Na2SO4, KCl, (NH4)2SO4, KNO3 with (NH4)2SO4, 

and K2SO4 with (NH4)2SO4. For later experiments using KNO3 with (NH4)2SO4 and K2SO4 

with (NH4)2SO4, a saturated solution of (NH4)2SO4 was not mixed with KNO3 or K2SO4, 

but rather separately placed in the airtight box. The mass of the (NH4)2SO4 saturated 

solution was approximately one-third of that of the KNO3 or K2SO4 saturated solution. The 

RH of all experimental conditions was higher than 80% (see Table 5). The results of the 

pH time evolution were divided into two groups: one without (NH4)2SO4, which sharply 

decreased from 4.5 to 3.5 in 4 hours, and the other with (NH4)2SO4, which remained at 

approximately 4.5 for 5 hours, as shown in Fig. 22. The results for KNO3 and K2SO4 with 

(NH4)2SO4 are similar to the pH values of the saturated solutions of SM1 and SM2. The 

pH changes with time for a NaCl solution and pure water were also measured under 

experimental conditions similar to those described above using TP3. Although the pH 

values of these substances were greater than the maximum value (5.5) of the measuring 

range of TP3, the pH results for both experiments were always greater than 5.5, thus 

suggesting that no acidic gas existed in the airtight box. 
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Figure 22. Changes in the droplet pH with time at 25 °C. Each droplet was prepared 

by using the IS3 solutions of SM1 and SM2. The droplet pH was measured using TP3. The 

RH of the air in the airtight box was controlled using various saturated salt solutions: K2SO4, 

KNO3, Na2SO4, KCl, (NH4)2SO4, KNO3 with (NH4)2SO4, and K2SO4 with (NH4)2SO4. 

Error bars indicate the standard deviation of three repeated measurements. 

 

The results of the above experiments suggest that the presence or absence of 

(NH4)2SO4 in the RH-controlling solution influences the droplet pH of SM1 ((NH4)2SO4) 

and SM2 ((NH4)2SO4 and NaCl). Considering that the droplets of both SM1 and SM2 

contain NH4
+

(aq), partitioning between NH4
+

(aq) and NH3(g) after the hydration of dry salt 

under high-RH conditions should be accomplished between the droplet and the air in the 

airtight box. Because the NH3 concentration in the airtight box was initially low, the loss 

of NH4
+

(aq) as a consequence of NH3 evaporation from the droplets may cause the formation 

of bisulfate in the droplet, as in the following reaction: 

                                   SO4
2− 

(aq) + NH4
+

(aq) → HSO4
− 

(aq) + NH3(g)↑                              (R1) 

Therefore, the experimental conditions without (NH4)2SO4 in the RH-controlling 

solution causes the evaporation of NH3 from the droplets of SM1 and SM2, thereby 

decreasing the pH of the droplets. The stable pH results for the droplets that did not contain 

NH4
+, such as the NaCl solution and pure water, support the occurrence of a pH decrease 

due to NH4
+

(aq)/NH3(g) partitioning. Therefore, controlling the NH4
+

(aq)/NH3(g) equilibrium 

is important for the pH measurement of these droplets, especially in the case of high NH4
+ 

and SO4
2− contents. 
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Considering that the dissociation constant of many chemicals is temperature-

dependent, this study investigated the effects of temperature on the pH of droplets that 

formed from the dry salt particles of SM1 and SM2 under high RH conditions. Figure 23 

presents the droplet pH and the water content of these droplets under different temperatures. 

Both of these values decreased slightly with increasing temperature. The temperature 

dependence of ammonium dissociation contributes to the slight decrease in pH. The 

reduced water content affects the H+ concentrations in the droplets, which induces a 

decrease in the droplet pH. Meanwhile, water content can also affect ionic strength in the 

droplets, resulting in a change in pKNH4
+. For these two reasons, water content has a serious 

impact on aerosol acidity. Zheng et al. (2020) previously indicated the significant influence 

of the water content on aerosol pH based on the multiphase buffer theory of aerosol acidity. 

Moreover, the temperature dependence of H2O dissociation alters the pH of the droplets. 

For instance, the pH of pure water slightly decreases from 7.27 to 6.77 as the temperature 

changes from 10 to 40 °C (Light, 1984). Therefore, the observed decreasing pH with 

increasing temperature is attributed to the decrease in the water content, the temperature 

dependence of the H2O, and ammonium dissociations. According to these results, the 

temperature utilized during such experiments should be constant. 
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Figure 23. Effects of temperature on the droplet pH measurement and the water 

content of the droplets formed from the dry salt mixtures under high-RH conditions. The 

pH values of the droplets from SM1 and SM2 (diamonds) were measured using TP3. The 

water contents of the droplets were measured using a water-absorbent paper. Error bars 

indicate the standard deviation of four repeated measurements. 

 

3.2.3 Application of selected pH testing paper to measure the pH of aerosol particles 

Using the deliquescence of hygroscopic constituents in a sample, TP3 can be used to 

measure the pH of a droplet formed from a dry salt mixture under high- and constant-RH 

conditions. To test the capability of TP3 for measuring the pH of atmospheric aerosol 

samples, ten different samples were collected with varying amounts of fine particles. One 

spot of the sample sheet was cut and placed in the high-RH airtight box. Two experimental 

conditions were set: one in which the KNO3 saturated solution was used, and another in 

which the KNO3 and the separated (NH4)2SO4 saturated solution were placed in the airtight 

box. The temperature was set at the average temperature of the sampling period. The pH 

of a droplet formed from the collected aerosol particles was measured using TP3. Figure 

24(a) presents the results of the droplet pH measured using TP3, where the samples are 
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marked with letters denoting their sampling periods, as shown in Fig. 19. Among the 10 

samples, seven were adequately large such that TP3 measurements could be obtained. 

Similar results were obtained for both experimental conditions. In the KNO3 with 

(NH4)2SO4 condition, the pH values of the seven samples ranged from 2.2–2.7, while the 

results without (NH4)2SO4 ranged from 2.1–2.7. As indicated by the red circle in Fig. 24(a), 

only two samples demonstrated changed pH results between these conditions. Both of these 

samples provided a higher pH under the KNO3 with (NH4)2SO4 condition, which 

presumably occurred because the SO4
2− contents (43% and 37% of the total equivalent 

concentration) in these two samples were higher than the average value across the other 

samples of 30%. This result suggests that the NH3(g) concentration in the airtight box must 

be controlled to achieve an appropriate equilibrium, especially for the sample with a high 

SO4
2− concentration. 

 

 
Figure 24. (a) Measurement results of the fine particle samples using TP3 with KNO3 

(yellow squares) and KNO3 with (NH4)2SO4 (green crosses) under experimental conditions 

to maintain a constant and high RH. Letters in the scatter plot correspond to their sampling 

periods as shown in Fig. S3 in the Supplementary Material. (b) Relative contributions of 

major ionic species based on the average equivalent concentrations in samples I and C. 
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The minimum sample amounts of fine particles that can form detectable droplet sizes 

under high-RH conditions were investigated. In this study, the size range of the 

aerodynamic diameter of fine particles was 0.2 to 2.0 μm. Assuming the same mass size 

distribution of typical urban aerosol (Whitby, 1978), the mass of the size range of 0.2 to 

2.0 μm (PM0.2–2.0; μg m−3) was estimated to be 72% of that of PM2.5 (mass concentration 

(μg m−3) of aerosol particles below 2.5 μm in terms of aerodynamic diameter), as shown in 

Fig. 25. It also assumed that the ratio of the total major ionic constituents in PM0.2–2.0 is the 

same as that (R2.5, 38%) for PM2.5 as measured in Nagoya (Nagoya City, 2020, 

https://www.city.nagoya.jp/shisei/category/53-5-22-8-1-2-0-0-0-0.html). The results of a 

chemical analysis on a sample sheet of PM0.2–2.0 were used to estimate the mass (M0.2–2.0; 

micrograms per sheet) on the sample sheet as follows: 

                                                  M0.2-2.0= Tion × 0.72 / R2.5,                                           (3) 

where Tion (μg) is the total major ionic constituents of M0.2–2.0. Because the inertial 

impactor has 19 nozzles for collecting fine particle samples, 19 sample spots formed on 

the sample sheet. Therefore, the mass per spot (M0.2–2.0 per spot, μg) was obtained as M0.2–

2.0 divided by 19. 

 

 
Figure 25. Volume mass size distribution of a typical urban aerosol (gray dotted curve; 

Whitby, 1978). The shaded area represents the size range of PM2.5. According to the area 

ratio of the PM0.2–2.0 and the shaded area for PM2.5, the proportion of V0.2–2.0 in PM2.5 is 

72%. 

https://www.city.nagoya.jp/shisei/category/53-5-22-8-1-2-0-0-0-0.html
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Our method for estimation of the minimum PM2.5 requirement can be extended to 

other sites by using the corresponding R2.5, such as 90% in a marine site (Warneck and 

Williams, 2012) and 30% in Beijing (Wang et al., 2005). 

As shown in Fig. 24(a), seven samples with M0.2–2.0 per spot values that were larger 

than 12 μg (Tion > 6.0 μg) formed droplets greater than 0.7 mm in diameter; therefore, their 

pH values were successfully measured using TP3. However, when M0.2–2.0 per spot was ca. 

12 μg (as indicated by “I” and “C” in Fig. 24(a)), the color response of TP3 was not clearly 

observable. The color change of the pH paper for sample I was clearly visible, while that 

for sample C was unclear. This difference may be attributed to the difference in the major 

ionic compositions of these samples. As shown in Fig. 24(b), the equivalent ratio of NH4
+, 

SO4
2−, and NO3

− for sample I was close to 2:1:1, and these ions in the sample existed in 

the forms of NH4HSO4 and NH4NO3. In contrast, the equivalent concentration of NO3
− in 

sample C was much lower than those of NH4
+ and SO4

2−. The equivalent ratio of NH4
+ and 

SO4
2− was close to 1:1 for sample C, suggesting that (NH4)2SO4 was the major component 

in this sample. According to the simple mixing rule of the hygroscopicity parameter (κ), 

the κ parameter of the mixed components of NH4NO3 and NH4HSO4 (volume ratio ≈ 1:1) 

is 0.62, slightly higher than that of (NH4)2SO4 (0.53) at ~90% RH (Petters and Kreidenweis, 

2007; Carrico et al., 2010; Liu et al., 2014), the diameter of the droplet formed from sample 

I was larger than that from sample C. Therefore, even if the value of M0.2–2.0 per spot is 12 

μg, the resulting droplet may be smaller than the detectable size, depending on the 

composition. 

 

3.2.4 Comparison with previous methods and future direction of our method 

The existing methods for the pH measurements of aerosol samples have disadvantages, 

including complexity and various limitations. The C-RUV method (Li and Jang, 2012; Jang 

et al., 2020) requires a complex calculation to obtain the H+ concentration; it partially relies 

on the parameters estimated from the E-AIM model, such as the density of the solution and 

water mass fraction of the total aerosols. The Raman microspectroscopy method 

(Rindelaub et al., 2016; Craig et al., 2017) is limited to samples of laboratory-generated 

aerosol particles composed of a single acid and its conjugate system. In contrast, the newly-

method developed in this study can be applied in many laboratories without expensive and 



49 
 

complicated equipment. Although the previous method for pH testing paper developed by 

Craig et al. (2018) showed the potential for aerosol pH measurement, uncertainty exists 

because of the lack of stringent examinations of pH testing papers. As the results of this 

study demonstrated that only one testing paper was suitable because of high ionic strength 

conditions. 

The above comparison demonstrates that the newly-method is more convenient and 

reliable for wide application. However, uncertainties related to the effects of NH4
+

(aq)/NH3(g) 

equilibrium may occur during sample storage and hydration in the airtight box, as discussed 

in Sections 3.2.2 and 3.2.3. Ideally, the NH3 concentration in the airtight box should be 

controlled at the average value of the sampling period, and doing so will ensure that the 

proposed method provides reliable results. 

 

3.3 Chapter summary 
A direct measurement method for the acidity of aerosol samples was developed using 

pH testing paper in this chapter. The color responses of six pH testing papers were 

examined firstly using salt solutions with different ionic strengths. By testing with artificial 

salt mixtures that are often found in the atmosphere, the best pH testing paper was identified 

and further tested using hygroscopic equilibrium under high-RH conditions with a KNO3 

saturated solution. Experiments for measuring the pH of atmospheric aerosol samples were 

conducted to determine the minimum amount of aerosol particles required by changing the 

sampling duration, which indicated that approximately 12 μg per spot is the minimum 

required value, depending on the major ionic constituents. Compared with other existing 

methods used to determine aerosol acidity, the proposed method is more convenient and 

reliable for wide application in many laboratories without expensive and complicated 

equipment. The aerosol acidity data provided by this method is useful in understanding 

pH-dependent chemical processes, and it may serve to connect idealized thermodynamic 

models with the actual acidity of aerosol particles. 
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Chapter 4:  Characterization of aerosol acidity using the pH 

testing paper method combined with the E-AIM IV model 
 

Since the proxy methods and the thermodynamic models are widely used in inferring 

aerosol acidity, most of the current understandings of aerosol acidity remain in the 

idealized scenarios. However, aerosol particles are often in non-ideal state because of the 

high ionic strength and low water content (Mekic and Gligorovski, 2021; Wei et al., 2018). 

The difference between the estimation results (ideal state) and the acidity of atmospheric 

aerosol particles (un-ideal state) is important for improving models to present more reliable 

analysis and prediction. However, only recently, the direct measurement methods of 

aerosol acidity become available and need further development before routine and general 

application. Given the lack of direct measurement data of aerosol acidity, the comparison 

of aerosol acidity between estimated by the thermodynamic models and detected by the 

direct measurement methods has not been implemented yet. Therefore, in this chapter, the 

results of the previous two chapters (Chapter 2 and 3) are compared to reveal the difference 

between simulations and directly measured values, thereby characterizing aerosol acidity 

more reliably and making recommendations for improving the thermodynamic model 

estimation and the direct measurement method. 

 

4.1 Comparison of aerosol acidity values estimated the E-AIM IV model 

and the pH testing paper method 
The pH testing paper method was used to measure the acidity of the fine particle 

samples collected in Nagoya from December 2019 to January 2020. As shown in Fig. 24(a), 

their pH (pHmeas) was 2.1–2.7, with the average of 2.4. It is quite different from the 

estimated results of E-AIM IV model in Chapter 2, that is the pHISF in 2017–2018 winter 

in Nagoya ranges from 4.42–5.12 with the average of 4.80. Although the results indifferent 

years have difference, the pHISF of 2017–2018 is approximately 2.4 pH units higher than 

the pHmeas of 2019–2020, that is, the H+ concentration converted from pHISF is 

approximately 102.4 lower than that converted from pHmeas. The reason for this difference 

should be investigated to refine model estimation or direct measurement method.  
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Herein, the E-AIM IV model is used to estimate pHIS based on the ionic analysis 

results of 2019–2020 fine particle samples with ambient temperatures in the same sampling 

periods and the RH of 92%. As discussed previous, the NH3 data is crucial in the model 

estimation. Thus, the input NH3 concentration was assumed at (1) the ambient 

concentrations in the atmosphere during each sampling period (NH3-Amb) which measured 

by the MF analytical system (see Sect. 2.1.1); (2) the average (30 ppb) of the empirical 

concentration in the laboratories (Li and Harrison, 1990; Li et al., 2020b). 

Figure 26 presents the comparison between the direct measurement method results 

(pHmeas) and the E-AIM IV model estimated results (pHIS), and colored by the ratio of 

[NH4
+]modeled/[NH4

+]measured. 

Among the estimated results with three assumptions of input ammonia (30 ppb, NH3-

Amb, and no-ammonia), the best correlation (R2=0.90) between pHISF and pHmeas is appeared 

when the input ammonia is NH3-Amb, while no correlation (R2=0.08) is found when the 

input ammonia is 0. As the ratio of [NH4
+]modeled/[NH4

+]measured indicated by the color in 

Fig. 26, [NH4
+]modeled in the assumption of input ammonia at NH3-Amb is closest to 

[NH4
+]measured. It suggests NH3-Amb is best match for the NH4

+ concentrations of aerosol 

particle samples so that the gas/particle partitioning of NH4
+/NH3-Abm in E-AIM model 

calculation is closer to the NH4
+/NH3 partitioning in the airtight box. In contrast, when 

input NH3 is 30 ppb (inverted triangles), the ratio of [NH4
+]modeled/[NH4

+]measured is higher 

than 1.0, indicating the model simulated results of NH4
+ is high. As a result, the estimated 

pHIS used the input NH3 of 30 ppb is overestimate. Additionally, without input NH3, the 

estimated pHIS (hexagons) is scattered. All the results display again that the NH3 data is 

important for the model estimation of aerosol acidity and advises that further study of 

controlling the NH3 concentration in the airtight box should consider according to the NH3-

Amb data. 
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Figure 26. Comparison of the measured results by the pH testing paper method and 

the estimated results by the E-AIM IV model with three assumptions of NH3 including the 

average concentration in the laboratory of 30 ppb, the average concentration of ambient 

ammonia during each sampling period, and no-ammonia. Colors indicate the ratio of the 

estimated NH4
+ to the measured NH4

+ ([NH4
+]modeled/[NH4

+]measured). 

 

However, all the estimation results in Fig. 26 are higher than the measurement results. 

For example, when the NH3-Amb was input into E-AIM model, the pHISF was 2.23 pH units 

higher than pHmeas on average. Considering the significant correlation between pHmeas and 

pHIS used input NH3-Abm, the reason of the difference is probably because of the different 

equations of in situ pH. In the analysis so far, only the Eq. (1) defined on a mole fraction 

concentration scale recommended by the developers of E-AIM model (Wexler and Clegg, 

2002; Friese and Ebel, 2010) was used to calculate pHIS. However, in fact, the original 

definition of pH was pH = – log (𝑎𝑎𝑓𝑓), where 𝑎𝑎𝑓𝑓 is the activity of H+ (Stumm and Morgan, 

1996). Except Eq. (1), this original definition of pH can be transformed into the two other 

equations according to the definitions gave by the International Union of Pure and Applied 

Chemistry (IUPAC) as follows (Pye et al., 2020; Jia et al., 2018b):  
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          on a mole fraction scale, pH𝑓𝑓 = −log10�𝑎𝑎𝑓𝑓𝑓𝑓� = −log10(𝑓𝑓𝑓𝑓𝑥𝑥𝑓𝑓),                   (1) 

                 on a molarity scale, pH𝑐𝑐 = −log10(𝑎𝑎𝑐𝑐𝑓𝑓) = −log10(𝑦𝑦𝐻𝐻𝑐𝑐𝐻𝐻
𝑐𝑐0

),                                      (4) 

                 on a molality scale, pH𝑚𝑚 = −log10(𝑎𝑎𝑚𝑚𝑓𝑓) = −log10(𝛾𝛾𝐻𝐻𝑚𝑚𝐻𝐻
𝑚𝑚0 ),                         (5) 

where 𝑎𝑎𝑖𝑖 in the three equations denotes the activity of H+, 𝑓𝑓𝑓𝑓, 𝛾𝛾𝑓𝑓, and 𝑦𝑦𝑓𝑓 stand for the 

activity coefficients on different standard states. The 𝑥𝑥𝑓𝑓 in Eq. (1) is the mole fraction of 

H+ calculated as 𝑥𝑥𝑓𝑓 = 𝑛𝑛𝐻𝐻
∑ 𝑛𝑛𝑗𝑗𝑗𝑗

 (where 𝑛𝑛𝑓𝑓 is the moles of H+, and ∑ 𝑛𝑛𝑗𝑗𝑗𝑗  is the summation of 

all solution species j, including liquid water). The 𝑐𝑐𝑓𝑓 in Eq. (4) represents the molarity of 

H+ (mol dm–1 solution, moles of H+ ion per cubic decimeter of aqueous solution), 𝑐𝑐0 is the 

unit molarity (=1 mol dm–3 solution). The 𝑚𝑚𝑓𝑓 in Eq. (5) denotes the molality of H+ (mol 

kg–1, moles of H+ ion per kilogram of solvent, typically pure water), 𝑚𝑚0 is the unit molality 

(=1 mol kg–1 solvent).  

 

The Eq. (1) is the application of mole fraction scale, which is suitable for expressing 

deviations from ideality because it considers all the ionic species in the solution (Stumm 

and Morgan, 1996). That is probably the reason why it was recommended in E-AIM model 

(Wexler and Clegg, 2002; Friese and Ebel, 2010)). The Eq. (4) is an operational definition 

endorsed by the IUPAC based on the work of pH determination of the standard buffer 

(Covington et al., 1985; Stumm and Morgan, 1996). In 1997, the IUPAC improved the 

calculation formula of pH definition, that is Eq. (5) (IUPAC, 1997). The results of Eq. (4) 

and (5) is similar, and the difference is < 0.02 pH unit which can be ignored in the 

estimation of aerosol pH (Pye et al., 2020). Because of the difference between the units of 

mole fraction and molality (or molarity), the difference between Eq. (1) and Eq. (4–5) 

cannot be neglected. In 1 kg aqueous solvent contains 55.5 mole of water (Stumm and 

Morgan, 1996). The difference of H+ molality (or molarity) concentration converts to H+ 

mole fraction is approximately 1
55.5

. As a result, the difference between pH𝑓𝑓 and pH𝑚𝑚 (or 

pH𝑐𝑐) is 1.74. 

All the parameters except 𝑐𝑐𝑓𝑓 in Eq. (4) can be obtained from the output of E-AIM 

model directly. The value of 𝑐𝑐𝑓𝑓 can be converted by using 𝑚𝑚𝑓𝑓 divided by the density of 

pure water (assuming the solvent in aerosol particles is pure water). Until now, there is no 
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firm conclusion to indicate the most suitable equation of in situ pH in the application of E-

AIM model. 

Figure 27 presents the comparison between the results calculated by the definition 

formulas of pH𝑓𝑓 , pH𝑚𝑚 , and pH𝑐𝑐  based on the input data of the ionic concentrations of 

2019–2020 fine particles, the ambient temperatures and the ambient NH3 concentrations in 

the same sampling periods, and the RH of 92%. All the estimated results (pH𝑓𝑓, pH𝑚𝑚, and 

pH𝑐𝑐) presented the same strong correlation (R2=0.90) with pHmeas. The results of pH𝑚𝑚 (red 

squares) and pH𝑐𝑐 (yellow diamonds) display the same values. Their values are closer to 

the pHmeas values than the pH𝑓𝑓 values (blue triangles). That is the calculated results by the 

pH definition of H+ molality (or molarity) concentration are quite similar to the measured 

results by the pH testing paper method. It might be because both the pH𝑚𝑚  (or pH𝑐𝑐 ) 

definitions and the pH testing papers are related to the work of pH determination of the 

standard buffer (Stumm and Morgan, 1996; Atkins, 2000). Considering the similar results, 

in the future application of E-AIM model for the estimation of aerosol pH, the calculation 

formula of the pH𝑚𝑚  (or pH𝑐𝑐 ) definitions should consider to be used. Additionally, the 

remaining difference between of pH𝑚𝑚 (or pH𝑐𝑐) and pHmeas is 0.5 pH unit on average. It 

might be because of the lack of NH3 in the airtight box of the pH testing paper method. Or 

might be the uncertainty in the E-AIM model, such as the influence of the nonvolatile 

cations of K+, Ca2+ and Mg2+ is not calculated (Guo et al., 2018). 
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Figure 27. Comparison of the estimation results (pHISF) of E-AIM IV model and the 

measured results (pHmeas) of pH testing paper method. The pHISF is calculated according to 

three different definition equations and indicated by pH𝑓𝑓 , pH𝑚𝑚 , and pH𝑐𝑐 , which 

respectively represent the mole fraction scale, the molality scale, and the molarity scale. 

 

Furthermore, the pHISF in Nagoya during 2017–2018 is recalculated by using Eq. (4) 

that is 1.94–3.63, with the average of 2.70 ± 0.39. Similar results were observed in Canada 

(the average pHISF is 2.45) where air pollution is slight (Tao and Murphy, 2019), suggesting 

that aerosol particles present high acidity even in the less-polluted regions. The summer 

average of pHISF in Nagoya is 2.31 ± 0.39, and the winter average is 3.05 ± 0.15. Their 

difference is approximately 0.74 pH unit. In Canada, the difference between summertime 

and wintertime is approximately 1 pH unit (Tao and Murphy, 2019). In another report in 

Beijing (Ding et al., 2019), the season variation of aerosol pH was also observed by the 

estimation of ISORROPIA II based one-year data including the NH3(g) concentration. The 

difference of aerosol pH between summertime and wintertime in Beijing is 0.7 pH unit. 

However, because the higher concentrations of major ions (the concentrations of NH4
+, and 

SO4
2−, and NO3

− were 408 nmol m−3, 80 nmol m−3, and 219 nmol m−3, respectively), the 

aerosol pH presented the high value of 4.25 on average. As discussed in Fig.13(a) in 

Section 2.2.4, the sensitivity tests of ionic concentrations effect on pHIS showed that all the 

ionic concentrations increased leaded to the increase of pHIS. Therefore, with the improving 
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of air pollution, aerosol pH will decrease in the currently polluted areas. The seasonal 

variation of aerosol pH in these studies also indicates that the dominant driving factor of 

aerosol pH is ambient temperature. Also, according to the seasonal variation of aerosol pH, 

the haze event in summertime might be associated to the decrease of aerosol pH, because 

the acid-catalyzed reactions of the SOA formation occur frequently in high acidity 

condition (Surratt et al., 2007, 2010; Han et al., 2016). 

On the other hand, it is noteworthy that the [H+]strong discussed in Section 2.2.1 also 

presents a similar seasonal variation. However, when it is converted back to the pH of 

extracts, the difference between summer and winter is only 0.23 pH unit. The great dilution 

in the extract process of aerosol filter samples results in the uncertainty of H+ concentration, 

which causes the proxy method is difficult to obtain reliable results for aerosol acidity, for 

example, the pH difference between summer and winter. It further illustrates that the results 

of proxy method are incomplete in terms of aerosol acidity. In future studies, the proxy 

method should be avoided to be used. 

 

4.2 Discussion of the dominant factors affecting aerosol acidity 
Among various meteorological factors, temperature and relative humidity (RH) have 

the most direct effect on aerosol acidity. Most of Henry's law constants and the dissociation 

constants of acids and bases are depended on temperature (Seinfeld and Pandis, 2016; 

Atkins et al., 2000). The change of temperature will directly change the H+-related 

thermodynamic equilibriums, and then affect aerosol acidity. In addition, the change of 

temperature has an influence on the H+ concentration of aerosol particles because of the 

liquid water content change with temperature. Another important meteorological factor, 

RH, strongly affects the hygroscopic growth of aerosol particles (Cruz and Pandis, 2000; 

Gysel et al., 2002). The aerosol particles with fixed chemical compositions will increase 

its liquid water content with the increase of RH (Gysel et al., 2002; Topping et al., 2005), 

and the H+ concentration will be consequently diluted. 

Although some studies have shown that RH has a strong impact on aerosol acidity 

(Zhou et al., 2012), the E-AIM model estimation and sensitivity test results of Nagoya do 

not show a significant effect of RH. It might be associated with the low air pollution in 

Nagoya. Murphy et al. (2017) demonstrated that the RH effect on aerosol acidity increases 
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significantly when SO4
2− concentration is higher than ca. 100 nmol m–3. However, the 

annual average concentration of SO4
2− in Nagoya is only 25.2 nmol m–3. For this reason, 

as analyzed in Section 2.2.4, the temperature effect on aerosol acidity is significant while 

the RH effect is not exhibited. In Section 3.2.2, although the concentration of SO4
2− in the 

droplets of SM1–2 is higher than 100 nmol m–3, a slight effect of temperature on droplet 

pH is still observed under the fixed RH of 92%. Moreover, the water content of droplets 

also changes slightly with temperature, which is consistent with the sensitivity test results 

in Section 2.2.4. Therefore, temperature is substantially impacting aerosol acidity, and the 

major pathway of temperature effect is by changing the liquid water content. 

On the other hand, Weber et al. (2016) reported that aerosol acidity remains high level 

over a long time despite the decrease of atmospheric sulfate concentration because of the 

buffering effect of the partitioning of NH3/NH4
+. This buffering effect has been proved to 

be related to aerosol liquid water content (Zheng et al., 2020). Thus, aerosol liquid water 

content is important parameter in the studies of aerosol acidity.  

As discussed in Section 3.2.3, the change of the liquid water content is associated with 

the hygroscopic components. The different contributions of hygroscopic components in 

particle samples lead to the droplets with different water content, such as the case of sample 

#1 and #2. Therefore, the influence of hygroscopic components on aerosol liquid water 

content might be another important mechanism for aerosol acidity change. As the major 

hygroscopic components, the importance of ammonium, sulfate, and nitrate has also been 

indicated in Section 2.2.4. Further work investigating the change of hygroscopic 

components, especially ammonium, sulfate, and nitrate, is needed to supplement the 

mechanism of aerosol acidity change, so that a more reliable prediction of aerosol acidity 

can be obtained. 

 

4.3 Chapter summary 
By comparing the estimated results of the E-AIM IV model and the direct measured 

results of the pH testing paper method, the suitable definition of in situ pH in the estimation 

of E-AIM model is pointed out that is the pH definition on the molality (or molarity) scale. 

The pHISF of Nagoya during 2017–2018 is recalculated that ranges from 1.94 to 3.63, with 

the average of 2.70 ± 0.39, suggesting that aerosol acidity is high despite less air pollution. 
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Meanwhile, the comparison also indicates that controlling NH3 concentration in the airtight 

box is important for the pH testing paper method. The NH3 concentration in the airtight 

box should be controlled at the same concentration of ambient ammonia in the atmosphere. 

Additionally, the dominant factors affecting aerosol acidity are temperature proved by both 

model estimated results and direct measurement data. The hygroscopic components of 

ammonium, sulfate, and nitrate are also crucial for aerosol acidity due to the effect on the 

aerosol water liquid content. Their proportion change should be investigated further to 

supplement the mechanism of aerosol acidity change. 
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Chapter 5:  Summary and Conclusions 
 

Aerosol acidity plays an important role in atmospheric science that impacts many 

atmospheric chemical reactions, ecosystem health, and human health. Despite decades of 

research on aerosol acidity recently, some issues are still unclear, especially the long-term 

variation characteristics and dominant driving factor(s). This thesis first investigated the 

variation characteristics aerosol acidity and its driving factors by the forward mode of E-

AIM model based on data obtained from continuous observations of NH3, HNO3, and ionic 

constituents of fine particles (<1.9 μm) conducted in Nagoya during 2017–2018. Then, a 

direct measurement method of aerosol acidity was developed to provide comparable direct 

measurement data that can connect the estimation results of E-AIM model to realistic 

atmospheric aerosol. The major results of this thesis can be summarized as follows. 

The E-AIM model simulates aerosol inorganic behaviors which take place in the 

atmosphere, thus, the estimation results were marked with “in situ”. Base on the output of 

E-AIM IV model, including the activity coefficient and the molality concentration of H+, 

in situ pH (pHIS) was calculated. It ranged from 1.94 to 3.63, with the average of 2.70 ± 

0.39. The highest value (3.63) appeared during a typhoon period when strong southern 

winds brought huge amounts of sea salt particles (Na+ and Cl−). An obvious seasonal 

variation was presented that low in summer (an average of 2.31 ± 0.39) and high in winter 

(an average of 3.05 ± 0.15). It significantly correlated with ambient temperature (R2=0.83, 

excluding the highest value of 3.63), suggesting that it was the major factor driving the 

seasonal variation of pHIS. The derivative of pHIS dependence on temperature indicated 

that increasing temperature by 2.5 °C decreases the pH unit by 0.1. 

Further, various sensitivity tests conducted using E-AIM IV were applied to assess 

factors affecting pHIS in Nagoya by changing them one-by-one while fixing the other 

factors. The results showed that the temperature effect was apparent only in cases below 

the threshold SO4
2− concentration (ca. 126 nmol m-3 in case of Nagoya), and the 

temperature dependence of the aerosol liquid water content was an important moderator 

for the temperature effect on aerosol acidity. The sensitivity tests of the major ionic species 

showed that the concentrations of SO4
2− and NH4

+ had a strong effect on pHIS. 
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To provide a comparison data for the model estimation results, a direct method of 

aerosol acidity is needed. Based on several rigorous exams, the pH testing paper method 

was developed by using hygroscopic equilibrium under high relative humidity, and applied 

to measure the pH of atmospheric aerosol samples. The application results showed that this 

method requires more than approximately 12 μg spot-1 (aerosol particles presented 19 spots 

in the sample filter) of fine particles. Compared with previous methods, it is simpler, more 

convenient, and reliable for wide application without excess dilution in practice. 

By compared the estimation results of E-AIM model and the measurement results of 

pH testing paper method, temperature was identified as the dominant driving factor of 

aerosol acidity, its effect on aerosol acidity was related to the change of liquid water content 

with temperature. Moreover, the hygroscopic components of ammonium, sulfate, and 

nitrate also had influence on aerosol acidity, presumably because the relationship between 

their hygroscopic ability and the liquid water content. 

This thesis concluded that aerosol acidity remains high level even in a less-polluted 

area, and the variation of aerosol acidity is mainly dependent on the temperature change. 

Additionally, this thesis indicated the most suitable pH definition for estimating aerosol 

acidity in the application of E-AIM model. Also, a direct measurement method of aerosol 

acidity was developed. These research approaches can be applied to related studies for 

improving the understanding of acidity-dependent chemical processes and the predictive 

capability of models focused on ecosystem and human health. 
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