
 ABSTRACT 

CHENG, BIN. Dynamics of Rural and Urban Atmospheric Chemical Conditions and Inorganic 

Aerosols (Under the direction of Dr. Lingjuan Wang-Li). 

 

Animal feeding operations (AFOs) are the largest ammonia (NH3) emission sources in 

the United States (U.S.), the impacts of AFOs NH3 emissions on the atmospheric chemical 

conditions and secondary inorganic PM2.5 (iPM2.5) formation are not well understood. While 

partitioning of NH3‒ 4NH  may be simulated by ISORROPIA II, disagreement between model 

predictions and measurements requires further study on applicability of ISORROPIA II for 

predicting iPM2.5. Under the Southeastern Aerosol Research and Characterization (SEARCH) 

Network, concentrations of iPM2.5 chemical compositions and precursor gases as well as 

meteorological data were measured at eight urban/nonurban sites labeled as JST/YRK, 

BHM/CTR, GFP/OAK, and PNS/OLF during 1998‒2016. Using SEARCH data, this research 

investigated spatiotemporal variations of atmospheric chemical conditions, PM2.5 mass closure, 

and iPM2.5 in the Southeastern U.S. In addition, this research also assessed the performance of 

ISORROPIA II in simulating iPM2.5 formation under different temperature (T), relative humidity 

(RH), and model setups in urban and rural locations. Upon model performance assessment, this 

research further studied the effects of changes in total NH3 (gas + particle), total H2SO4, and total 

HNO3 (gas + particle) on iPM2.5 and partitioning of NH3‒ 4NH  in the Southeastern U.S.  Results 

indicate that AFOs NH3 emissions contributed to greater values of gas ratio (GR), gas-phase NH3 

molar fraction (NH3/NHx), and total available NH3 (gaseous NH3 + aerosol NH4
+) to sulfate (

2

4SO  ) molar ratio (TA/TS) in wind directions coming from AFO farms at YRK and OAK sites 

than other wind directions. The temporal upward trend in NH3/NHx and TA/TS indicates that 

partitioning of 3NH ‒ 4NH shifted towards gas phase, while the temporal downward trend in mass 



ratio of ammonium (
4NH ) + nitrate (

3NO ) to total PM2.5 (AN/PM2.5) may implicate that smaller 

fraction of PM2.5 was directly NH3 sensitive. The AFOs NH3 emissions at YRK may facilitate 

reactions of NH3 with acidic gases, leading to higher
4NH , 2

4SO   and 
3NO  concentrations at 

YRK agricultural site than other sites, except JST and BHM urban sites. The ISORROPIA II 

model assessment indicates that model predicts iPM2.5 well due to dominance of 2

4SO  . The 

reduction of total H2SO4 was more effective than reducing total HNO3 and total NH3 to reduce 

iPM2.5 especially when total available NH3 was in excess to fully neutralize acidic gases.  In 

addition, reduction of total H2SO4 may render partitioning of NH3‒ 4NH  towards gas phase and 

led to 3NO increase when NH3 was not in excess to fully neutralize acidic gases. Thus, future 

reduction of iPM2.5 requires the coordinated reduction of both H2SO4 and HNO3. Understanding 

of spatiotemporal variations of atmospheric chemical conditions, PM2.5 mass closure and iPM2.5 

provides insights to improve our understanding of impacts of AFOs NH3 emissions on the 

potential for iPM2.5 formation under rural and urban conditions. The ISORROPIA II simulation 

provides projected prediction about iPM2.5 formation, thus serves as a powerful tool to get an in-

depth understanding of partitioning of NH3‒ 4NH . 
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CHAPTER 1: INTRODUCTION 

1.1. Background  

The rapidly growing world population has exerted a large burden on the environment and 

agricultural production systems (Gilland, 2002; Pimentel and Pimentel, 2006). To provide 

sufficient food, traditional livestock and poultry production was transformed to high density 

mode with larger and more specialized facilities (MacDonald and McBride, 2009). These 

industrialized food animal facilities where animals are raised and kept in confined conditions are 

referred to as animal feeding operations (AFOs) (USEPA, 2010). On the one hand, large 

amounts of food products (e.g., meat, milk, and eggs) are produced by AFOs; on the other hand, 

gaseous pollutants (e.g., ammonia (NH3), hydrogen sulfide (H2S)) and particulate matter (PM) 

emanated from AFOs contribute to ambient air pollution (NRC, 2003). The major sources of 

NH3 in the United States (U.S.) includes AFOs, fertilizer application, fuel combustion, industrial 

processes etc. Based on U.S. Environmental Protection Agency (EPA)’s National Emission 

Inventory (NEI), AFOs contributed to more than 70% of the total NH3 emissions across the U.S. 

(USEPA, 2004).  

Air pollution is closely associated with people’s daily life, it is crucial to regulate the 

emissions of air pollutants to protect the health and welfare of the public. The U.S. EPA has 

established National Ambient Air Quality Standards (NAAQS) to regulate six criteria pollutants: 

ozone (O3), PM (PM2.5 and PM10), carbon monoxide (CO), nitrogen oxides (NOx), sulfur dioxide 

(SO2) and lead (Pb) (USEPA, 2013). Among these criteria air pollutants, PM2.5 is PM with 

aerodynamic equivalent diameter (AED) less than or equal to 2.5 µm that may cause detrimental 

outcomes to the environment and human beings such as visibility degradation, and adverse 

health effects (Donham et al., 1995; Pope et al., 2009; Pui et al., 2014). The PM2.5 can be inhaled 
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and deposited in the respiratory system. Furthermore, PM may absorb pollutant gases and 

irritating odors, carry harmful bio‒aerosols, thus, it can cause premature mortality and morbidity 

from cardiovascular and respiratory diseases (Ma et al., 2011; Pope et al., 2009; Cambra‒Lopez 

et al., 2010). Moreover, PM2.5 can also cause visibility degradation due to its efficient light 

absorption and scattering ability in ambient air (Hinds, 1998). 

Based upon different physical, chemical, biological characteristics and formation 

mechanisms, PM may be classified into different categories. At first, ambient PM is distributed 

in a wide range of sizes and consists of various chemical compositions. Thus, PM can be 

classified as fine and coarse PM, organic and inorganic PM. Secondly, PM may be formed 

through different processes, primary PM is directly emitted from sources, while secondary PM is 

formed through chemical reactions of various precursor gases, condensation and other 

atmospheric processes (Hinds, 1998). Particulate matter can be directly emitted from AFOs and 

many studies have shown that the majority of PM emitted from AFOs was primary, coarse and 

organic in nature (Cambra‒Lopez et al., 2010, 2011a, 2011b, 2011c).  

Recently, NH3 emissions from AFOs have become more concern due to its potential 

contribution to the formation of secondary inorganic PM2.5 (iPM2.5) (Bittman & Mikkelsen, 2009; 

Li, 2012; Yang et al., 2011; Zhao, 2007). In addition, a significant increase trend in atmospheric 

NH3 concentration has been observed in the eastern U.S. due to less chemical loss and higher soil 

temperature (Warner et al., 2017). Moreover, based on the modeling results, agricultural 

production activities were reported to play an important role in the formation of secondary iPM2.5 

in ambient air (Paulot and Jacob, 2014). Therefore, further research is needed to advance our 

understanding of the impact of AFOs NH3 emissions on the formation of iPM2.5 under different 

conditions. 
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1.2. Precursor gases of secondary inorganic PM2.5 

As a subset of total PM2.5 mass, most of secondary iPM2.5 is formed through the reactions 

of NH3, H2SO4, and HNO3. In ambient air, photochemical reactions readily convert SO2 and NOx 

to H2SO4 and HNO3. Therefore, NH3, SO2, NOx are crucial precursor gases to the formation of 

secondary iPM2.5. 

1.2.1. Precursor gases emissions 

 Ammonia emissions from AFOs  

Quantification of AFOs NH3 emissions requires comprehensive investigation of the NH3 

production in different animal growth processes. Ammonia emission factors account for NH3 

emissions from housing, excreta storage, treatment and land application, thus serves as a good 

method to quantify AFOs NH3 emissions (Arogo et al., 2006).  

Ammonia volatilization from animal manure is affected by many factors such as nitrogen 

content in manure, pH, temperature (T), and wind speed. In addition, the housing types, excreta 

treatment techniques are different in different areas of U.S., the NH3 emission factors may vary 

with various production management systems. Therefore, spatial and temporal variations of 

AFOs NH3 emissions exist (Arogo et al., 2006). The studies regarding the NH3 emissions from 

poultry AFOs houses are summarized in Table 1.1. 
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Table 1.1. Emission factors for poultries 

Source Emission Factor 

(g NH3 bird‒1 d‒1) 

Animal 

Species 

Housing Type Techniques Geographic 

Region 

Liang et al. 

(2005) 

0.90 ± 0.027/ 

0.81 ± 0.02[1]  

Layers Cross Ventilation + High‒rise Concentration + 

Ventilation 

Iowa  

0.83 ± 0.070  Layers Cross Ventilation + High‒rise Concentration + 

Ventilation 

Pennsylvania 

0.054 ± 0.0035 Layers Quasi Tunnel Ventilation + 

Manure‒belt (daily removal) 

Concentration + 

Ventilation 

Iowa 

0.094 ± 0.006 Layers Cross and Tunnel Ventilation + 

Manure‒belt (twice a week) 

Concentration + 

Ventilation 

Pennsylvania 

Lin et al. 

(2012a) 

0.95 ± 0.67 Layers Cross Ventilation + High‒rise Concentration + 

Ventilation 

California 

Wang-Li et 

al. (2013) 

0.599 ± 0.200 

/0.600 ± 0.250 

Layers Tunnel Ventilation + High‒rise Concentration + 

Ventilation 

North Carolina 

Wheeler et 

al. (2006) 

0.031 ± 0.001 Broiler Tunnel Ventilation Concentration + 

Ventilation 

Kentucky & 

Pennsylvania 

Lin et al. 

(2012b) 

0.503 ± 0.436 Broiler Tunnel Ventilation Concentration + 

Ventilation 

California 

Siefert and 

Scudlark 

(2008) 

0.158 Broiler Tunnel Ventilation Inverse 

Gaussian plume 

model 

Virginia 

Lacey et al. 

(2003) 

0.632 Broiler Tunnel Ventilation Concentration + 

Ventilation 

Texas 

[1] 0.90 ± 0.027 is for standard diet, 0.81 ± 0.02 is for 1% lower crude protein diet. 

Liang et al. (2005) estimated the NH3 emission rates from layer farms in Iowa and 

Pennsylvania using different dietary and manure handling systems. The emission rates for the 
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high‒rise layer farms with standard diet were reported to be 0.90 ± 0.027 g NH3 bird‒1 d‒1, while 

1% lower crude protein diet can lead to emission rate of 0.81 ± 0.02 g NH3 bird‒1 d‒1
 for high‒

rise layer farms. The emission rate for the manure‒belt systems with daily removal was reported 

to be 0.054 ± 0.0035 g NH3 bird‒1 d‒1, the different emission rates indicated that manure 

handling strategy can impact NH3 emission in layer farms. Another finding from this research 

was that the emission rates exhibited a significant seasonal variation with higher emission rates 

in warmer seasons; a diurnal variation was also observed:  the emission rates were higher in early 

afternoon in high‒rise layer houses and higher when manure removal occurred. However, the 

opposite seasonal variation of NH3 emissions was found by Lin et al. (2012a) in California, and 

the estimated NH3 emissions from layer farms exhibited higher emissions in winter and lower in 

summer due to drier manure in summer. Another research performed by Wang‒Li et al. (2013) 

measured the NH3 emission rates from a high-rise layer farm in North Carolina (NC), the results 

indicated that the NH3 emission rates from two high-rise layer houses were 0.599 ± 0.200 g d‒1 

hen‒1 and 0.600 ± 0.250 g d‒1 hen‒1 exhibiting a slightly diurnal variation with higher rates in 

early afternoon but no significant seasonal variation; this research also determined that house 

exhaust temperature had the most significant impact on NH3 emission rate.   

Redwine et al. (2002) estimated summer NH3 emission from the tunnel ventilated broiler 

houses in Texas. The NH3 emission was reported to be 38‒2105 g hr‒1 with increasing trend as 

the birds grew up. Wheeler et al. (2006) monitored the NH3 emissions from mechanically 

ventilated broiler chicken houses in Kentucky and Pennsylvania, emission factors were estimated 

to be 0.028 g bird‒1d‒1, 0.034 g bird‒1d‒1 and 0.038 g bird‒1d‒1 for three broiler farms with built‒

up litter and 0.024 g bird‒1d‒1 for broiler farm with new litter; the results indicated that no 

significant seasonal pattern for NH3 emission rates was observed even exhaust NH3 
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concentration was the highest in cold weather while ventilation rates were the highest in warm 

weather. Harper et al. (2010) estimated NH3 emissions from broiler farms in California using 

backward Lagrangian stochastic (bLS) dispersion model approach. No significant variation was 

observed between summer and winter emissions, and the annual emissions were found to be 

0.099 ± 0.010 kg NH3 bird‒1 year‒1 with increasing trend as birds grew older.  

For poultry production, many factors such as housing types, stocking density, bird age, 

waste treatment strategy, flocks number may affect the NH3 emissions from production houses. 

Wheeler et al. (2006) and Gates et al. (2008) indicated that older bird may produce more manure, 

leading to more NH3 gas and higher emissions rate. The waste treatment strategy may also affect 

NH3 emissions from AFOs farms. In addition to raising time, the empty broiler houses with 

built-up litter were found to emit NH3 during the downtime as well. Topper et al. (2008) 

observed that empty broiler houses with built‒up litter emitted less NH3 than regular raising 

time, and the reduced emission rates can be attributed to lower litter temperature, less litter 

accumulation, and lower house ventilation. 

Cattle husbandry is another important NH3 emission source, the quantifications of NH3 

emissions from cattle farms are summarized in Table 1.2. 
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Table 1.2. Emission factors for cattle 

Source  Emission Factor 

(kg NH3 animal‒1 yr‒1) 

Animal 

Species 

Housing 

Type 

Techniques Geographic 

Region 

Flesch et 

al. (2007) 

54.8[1] Beef Open lots bLS[2] inverse 

dispersion model 

Texas 

Todd et al. 

(2008)  

19.3/0.7[3] Beef  Open lots bLS[2] inverse 

dispersion model 

Texas 

Flesch et 

al. (2009) 

19-20 Dairy  Natural 

ventilation + 

free‒stall barns 

bLS[2] inverse 

dispersion model 

Wisconsin 

Rumburg 

et al. 

(2006; 

2008a; 

2008b) 

34/40/55[4] Dairy  Free‒stall barns Field measurement Washington 

Mukhtar et 

al. (2008) 

9.4 ± 5.6/11.6 ± 7.1/6.2 ± 3.7[5] Dairy Open lots Flux chamber Texas 

Cassel et 

al. (2005b) 

22.2[6] Dairy Free‒stall Micrometeorological 

mass balance 

California 

45.6[6] Dairy Free‒stall + 

open lots 

Micrometeorological 

mass balance 

California 

[1] 54.8 is for feedlots emissions. 

[2] Backward Lagrangian stochastic. 

[3] 19.3 is for feed yard emissions, 0.7 is for retention pond emissions. 

[4] 34 is for land application emissions, 40 is for barn emissions, and 55 is for lagoon emission. 

[5] 9.4 ± 5.6 is for annual emissions, 11.6 ± 7.1 is for summer emissions, and 6.2 ± 3.7 is for winter emissions.  

[6] 22.2 and 45.6 are both for winter emissions. 
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Pinder et al. (2004) calculated the NH3 emission factors for dairy cow in spatial and 

temporal scales across the U.S. based on process‒based model under various farming practices, 

climate conditions and animal population data. A seasonal variation was observed with the 

highest emission factors in spring and fall, and the lowest emission factors in winter due to 

intensive manure application in spring and fall. Moreover, higher housing and storage emissions 

were also observed under high temperature conditions in summer. This research also discovered 

that higher emission factors were observed in the South and West of the U.S. due to high 

temperature conditions and manure management favoring the volatilization of NH3 in these 

areas.  

Cassel et al. (2005a) estimated NH3 emissions from an open‒lot dairy farm using the 

micrometeorological flux measurement technique. NH3 emission factors were found to be in the 

range of 19‒143 g head‒1day‒1, for which high temperature and low RH favored the emissions of 

NH3. Cassel et al. (2005b) estimated winter NH3 emissions from two dairy farms in California, 

one confined dairy cattle in free‒stall farms, the other confined dairy cattle in the combination of 

free‒stall farms and open lots based on micrometeorological flux measurement technique. A 

diurnal pattern was observed for emission factor with a peak in late afternoon from 1:00 pm to 

6:00 pm; the measured NH3 emissions for the two dairy farms were 22.2 and 45.6 kg NH3 

animal‒1 yr‒1. 

Todd et al. (2008) estimated the NH3 emission factor for an open lot beef cattle feed yard 

in Texas based on bLS dispersion model. The annual emission factor was 19.3 kg NH3 animal‒1 

yr‒1. The NH3 emissions in winter were less than half of that in summer. Harper et al. (2009) also 

employed bLS dispersion model to estimate the NH3 emissions from natural ventilation and 

free‒stall housing dairy farms in Wisconsin. A significant seasonal and diurnal trend were 
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observed for NH3 emissions pattern, higher in summer and later afternoon. Winter emissions 

were 0.014‒0.023 g NH3/kg of body weight/d, and the summer emissions were 0.137‒0.171 g 

NH3/kg of body weight/d. Most of the NH3 was emitted from lagoons and sand separators but 

not from barns. 

In some areas of the U.S., swine husbandry may be a major NH3 emission source due to 

intensive swine productions.  The swine feeding operations were classified into three categories 

bases on different growth stages of swine: farrowing, nursery and finishing (Faulkner and Shaw, 

2008). The studies regarding the NH3 emissions from swine production are summarized in Table 

1.3. 

Table 1.3. Emission factors for swine 

Source  Emission Factor 

(kg NH3 animal‒1 yr‒1) 

Animal stage Techniques Geographic 

Region 

Doorn et al. (2002) 7 ± 2 [1] Composite Mass balance North Carolina 

3.7 ± 1.0 [1] Finishing Mass balance North Carolina 

2.4[1] Composite Mass balance North Carolina 

Flesch et al. (2005) 2.37/5.84[2] Nursery bLS[3] dispersion model Western U.S. 

Harper et al. (2006) 3.13[4]  Sow Process model Utah 

0.38[4]  Nursery Process model Utah 

2.22[4]  Finishing Process model Utah 

[1] 7 ± 2 is generic emission factor, 3.7 ± 1.0 is house emission factor, and 2.4 is lagoon emission factor. 

[2] 2.37 is emission factor in March and 5.84 is emission factor in May. 

[3] bLS: backward Lagrangian stochastic. 

[4] 3.13, 0.38, and 2.22 are all lagoon emission factors. 

Aneja et al. (2000) measured the NH3 emissions from a swine lagoon in NC, the results 

indicated that there was a significant seasonal variation in NH3‒N flux with the highest value in 

summer (4017 ± 987 µg N m‒2 min‒1) and the lowest value in winter (305 ± 154 µg N m‒2 min‒
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1). Doorn et al., (2002) developed farm level NH3 emission factor for swine production in NC to 

be 7 ± 2 kg NH3 animal‒1year‒1. This estimation used mass balance method and considered NH3 

emissions from swine houses, lagoons and field application, thus providing a good reference to 

calculate NH3 emissions from swine farms. Harper et al. (2006) estimated the NH3 emissions 

from swine lagoon in the Utah Great Basin, using the process based method and the 

measurements of physical and chemical parameters on lagoons. The calculated NH3 emission 

factors for hogs in different growth stages were 3.13, 0.38, and 2.22 kg NH3 animal‒1 yr‒1, for 

sow, nursery, and finishing, respectively. The results indicated that temperature and wind speed 

were two important factors affecting NH3 emissions.  

The aforementioned studies monitored the NH3 emissions from AFOs farms with 

different animal species in different areas of U.S. under unique climate conditions, therefore, 

different seasonal or diurnal pattern were observed. The temporal pattern of AFOs NH3 

emissions may affect ambient NH3 concentrations in the vicinity of AFOs farms, thus affecting 

possible reaction of NH3 with acidic gases in ambient air. 

 Temporal variations of NOx and SO2 emissions 

In ambient air, SO2 and NOx are mainly produced from fossil fuel combustions. SO2 

mainly comes from coal‒burning power plants, where the sulfur in the fuel is converted into 

sulfur oxides during the combustion processes. NOx is mainly attributed to exhausted gases 

emitted from motor vehicles, in which the nitrogen reacted with oxygen under high temperature 

condition to form nitrogen oxides. Moreover, the nitrogenous compound in the fuel can be 

converted into nitrogen oxides as well (USEPA, 2016a, 2016b).  

As vehicle emissions are the major sources of NOx, NOx emissions pattern may follow 

the diurnal variation of traffic volumes on the highways. Batterman et al. (2015) estimated 
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temporal variation of traffic volumes in highways, and reported that a significant diurnal and 

weekday versus weekend pattern of traffic volumes was observed. In weekdays, there was a 

bimodal pattern with higher traffic volumes in morning and afternoon; while in weekend, only 

unimodal pattern was observed with peak traffic volumes in early afternoon.  

For coal‒burning power plants, the plumes emitted from power plants may exhibit a 

constant pattern under the steady operation of the electricity generating facilities. Therefore, 

there might not be temporal variations in SO2 emission from the plants.  

The emission patterns of major NOx and SO2 sources may affect the ambient 

concentrations of NOx and SO2, thus affecting the fate and transport of NOx and SO2. 

1.2.2. Fate and transport of AFOs NH3 emissions  

Ammonia has a short lifetime (0.5 h to 5 d) in ambient air (Seinfeld and Pandis, 2006), 

the contribution of AFOs NH3 emissions to the formation of secondary iPM2.5 may be limited by 

the fast removal of NH3 through its dry and wet depositions. Research regarding the fate and 

transport of NH3 indicates that 4NH salts can be transported in a long distance while NH3 could 

be removed from air in a short distance (Aneja et al., 2003, Duyzer, 1994, Lefer et al., 1999). 

High spatial variability has been observed in NH3 dry deposition, caused by the spatial 

inhomogeneity of emission sources and differences in land uses and management practices 

(Duyzer, 1994; Sutton et al., 1994). Fate and transport of NH3 gas in the atmosphere is illustrated 

in Figure 1.1. 
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Figure 1.1. Fate and transport of NH3 emitted from AFOs in the atmosphere 

The closer to AFOs farms, the higher the NH3 concentration can reach. After emissions 

from AFOs farms, NH3 concentration may be gradually reduced due to dry and wet depositions. 

Allen et al. (1988) measured the NH3 and 4NH  concentrations at 19 sites affected by various 

NH3 emission sources such as livestock farms, landfill sites, sewage treatment plants, an arable 

farm, busy road, and marine sources. The study discovered that the NH3 emissions from 

livestock farms led to significant increase in local NH3 concentration and a slight increase in 

local 4NH  concentration. Seasonal variation of local NH3 concentration in locations close to 

livestock farms was observed with higher concentration in summer. Diurnal variation of ambient 

NH3 concentrations exhibited a higher concentration in the afternoon, which may be complicated 

by both NH3 emission pattern from AFOs facilities and meteorological conditions. Fowler et al. 

(1998) investigated the gradients of NH3 concentration and deposition in woodland surrounding 

a poultry farm with approximate 4800 kg annual NH3 emission. It was reported that only a small 

fraction (3‒6%) of NH3 was dry deposited within 300 m of the woodland surrounding the poultry 

farm, a horizontal spatial gradient of NH3 concentration was observed in the vicinity of poultry 

farms. Asman and van Jaarsveld (1992) studied the dry and wet depositions of NH3 and 4NH  
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derived from a 1 m height point source under Dutch climatic condition through model 

simulation. Their results indicated that NH3 dry deposition dominated in the proximity of 

emission source while 
4NH  wet deposition served as the main pathway depleting NH3 in the 

long distance. Specifically, 10% and 20% of NH3 emissions was dry deposited within 100 m and 

1000 m, respectively, while within 400 m from emission source, wet deposition of NH3 together 

with dry and wet deposition of 
4NH  didn’t start to have impacts. The acidic gases (NOx and 

SO2) have low concentrations in agricultural intensive areas due to limited emission sources but 

high concentrations in urban areas, therefore, removal of NH3 from rural ambient air may limit 

its interactions with the acidic precursor gases in urban areas. 

1.3. Formation of secondary iPM2.5 

Different chemical compositions of PM2.5 can be linked to the different emission sources 

and the formation processes of secondary PM2.5 (Abdeen et al., 2014). The investigation of 

secondary iPM2.5 formation requires detailed information of PM2.5 chemical compositions, 

including ions (e.g., ammonium ( 4NH ), sulfate ( 2

4SO  ), nitrate ( 3NO )), organic carbon (OC), 

elemental carbon (EC), various elements (e.g., crustal materials), and other unknown 

components (Frank, 2006; Malm et al., 1994). The formation of secondary iPM2.5 may be 

characterized by the thermodynamic equilibrium of gas-phase NH3 and particle-phase 4NH  

partitioning. 

1.3.1. Thermodynamic equilibrium  

In the atmosphere, NH3 may react with acidic gases to produce NH4NO3, (NH4)2SO4 and 

NH4Cl, which are the major compositions of iPM2.5 (Zhang et al., 2012). A thermodynamic 

equilibrium may exist between iPM2.5 and its precursor gases (Seinfeld and Pandis, 2006; Wang‒

Li, 2015). When NH3 reacts with acidic gases, it is converted from gas phase to particle phase in 
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the form of 
4NH  salts. There are two steps involving in the chemical reaction processes for the 

formation of iPM2.5. The first step is so-called the oxidation process, in which NOx and SO2 are 

transformed into HNO3 and H2SO4 through photochemical reactions. In the second step, acidic 

gases, HNO3 and H2SO4, may then react with NH3 to form 
4NH  salts. This step is also known as 

partitioning between gas and particle phases.  Partitioning of gas‒NH3 and particle‒
4NH  is 

highly dependent upon T, relative humidity (RH), and molar concentrations of total H2SO4 (gas + 

particle), total HNO3 (gas + particle) and total NH3 (gas + particle) (Pay et al., 2012). These two 

steps can be expressed in the following equations (Zhang et al., 2008; Ansari and Pandis, 1998; 

Wang‒Li, 2015): 

SO2 + 2OH → H2SO4 (g)                                    (1-1) 

2NH3 + H2SO4 ↔ (NH4)2SO4 (particle)              (1-2) 

NO2 + OH → HNO3 (g)                                      (1-3) 

NH3 (g) + HNO3 (g) ↔ NH4NO3 (particle)        (1-4) 

NH3 (g) + HCl (g) ↔ NH4Cl (particle)               (1-5) 

Another pathway to form HNO3 at night is the heterogeneous hydrolysis of N2O5, the key 

reactions of this process are shown in the following equations (Nenes et al., 1998; Blanchard et 

al., 2000; Seinfeld and Pandis, 2006).   

O3 + NO2 → NO3 + O2                                      (1-6) 

 NO2 + NO3 ↔ N2O5                                         (1-7) 

N2O5 + H2O → 2HNO3 (aq)                              (1-8) 

Gas-phase SO2 may be oxidized by oxidants such as O3 and OH into H2SO4 gas or 2

4SO   

ions (Makar et al., 2009). Aqueous phase SO2 may also be oxidized by O3, hydrogen peroxide 

(H2O2), or oxygen (O2) with or without the catalyst of metals. As 2

4SO   owns very low vapor 
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pressure, nearly all gas-phase 2

4SO   can partition to the particle phase 2

4SO   (Seinfeld and 

Pandis, 2006).  

As it has been reported, concentration of iPM2.5 may respond to the changes of precursor 

gas concentrations nonlinearly (Ansari and Pandis, 1998). The NH3 gas preferentially reacts with 

H2SO4 to form (NH4)2SO4 and ammonium bisulfate (NH4HSO4), the NH3 in excess may react 

with HNO3 to form NH4NO3, a semi‒volatile compound (Nenes et al., 1998; Huntzicker et al., 

1980). The 2

4SO   salts and 
3NO  salts have different levels of thermal stability characteristic. As 

NH4NO3 is not thermally stable enough, it may decompose back to HNO3 and NH3 under 

environmental conditions with high T and low RH that does not favor the particle phase, or vice 

versa, condenses back onto particles. On the contrary, 2

4SO   salts are thermally stable as 

compared with 3NO  salts (Olszyna et al., 2005).  

1.3.2. Atmospheric chemical conditions  

In the literature, atmospheric chemical reaction potential and chemical conditions may be 

examined by six parameters. Among these six parameters, two parameters are used to assess the 

neutralization potentials of NH3 (Ansari and Pandis, 1998), and the other four parameters are 

used to evaluate the responses of iPM2.5 to the changes of NH3 concentrations and atmospheric 

chemical conditions (Makar et al., 2009). These six parameters are as following: 

 Gas ratio (GR): this ratio is to assess the neutralization degree of NH3 (Ansari and Pandis, 

1998) and it is defined by: 

GR = 
[TA] 2[TS]

[TN]


                                             (1-9) 

Where TA is total ammonia including NH3 and NH4
+, TS is total sulfate including 2

4SO 
, 4HSO
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, and H2SO4, TN is total amount of 
3NO  and HNO3: 

When GR>1, the amount of TA is enough to neutralize both TS and TN, under this condition, 

the changes of TA concentration isn’t a key factor to affect the concentration of secondary 

iPM2.5. 

When 0<GR<1, the amount of TA is enough to neutralize all TS but not TN, therefore, only 

NH4NO3 formation is limited by TA, under this condition, the decrease of NH3 leads to 

corresponding decrease of NH4NO3. 

When GR<0, the amount of TA is not enough to neutralize either TS or TN, therefore, both 

(NH4)2SO4 and NH4HSO4 formation are limited by TA. 

 Molar ratio (R) of ( 4NH ‒ 3NO ‒ Cl )/ 2

4SO  . This ratio is to assess neutralization degree of 

NH3 (Walker et al., 2006; Liu et al., 2009; Li et al., 2014). The R is defined by: 

R =  4 3

2

4

[NH ] [NO ] [Cl ]

[SO ]

  



 
                      (1-10) 

When R is less than 0.5, H2SO4 and NH4HSO4 both exist in the particle; 

When R lies between 0.25 and 0.5, the secondary iPM2.5 is dominated by NH4HSO4; 

When R is equal to 1.25, the secondary iPM2.5 is dominated by (NH4)3H(SO4)2; 

When R is equal to 1.5, the secondary iPM2.5 consists of (NH4)3H(SO4)2; 

When R is larger than 1.5, (NH4)2SO4 is formed; 

When R is equal to 2, the secondary iPM2.5 is dominated by (NH4)2SO4. 

 Particle neutralization ratio (PNR): 

PNR = 4

2

4 3

[NH ]

2[SO ] [NO ]



 
                                   (1-11) 
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When the ratio is equal to 1, the iPM2.5 is NH3-saturated, significant NH3 reductions is needed to 

reduce iPM2.5. 

When the ratio is less than 1, the iPM2.5 is NH3-limited, small NH3 reductions may lead to 

significant reduction of iPM2.5. 

 Total ammonia to sulfate molar ratio (TA/TS): 

                                           TA/TS = 3 4

2

4

[NH ] [NH ]

[SO ]






                               (1-12) 

When the ratio is less than 1, indicating acidic conditions, both NH4HSO4 and H2SO4 exist in the 

particle phase. 

When the ratio is between 1 and 2, indicating intermediate acidity, NH4HSO4, (NH4)3H(SO4)2, 

and (NH4)2SO4 all exist in the particles. 

When the ratio is greater than 2, indicating less acidic conditions, both (NH4)2SO4 and NH4NO3 

may exist in the particles. 

 Gas-phase ammonia molar fraction (NH3/NHx):  

                               NH3/NHx =
3

3 4

[NH ]

[NH ] [NH ]
                            (1-13) 

Any changes in this ratio indicate the change in the partitioning of gas‒phase ambient NH3 and 

particle‒phase 4NH  . 

 PM2.5 Ammonium + Nitrate to total PM2.5 mass ratio: AN/PM2.5 

                                    AN/PM2.5 = 4 3

2.5

NH NO

PM

 
                                 (1-14) 

The changes of NH3 emissions is apt to directly affect 4NH  & 3NO  at first, this ratio indicates 

the fraction of PM2.5 mass that is directly NH3 sensitive. 
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In addition to the reactions with HNO3 and H2SO4, NH3 can react with HCl as well. 

According to the study by Walker et al. (2006), NH4Cl may also be the important component of 

iPM2.5 in coastal regions; however, Cl‒ only accounted for minor part of the total iPM2.5 in 

agricultural environments in the southeastern U.S.  

Extensive field research has been done to study the mechanisms of the thermodynamic 

reactions between NH3 and acidic precursor gases (Saylor et al., 2010, 2015; Walker et al., 2006; 

Mwankiki et al., 2014; Robarge et al., 2002; Gong et al., 2013; Li et al., 2014). Saylor et al. 

(2015) analyzed the temporal change trend of total NH3 concentrations from 2004 to 2014 in the 

southeastern U.S., the results showed a decreased trend in total NH3 concentrations but an 

increased trend in the gas-phase NH3 molar fraction (NH3/NHx). These change trends were 

attributed to the recent NH3, SO2 and NOx emissions change; less acidic precursor gases were 

available to react with NH3 leading to the partitioning of NH3‒ 4NH  towards gas-phase NH3. 

Li et al. (2014) measured the 24‒hr average concentrations of NH3, HNO3, 4NH , 3NO  

and 2

4SO  for five years in a rural natural gas production area in Wyoming, the sampling site was 

impacted by the NOx emissions from gas extraction operations and transportation as well as NH3 

emissions from agricultural sources. The results indicated that NH3 and 2

4SO  exhibited seasonal 

variation with higher concentrations in summer and lower concentration in winter. On the 

contrary, 3NO concentration was higher in winter and lower in summer. Furthermore, both gas-

phase NH3 molar fraction (NH3/NHx) and gas-phase HNO3 molar fraction ([HNO3]/([ 3NO ] + 

[HNO3])) exhibited higher values in summer and lower values in winter. The seasonal variation 

of these gas and particle phase compositions as well as gas-phase NH3 and HNO3 molar fractions 
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revealed the impact of T and RH on the thermodynamic equilibrium existing in gas‒particle 

system. 

1.3.3. Thermodynamic equilibrium model‒ISORROPIA II 

The partitioning of gas-phase NH3 and particle‒phase
4NH  may be assumed in the 

thermodynamic equilibrium state, thus thermodynamic equilibrium model can be utilized to 

simulate the reactions of various precursor gases of secondary iPM2.5. In addition to the 

equilibrium models, dynamic and hybrid aerosol models have been developed to simulate the 

aerosol dynamics in ambient air. Dynamic model resolves the particle size change in the gas-

particle partitioning process (Meng et al., 1998), while hybrid model simulates particulate matter 

with aerodynamic diameter less than 1 µm (PM1) using equilibrium approach and larger particles 

using dynamic approaches (Capaldo et al., 2000). Koo et al. (2003) assessed the performance of 

these three types of models (equilibrium, dynamic, and hybrid models) in simulating the 

concentrations of iPM2.5 and iPM10 chemical compositions. The comparison between model 

simulations and field measurements indicated that both dynamic and hybrid models performed 

better than equilibrium model with dynamic model having the best agreement with field 

measurements. However, dynamic models are not computationally efficient, at least 10 times 

slower than equilibrium model (Koo et al., 2003), thus it’s not appropriate to be combined with 

large-scale chemical transport model (CTM). As a widely used thermodynamic equilibrium 

model, ISORROPIA II has been coupled to large-scale CTMs to predict the concentrations of 

secondary iPM2.5 at equilibrium state.  

The default assumption made in the thermodynamic equilibrium model is that the gas and 

particle system is in a chemical equilibrium state, namely, the total free energy of the system is 

minimized and equal to zero (Seinfeld and Pandis, 2006).  The ISORROPIA II (Fountoukis and 
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Nenes, 2007) is one of the commonly used thermodynamic models, in which gas‒particle 

partitioning phenomenon and the impacts of temperature (T) and relative humidity (RH) are 

incorporated. Mutual deliquescence region (MDR) and hysteresis phenomenon are both resolved 

in the model. In addition, compared with other thermodynamic models, ISORROPIA II is more 

computationally efficient with stable performance (Ansari and Pandis, 1999b; Nenes et al., 1998, 

1999; Fountoukis and Nenes, 2007). Input data required by the ISORROPIA II include the 

concentrations of NH3, HNO3, H2SO4, and hydrochloric acid (HCl) both in gas and particle 

phases, T and RH. Two types of problems (forward and backward) can be solved by 

ISORROPIA II (Fountoukis et al., 2009). The input data for forward problem include total 

concentrations of precursor gases existing both in gas and particle phases. The input data for 

backward problem include the concentrations of precursor gases exclusively in particle phase. In 

addition, thermodynamically stable and metastable states can be set by user to adapt to different 

application scenarios. The difference between these two states reflects if the salts in the solution 

will precipitate when super saturation state is achieved. For thermodynamically stable state, the 

salts will precipitate when super saturation is achieved, while for metastable state, the salts 

remain in the aqueous phase. The outputs of the model include the concentrations of precursor 

gases, iPM2.5 chemical compositions, hydrogen ion, and water content at chemical equilibrium 

state for both forward and backward problems. 

The ISORROPIA II model assumes that the thermodynamic equilibrium is established 

instantaneously. In order to prove the validity of this assumption, the timescale to reach 

thermodynamic equilibrium state were assessed by Meng and Seinfeld (1996), and Fountoukis et 

al. (2009). The theoretical calculations revealed that it takes around 5-30 min for submicron 

(PM1) and more than 1-hr for super-micron (PM1-2.5) aerosols to reach equilibrium state. 
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Therefore, the application of equilibrium models (e.g., ISORROPIA II) using field 

measurements with long integration time (e.g., 24-hr) is questionable. The field sampling with 

long integration time may not be able to detect the variation of gas- and particle-phase pollutants 

caused by dramatic changes of ambient conditions. Zhang et al. (2003) indicated that the filter-

based measurements with low time resolution (12 hr to 24 hr) may be problematic to assess the 

performance of thermodynamic equilibrium models.  

Time resolution of the concentrations of iPM2.5 and its precursor gases varied in different 

field studies from several minutes to 24 hr due to the differences in the measurement instruments 

and techniques. Zhang et al. (2003), Yu et al. (2005) and Fountoukis et al. (2009) used 5-6 min 

measurements to assess the performance of ISORROPIA II; Yu et al. (2005) and Takahama et al. 

(2004) used 1-3 hr measurements to check the prediction skill of ISORROPIA II; Moya et al. 

(2001), Yu et al. (2005) and Goetz et al. (2008) used 6-24 hr measurements to investigate the 

performance of ISORROPIA II.  The measurements with 6 to 24 hr time resolution may not be 

suitable to assess the model prediction skill because the greater time scale loses resolution to 

detect the impact of ambient condition changes on the 3NH ‒ 4NH  partitioning process. 

Factors influencing the gas-particle system equilibrium state include ambient 

meteorological condition (Walker et al., 2006), surface heterogeneity and multiphase chemistry 

(Ravishankara, 1997), and organic aerosols coating inorganic aerosols (Silvern et al., 2017; Gill 

et al., 1983). Thus the application of thermodynamic model such as ISORROPIA II may also be 

affected by those factors (Wexler & Seinfeld, 1992). The departures from equilibrium 

assumption may cause disagreement between model simulations and field measurements. 

Thermodynamic equilibrium models predict the molar ratio R (R = ([ 4NH ] ‒ [ 3NO ] ‒ [Cl‒])/ [

2

4SO  ]) to be 2 when NH3 is in excess to neutralize acidic gases, corresponding to the 
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stoichiometry of (NH4)2SO4.  Research conducted by Li et al. (2014a, b) detected the high 

concentration of NH3 gas near the source region. It was observed that the mean R was 1.75, 

which is less than 2, although this ratio should be close to 2 under high NH3 concentration 

environment. Further investigation of Li et al. (2014a, b) suggested that wind speed might affect 

the local thermodynamic equilibrium status as the time for establishing such equilibrium may 

exceed the time needed for transporting NH3-ladend air parcel from layer farm under high wind 

speed. In another research by Walker et al. (2006), the concentrations of iPM2.5 chemical 

compositions and precursor gases were measured at an agricultural site located in an area 

impacted by the NH3 emissions from intensive animal production activities and fertilizer 

application. It was also discovered that the mean R was approximately 1.43. The high NH3 

concentrations at the site was in excess to neutralize acidic gases, and the excessive NH3 should 

render molar ratio R close to 2. Walker et al. (2006) noted that the possible reason to the low 

molar ratio R may be due to the non-equilibrium state of the 
4NH ‒

3NO ‒ 2

4SO   system, the mass 

transport between gaseous NH3 and particles may limit sufficient NH3 to fully neutralize 2

4SO  . 

Although the applicability of ISORROPIA II in rural area with high NH3 concentrations was not 

fully assessed in the research, ISORROPIA II model was utilized to investigate the responses of 

secondary iPM2.5 to the changes of precursor gases.  Further investigation should be conducted to 

advance our understanding on the thermodynamic equilibrium assumption.  

The impact of organic matter on the chemistry of NH3 and acidic gas H2SO4 involves 

complex processes, and in the literature, there are two contradictory explanations. Liggio et al. 

(2011) investigated the time to achieve equilibrium state in the system of NH3-H2SO4-organics. 

In a closed chamber, particle-free ambient air was exposed to H2SO4 aerosols. The initial molar 

ratio of total NH3/total H2SO4 was set at various values and the steady [ 4NH ]/ [ 2

4SO 
] molar 
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ratio was treated as the equilibrium indicator. The comparison of equilibrium time between 

organic-free system and organic-rich system indicated the delay effect of organics on the NH3 

uptake to H2SO4 particles. The inorganic particles may be coated by organic materials, leading to 

a long equilibrium time in as long as hours instead of minutes. Silvern et al. (2017) compared the 

[
4NH ]/ [ 2

4SO  ] in the air with the values in rainwater in the eastern U.S. The results indicated 

that 2

4SO  was not fully neutralized even with excessive NH3 in ambient air. The possible reason 

to the incomplete neutralization of 2

4SO   may be the organic aerosol (OA) coating on the 

inorganic particles. On the other hand, Guo et al. (2017) challenged the ability of organic film to 

retard NH3 uptake. In this newer research, the OA/PM2.5 mass fraction was utilized to represent 

the thickness of organic film. No significant relationship between the measured molar ratio of [

4NH ]/ [ 2

4SO  ] and OA/PM2.5 mass fraction was observed. This finding may challenge the ability 

of organic film to retard NH3 uptake.  

The ISORROPIA II model simulates the K+‒Ca2+‒Mg2+‒
4NH ‒Na+‒ 2

4SO  ‒
3NO ‒Cl‒‒

H2O system, however, often times, the nonvolatile cations (NVCs) such as potassium (K+), 

calcium (Ca2+), magnesium (Mg2+), and sodium (Na+) may not be monitored due to the 

limitation of measurement instruments and techniques. Fountoukis et al. (2009) and Guo et al. 

(2017) observed that the inlusion of measured Na+ to the model input significantly improved the 

performance of ISORROPIA II in reproducing the gas-phase and particle-phase pollutants.   

Based on the above literature review, further research is needed to assess the performance 

of the ISORROPIA II model, especially model performance assessment with high time 

resolution onsite measurements.  
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1.4. The impact of AFOs NH3 emissions on the formation of secondary iPM2.5 

While AFOs emit insignificant amount of primary PM2.5 to ambient PM, potential of their 

significant amount of NH3 emissions to the formation of secondary iPM2.5 in atmosphere has 

become an increasing concern. The fundamental knowledge regarding the chemical reactions 

between different precursors to form iPM2.5 has been intensively studied; however, the 

contributions of AFOs NH3 emissions to the formation of ambient secondary iPM2.5 are not well 

understood and experimentally quantified.  

Researchers have reported that agricultural NH3 sources can influence local 

concentrations of 
4NH  salts in the atmosphere and precipitation both in the U. S. and Europe 

(Asman et al., 1998). Aneja et al. (2003) investigated the relationship between NH3 emissions 

from agricultural sources and ambient 
4NH concentrations in the southeastern U.S. with 

spatiotemporally varied NH3 emissions and 
4NH  concentrations data. This research indicated 

that the higher NH3 emissions led to the higher
4NH . Furthermore, the research discovered that 

in the coastal plain region of NC, ambient NH3 concentration was high, sometime reaching up to 

34.80 µg m-3; ambient air was dominated by NH3‒rich conditions due to high NH3 emissions 

from AFOs (Robarge et al., 2002; Walker et al., 2000a). Walker et al. (2004) compared the 

iPM2.5 concentrations at three sites in NC coastal plain region with different NH3 emission 

densities. The results indicated that NH3 emitted from agricultural sources such as AFOs and 

fertilizer posed large influences on ambient iPM2.5 concentrations. Ambient concentrations of 

NH3 and iPM2.5 exhibited a positive correlation with local agricultural NH3 emission density 

such that the higher total NH3 emissions led to the higher iPM2.5 concentrations in rural areas 

being investigated. Goetz et al. (2008) analyzed the major chemical compositions of PM2.5 in 

Eastern North Carolina (NC) from 2001 to 2004 at sites representing urban and rural 
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environment. Their analysis of wind direction and PM2.5 concentration indicated the potential 

impact of NH3 emissions from swine farms on the increase in ambient PM2.5. Saylor et al. (2010) 

compared the total NH3 (NH3 + 4NH ) concentrations and NH3 gas concentration at two sites 

representing urban and agricultural rural environment in Georgia. The data analysis showed that 

both total NH3 concentration and NH3 gas concentration at agricultural rural site were higher 

than the urban site, especially in the wind direction blown from broiler farms. This research 

indicated the potential local impact of AFOs NH3 emissions, which may increase the NH3 

concentration in the proximity of AFOs farms and contribute to the formation of secondary 

iPM2.5. 

While the above investigations only suggested the qualitative implication that the NH3 

emissions from AFOs may pose impact on the formation of secondary iPM2.5, no quantification 

efforts have been done to corroborate the potential contribution of AFOs NH3 emissions to 

ambient iPM2.5. 

A more recent study conducted by Paulot and Jacob (2014) estimated the health impacts 

of PM2.5 attributable to agricultural export through model simulation. In this research, several 

models and databases were employed to simulate (1) NH3 emission inventory from agriculture 

export sources by Magnitude and Seasonality of Agricultural Emissions (MASAGE), (2) 

ambient NH3 concentrations in response to the simulated NH3 emission inventory from 

agricultural exports by GEOS‒Chem global CTM (v9.1.3), (3) formation of ambient iPM2.5 in 

responses to the simulated ambient NH3 concentrations by ISORROPIA II, and (4) mortality 

attributed to the simulated iPM2.5 caused by NH3 emissions from agricultural exports by the 

USEPA BenMAP version 4.0. The research concluded that 5100 premature deaths can be 

attributed to food export‒related PM2.5 and this was much larger than the 460 premature deaths 
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reduction that can be achieved by a reduction in PM2.5 NAAQS from 15µg m-3 to 12 µg m-3. The 

simulation of PM2.5 concentration change attributed to agricultural export is illustrated in the 

following flow chart: 

 

    Figure 1.2. Flow chart summary for agricultural NH3 impact simulation by Paulot and Jacob (2014) 

While Paulot and Jacob  (2014) provided one approach to estimate the contribution of 

AFO NH3 emissions to the formation of secondary iPM2.5, some limitations exist along every 

step of the model simulations in this research. Figure 1.3 summarizes these limitations that may 

challenge the major findings of the research. 
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Figure 1.3. Limitation summary for agricultural NH3 impact simulation by Paulot and Jacob (2014) 

At first, the critical input data into GEOS‒Chem model, agricultural NH3 emissions were 

calculated by MASAGE model to account for the spatiotemporal variations of agricultural NH3 

emissions, however, the accuracy of MASAGE model was not validated. Paulot and Jacob 

(2014) also noted that there was discrepancy between the data generated by MASAGE model 

and data from U.S. EPA National Emission Inventory (NEI), therefore, the bias in NH3 

emissions data may lead to greater biases in PM2.5 concentration change. Secondly, the coarse‒

grid strategy employed in the GEOS‒Chem simulation (2° × 2.5°, about 220 km × 240 km) may 

not be appropriate to simulate the population exposure, finer‒grid strategy (36 km × 36 km to 4 

km × 4 km) may be required to simulate and assess the population exposure due to large spatial 

heterogeneity in pollutant concentrations. The closer to the pollutant emission sources, the higher 

pollutants may be observed. Thirdly, ISORROPIA II model was employed to study the 

thermodynamic equilibrium of secondary iPM2.5 and its precursor gases, however, there was no 

evidence corroborating the comprehensive applicability of ISORROPIA II under different 

conditions such as high humidity, NH3‒rich conditions, therefore, there was a lack of reliability 

for the final simulation results. At last, there was a lack of model validation for the models from 
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NH3 emission assessment all the way to the prediction of the secondary iPM2.5 formation, 

therefore, there was no determination if the change in human exposure to PM2.5 was accurate 

either qualitatively or quantitatively. 

As NH3 can be removed from the air through dry and wet depositions very efficiently and 

the formation of secondary iPM2.5 can be limited by the availability of acidic gases under rural 

condition. Therefore, more efforts including field measurements and assessment of exiting 

thermodynamic equilibrium model should be taken to develop systematic understanding of the 

impact of AFO NH3 emissions on the formation of iPM2.5. 

1.5. SEARCH Network  

The Southeastern Aerosol Research and Characterization (SEARCH) Network is a long-

term air quality monitoring network established in the Southeastern U.S. (AL, FL, GA, and MS) 

(EPRI, 2008). The SEARCH Network aimed to address questions regarding tropospheric ozone 

formation, PM (PM2.5 and PM10) mass and chemical compositions, mercury issues, and visibility 

degradation. The network provided high-quality field measurements of PM2.5 mass and chemical 

compositions. The continuous measurements of iPM2.5 chemical compositions and its precursor 

gases provide more information with high time-resolution to investigate the impact of different 

emissions sources on the atmospheric pollutants. The comprehensive measurements of gas-phase 

and particle-phase pollutants at eight sites cover agricultural rural areas and urban areas. The 

hourly measurements in this network serve as a good data source to investigate the spatial and 

temporal variations of atmospheric chemical conditions as well as thermodynamic equilibrium of 

iPM2.5 and its precursor gases.  

Under the SEARCH, the concentrations of iPM2.5 chemical compositions and its 

precursor gases were measured at four paired urban/nonurban sites. The measurements of 
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SEARCH Network started from 1998/1999 and ended in 2016. The eight monitoring sites are 

illustrated in Figure 1.4.  

 

Figure 1.4. The geographical locations of the eight monitoring sites under the SEARCH (Hansen et al., 2003) 

Under the SEARCH, meteorological parameters and the concentrations of precursor 

gases, PM2.5 mass and compositions at each of the monitoring sites were measured.  The onsite 

measurements were started in 1998/1999, providing processed 1‒hr average concentrations of 

precursor gases, iPM2.5 chemical compositions, and meteorological condition measurements. In 

addition, the 24-hr average measurements of iPM2.5 chemical compositions were also performed. 

The details of the measurements made at the eight sites were introduced by Hansen et al. (2003), 

shown in Table 1.4.  
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Table 1.4.  Continuous and discrete field measurements at the eight sites (Adapted from Hansen et al., 2003) 

Observable Technique Max Resolution Detection Limit (ppb or µg/m3) 

Gases 

NO CL 1‒min 0.05 

NO2 Photolysis/CL 1‒min 0.1 

HNO3 Denuder/Mo reduction/CL 1‒min 0.1 

NOy Mo reduction/CL 1‒min 0.1 

SO2 UV‒fluorescence 1‒min 0.2 

NH3 Denuder/Pt oxidation/CL 5‒min 0.2 

iPM2.5 chemical compositions 

2

4SO   Fe reduction/UV‒fluorescence 5‒min 0.4 

3NO  Filter/Mo reduction/CL 5‒min 0.2 

4NH
 Filter/Pt oxidation/CL 5‒min 0.1 

Meteorological conditions 

T/RH/SR/BP Various 1‒min N/A 

WS/WD/Precipitation Various 1‒min N/A 

Discrete iPM2.5 chemical compositions 

3NO
 Teflon filer + IC 24‒hr 0.01 

Volatile 3NO
 Nylon filer + IC 24‒hr 0.02 

4NH
 Teflon filer + AC 24‒hr 0.03 

Volatile NH4
+ Citric acid annular denuder + AC 24‒hr 0.04 

2

4SO 
 Teflon filter + IC 24‒hr 0.05 

K+-Ca2+-Mg2+-Na+ Teflon filter + ICP-MS 24‒hr N/A 

CL: chemiluminescence; SR: solar radiation; BP: barometric pressure; WS: wind speed; WD: wind direction; IC: ion 

chromatography; AC: automated colorimetry; ICP-MS: inductively coupled plasma mass spectrometry; N/A: not 

applicable. 
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1.5.1. Spatial and temporal variations of iPM2.5 and its precursor gases 

Hansen et al. (2003) analyzed the PM2.5 chemical compositions measured at the eight 

sites of SEARCH Network from 1999 to 2001, and reported that the concentrations of 2

4SO  , 

3NO , 
4NH , NH3, black carbon and organic materials exhibited an increasing trend from the 

coastal sites (OLF, PNS, OAK, GFP) to the northward sites (YRK, JST, BHM, CTR). The 

spatial variation of PM2.5 chemical compositions may be attributed to the clean marine air 

blowing from offshore, various PM2.5 chemical compositions were gradually accumulated in the 

air mass during the mixing progress towards inland. Edgerton et al. (2005) examined the 

seasonal variations of 5 years (1999-2003) PM2.5 mass and chemical composition concentrations 

at the eight sites, and discovered that higher PM2.5 mass concentration occurred in summer, and 

the seasonality was primarily attributed to the seasonal variation of 2

4SO  . It was believed that 

more intense photochemical activities and more SO2 emissions in summer due to peak electricity 

generation led to more 2

4SO   production. While analyzing the
4NH  concentrations at the eight 

sites, Edgerton et al. (2006) found that 4NH  concentration at the YRK (agricultural-forest) site 

was slightly higher than the paired urban site named JST (industrial-residential) in Atlanta, and 

significantly higher than all the other rural sites (see Figure 1.4, the monitoring site map). Higher 

4NH  concentration at the YRK site was partially due to the NH3 emissions from poultry farms to 

the southeast of the site. In addition, the Metropolitan Atlanta, GA was also located 50-55 km to 

the southeast of the YRK site, the air mass rich with NOy gas blowing from the Atlanta 

(southeast wind direction) may explain the concurrent high 4NH  and 3NO concentrations at the 

YRK site.  
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In 2007, Edgerton et al. further investigated the 24-h average NH3 and iPM2.5 

concentrations at the eight sites and found that the NH3 concentrations were higher at urban sites 

than the paired rural sites except the YRK site, which was exposed to the NH3 emissions from 

nearby poultry farms. The NH3 gas fraction of NHx (NH3 + 
4NH ) was larger at the JST, YRK, 

and BHM sites, which indicated the significant influence by local NH3 emission sources. The 

NH3 gas fraction as a function of 2

4SO   at the CTR, OAK, PNS, and OLF sites indicated that the 

formation of iPM2.5 was limited by the NH3 availability at these sites.  

In another research, Saylor et al. (2010) studied the NH3 and NHx change trend at the 

YRK agricultural-rural site and the JST industrial-residential site in 2007, and discovered that 

both NH3 and NHx were higher in hotter months and lower in colder months. The concentrations 

of NH3 and NHx correlated with wind direction, and the NH3 and NHx concentrations were 

higher in wind direction blown from broiler farm to the southeast of the YRK site, which 

indicated the significant impact of NH3 emissions from poultry farms to the southeast of the 

YRK site. Saylor et al. (2015) analyzed the temporal variations of NH3 and 
4NH  from 2004 to 

2012 at the eight sites, and reported that the NH3 gas fraction in total NHx exhibited a significant 

increasing trend. The partitioning of NH3‒ 4NH  towards gas phase may lead to the deposition 

pattern change of NH3 so that more NH3 may be dry deposited in the proximity of the emission 

sources instead of being transported in a long distance through iPM2.5. 

In a study by Blanchard et al. (2013a, 2013b) on the spatial and temporal variations of 

gas and particle phase pollutants measured from 1999 to 2010, it was discovered that pollutants 

concentrations at the eight sites were affected by source proximity, topography, and local 

meteorological conditions. The OAK site was the least affected by any nearby anthropogenic 

sources. The CTR site may be impacted by nearby urban air mass. The YRK site was influenced 
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by the Atlanta plumes and poultry NH3 emissions. The JST site was affected by the pollutants 

emissions from local traffic and industrial sources. The BHM site may be affected by the nearby 

industrial sources. The PNS and GFP sites were located in the coastal areas, which may be 

influenced by local traffic emissions. The analysis of temporal variation may provide some 

insights to evaluate the effectiveness of emission controls. The concentrations of CO, SO2, NOy, 

2

4SO  all exhibited reduction trend, which was consistent with the reduction in CO, SO2 and NOx 

emissions in the SEARCH region (Xing et al., 2013). 

1.5.2. Thermodynamic equilibrium model assessment 

The high temporal resolution measurements of iPM2.5 and its precursor gases under the 

SEARCH Network provide a good data set to check the performance of the thermodynamic 

model such as ISORROPIA II. To assess the ability of ISORROPIA II to reproduce the gas-

phase and particle-phase pollutants, the model predictions should be compared with field 

measurements.  

Using 5-min average measurements, Zhang et al. (2003) evaluated the performance of 

ISORROPIA model in predicting the partitioning of NH3‒ 4NH . The total NH3-total HNO3-total 

H2SO4 together with temperature and RH were used as the model inputs, the comparison 

between model prediction and measurements in NH3‒ 4NH ‒HNO3‒ 3NO  indicated that there 

was a discrepancy between prediction and measurements. Zhang et al. (2003) noted that the 

existence of both submicron and super‒micron particles in PM2.5 may challenge thermodynamic 

equilibrium assumption due to the possible non‒equilibrium state of super‒micron particles. 

Only the assumption of thermodynamic equilibrium between secondary iPM2.5 and its precursor 

gases was corroborated to be reasonable, can the thermodynamic model be employed to predict 

the partitioning of NH3‒ 4NH  as well as be utilized to investigate the responses of secondary 
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iPM2.5 to the changes of precursor gases. Therefore, more efforts are required to check and verify 

the applicability of thermodynamic model under different conditions.  

The prediction of the partitioning of NH3‒ 4NH  may be complicated by the semi‒volatile 

characteristic of NH4NO3. Yu et al. (2005) utilized three datasets covering various ambient 

conditions to test the performance of ISORROPIA in predicting the partitioning of NH3‒ 4NH . 

They are 5-min average data at Atlanta in the summer of 1999, 2-hr average data at the 

Pittsburgh in the winter of 2002, and 12-hr average data at the Clinton Horticultural crop 

research station in NC for the whole year of 1999. Large discrepancies were observed between 

model predictions and measurements. Four possible reasons were suggested in an attempt to 

understand the cause of the discrepancy, including (1) the uncertainties in 2

4SO  and NHx 

measurements, (2) invalid assumption of the thermodynamic equilibrium assumption, (3) 

deficiencies of the metastable state and internally mixing assumptions, and (4) other pathways to 

produce 
3NO . As the accuracy of the measurement data itself is critical to the model 

performance assessment, the uncertainties in 2

4SO   and NHx may lead to large discrepancy; 

therefore, the high-quality data is required for ISORROPIA model assessment. Moreover, the 

iPM2.5 measurements include both submicron and super micron particles, thermodynamic 

equilibrium may not apply for super micron particle in terms of the low time resolution 

measurement (2-hr to 12-hr). Furthermore, the applicability of stable and metastable model 

setups was not assessed individually, thus the third reason may be challenged and need further 

assessment. In addition, the effect of other pathways to produce 3NO  on the ISORROPIA model 

performance was not investigated, thus the fourth reason is questionable. At last, this research 

didn’t check the impact of other factors such as ambient T/RH and organic aerosol on the 
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performance of ISORROPIA. The ambient T/RH are critical to the partitioning of NH3‒ 4NH , 

and the aforementioned organic film effect may cause longer equilibrium time for iPM2.5 and its 

precursor gases, thus this research wasn’t a comprehensive ISORROPIA model performance 

assessment. 

1.5.3. Effects of changes in precursor gases on iPM2.5 

More than ten years’ measurement dataset of SEARCH Network was used by various 

research to examine the effects of changes in precursor gases on iPM2.5 mass concentration. 

Findings of such examinations are summarized in the following. 

Blanchard and Hidy (2003) used the thermodynamic equilibrium mode-Simulating 

Composition of Atmospheric Particles at Equilibrium (SCAPE2) to study the responses of 
3NO  

to the changes in the precursor gases. In this study, the model input included 24-hr average data 

of NH3, 4NH
, HNO3, 3NO

, and 
2

4SO 
 along with T and RH measured at eight sites of SEARCH 

Network in 1998-1999. It also applied the different strategies of precursor gases reduction to 

examine the responses. These strategies include 20% reduction in total NH3, 20% reduction in 

total HNO3, 20‒40% reduction in total H2SO4, and 20% reduction in total HNO3 + 20‒40% 

reduction in total H2SO4. The model simulation results suggested that the reduction in total 

HNO3 and total NH3 may be more effective to decrease 3NO
 concentration and the formation of 

3NO
 was constrained by the availability of NH3 at all eight sites of SEARCH Network. The 

model assessment in this research indicated that SCAPE2 model tends to over predict 3NO
 

concentration, however, this model was still used to investigate the responses of 3NO
 to 

different precursor gases reduction strategies, thus the conclusions may be challenged. 
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Blanchard and Hidy (2005) also used SCAPE2 model to investigate the responses of 

PM2.5 mass concentrations to the changes in precursor gases reductions, the reductions in the 

sum of 
2

4SO 
, 3NO

, and 4NH
 concentrations was treated as the predicted changes in PM2.5 

mass. The model input included 24-hr average data of NH3, 4NH
, HNO3, 3NO

, and 
2

4SO 
 along 

with T and RH measured at eight sites of SEARCH Network in 1998-2001. Different precursor 

gases reduction strategies were used in this research including 46-63% reduction in total H2SO4, 

40% reduction in total HNO3, 55% reduction in total HNO3, and 55% reduction in total HNO3 

and total NH3. Several conclusions were made from the isopleth plot analysis: (1) the reduction 

in total H2SO4 led to 1.8-3.9 µg m-3 reduction in PM2.5 mass; (2) Combining the reduction in 

total H2SO4 and 40% reduction in HNO3 led to more reduction in PM2.5 mass concentration; (3) 

55% reduction in HNO3 led additional 0-0.4 µg m-3 reduction in PM2.5 mass. However, this 

research didn’t assess the applicability of thermodynamic model-SCAPE2 under the conditions 

that the sensitivity test was performed. 

Blanchard et al. (2007) used three datasets to study the effects of precursor gases 

reductions on PM2.5 mass concentrations. The three datasets included 24-hr average 

measurements of NH3, 4NH
, HNO3, 3NO

, and 
2

4SO 
 in 2004 of SEARCH Network, 24-hr 

average measurements of NH3, 4NH
, HNO3, 3NO

, and 
2

4SO 
 in 2003-2004 in the Midwestern 

U.S., and multi-hour resolution measurements of NH3, 4NH
, HNO3, 3NO

, and 
2

4SO 
in 2000 

winter, California. The thermodynamic model-SCAPE2 was employed to perform the sensitivity 

analysis; the results from isopleth plot analysis suggested four conclusions: (1) the responses of 

iPM2.5 to the changes of precursor gases varied in different geographic regions; (2) The 

southeastern sites exhibited the lowest concentration of 3NO
 and least sensitivity of iPM2.5 to 
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reduction in total HNO3; (3) The Midwestern sites exhibited higher 3NO
 concentration and the 

reductions in total HNO3 and H2SO4 led to reduction in PM2.5 mass; (4) In California, both 3NO
 

and PM2.5 concentrations exhibited reduction trend in response to the reduction in total HNO3. 

This research assessed the model performance of SCAPE2 in reproducing the concentrations of 

NH3, 4NH
, HNO3, and 3NO

, however, the statistical analysis didn’t show the conditions under 

which the SCAPE2 performed better, therefore, more comprehensive assessment is required to 

assess the thermodynamic model in reproducing the gas phase and particle phase pollutants.  

1.5.4. Source apportionment studies 

Using different methods such as positive matrix factorization (PMF) and chemical mass 

balance (CMB), source apportionment studies were performed to investigate the quantitative 

contributions of various emission sources to the PM2.5 chemical compositions. 

Kim et al. (2003) used PMF model to apportion the contributions of different emission 

sources to the various compositions of PM2.5 at the JST site, one of the eight sites of SEARCH 

Network. Based upon the 24-hr average data of PM2.5 mass and chemical compositions measured 

in 1998-2000, this research identified eight sources for PM2.5 and their quantitative contributions 

to PM2.5 concentrations varied. The results indicated that 56%, 22%, 11%, and 7% of PM2.5 

concentration was attributed to 
2

4SO 
 rich secondary aerosol, motor vehicle, wood smoke, 3NO

 

rich secondary aerosol, respectively. The other PM2.5 concentration can be attributed to mixed 

source of cement kiln and organic carbon, airborne soil, metal recycling facility, bus station and 

metal processing.  

Blanchard et al. (2012) used the CMB method and U.S. EPA’s NEI to estimate the 

contributions of various emission sources to the gas phase and particle phase pollutants at the 

SEARCH sites. It was discovered that at the JST urban site, vehicle gas emissions contributed to 
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the largest portion of NHx (NH3 + 4NH
), whereas agricultural NH3 emissions contributed to the 

most of the NHx concentration at the YRK agricultural site. In summary, area sources, point 

sources, and mobile sources contributed 2.0-3.7 µg m-3, 3.0-4.6 µg m-3, 1.0-6.0 µg m-3, 

respectively to the mean PM2.5 mass concentrations at the eight sites. The CMB method requires 

the information of emission sources and PM2.5 chemical compositions, thus NEI and PM2.5 

chemical composition measurements may both add uncertainties to the source apportionment 

analysis. In addition, the source apportionment method such as CMB itself may be subject to the 

influence of emission sources close to the monitoring site, thus over or under estimation of 

emission source contribution may occur. As suggested by Blanchard et al. (2012), the 

agricultural NH3 contribution at the BHM site may be inappropriately estimated because of the 

industrial emission sources within 10 km of the site. Therefore, more source apportionment 

studies are required to investigate the contribution of agricultural NH3 emissions especially 

AFOs NH3 emissions to the formation of iPM2.5. 

The PM2.5 mass and chemical composition measurements at the SEARCH Network in the 

past 20 years have fostered hundreds of studies regarding spatial and temporal trend of PM2.5 

(Blanchard et al., 2013a, 2013b; Hidy et al., 2014), validation of CTM simulation (Yu et al., 

2005), and source apportionment (Blanchard et al., 2012). However, very few studies were 

performed to investigate the contributions of AFOs NH3 emissions to the differences in 

atmospheric chemical conditions, iPM2.5 formation, and partitioning of NH3‒ 4NH
under urban 

and rural environments (Saylor et al., 2010). Therefore, this research was performed to assess the 

impact of AFOs NH3 emissions on atmospheric chemical condition and to evaluate the 

applicability of the thermodynamic equilibrium model such as ISORROPIA II under different 

conditions.  
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1.6. Hypotheses and Objectives 

Based upon the literature review, the following research questions and hypotheses were 

formed to address the knowledge gaps. 

1.6.1.    Key research questions 

1.  How would the NH3 emissions from AFOs affect the difference of the atmospheric chemical 

condition, iPM2.5 formation, and partitioning of NH3‒ 4NH
 in the urban and rural areas? 

2.  Which factors would affect the performance of thermodynamic equilibrium model-

ISORROPIA ΙΙ for predicting inorganic aerosols? 

1.6.2. Research hypotheses 

1. Atmospheric chemical conditions and iPM2.5 formation are affected by AFOs NH3 emissions, 

leading to the difference between urban and rural areas. 

2. The performance of ISORROPIA II for predicting inorganic aerosols is affected by ambient 

conditions and model input. 

3. Partitioning of NH3‒ 4NH
 is different under urban and rural conditions due to NH3 emissions 

from AFOs. 

1.6.3.   Research objectives 

1. Investigate the spatial and temporal variations of atmospheric chemical conditions, PM2.5 mass 

closure, and iPM2.5 in the Southeastern U.S. 

2. Investigate the applicability of ISORROPIA II for predicting inorganic aerosols under 

different T & RH, model setups, locations & with/without nonvolatile cations in model input. 

3. Advance our understanding about dynamics of the partitioning of NH3‒ 4NH
using 

ISORROPIA ΙΙ under urban and rural conditions. 
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CHAPTER 2: SPATIAL AND TEMPORAL VARIATIONS OF ATMOSPHERIC 

CHEMICAL CONDITIONS IN THE SOUTHEASTERN U.S. 

Abstract 

Animal feeding operations (AFOs) are the largest ammonia (NH3) emission sources in 

the United States (U.S.). However, the impact of NH3 emissions from AFOs on the atmospheric 

chemical conditions has not been systematically assessed. Under the Southeastern Aerosol 

Research and Characterization (SEARCH) Network, the hourly concentrations of iPM2.5 

chemical compositions and its precursor gases as well as meteorological data were measured at 

eight urban/nonurban sites labeled as JST/YRK, BHM/CTR, GFP/OAK, and PNS/OLF during 

1998‒2016. Using the SEARCH data, this research investigated the spatiotemporal variations of 

atmospheric chemical conditions in those rural and urban areas. The spatiotemporal variations of 

atmospheric chemical conditions at the eight sites are characterized by four parameters, 

including (1) gas ratio (GR), (2) gas-phase NH3 molar fraction (NH3/NHx), (3) total available 

NH3 (gaseous ammonia + aerosol ammonium) to sulfate (
2

4SO 
) molar ratio (TA/TS), and (4) 

PM2.5 ammonium + nitrate to total PM2.5 mass ratio (AN/PM2.5). Results indicate that the NH3 

emissions from AFOs may explain the greater values of GR, NH3/NHx, and TA/TS in the wind 

directions coming from AFOs at two rural sites, i.e., YRK & OAK, than the other wind 

directions. In the wind directions coming from AFOs at YRK and OAK, NH3 was in excess of 

fully neutralizing acidic gases, more NH3 stayed in gas phase than those in other wind directions, 

and both ammonium sulfate and ammonium nitrate existed in iPM2.5. The upward trend in 

NH3/NHx and TA/TS indicates that gas‒particle partitioning of 3NH ‒ 4NH
changed towards gas 

phase, while the downward trend in AN/PM2.5 may implicate that smaller fraction of PM2.5 was 

directly NH3 sensitive.  Understanding of the spatiotemporal variations of atmospheric chemical 
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conditions provides insights to improve our understanding of the impact of AFOs NH3 emissions 

on the potential for iPM2.5 formation under rural and urban conditions. 

2.1. Introduction 

Particulate matter with aerodynamic equivalent diameter less than or equal to 2.5 µm 

(i.e., PM2.5) has gained intensive attention due to its adverse health and visibility degradation 

effects (Cambra‒Lopez et al., 2010; Hinds, 1998; Ma et al., 2011; Pope et al., 2009; Pui et al., 

2014). PM2.5 may be formed through different processes. Primary PM2.5 is directly emitted from 

sources, while secondary PM2.5 is formed through chemical reactions of various precursor gases 

in homogeneous and/or heterogeneous processes (Hinds, 1998).  In ambient air, ammonia (NH3) 

as the major alkaline gas, may react with acidic gases, i.e., nitric acid (HNO3) and sulfuric acid 

(H2SO4), to form secondary inorganic PM2.5 (iPM2.5) in a process called thermodynamic 

equilibrium gas-particle partitioning of 3NH ‒ 4NH
(Seinfeld and Pandis, 2006; Zhang et al., 

2008). Secondary iPM2.5 constitutes a significant fraction of atmospheric PM2.5 (Tolocka et al., 

2001; Walker et al., 2004). In the troposphere, NH3 gas preferentially reacts with H2SO4 to form 

ammonium sulfate ((NH4)2SO4) and ammonium bisulfate (NH4HSO4) (Seinfeld and Pandis, 

2006). If excessive NH3 is available, ammonium nitrate (NH4NO3) salt is expected to exist in 

iPM2.5; however, the fractional contribution of NH4NO3 to iPM2.5 depends on environmental 

conditions (Nenes et al., 1998; Huntzicker et al., 1980). Due to its lack of thermal stability, 

NH4NO3 may decompose to the gaseous forms of HNO3 and NH3 under high temperature (T) 

and low relative humidity (RH), the environmental conditions that do not favor the particle 

phase. On the other hand, 
2

4SO 
salts are thermally stable compared with 3NO

 salts, thus, almost 

all the NH3 that reacted with 
2

4SO 
stays in the particle phase (Olszyna et al., 2005).  

In the atmosphere, the gas-phase NH3 is directly emitted from emission sources, while 
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HNO3 and H2SO4 are largely formed from gaseous pollutants such as nitrogen oxides (NOx) 

(NOx = NO + NO2) and sulfur dioxide (SO2) through (photo)chemical reactions. Ammonia 

emissions from agricultural sources such as animal feeding operations (AFOs) are the largest 

sources of atmospheric NH3 in the United States (U.S.) (USEPA, 2004). Thus, the AFOs NH3 

emissions may have important impact on the atmospheric chemistry of secondary iPM2.5. Once 

emitted, NH3 will experience complex transport and transformation processes prior to its 

removal (see Figure 1.1). 

Tropospheric lifetime of NH3 is from 0.5 h to 5 d (Seinfeld and Pandis, 2006) with dry 

deposition being the major removal process. Due to short lifetime, the spatial variation of 

atmospheric concentration of NH3 can be caused by both the variabilities in the emission sources 

associated with agricultural activities and presence of AFOs as well as dry deposition rates 

associated with the land use practices (Duyzer, 1994; Sutton et al., 1994). Due to relatively short 

lifetime of NH3 and spatial separation of emission sources of NH3 and acidic precursor gases 

(transportation and industrial activities), NH3 emissions from AFOs may have variable potential 

for the formation of iPM2.5 in rural and urban environments.  

In the literature, four chemical parameters have been proposed to evaluate the potential 

effects of NH3 emissions on iPM2.5 formation (Makar et al., 2009; Ansari and Pandis, 1998).  

First is the gas ratio (GR) that depicts the relative abundance of the precursor gases of 

iPM2.5 and can be used to characterize the neutralization degree of NH3 (Ansari and Pandis, 

1998): 

GR =
[TA] 2[TS]

[TN]


                         (2-1) 

where TA (in units of  µmole m-3) equals to the sum of gas-phase NH3 and aerosol-phase 
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ammonium ( 4NH
), TS (in units of µmole m-3) stands for the total sulfate including 

2

4SO 
, 

bisulfate ( 4HSO
) and H2SO4, and TN (in units of µmole m-3) stands for total amount of 3NO

 

and HNO3. The GR represents the potential for neutralization. If one assumes uniform mixing 

conditions, GR = 1 would be indicative of full neutralization; GR > 1 would indicate the NH3-

rich condition when all acidic species are fully neutralized and there is excessive NH3, while GR 

< 1 would reveal the NH3-poor condition when acidic species are not fully neutralized. More 

specifically, atmospheric conditions when 0 < GR < 1 would indicate that the amount of total 

available NH3 (gaseous NH3 + aerosol 4NH
) is enough to react with all H2SO4, but not total 

available HNO3 (gaseous HNO3 + aerosol 3NO
). While conditions with GR < 0 would reveal 

that the amount of total available NH3 is not enough to react with either total available H2SO4 or 

total available HNO3.  

Second, gas-phase NH3 to NHx (=NH3+ 4NH
) molar fraction can be used to assess the 

changes of 3NH ‒ 4NH
 partitioning: 

NH3/NHx =
3

3 4

[NH ]

[NH ] [NH ]
                      (2-2) 

Third, the total available NH3 to 
2

4SO 
molar ratio (TA/TS) can be used to assess the 

atmospheric acidic conditions and the possible chemical composition of iPM2.5.  When TA/TS < 

1, the 4NH
salts in inorganic aerosols may consist of both NH4HSO4 and H2SO4. When 1 < 

TA/TS < 2, the 4NH
salts in inorganic aerosols may consist of NH4HSO4, letovicite 

((NH4)3H(SO4)2), and (NH4)2SO4. When TA/TS > 2, the 4NH
salts in inorganic aerosols may 

consist of both (NH4)2SO4 and NH4NO3 (Makar et al., 2009). 
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TA/TS = 3 4

2

4

[NH ] [NH ]

[SO ]






                   (2-3) 

Fourth, the mass ratio of 4NH
 + 3NO

 to total PM2.5 (AN/PM2.5) characterizes the 

fraction of PM2.5 mass that is directly sensitive to the changes in NH3 emissions. The change of 

NH3 emissions is apt to directly affect the concentrations of 4NH
 and 3NO

 at first, and then

2

4SO 
 concentration may be affected depending the magnitude in the change of NH3 emissions.   

AN/PM2.5 = 4 3

2.5

NH NO

PM

 
                  (2-4) 

The objective of this study was to investigate the spatial and temporal variations of GR, 

NH3/NHx, TA/TS, and AN/PM2.5 in urban and rural areas of Southeastern U.S.  

2.2. Methodology 

2.2.1. Data collection sites description 

The data collected at eight Southeastern Aerosol Research and Characterization Network 

(SEARCH) sites from 2004 to 2016 were used in this study. The SEARCH network was 

established in the early 90s to (1) help states monitor PM2.5 for regulatory purposes, (2) to collect 

long-term data for air quality model evaluation, and (3) to identify the long-term spatial and 

temporal trends of PM2.5, mercury (Hg) and ozone (O3) (USGS, 2016). 

As shown in Figure 1.4, the SEARCH Network monitored air quality data at eight sites 

representing urban and rural environments.  The details regarding the site description can be 

found in Hansen et al. (2003) and Blanchard et al. (2013). Briefly, the JST site is an urban site in 

the midtown of Atlanta. The site is affected by the emissions from local traffic and industrial 

sources. The YRK site represents a rural site located in a forest and agricultural area of Georgia 

and is influenced by the emissions from a cattle pasture as well as animal production house 
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emissions nearby. The BHM site is in the city of Birmingham and is impacted by the emissions 

from traffic and industrial sources. The CTR site is in a forest area approximately 85 km to the 

southwest of Birmingham and 50 km to the south of Tuscaloosa, and is impacted by air masses 

coming from these two urban areas. The GFP site is an urban site located in coastal area, 1.5 km 

from the Gulf of Mexico. The atmospheric chemical condition at the GFP site is influenced by 

residential emission sources, local roads and highways. The OAK site is a rural site located in a 

forest area, away from industrial emission sources. The PNS site is an urban site located in the 

coastal area, 5 km from the Gulf of Mexico, and is impacted by emission sources coming from 

industrial activities and major highways. The OLF site is a suburban site, impacted by the nearby 

residential emissions and local roads. Measurements at all onsite monitoring stations started in 

1998/1999. Measurement details at the eight sites are summarized in Table 1.4.  

Concentrations of gas-phase pollutants (e.g., NH3, HNO3, SO2) and iPM2.5 chemical 

compositions (e.g., 3NO
, 4NH

 and 
2

4SO 
) were simultaneously measured using 

continuous/semi-continuous methods (averaged over 1 hr) and filter‒based method (averaged 

over 24 hrs). Measurement method, duration, frequency, quality control (QC), and quality 

assurance (QA) were reported by Edgerton et al. (2005, 2006, 2007). 

2.2.2. Data analysis 

The following steps were taken to pre-process the 1 hr average and 24-hr average filter-

based data for analysis of temporal variations of GR, NH3/NHx, TA/TS, and AN/PM2.5: 

 Some measurement values were reported to be either negative or below the detection limit 

(DL) of the instruments. The negative values less than (‒DL) were considered questionable 

and excluded from the dataset, while the other values below the DL were replaced with half of 

the DL (USEPA 2000; Cohen and Ryan 1989); 
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 Following the method by Blandchard et al. (2012), the days at each site with more than 3-hr 

precipitation were labeled as wet days and were excluded from the data analysis. 

 Following the method by Saylor et al. (2010), the values of each parameter within 10 wind 

direction bin were grouped together. Average values and 95% confidence intervals of the 

hourly data in each 10 wind direction were calculated for each wind sector. 

The hourly data of NH3 gas concentration are only available at six out of eight sites and 

only during specific years: YRK (2008-2016), JST (2010-2016), CTR (2012-2016), BHM (2011-

2016), OLF (2013-2016), and OAK (2010). Therefore, the parameters requiring hourly NH3 gas 

concentration measurements (i.e., GR, NH3/NHx, and TA/TS) were only analyzed at the YRK, 

JST, CTR, BHM, and OLF sites in 2013 and at the OAK site in 2010. The temporal variation of 

NH3/NHx, TA/TS, AN/PM2.5 at eight sites was based on 24-hr average filter-based data in 2004-

2016. Diurnal and seasonal variations of AN/PM2.5 at six sites were based on 1-hr average data. 

As for YRK, JST, CTR, BHM, and OLF sites, the completeness of hourly AN/PM2.5 data is 

better in 2013, therefore, the data in 2013 at these sites were chosen for diurnal and seasonal 

analysis. While as for OAK sites, the hourly AN/PM2.5 data were only available in 2010, thus, 

the diurnal and seasonal analysis of AN/PM2.5 was only performed in 2010 at the OAK site. 

Tukey honest significant difference (HSD) test was utilized to check the year-to-year temporal 

variation of NH3/NHx, TA/TS, AN/PM2.5.  

To obtain thorough information of AFOs farms distribution, visually check of the zoom-

in Google map approach was used to identify the dry-based poultry farms and wet-based swine 

farms locations. Spatial distributions of the poultry and swine farms within 100 km (radius) of 

the eight sites were utilized to assist in wind sector analysis.  
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2.3. Results and Discussion 

2.3.1. Spatial variation of the GRs 

 

 

Figure 2.1. The gas ratios at the YRK, JST, CTR, BHM, and OLF sites in 2013 and OAK site in 2010. Note 

different scales in the figures. 

Figure 2.1 shows the wind sector analysis of GR values at the six sites with available 

hourly data. According to Figure 2.1, as for both YRK and JST sites, GR values were greater 

than one, suggesting NH3-rich conditions at these two sites for all wind directions. For the BHM 

and CTR sites, the BHM site exhibited NH3-rich conditions with the GRs greater than one for all 

wind directions. As for the CTR site, GR values varied in different wind directions with GR 

values greater than one for the southeast and north wind directions. The OLF site was in NH3-

rich area with GRs greater than one, while the GRs at the OAK site exhibited variations in 

different wind directions with GR values greater than one for the westerly-northwesterly wind 

YRK forest-agricultural JST industrial-residential 

CTR forest 

BHM industrial-residential 

OLF forest-grass OAK forest 
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directions.  

Out of all the sites examined, Figure 2.1 shows the largest GR values for the YRK site in 

the wind sector of 100°-130°. The YRK site also exhibited large variations in GRs for different 

wind directions, suggesting the possibility of significant NH3 emission sources at the proximity 

of the site. The Google map (see Figure 2.2) shows three poultry farms located at 1.5 km, 1.5km, 

and 3.1 km southeast (100-130) of the YRK site. This result is consistent with the findings of 

Saylor et al. (2010) who analyzed the NH3 gas and NHx concentrations for different wind 

directions at the YRK site in 2007 and reported significantly higher NH3 gas and NHx 

concentrations in the wind direction of 100-140.  

 

Figure 2.2. AFOs farm distribution within 100 km of the YRK and JST sites (left) and in the proximity of the 

YRK site (right) 

The wind direction-based analysis of GRs reveals that AFOs farms, located in the 

distance of  1.5-3.1 km upwind, can significantly affect the GR values at the YRK site. In 

addition, Figure 2.1 shows some dependence of GRs on the wind direction at JST site. Blanchard 

et al. (2012) used chemical mass balance (CMB) method and U.S. EPA’s National Emission 

Inventory (NEI) to estimate the contributions of various emission sources to the gas-phase and 

particle-phase pollutants in the Southeastern U.S. Their results indicated that at the JST site, 

YRK 

JST 

Alabama Georgia 

30 km 

AFOs farm 

YRK 

3.1 km 

1.5 km 

1.5 km 

AFOs farm 

AFOs farm 

30 km 
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vehicle emissions accounted for the largest portion of NHx concentration. Google map showed 

that NHx emissions from a trucking facility (located within 100 m to the north of the JST site) 

and a parking lot (located within 150 m to the east of the JST site) may be responsible for higher 

GR values in 10-20 and 70-100 sectors, respectively. Moreover, a rail yard, a wastewater 

treatment facility, and a power plant located within 3.6 km to 7.5 km to the northwest of the JST 

site could be responsible for NH3 emissions, causing higher values of GRs in 310-340 wind 

directions. 

Figure 2.1 shows that the GRs exhibited higher values in the wind direction of 30-50 at 

the BHM site. Three large industrial emissions sources were located to the northeast of the BHM 

site (USEPA, 2011); the google map in 2016 also confirmed the existence of these three large 

industrial emissions sources.  

To the northeast of the BHM site, one steel mills as well as ferroalloy manufacturing 

plant are 4.6 km away from the BHM site, the coke battery plants in these facilities are important 

emission sources of NH3, SO2, and NOx. In addition, one construction material company is 3.4 

km away from the BHM site; crushed limestone mining and quarrying emitted both SO2 and 

NOx. The closest industrial source to the northeast of the BHM site is an iron foundry company, 

the coke battery in the company emitted NH3, SO2, and NOx. At the CTR site, the NH3-poor 

conditions dominated in 2013; while in the wind direction of 140-170, the GRs were greater 

than two. The NHx concentration vs. wind direction at the CTR site didn’t exhibit the higher NHx 

concentration to the southeast of the CTR site, therefore, the higher GRs in the wind direction of 

140-170 may be due to the lack of acidic gases, the lower acidic gases (HNO3 and H2SO4) 

concentrations in the wind direction of 140-170 still made higher GRs.  

The GRs exhibits higher values to the west and northeast of the OLF site. The NHx 
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concentration vs. wind direction analysis indicates that the higher NHx concentration appeared to 

the west and northeast of the OLF site as well. The geographic location of the OLF site may 

explain the variations of NHx concentration and GRs in different wind directions. The forest and 

grassland were located to the north and south of the OLF site, therefore, lack of NH3 emission 

sources in these two wind directions led to lower NHx concentration and GRs.  

As for the OAK site, high GRs appear in the wind direction of 250-350, this may be 

explained by the AFOs NH3 emissions surrounding the OAK site. The AFOs farms distribution 

within 100 km of the paired sites-OAK and PNS sites is in Figure 2.3. 

 

Figure 2.3. AFOs farm distribution within 100 km of the OAK and PNS sites  

The OAK site is about 67 km to the Gulf of Mexico in the coastal area. Moreover, the 

OAK site is in the forest area with a large number of AFOs farms located to the north and west of 

the site. The source apportionment analysis by Blanchard et al. (2012) showed that agricultural 

NH3 contributed more than half of the NHx concentration at the OAK site. The forest may inhibit 

the transport of NH3, SO2, and NOx to the OAK site from the southern and eastern wind 

directions. While the significant NH3 emissions from AFOs farms to the north and west of the 

OAK site may pose great impact on the GR, thus making the GRs higher in north and west wind 

Mississippi Alabama 

OAK 

PNS 
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directions at the OAK site.  

2.3.2. Spatial and temporal variations of NH3/NHx 

The change of NH3‒ 4NH
partitioning can be characterized by gas-phase NH3 molar 

fraction (i.e. NH3/NHx). Out of all the sites examined in this study, NH3/NHx exhibited a 

significant upward trend over the past 13 years, with the exception of BHM and PNS sites (see 

Table 2.1). This upward trend is consistent with the analysis of Saylor et al. (2015). The observed 

increase in NH3/NHx indicates that the partitioning of NH3‒ 4NH
 changed toward gas phase, 

thus, the formation of iPM2.5 tended to be limited by the availability of acidic gases instead of 

NH3. Xing et al. (2013) noted the decreasing trend in NOx and SO2 emissions due to the 

implementation of various regulations in the past decade.  

Table 2.1. Yearly averaged values of NH3/NHx at the eight sites[a] 

Year YRK JST BHM CTR GFP OAK PNS OLF 

2004 0.45±0.21 0.40±0.19 0.54±0.20 0.17±0.13 0.36±0.21 0.18±0.13 0.41±0.21 0.27±0.16 

2005 0.49±0.19 0.42±0.18 0.57±0.19 0.19±0.15 0.38±0.20 0.22±0.15 0.39±0.18 0.28±0.17 

2006 0.53±0.18 0.39±0.17 0.55±0.17 0.18±0.12 0.42±0.20 0.23±0.16 0.39±0.18 0.27±0.15 

2007 0.61±0.17 0.48±0.17 0.58±0.17 0.29±0.21 0.44±0.18 0.25±0.18 0.44±0.19 0.31±0.16 

2008 0.53±0.20 0.44±0.15 0.61±0.15 0.18±0.12 0.40±0.18 0.19±0.15 0.38±0.19 0.26±0.16 

2009 0.61±0.18 0.53±0.16 0.60±0.16 0.24±0.15 0.45±0.17 0.25±0.14 0.42±0.17 0.31±0.15 

2010 0.59±0.19 0.51±0.15 0.60±0.13 0.23±0.14 0.45±0.18 0.26±0.16 N/A 0.30±0.20 

2011 0.58±0.17 0.56±0.16 0.57±0.17 0.26±0.16 0.43±0.17 N/A N/A 0.31±0.15 

2012 0.69±0.14 0.62±0.14 0.62±0.15 0.28±0.13 0.48±0.17 N/A N/A 0.35±0.15 

2013 0.59±0.18 0.62±0.16 0.57±0.17 0.28±0.15 N/A N/A N/A 0.36±0.14 

2014 0.58±0.14 0.63±0.14 0.56±0.15 0.32±0.13 N/A N/A N/A 0.37±0.14 

2015 0.62±0.17 0.66±0.16 0.48±0.17 0.35±0.17 N/A N/A N/A 0.44±0.13 

2016 N/A 0.66±0.14 N/A 0.34±0.15 N/A N/A N/A N/A 

[a] N/A: Not available 
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Figure S1 in Appendix A shows the NH3/NHx ratios under different wind directions at the 

six sites. The NH3/NHx ratios close to zero would correspond to the conditions when all NH3 is 

neutralized by acidic trace gases, while values greater than 0 would describe chemical conditions 

with excess unneutralized NH3 in the gas phase, e.g., the ratio NH3/NHx=0.5, would indicate 

equal amounts of NH3 in the gas phase and 4NH
 in the particle phase. According to Figure S1 an 

excessive amount of NH3 in the gas phase was measured at all the sites, suggesting that the 

formation of iPM2.5 was limited by the availability of acidic gases.  The NH3/NHx ratio was 

higher (more than 60% of NHx was in the gas phase) at YRK, JST, and BHM sites compared to 

OAK, OLF, and CTR sites (where ~ 40% of the NHx resided in the gas phase). The variation of 

the NH3/NHx in different wind directions can be explained by the spatial heterogeneity of NH3, 

SO2, and NOx emission sources as well as the fate and transport of these three gases.  At the 

YRK site, the NH3/NHx was higher in the wind sector of 100°-120°, which can be attributed to 

NH3 emissions from the AFOs located southeast of the YRK site (see Figure 2.2). At the OAK 

site, the NH3/NHx ratios are generally higher for the air masses coming from the westerly-

northwesterly directions, which may also be explained by the locations of AFO farms. Finally, 

OLF, CTR, JST and BHM sites do not exhibit considerable wind-direction dependence as the 

NH3/NHx ratios are likely be controlled by spatial distribution of NH3, SO2, and NOx emissions 

sources as well as the fate and transport of these three gases.  

2.3.3. Spatial and temporal variations of TA/TS 

The yearly averaged values of TA/TS for 2004-2016 are summarized in Table 2.2. 

According to this table, the TA/TS exhibits a significant positive trend at the eight sites. The 

positive trend in TA/TS is likely associated with the reduction in SO2 emission in the 

Southeastern U.S. Less SO2 available to be transformed into H2SO4 through (photo)chemical 
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reactions, leading to lower concentration of 
2

4SO 
in the particle phase. Overall, Table 2.2 shows 

that the annual average values of TA/TS at the eight sites (except OAK site in 2004) were always 

greater than 2 in the past 13 years, indicating that ammonium salts in inorganic aerosols may 

consist of both (NH4)2SO4 and NH4NO3.  

Table 2.2. Yearly averaged values of the TA/TS at the eight sites[a] 

Year YRK JST BHM CTR GFP OAK PNS OLF 

2004 4.32±3.00 3.53±1.60 4.53±2.44 2.09±0.62 2.72±1.25 1.92±0.71 3.09±1.51 2.26±0.74 

2005 4.70±3.00 3.77±1.75 4.78±2.74 2.17±0.99 3.01±2.05 2.12±1.12 2.97±1.15 2.52±1.42 

2006 5.20±4.50 3.49±1.44 4.52±1.97 2.05±0.60 3.05±1.50 2.18±1.24 2.91±1.11 2.28±0.68 

2007 7.85±9.39 4.34±1.92 5.27±3.22 3.00±2.87 3.21±1.93 2.29±1.28 3.48±2.00 2.66±0.88 

2008 6.08±4.26 3.95±1.76 5.62±3.74 2.44±1.24 3.11±1.40 2.29±0.93 3.00±1.20 2.51±1.17 

2009 6.94±4.45 4.86±2.00 5.91±6.67 2.66±1.04 3.75±2.18 2.41±0.98 3.54±1.56 2.64±0.94 

2010 6.30±3.62 4.62±1.61 5.31±1.85 2.47±0.74 3.74±2.14 2.60±0.94 N/A 2.98±1.46 

2011 6.16±4.08 5.30±2.58 5.51±2.78 2.66±0.97 3.55±1.49 N/A N/A 2.96±0.92 

2012 7.94±4.37 5.95±2.71 5.81±2.54 2.55±0.86 3.78±2.34 N/A N/A 3.11±1.62 

2013 6.20±3.58 6.52±3.64 5.50±2.71 2.61±0.72 N/A N/A N/A 2.98±0.76 

2014 9.30±7.52 8.00±4.42 7.76±5.28 5.06±6.96 N/A N/A N/A 4.09±2.39 

2015 18.59±15.73 12.13±10.11 13.32±10.81 11.51±13.90 N/A N/A N/A 9.26±7.82 

2016 N/A 14.91±8.72 N/A 9.89±9.94 N/A N/A N/A N/A 

[a] N/A: Not available 

The TA/TS under different wind directions at the six sites are shown in Figure S2 in 

Appendix A. For the spatial variation, TA/TS exhibited lower values at the OLF, OAK, and CTR 

sites, higher values at the YRK, JST and BHM sites. The OAK and CTR sites are away from 

NH3, NOx, and SO2 emission sources, the relatively clean air made the TA/TS lower. The 

agricultural NH3 emission sources at the YRK site, NH3 emissions from vehicles at the JST and 

BHM sites made the TA/TS higher. Especially in the wind direction of 100°-130° at the YRK 

site, the values of TA/TS were significantly higher than the other wind directions, which 

indicates the impact of poultry farm NH3 emissions to the southeast of the YRK site.  



 

54 

2.3.4. Spatial and temproal variations of AN/PM2.5 

The temporal variation of AN/PM2.5 at the eight sites in 2004-2016 is shown in Table 2.3. 

In general, AN/PM2.5 exhibited a significant decrease trend over the past 13 years except BHM, 

GFP, OAK, and PNS sites. Saylor et al. (2015) analyzed the temporal variation of 4NH
and 3NO

 

in the Southeastern U.S. in 2004-2012 and discovered a significant reduction trend at the eight 

sites. The reduction in the concentrations of 4NH
and 3NO

may result in the reduction of 

AN/PM2.5. Thus, smaller fraction of PM2.5 mass was directly NH3 sensitive. 

Table 2.3. Temporal variation of AN/PM2.5 at the eight sites[a] 

Year YRK JST BHM CTR GFP OAK PNS OLF 

2004 0.16±0.06 0.15±0.06 0.14±0.07 0.13±0.06 0.12±0.04 0.11±0.04 0.11±0.03 0.12±0.03 

2005 0.17±0.06 0.16±0.06 0.13±0.06 0.12±0.04 0.13±0.09 0.11±0.04 0.12±0.03 0.13±0.04 

2006 0.17±0.08 0.14±0.06 0.13±0.06 0.12±0.06 0.12±0.04 0.11±0.05 0.12±0.04 0.13±0.06 

2007 0.19±0.08 0.16±0.07 0.14±0.08 0.12±0.05 0.13±0.05 0.12±0.04 0.12±0.03 0.12±0.03 

2008 0.18±0.07 0.17±0.08 0.14±0.07 0.13±0.06 0.13±0.06 0.12±0.04 0.12±0.03 0.13±0.04 

2009 0.17±0.08 0.15±0.08 0.14±0.08 0.12±0.06 0.13±0.08 0.11±0.05 0.12±0.04 0.12±0.04 

2010 0.17±0.11 0.15±0.08 0.13±0.08 0.12±0.06 0.12±0.04 0.13±0.07 N/A 0.12±0.04 

2011 0.15±0.08 0.14±0.08 0.14±0.07 0.13±0.07 0.13±0.06 N/A N/A 0.13±0.05 

2012 0.12±0.06 0.13±0.07 0.11±0.05 0.11±0.04 0.12±0.04 N/A N/A 0.11±0.03 

2013 0.14±0.07 0.14±0.07 0.13±0.08 0.10±0.05 N/A N/A N/A 0.11±0.03 

2014 0.11±0.08 0.14±0.11 0.13±0.09 0.09± 0.05 N/A N/A N/A 0.09±0.03 

2015 0.13±0.10 0.19±0.14 0.14±0.10 0.08± 0.06 N/A N/A N/A 0.10±0.04 

2016 N/A 0.14±0.11 N/A 0.08±0.04 N/A N/A N/A N/A 

[a] N/A: Not available 

The diurnal and seasonal variations of AN/PM2.5 at six sites were analyzed and are shown 



 

55 

in Figure 2.4. As it can be seen, AN/PM2.5 exhibited a significantly seasonal and diurnal pattern 

at six sites. For seasonal variation, the values of AN/PM2.5 were higher in colder seasons and 

lower in hotter seasons. The semi-volatile characteristic of NH4NO3 can explain the observation 

of this seasonal variation (Olszyna et al., 2005). The NH4NO3 aerosol was not thermally stable 

under high T such as summer condition, therefore, NH4NO3 decomposes into gas‒phase NH3 and 

HNO3; while under low T such as winter condition, NH4NO3 tends to stay in particle phase. For 

diurnal variation, the values of AN/PM2.5 were higher at noon. This may be explained by the 

diurnal variation of PM2.5 mass, 4NH
and 3NO

concentrations. Edgerton et al. (2006) analyzed 

the diurnal variation of PM2.5 mass concentration and its chemical compositions at the SEARCH 

eight sites, the results indicated that the PM2.5 mass and 3NO
 concentrations exhibited higher 

values in the early morning and at night and lower values in the daytime. While 4NH

concentration exhibited no specific diurnal pattern, the combined effects of the diurnal variation 

of PM2.5 mass, 4NH
and 3NO

concentrations led to the higher AN/PM2.5 at noon. 

The values of AN/PM2.5 were higher at the JST and BHM sites than the YRK and CTR 

sites at noon. This can be explained by the abundance of the NOx and SO2 gas in the urban areas. 

The NOx gas emitted from vehicles and SO2 gas emitted from electricity generating unit (EGU) 

can be transformed by the more intense solar radiation into HNO3 and H2SO4 at noon at the JST 

and BHM sites. The NH3-rich condition at the JST and BHM sites facilitated the reaction of NH3 

with HNO3 and H2SO4. 
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Figure 2.4. Diurnal and seasonal variations of the AN/PM2.5 at six sites. Note the different scales on figures. 

2.4. Conclusions 

Spatial and temporal variations of atmospheric chemical conditions at eight 

urban/nonurban sites under SEARCH Network were investigated based on the analysis of four 

parameters, i.e., GR, NH3/NHx, TA/TS, and AN/PM2.5. It is discovered that from 2004 to 2016, 

4NH
 salts in iPM2.5 may consist of both (NH4)2SO4 and NH4NO3 at the eight sites. The GRs 

analysis reveals that AFOs NH3 emissions contributed to the higher GRs at two rural monitoring 

sites coded as YRK and OAK sites in the wind direction coming from AFOs farms. The NH3/NHx 

ratio exhibited similar variations in different wind directions as the GRs. An increase in the 

temporal trend NH3/NHx ratio was observed, indicating more NH3 stayed in gas phase over the 

past 13 years. The TA/TS also exhibited an increase trend in 2004-2016 in response to the reduction 

BHM 2013 CTR 2013 

YRK 2013 JST 2013 

OAK 2010 OLF 2013  
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in SO2 emissions in the Southeastern U.S. over the past 13 years. The AN/PM2.5 analysis indicates 

that smaller fraction of PM2.5 mass was directly NH3 sensitive. Understanding of the spatial and 

temporal variations of atmospheric chemical conditions may provide insights to improve our 

understanding of the impact of AFOs NH3 emissions on the potential for iPM2.5 formation under 

rural and urban conditions. 
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CHAPTER 3: SPATIAL AND TEMPORAL VARIATIONS OF PM2.5 MASS CLOSURE 

AND IPM2.5 IN THE SOUTHEASTERN U.S. 

Abstract 

As a criteria pollutant regulated under National Ambient Air Quality Standards 

(NAAQS), fine particulate matter (i.e., PM2.5) has gained intensive attention due to its adverse 

health and visibility degradation effects. The impact of PM2.5 on the human health and visibility 

may vary due to the spatiotemporal heterogeneity of the contributions of different chemical 

compositions to PM2.5. Thus, it is important to quantify the spatiotemporal variations of PM2.5 

and its chemical compositions in order to provide more information for PM2.5 regulation. The 

gas‒ and particle‒phase pollutants measured at the eight sites of Southeastern Aerosol Research 

and Characterization (SEARCH) Network from 2001 to 2016 were used to analyze the spatial 

and temporal variations of PM2.5 mass closure and inorganic PM2.5 (iPM2.5) in the Southeastern 

U.S. The PM2.5 concentrations exhibited a significant reduction trend from 2001 to 2016 at all 

eight sites. In general, PM2.5 concentrations were higher in urban sites than nonurban sites, and 

higher in inland sites than coastal sites. The spatial heterogeneity of PM2.5 may be caused by the 

atmospheric transport and spatial distribution of primary and secondary PM2.5 emissions sources. 

The concentrations of PM2.5,
2

4SO 
 and 4NH

 exhibited the same seasonal variation, higher in 

summer and lower in winter. While 3NO
 concentration exhibited an inverse seasonal variation, 

higher in winter and lower in summer. The seasonal variation of PM2.5 became less significant in 

later years (2012-2016).  The concentrations of 4NH
, 

2

4SO 
and 3NO

were higher at four inland 

sites than coastal sites and higher in urban sites than the nonurban sites. Specifically, the 

concentrations of 4NH
, 

2

4SO 
and 3NO

 at the agricultural rural site coded asYRK were higher 

than the other sites, except two urban sites coded asJST and BHM.  The significant NH3 
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emissions from AFOs at the YRK site may explain the higher iPM2.5 concentrations; the 

abundant NH3 facilitates the reaction of NH3 with acidic gases. Furthermore, the strong 

correlation between 4NH
, 

2

4SO 
and PM2.5 indicated the day-to-day covariation. At four inland 

sites, the iPM2.5 was the dominant composition of PM2.5 before 2011, while OCM was the 

dominant composition of PM2.5 after 2011. At four coastal sites, the iPM2.5 was the dominant 

composition of PM2.5 over the past 16 years. Moreover, the reduction in peak concentrations of 

PM2.5 can be observed as well. The Bayesian Information Criteria (BIC) step-wise model 

selection determined the best fitting Multiple Linear Regression (MLR) model to predict NH4
+ at 

six sites, there is a strong positive correlation between cation- 4NH
 and anions-

2

4SO 
 & 3NO

. 

The NH3 is excluded from the regression model at the YRK site due to the abundant NH3 emitted 

from AFOs. The nonvolatile cations (NVCs) and chloride (Cl‒) are the significant impact factors 

for the 4NH
 salts formation. The spatial variations of PM2.5 mass closure and iPM2.5 indicate the 

spatial heterogeneity of various emission sources and local meteorology. In addition, the 

temporal variations of PM2.5 mass closure and iPM2.5 are the important evidence of air quality 

improvement in the Southeastern U.S. over the past 16 years.  

3.1. Introduction 

Fine particulate matter (PM2.5) causes hazardous health problems such as adverse 

cardiovascular and respiratory effects (Pope and Dockery, 2006; Kampa and Castanas, 2008; 

Xing et al., 2016). Research has indicated that there’s a positive correlation between daily 

morality and PM2.5 concentration, especially for sensitive populations such as the elderly 

(Schwartz et al., 1996). In addition to the adverse health effect, PM2.5 can also affect the radiative 

forcing on earth, and thus contribute to climate change (Haywood and Boucher, 2000; IPCC, 

2013). The direct radiative forcing is caused by the scattering and absorption of solar radiation 
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(Ramanathan et al., 2001). Moreover, inorganic aerosols such as ammonium sulfate ((NH4)2SO4) 

can facilitate the cirrus cloud formation by acting as ice nuclei, which may have potential impact 

on the climate, and this is referred as indirective radiative forcing (Abbatt et al., 2006). 

Furthermore, Malm et al. (1994) noted that PM2.5 contributed to the visibility degradation, 

especially sulfate (
2

4SO 
) and organic materials, which are the main contributors to the light 

extinction in the eastern United States (U.S.). Based on collaborated research of scientists and 

latest scientific observations on the adverse effects of PM2.5, the PM2.5 national ambient air 

quality standards (NAAQS) have been revised twice over the past two decades. The PM2.5 24-

hour average concentration standard was reduced from 65 µg m-3 to 35 µg m-3 in 2006 and the 

primary PM2.5 annual average concentration threshold was strengthened from 15 µg m-3 to 12 µg 

m-3 in 2012 (USEPA, 2018a).  

Research has indicated that the vigorous explanation of the impact of PM2.5 on human 

health and visibility required the detailed measurements of PM2.5 chemical compositions 

including ions, carbonaceous materials, and various elements (Franklin et al., 2008; Hand et al., 

2014). The major chemical compositions of PM2.5 can be classified as inorganic and organic 

chemical species. Ammonium ( 4NH
), 

2

4SO 
, nitrate ( 3NO

), and chloride (Cl‒) are the major 

components of inorganic PM2.5 (iPM2.5), in addition, nonvolatile cations (NVCs) such as 

magnesium (Mg2+), potassium (K+), sodium (Na+), calcium (Ca2+) may also contribute to iPM2.5 

(Snider et al., 2016). Other chemical components of PM2.5 include organic carbon (OC), 

elemental carbon (EC), crustal elements, particle-bound water and unknown substances (Frank, 

2006).  The iPM2.5 is usually formed through the reactions of precursor gases (NH3, H2SO4, HCl, 

and HNO3). Thus, ammonium salts such as (NH4)2SO4, ammonium nitrate (NH4NO3), and 

ammonium chloride (NH4Cl) contribute to the majority of iPM2.5 (Walker et al., 2006). The 
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reactions of NH3 and acidic gases may be in a thermodynamic equilibrium state (Seinfeld and 

Pandis, 2006). The formation of iPM2.5 may be impacted by the availability of precursor gases 

and meteorological conditions (Ansari and Pandis, 1998; Hidy et al., 2014).  Different chemical 

compositions of PM2.5 can be attributed to various emission sources and formation processes, the 

spatial and temporal variations of emissions sources and local meteorology can thus lead to the 

variable contributions of different chemical compositions to PM2.5 concentration (Abdeen et al., 

2014).  

Ramanathan et al. (2001) noted that the short lifetime of aerosols results in substantial 

variations of aerosol concentrations in spatiotemporal scales. Due to the important contribution 

of iPM2.5 to PM2.5 concentration, more research is required to advance our understanding on the 

spatial and temporal variations of PM2.5 chemical compositions. This research investigated the 

spatial and temporal variations of PM2.5 mass closures and iPM2.5 in 2001-2016 in the 

Southeastern U.S., and quantitatively characterized the contributions of different chemical 

compositions to PM2.5 in spatial and temporal scales.  

3.2. Methodology 

3.2.1. Data acquisition and adjustment 

This research utilized the daily and hourly measurements of PM2.5 mass and chemical 

compositions concentrations from Southeastern Aerosol Research and Characterization 

(SEARCH) Network in 2001-2016. The comprehensive measurements from 2001 to 2016 were 

available at the BHM, CTR, JST, OLF, and YRK sites, while GFP (2001-2014), OAK (2001-

2012), PNS (2001-2009) sites only have certain periods of measurements.  

Some measurement values were reported to be either negative or below the detection 

limit (DL) of the instruments. The negative values less than (‒DL) were considered questionable 
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and excluded from the dataset, while the other values below the DL were replaced with half of 

the DL (USEPA 2000; Cohen and Ryan 1989). As for the seasonal variations, spring includes 

March, April, and May; summer includes June, July, and August; fall includes September, 

October, and November; and winter includes December, January, and February.  The OC 

measurements under the SEARCH Network only accounted for the carbon fraction of the 

organic carbon matter (OCM), thus OC was adjusted to derive the mass concentration of OCM 

using Equation 3-1 (Hansen et al., 2003).  

OCM = 1.4 × OC                                              (3-1) 

where OCM = organic carbon matter; OC = measured organic carbon. In this research, OCM 

concentrations were used to construct the pie chart of PM2.5 mass closure. 

The SEARCH Network made a simple assumption on soil elements: six elements 

including aluminum (Al), calcium (Ca), iron (Fe), potassium (K), silicon (Si), and titanium (Ti) 

are in their oxide forms, and these soil materials are referred to as major metal oxides (MMO) 

(Hansen et al., 2003). 

MMO = Al × 1.89 + Ca × 1.40 + Fe × 1.43 + K × 1.21 + Si × 2.14 + Ti × 1.67       (3-2) 

The contributions of various chemical compositions to PM2.5 were characterized using 

pie chart. Moreover, the PM2.5 mass closure analysis was based on Equation 3-3: 

Pi = (Ci/Cm) × 100                                                                         (3-3) 

where Pi = percentage of the chemical component i to the total PM2.5 mass concentration, Ci = 

measured or adjusted concentration of the chemical composition i, Cm = measured PM2.5 mass 

concentration using Federal Reference Method (FRM).  

The percentiles of PM2.5 mass concentration, SO4
2‒, NH4

+, and NO3
‒ were calculated to 

analyzed the trends in extrema in 2001-2016. 
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3.2.2. Multiple linear regression (MLR) model  

The multiple linear regression (MLR) model was constructed to exam the response of

4NH
 to various factors. Step-wise model selection method based on the Bayesian information 

criterion (BIC) was used to select best fitting model from Equation 4: 

4NH  = β0 + βi × xi + interaction terms + quadratic terms + εi            (3-4) 

where xi are iPM2.5 chemical compositions and acidic gases including 
2

4SO 
, 3NO

, Ca2+, Mg2+, 

K+, Na+, Cl‒, NH3, and HNO3 and ambient temperature (T) and relative humidity (RH). 

Interaction terms include up to two factors. All the gas-phase and particle-phase pollutants are 

converted in the unit of µg m-3, T is in oC, RH is in %. The 24-hr average Cl‒, K+, Na+, Mg2+, 

Ca2+, 4NH
, 

2

4SO 
, and 3NO

 data and 1-h average T, RH, NH3, and HNO3 data were available at 

the BHM site (2011-2016), CTR site (2012-2016), JST site (2010-2016), YRK site (2008-2016), 

OLF site (2013-2016), and OAK site (2010). The MLR model was built in two periods: 2008-

2011, 2012-2016.  

In this study, the step-wise model selection mothed identified the significant factors for 

the NH4
+ formation at a particular location and for a particular span of years. The selected MLR 

model was not used to represent a variety of locations and time spans. 

3.2.3. Statistical analysis and map development 

The Tukey honest significant difference (HSD) test was used to check the spatial, 

temporal, and seasonal variations of PM2.5 and its chemical compositions under 0.05 significance 

level. The statistical analysis was performed using R software and ArcMap 10.4 was used to 

develop PM2.5 concentration map. 
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3.3. Results and discussion 

Annual average PM2.5 concentrations at eight sites of SEARCH Network in 2001-2016 

are shown in Figure 3.1. The annual average PM2.5 concentrations at each site for 2001, 2007, 

2008, 2011, 2012, and 2016 are illustrated to reflect the PM2.5 regulation changes in 2006 and 

2012. 

 

 

Figure 3.1 PM2.5 annual average concentrations (µg m-3) at eight sites 

2001 2007 

2008 2011 

2012 
2016 
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As it can be seen from Figure 3.1, there was a significant reduction in PM2.5 

concentrations at eight sites of SEARCH Network from 2001 to 2016.  As for the spatial 

variation, in general, the annual average PM2.5 concentrations were higher in inland sites (JST, 

YRK, BHM, and CTR) than coastal sites (OAK, GFP, OLF, and PNS). In addition, the annual 

average PM2.5 concentrations were higher in urban sites (BHM, JST, and GFP) than the 

nonurban sites (CTR, YRK, and OLF) except two sites-PNS and OAK sites. The annual average 

PM2.5 in rural site-OAK was higher than the urban site-PNS. The geographical locations of the 

eight sites and spatial heterogeneity of the emissions sources may explain the spatial pattern of 

PM2.5 concentration. The coastal sites were closer to the Gulf of Mexico, the dilution effects of 

air mass blowing from ocean may lead to the lower PM2.5 concentration at the coastal sites. On 

the other hand, more primary and secondary PM2.5 emissions sources were located surrounding 

the urban sites. The interaction of atmospheric transport, various chemical reactions and spatial 

heterogeneity of emissions sources resulted in the spatial pattern of PM2.5 concentrations at the 

eight sites of SEARCH Network. 

The annual average PM2.5 concentrations exhibited a significant reduction trend from 

2001 to 2016 at all eight sites. In 2001, the annual average PM2.5 concentrations were at least 

greater than 10 µg m-3 at eight sites, moreover, the BHM and JST sites had annual average PM2.5 

concentrations 17.6 and 16.5 µg m-3, respectively, which are greater than the annual 

concentration threshold (15 µg m-3) under the NAAQS back then. In 2016, the annual average 

PM2.5 concentrations at five sites were all below 12 µg m-3, the latest NAAQS PM2.5 mass 

concentration threshold. The reduction of PM2.5 concentration resulted from the effective 

implementation of NAAQS and enactment of regulation laws such as Clean Air Act (CAA) and 

Clean Air Act Amendment (CAAA). In addition, EPA’s Clean Air Interstate Rule (CAIR) in 
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2005 and Cross-State Air Pollution Rule (CSAPR) in 2011 guaranteed the continuous reduction 

of PM2.5 in the past 16 years, both rules requested the reduction of emissions in SO2 and NOx, 

which led to the reduction in the formation of iPM2.5 (USEPA, 2018b, c). The annual average 

PM2.5 concentrations were all below 9.0 µg m-3 at five sites in 2016, even as low as 6.8 µg m-3 at 

the OLF site. The temporal reduction of PM2.5 concentration indicated the significant 

improvement of air quality for PM2.5 in the Southeastern U.S. over the past 16 years. 

3.3.1. PM2.5 mass concentration change trend 

The monthly average of PM2.5 mass and iPM2.5 chemical compositions concentration 

change trends in the past 16 years from 2001 to 2016 at the eight sites of SEARCH Network are 

shown in Figures 3.2-3.9. 

 

Figure 3.2. Monthly average of PM2.5 mass and iPM2.5 chemical compositions concentrations at the JST site 

(M/YY = month/year) 
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Figure 3.3. Monthly average of PM2.5 and iPM2.5 chemical compositions concentrations at the YRK site 

(M/YY = month/year) 

 

Figure 3.4. Monthly average of PM2.5 mass and iPM2.5 chemical compositions concentrations at the BHM site 

(M/YY = month/year) 
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Figure 3.5. Monthly average of PM2.5 mass and iPM2.5 chemical compositions concentrations at the CTR site 

(M/YY = month/year) 

 

Figure 3.6. Monthly average of PM2.5 mass and iPM2.5 chemical compositions concentrations at the GFP site 

(M/YY = month/year) 
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Figure 3.7. Monthly average of PM2.5 mass and iPM2.5 chemical compositions concentrations at the OAK site 

(M/YY = month/year) 

 

Figure 3.8. Monthly average of PM2.5 mass and iPM2.5 chemical compositions concentrations at the PNS site 

(M/YY = month/year) 
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Figure 3.9. Monthly average of PM2.5 mass and iPM2.5 chemical compositions concentrations at the OLF site 

(M/YY = month/year) 

As it can be seen from Figures 3.2-3.9, a reduction trend of monthly average PM2.5 mass 

concentration occurred in the past 16 years. In addition, monthly average PM2.5 concentration 

exhibited a significant seasonal variation before 2012; however, after 2012, the seasonal 

variation became less intense. In general, PM2.5 concentrations were higher in summer and lower 

in winter at the eight sites of SEARCH Network. The seasonal variation of PM2.5 concentration 

was attributed to the seasonal variation of different chemical compositions comprising PM2.5, 

especially
2

4SO 
& 4NH

. As for the iPM2.5 chemical compositions, the seasonal variation of 
2

4SO 

and 4NH
 follow the seasonal variation of PM2.5 mass concentration, higher in summer and lower 

in winter. However, 3NO
 exhibited an inverse seasonal variation, higher in winter and lower in 

summer. 
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Moreover, the past 16 years can be divided into 3 consecutive periods: 2001-2007, 2008-

2011, and 2012-2016. To further illustrate the seasonal variations of PM2.5 and iPM2.5 chemical 

compositions concentrations, the seasonal pattern of PM2.5 mass concentration,
2

4SO 
, 4NH

, and 

3NO
 are summarized in Tables 3.1-3.4, the seasonal pattern of OCM, EC, and MMO is 

summarized in Appendix B, Tables 1S-3S. 
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Table 3.1. Seasonal variations of PM2.5 concentration (µg m-3) in 3 monitoring periods 

Sites Periods Winter Spring Summer Fall 

JST 2001-2007 13.17 ± 6.30 15.07 ± 6.91 19.60 ± 8.15 16.13 ± 8.29 

 2008-2011 10.44 ± 5.03 11.11 ± 4.55  14.29 ± 5.37 10.55 ± 4.79 

 2012-2016 8.36 ± 3.75 8.76 ± 3.45 9.78 ± 3.58  9.21 ± 4.41 

YRK 2001-2007 9.43 ± 4.29 12.82 ± 6.64 17.73 ± 8.13 13.21 ± 7.30 

 2008-2011 8.44 ± 3.99 10.05 ± 4.35 13.45 ± 5.18 9.08 ± 4.29 

 2012-2016 6.97 ± 3.25 8.16 ± 3.45 9.23 ± 3.62 7.63 ± 3.35 

BHM 2001-2007 13.88 ± 7.18 16.51 ± 8.62 20.41 ± 9.80 18.04 ± 9.51 

 2008-2011 10.38 ± 4.95 11.71 ± 5.20 14.87 ± 6.62 12.85 ± 6.50 

 2012-2016 8.19 ± 3.78 9.67 ± 4.19 10.50 ± 4.22 10.16 ± 4.65 

CTR 2001-2007 8.92 ± 4.82 12.58 ± 6.37 14.59 ± 7.77 12.53 ± 7.04 

 2008-2011 7.29 ± 3.74 9.31 ± 4.06 11.59 ± 5.49 8.94 ± 4.26 

 2012-2016 6.36 ± 3.15 7.93 ± 4.15 8.81 ± 3.88 7.92 ± 3.26 

GFP 2001-2007 9.72 ± 4.85 11.07 ± 4.88 11.96 ± 6.43 12.43 ± 6.68 

 2008-2011 7.56 ± 3.25 8.98 ± 3.29 10.58 ± 4.82 8.89 ± 4.24 

 2012 6.43 ± 2.84 8.40 ± 4.74 7.70 ± 3.45 9.06 ± 3.85 

OAK 2001-2007 9.80 ± 8.95 11.62 ± 4.99 12.38 ± 6.58 11.43 ± 6.29 

 2008-2010 8.57 ± 7.38 9.85 ± 4.55 10.51 ± 4.41 9.10 ± 4.40 

 2012-2016 N/A N/A N/A N/A 

PNS 2001-2007 11.48 ± 5.31 12.32 ± 5.55 12.80 ± 6.86 13.20 ± 6.71 

 2008-2009 8.57 ± 4.08 10.03 ± 4.16 11.12 ± 4.04 10.21 ± 4.85 

 2012-2016 N/A N/A N/A N/A 

OLF 2001-2007 9.21 ± 4.14 11.14 ± 4.80 11.90 ± 6.42 11.79 ± 6.50 

 2008-2011 7.36 ± 3.14 8.70 ± 3.15 10.58 ± 5.20 8.42 ± 3.99 

 2012-2016 6.45 ± 3.47 7.37 ± 3.32 8.14 ± 3.45 7.39 ± 3.15 
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Table 3.2. Seasonal variations of NH4
+ concentration (µg m-3) in 3 monitoring periods 

Sites Periods Winter Spring Summer Fall 

JST 2001-2007 1.33 ± 0.76 1.87 ± 0.95 2.72 ± 1.26 2.18 ± 1.37 

 2008-2011 0.93 ± 0.49 1.09 ± 0.49 1.50 ± 0.69 1.08 ± 0.56 

 2012-2016 0.62 ± 0.41 0.62 ± 0.31 0.63 ± 0.31 0.53 ± 0.30 

YRK 2001-2007 1.21 ± 0.74 1.73 ± 0.84 2.78 ± 1.42 2.17 ± 1.50 

 2008-2011 1.02 ± 0.56 1.02 ± 0.55 1.39 ± 0.70 0.93 ± 0.55 

 2012-2016 0.60 ± 0.37 0.62 ± 0.31 0.65 ± 0.31 0.56 ± 0.35 

BHM 2001-2007 1.22 ± 0.69 1.62 ± 0.93 2.32 ± 1.20 1.48 ± 1.12 

 2008-2011 0.82 ± 0.49 0.97 ± 0.50 1.30 ± 0.71 1.00 ± 0.54 

 2012-2016 0.71 ± 0.44 0.67 ± 0.30 0.71 ± 0.29 0.69 ± 0.38 

CTR 2001-2007 0.91 ± 0.46 1.25 ± 0.61 1.46 ± 0.82 1.34 ± 0.80 

 2008-2011 0.72 ± 0.35 0.80 ± 0.40 1.01 ± 0.53 0.76 ± 0.43 

 2012-2016 0.46 ± 0.28 0.57 ± 0.26 0.58 ± 0.28 0.48 ± 0.31 

GFP 2001-2007 0.90 ± 0.46 1.22 ± 0.61 1.29 ± 0.77 1.31 ± 0.91 

 2008-2011 0.73 ± 0.53 0.89 ± 0.46 0.86 ± 0.47 0.80 ± 0.46 

 2012 0.53 ± 0.26 0.76 ± 0.52 0.59 ± 0.35 0.69 ± 0.31 

OAK 2001-2007 0.77 ± 0.38 1.16 ± 0.55 1.15 ± 0.65 1.09 ± 0.71 

 2008-2011 0.77 ± 0.61 0.80 ± 0.38 0.83 ± 0.45 0.75 ± 0.37 

 2012-2016 N/A N/A N/A N/A 

PNS 2001-2007 0.95 ± 0.48 1.44 ± 0.73 1.30 ± 0.79 1.24 ± 0.79 

 2008-2009 0.71 ± 0.56 0.94 ± 0.49 0.99 ± 0.62 0.99 ± 0.62 

 2012-2016 N/A N/A N/A N/A 

OLF 2001-2007 0.84 ± 0.43 1.29 ± 0.64 1.32 ± 0.78 1.25 ± 0.78 

 2008-2011 0.73 ± 0.42 0.89 ± 0.44 0.93 ± 0.51 0.77 ± 0.49 

 2012-2016 0.50 ± 0.25 0.65 ± 0.35 0.53 ± 0.33 0.52 ± 0.33 
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Table 3.3. Seasonal variations of SO4
2- concentration (µg m-3) in 3 monitoring periods 

Sites Periods Winter Spring Summer Fall 

JST 2001-2007 2.58 ± 1.36 4.59 ± 2.34 7.43 ± 3.70 5.21 ± 3.38 

 2008-2011 2.07 ± 0.95 3.27 ± 1.79 5.00 ± 2.41 2.96 ± 1.75 

 2012-2016 1.39 ± 0.87 1.74 ± 0.77 1.96 ± 0.90 1.40 ± 0.78 

YRK 2001-2007 2.37 ± 1.24 4.29 ± 2.29 6.99 ± 3.70 4.82 ± 3.58 

 2008-2011 2.06 ± 0.98 2.83 ± 1.71 4.16 ± 2.29 2.41 ± 1.41 

 2012-2016 1.33 ± 0.82 1.72 ± 0.82 2.01 ± 0.88 1.47 ± 0.86 

BHM 2001-2007 2.70 ± 1.21 4.38 ± 2.37 6.71 ± 3.52 4.22 ± 3.00 

 2008-2011 2.07 ± 1.04 2.81 ± 1.36 4.19 ± 2.31 2.88 ± 1.61 

 2012-2016 1.49 ± 0.87 1.90 ± 0.83 2.21 ± 0.82 1.82 ±0.95 

CTR 2001-2007 2.36 ± 1.20 3.71 ± 2.09 5.23 ± 3.44 4.22 ± 3.20 

 2008-2011 1.84 ± 0.95 2.45 ± 1.33 3.30 ± 1.71 2.35 ± 1.51 

 2012-2016 1.28 ± 0.78 1.79 ± 0.84 1.91 ± 0.87 1.42 ± 0.88 

GFP 2001-2007 2.30 ± 1.22 3.55 ± 1.82 4.25 ± 2.72 3.78 ± 2.69 

 2008-2011 1.81 ± 1.21 2.73 ± 1.39 3.25 ± 1.67 2.39 ± 1.31 

 2012 1.54 ± 0.73 2.60 ± 1.67 2.19 ± 1.15 2.12 ± 0.91 

OAK 2001-2007 2.21 ± 1.19 3.67 ± 1.82 4.37 ± 2.64 3.67 ± 2.62 

 2008-2011 2.17 ± 1.53 2.62 ± 1.32 3.05 ± 1.72 2.22 ± 1.14 

 2012-2016 N/A N/A N/A N/A 

PNS 2001-2007 2.43 ± 1.31 3.78 ± 1.89 4.08 ± 2.59 3.50 ± 2.31 

 2008-2009 1.90 ± 1.32 2.91 ± 1.39 3.35 ± 1.79 2.93 ± 1.75 

 2012-2016 N/A N/A N/A N/A 

OLF 2001-2007 2.24 ± 1.27 3.59 ± 1.78 4.28 ± 2.65 3.71 ± 2.64 

 2008-2011 1.83 ± 1.06 2.82 ± 1.71 3.25 ± 1.82 2.31 ± 1.49 

 2012-2016 1.38 ± 0.68 1.94 ± 0.95 1.76 ± 0.97 1.51 ± 0.88 
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Table 3.4. Seasonal variations of NO3
- concentration (µg m-3) in 3 monitoring periods 

Sites Periods Winter Spring Summer Fall 

JST 2001-2007 1.76 ± 1.20 0.73 ± 0.59 0.42 ± 0.21 0.72 ± 0.56 

 2008-2011 1.24 ± 0.87 0.50 ± 0.37 0.27 ± 0.17 0.44 ± 0.38 

 2012-2016 1.00 ± 0.73 0.40 ± 0.45 0.20 ± 0.09 0.43 ± 0.45 

YRK 2001-2007 1.52 ± 1.02 0.65 ± 0.53 0.46 ± 0.37 0.71 ± 0.61 

 2008-2011 1.25 ± 1.11 0.47 ± 0.29 0.24 ± 0.17 0.38 ± 0.24 

 2012-2016 0.74 ± 0.55 0.36 ± 0.36 0.18 ± 0.10 0.36 ± 0.42 

BHM 2001-2007 1.41 ± 1.00 0.73 ± 0.53 0.45 ± 0.22 0.56 ± 0.40 

 2008-2011 0.98 ± 0.94 0.50 ± 0.39 0.29 ± 0.12 0.48 ± 0.34 

 2012-2016 0.86 ± 0.70 0.33 ± 0.24 0.20 ± 0.12 0.34 ± 0.36 

CTR 2001-2007 0.62 ± 0.64 0.28 ± 0.27 0.16 ± 0.06 0.27 ± 0.40 

 2008-2011 0.51 ± 0.44 0.25 ± 0.19 0.18 ± 0.09 0.21 ± 0.14 

 2012-2016 0.35 ± 0.35 0.17 ± 0.10 0.12 ± 0.06 0.19 ± 0.23 

GFP 2001-2007 0.67 ± 0.55 0.37 ± 0.24 0.22 ± 0.11 0.34 ± 0.39 

 2008-2011 0.64 ± 0.61 0.32 ± 0.22 0.23 ± 0.10 0.27 ± 0.24 

 2012 0.38 ± 0.21 0.18 ± 0.10 0.33 ± 0.34 0.21 ± 0.11 

OAK 2001-2007 0.53 ± 0.47 0.31 ± 0.20 0.16 ± 0.08 0.23 ± 0.41 

 2008-2011 0.60 ± 0.58 0.32 ± 0.25 0.17 ± 0.08 0.22 ± 0.15 

 2012-2016 N/A N/A N/A N/A 

PNS 2001-2007 0.68 ± 0.54 0.42 ± 0.30 0.23 ± 0.10 0.35 ± 0.36 

 2008-2009 0.67 ± 0.73 0.30 ± 0.15 0.23 ± 0.10 0.35 ± 0.40 

 2012-2016 N/A N/A N/A N/A 

OLF 2001-2007 0.56 ± 0.45 0.37 ± 0.29 0.25 ± 0.20 0.30 ± 0.24 

 2008-2011 0.49 ± 0.48 0.26 ± 0.12 0.23 ± 0.09 0.24 ± 0.20 

 2012-2016 0.33 ± 0.25 0.23 ± 0.13 0.17 ± 0.09 0.20 ± 0.15 
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Tukey test indicated that the seasonal variation of PM2.5 exhibited higher values in 

summer and lower values in winter in all three periods. As for the seasonal variations of 4NH
,

2

4SO 
 & 3NO

, both 4NH
 and 

2

4SO 
 exhibited the same seasonal variation as PM2.5 mass 

concentration, higher in summer and lower in winter. However, the Tukey test indicated that the 

there’s no significant seasonal variation of  NH4
+ at five out of six sites of SEARCH Network, 

except the OLF site in 2012-2016. The 3NO
 concentration at the eight sites exhibited inverse 

seasonal variation, higher in winter, and lower in summer. The inverse seasonal variation of 4NH

,
2

4SO 
& 3NO

can be attributed to the different formation processes of iPM2.5 and thermal 

characteristics of 
2

4SO 
 salts and 3NO

 salts. The more intense solar radiation in summer may 

convert more sulfur dioxide (SO2) into H2SO4, thus leading to more (NH4)2SO4 formation in 

summer (Seinfeld and Pandis, 2006). Moreover, the lower vapor pressure of H2SO4 resulted in 

the dominance of particle phase of 
2

4SO 
 salts; on the contrary, NH4NO3 was semi-volatile 

compound, the higher T did not favor the formation of NH4NO3 in summer, thus 3NO
 

concentration was lower in summer (Hildemann et al., 1984).  

As for the spatial variations of iPM2.5 chemical compositions, in general, the 

concentrations of 4NH
,

2

4SO 
and 3NO

 were higher at four inland sites (JST, YRK, BHM, and 

CTR) than coastal sites (OAK, GFP, OLF, and PNS). In addition, the concentrations of 4NH
,

2

4SO 
 & 3NO

 were higher in urban sites (BHM, JST, PNS, and GFP) than the nonurban sites 

(CTR, YRK, OAK, and OLF). The spatial variations of iPM2.5 and PM2.5 exhibited the similar 

trend. Moreover, the concentrations of 4NH
,

2

4SO 
 and 3NO

 at the agricultural rural site-YRK 

were higher than the other sites in the three periods, except two urban sites-JST and BHM.  The 
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spatial heterogeneity of iPM2.5 may be attributed to the geographical locations of the eight sites. 

The dilution effects of air parcel blowing from the ocean may result in the lower concentrations 

of iPM2.5 at the coastal sites, pollutants may be accumulated during the movement of air parcel 

toward inland  (Blanchard et al., 2013). The NH3 and NOx emissions from vehicles and industrial 

sources, SO2 emissions from power plants and industrial sources at the urban sites (JST, BHM, 

and GFP) may facilitate the formation of iPM2.5. As for the YRK site, the NH3 emissions from 

AFOs farms lead to the abundant NH3 existing in the air at the YRK site, the abundant NH3 may 

facilitate the reaction of NH3 with acidic gases (Blanchard et al., 2012). Thus, the iPM2.5 

concentrations at the YRK site were significantly higher than the other sites except for JST and 

BHM sites.  

As for the temporal variation of iPM2.5, a reduction trend can be observed for 4NH
,

2

4SO 
 

and 3NO
 at the eight sites in four seasons of the three monitoring periods. The reduction trend of 

iPM2.5 was consistent with the temporal reduction trend in PM2.5 mass concentration in the past 

16 years. The concurrent variations of PM2.5 mass and iPM2.5 concentrations indicated the 

important contribution of iPM2.5 to the reduction of PM2.5 level in the Southeastern U.S. 

3.3.2. Correlations between PM2.5 and iPM2.5 compositions concentration 

The correlations between PM2.5 mass concentration and iPM2.5 chemical compositions are 

shown in Table 3.5. 
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Table 3.5. Correlation of iPM2.5 chemical compositions with PM2.5 mass concentration  

Sites Chemical species Yearly  Winter Spring Summer Fall 

JST SO4
2- 0.82 0.56 0.76 0.93 0.80 

 NH4
+ 0.82 0.63 0.73 0.89 0.81 

 NO3
- 0.18 0.59 0.32 0.44 0.40 

YRK SO4
2- 0.89 0.75 0.76 0.93 0.92 

 NH4
+ 0.84 0.81 0.73 0.87 0.87 

 NO3
- 0.17 0.69 0.28 0.46 0.37 

BHM SO4
2- 0.78 0.55 0.75 0.90 0.76 

 NH4
+ 0.78 0.63 0.72 0.86 0.75 

 NO3
- 0.20 0.48 0.32 0.54 0.40 

CTR SO4
2- 0.84 0.59 0.77 0.90 0.90 

 NH4
+ 0.84 0.66 0.78 0.89 0.88 

 NO3
- 0.11 0.42 0.24 0.40 0.14 

GFP SO4
2- 0.86 0.63 0.84 0.91 0.88 

 NH4
+ 0.87 0.71 0.85 0.90 0.91 

 NO3
- 0.21 0.64 0.40 0.00 0.27 

OAK SO4
2- 0.81 0.51 0.75 0.91 0.92 

 NH4
+ 0.82 0.60 0.82 0.87 0.93 

 NO3
- 0.11 0.42 0.25 0.11 0.06 

PNS SO4
2- 0.77 0.46 0.79 0.90 0.87 

 NH4
+ 0.80 0.64 0.80 0.85 0.90 

 NO3
- 0.38 0.70 0.50 0.32 0.35 

OLF SO4
2- 0.85 0.66 0.79 0.89 0.91 

 NH4
+ 0.86 0.71 0.81 0.90 0.92 

 NO3
- 0.27 0.60 0.44 0.21 0.33 

All the values were Spearman correlation coefficient (R), R < 0.5 were marked bold. 
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As illustrated in Table 3.5, in general, both 4NH
and

2

4SO 
 concentrations were strongly 

correlated with PM2.5 mass concentration (R ≥ 0.51) in four seasons with stronger correlation in 

summer than in fall, spring, and winter. The strong correlation between 4NH
, 

2

4SO 
and PM2.5 

indicated the day-to-day covariation. As for the correlation between 3NO
 and PM2.5 mass 

concentration, an inverse seasonal variation of correlation can be observed with stronger 

correlation in winter than in spring, fall, and summer. The seasonal variation of correlation 

between 3NO
 and PM2.5 was attributed to the semi‒volatile NH4NO3, higher T in summer 

favored the gas‒phase HNO3 and NH3 instead of particle-phase NH4NO3 salts (Hildemann et al., 

1984). 

3.3.3. PM2.5 mass closure analysis 

 The spatiotemporal variations of the PM2.5 concentrations were attributed to the 

spatiotemporal variations in PM2.5 chemical compositions, thus, the contributions of various 

compositions to the PM2.5 mass concentration were investigated as well. To get an in-depth 

understanding about the reduction trend of PM2.5 concentration, the PM2.5 mass closure analysis 

was constructed and results were shown in Figure 3.10 and Figure 3.11.  
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Figure 3.10. Mass distributions of PM2.5 chemical compositions at the four inland SEARCH sites (Red label 

indicates urban sites; black label indicates rural sites) 
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Figure 3.11. Mass distributions of PM2.5 chemical compositions at the four coastal SEARCH sites (Red label 

indicates urban sites, black label indicates nonurban sites) 

As it can be seen from Figures 3.10 and 3.11, at four inland sites, the sum of
2

4SO 
, 3NO

 

and 4NH
was the dominant composition of PM2.5 before 2011, accounting for 39.2 % to 49.7 % 

of PM2.5 in 2001-2007; 36.6 % to 41.9% of PM2.5 in 2008-2011; 29.4% to 30.9% of PM2.5 in 

2012-2016. The OCM was the dominant composition of PM2.5 after 2011 at four inland sites, 

accounting for 29.5% to 32.4% of PM2.5 in 2001-2007; 31.8% to 36.6% of PM2.5 in 2008-2011; 

33.2% to 40% of PM2.5 in 2012-2016. Among the 3 chemical compositions of iPM2.5, 
2

4SO 
 

contributed the most to PM2.5 concentration. The mass fractions of both 
2
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and 4NH

 exhibited 
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a significant reduction trend in the 3 periods. While no significant reduction trend can be 

observed for the mass fraction of 3NO
. Compared with four inland sites, the sum of 

2

4SO 
, 3NO

and 4NH
 was the dominant composition of PM2.5 for the past 16 years and the OCM accounted 

for a smaller fraction of PM2.5 mass at four coastal sites.  In addition, the mass fractions of both 

2

4SO 
and 4NH

 exhibited a reduction trend in the 3 periods at four coastal sites as well. The 

reduction of contributions of 
2

4SO 
and 4NH

 in the past 16 years was indicative of the effective 

implementation of CAIR and CSAPR.  

As for the seasonal variations of mass fractions of various chemical compositions of 

PM2.5 (see Appendix B, Figures S3-S10), the mass fractions of 
2

4SO 
and 3NO

 exhibited an 

inverse seasonal variations at the eight sites. Following the seasonal variations of concentrations 

of 
2

4SO 
and 3NO

, the mass fraction of 
2

4SO 
was higher in summer and lower in winter, while the 

mass fraction of 3NO
 was lower in summer and higher in winter. In contrast to the mass 

fractions of 
2

4SO 
and 3NO

, no significant seasonal variation of mass fraction of 4NH
can be 

observed. The seasonal variations of mass fractions of 
2

4SO 
and 3NO

 was attributed to the 

difference in thermal characteristics of 
2

4SO 
 and 3NO

 salts. The 
2

4SO 
salts were thermal stable 

compared with 3NO
salts and more intense solar radiation in summer converted more SO2 to 

H2SO4 (Seinfeld and Pandis, 2006).  

3.3.4. Trends in extrema 

The changes in the distributions of 24-hr average PM2.5,
2

4SO 
, 4NH

 and 3NO
 in three 

periods are shown in Figures 3.12-3.15.  
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Figure 3.12. Statistical distributions of 24-hr average concentrations of PM2.5 from 2001 to 2016 
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Figure 3.13. Statistical distributions of 24-hr average concentrations of SO4
2- from 2001 to 2016 
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Figure 3.14. Statistical distributions of 24-hr average concentrations of NH4
+ from 2001 to 2016 
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Figure 3.15. Statistical distributions of 24-hr average concentrations of NO3
- from 2001 to 2016 

As it can be seen from Figures 3.12-3.15, the comparisons among eight sites for the high 

concentrations of PM2.5,
2

4SO 
, 4NH

 and 3NO
 indicates the spatial variation. The high 

concentrations of PM2.5,
2

4SO 
, 4NH

 and 3NO
 occurred more frequently at the urban sites than 

the nonurban sites, and more frequently at the inland sites than the coastal sites. The spatial 
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variation of high concentrations was consistent with the spatial variation of annual average 

concentrations (Figure 3.1), which may also be explained by the atmospheric transport and 

spatial heterogeneity of emissions sources.  Moreover, not only the monthly average or annual 

average concentrations of PM2.5,
2

4SO 
, 4NH

 and 3NO
 were decreased in the past 16 years, fewer 

high concentrations of PM2.5,
2

4SO 
, 4NH

, and 3NO
  at the eight sites occurred over time. The 

primary and secondary 24-hr average PM2.5 NAAQS standard are 35 µg m-3 (98th percentile, 

averaged over 3 years), Figure 3.12 indicates that 24-hr average PM2.5 concentrations were all 

below the latest NAAQS standard in 2012-2016 at the eight sites. The reduction in the high 

concentrations was the important evidence of air quality improvement in the Southeastern U.S. 

over the past 16 years. 

3.3.5. Multiple Linear Regression model  

The effects of the various predictor variables on the response variable ( 4NH
) were 

estimated using regression analysis. The MLR models for the response of 4NH
 to various factors 

in two periods (2008-2011 and 2012-2016) at six sites are shown in Tables 3.6-3.14. 

Table 3.6.  The summary of final MLR model coefficients at the JST site from 2010 to 2011 

Predictors Coefficients SE t value Pr > |t| 

Intercept (β0) 0.08 0.04 1.97 0.054 

SO4
2- (β1) 0.31 0.01 32.79 < 2 * 10-16 

NO3
- (β2) 0.25 0.03 7.91 5.57 * 10-11 

(NO3
- - 0.66)2 (β3) 0.02 0.01 3.43 0.001 

Mg2+ (β4) -6.69 2.95 -2.27 0.026 

Residual standard error: 0.1104 on 62 degrees of freedom. Multiple R-squared:  0.9625. Adjusted R-squared:   0.96. 

F-statistic: 397.4 on 4 and 62 DF, p-value: < 2.2 * 10-16. 
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Table 3.7.  The summary of final MLR model coefficients at the JST site from 2012 to 2016 

Predictors Coefficients SE t value Pr > |t| 

Intercept (β0) 0.1967 0.041 4.78 5.64 * 10-6 

SO4
2- (β1) 0.35 0.0074 46.74 < 2 * 10-16 

NO3
- (β2) 0.0052 0.0286 0.18 0.86 

(NO3
- - 0.45)2 (β3) 0.11 0.01 10.57 < 2 * 10-16 

T (β4) -0.013 0.0021 -6.08 1.88 * 10-8 

Mg2+ (β5) -1.15 1.68 -0.69 0.49 

(Mg2+ - 0.0077)2 (β6) -292.8 161.7 -1.81 0.07 

NH3 (β7) -0.06 0.027 -2.22 0.03 

(NH3 – 1.31)2 (β8) -0.0297 0.014 -2.16 0.03 

T:NH3 (β9) 0.0055 0.0013 4.20 5.53 * 10-5 

Residual standard error: 0.05489 on 107 degrees of freedom. Multiple R-squared:  0.9749. Adjusted R-squared:  0.9

7. F-statistic:   462 on 9 and 107 DF, p-value: < 2.2 * 10-16. 

 
Table 3.8.  The summary of final MLR model coefficients at the YRK site from 2008 to 2011 

Predictors Coefficients SE t value Pr > |t| 

Intercept (β0) 0.08 0.033 2.39 0.018 

SO4
2- (β1) 0.33 0.009 37.11 < 2 * 10-16 

NO3
- (β2) 0.25 0.018 13.64 < 2 * 10-16 

(SO4
2- - 3.27)2 (β3) -0.008 0.001 -5.74 4.5 * 10-8 

Mg2+ (β4) -3.83 1.45 -2.65 0.0089 

Residual standard error: 0.1672 on 161 degrees of freedom. Multiple R-squared:  0.9405. Adjusted R-squared:  0.94.

 F-statistic: 636.3 on 4 and 161 DF, p-value: < 2.2 * 10-16. 
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Table 3.9.  The summary of final MLR model coefficients at the YRK site from 2012 to 2016 

Predictors Coefficients SE t value Pr > |t| 

Intercept (β0) 0.028 0.027 1.03 0.31 

SO4
2- (β1) 0.38 0.013 29.58 < 2 * 10-16 

NO3
- (β2) 0.067 0.032 2.12 0.036 

(NO3
- - 0.41)2 (β3) 0.155 0.028 5.62 1.23 * 10-7 

Na+ (β4) -0.54 0.132 -4.1 7.48 * 10-5 

T (β5) -0.0025 0.00149 -1.67 0.097 

(Na+ - 0.04)2 (β6) 0.71 0.29 2.43 0.0166 

HNO3 (β7) -0.045 0.027 -1.66 0.0995 

K+(β8) 0.87 0.38 2.31 0.0226 

SO4
2-:T (β9) -0.0029 0.000684 -4.24 4.39 * 10-5 

T:HNO3 (β10) 0.0045 0.0014 3.25 0.00149 

Residual standard error: 0.05419 on 122 degrees of freedom. Multiple R-squared:  0.9732. Adjusted R-squared:  0.9

7. F-statistic: 443.7 on 10 and 122 DF, p-value: < 2.2 * 10-16. 
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Table 3.10.  The summary of final MLR model coefficients at the BHM site in 2011 

Predictors Coefficients SE t value Pr > |t| 

Intercept (β0) -0.0182 0.083 -0.219 0.83 

SO4
2- (β1) 0.316 0.0132 23.95 5.86 * 10-14 

NO3
- (β2) 0.489 0.0659 7.42 1.46 * 10-6 

(T – 18.23)2 (β3) 0.00052 0.000196 2.64 0.018 

(Mg2+ - 0.014)2 (β4) -568.8 272.6 -2.09 0.053 

(NO3
- - 0.68)2 (β5) -0.058 0.027 -2.15 0.047 

Ca2+ (β6) 3.85 0.904 -4.26 5.96 * 10-4 

NH3 (β7) 0.067 0.0345 1.95 0.07 

(NH3 - 1.63)2 (β8) -0.063 0.0235 -2.69 0.016 

(Ca2+
 - 0.052)2 (β9) 37.05 8.998 4.12 0.00081 

(HNO3 - 1.23)2 (β10) 0.110 0.041 2.60 0.019 

(Cl- - 0.16)2 (β11) 0.287 0.766 0.374 0.71 

T (β12) -0.00353 0.00484 -0.729 0.48 

Mg2+ (β13) -0.0106 2.55 -0.004 0.997 

HNO3 (β14) -0.0108 0.0458 -0.235 0.82 

Cl- (β15) 0.18 0.249 0.721 0.48 

Residual standard error: 0.05312 on 16 degrees of freedom. Multiple R-squared:  0.9916. Adjusted R-squared:  0.98.

 F-statistic: 126.5 on 15 and 16 DF, p-value: 1.008 * 10-13. 
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Table 3.11.  The summary of final MLR model coefficients at the BHM site from 2012 to 2016 

Predictors Coefficients SE t value Pr > |t| 

Intercept (β0) 0.248 0.044 5.68 4.22 * 10-7 

SO4
2- (β1) 0.292 0.024 12.09 < 2 * 10-16 

T (β2) -0.012 0.002 -6.17 6.28 * 10-8 

(NO3
- - 0.34)2 (β3) 0.081 0.013 6.12 7.81 * 10-8 

(Cl- - 0.102)2 (β4) 0.518 0.294 1.76 0.0833 

Ca2+ (β5) -0.537 0.194 -2.77 0.0075 

NO3
- (β6) 0.043 0.047 0.914 0.3642 

Cl- (β7) 0.037 0.124 0.301 0.7645 

SO4
2-:T (β8) 0.0023 0.001 2.43 0.0181 

Residual standard error: 0.04904 on 60 degrees of freedom. Multiple R-squared:  0.9884. Adjusted R-squared:  0.99.

 F-statistic: 641.6 on 8 and 60 DF, p-value: < 2.2 * 10-16. 

Table 3.12.  The summary of final MLR model coefficients at the CTR site from 2012 to 2016 

Predictors Coefficients SE t value Pr > |t| 

Intercept (β0) 0.0049 0.012 0.403 0.687 

SO4
2- (β1) 0.32 0.0057 55.84 < 2 * 10-16 

NO3
- (β2) 0.21 0.017 12.21 < 2 * 10-16 

Mg2+ (β3) -6.63 0.54 -12.26 < 2 * 10-16 

NH3 (β4) 0.14 0.028 5.12 8.31 * 10-7 

(SO4
2- - 1.59)2 (β5) -0.0169 0.0039 -4.36 2.24 * 10-5 

Residual standard error: 0.05129 on 168 degrees of freedom. Multiple R-squared:  0.9648. Adjusted R-squared:  0.9

6. F-statistic: 921.2 on 5 and 168 DF, p-value: < 2.2 * 10-16. 
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Table 3.13.  The summary of final MLR model coefficients at the OAK site in 2010 

Predictors Coefficients SE t value Pr > |t| 

Intercept (β0) 0.103 0.054 1.89 0.068 

SO4
2- (β1) 0.36 0.014 26.28 < 2 * 10-16 

T (β2) -0.0092 0.002 -4.45 0.0001 

Mg2+ (β3) -5.41 1.04 -5.21 1.19 * 10-5 

(SO4
2- - 2.47)2 (β4) -0.02 0.0076 -2.62 0.013 

NH3 (β5) 0.16 0.055 2.97 0.0056 

NO3
- (β6) 0.19 0.054 3.52 0.0013 

(T - 17.46)2 (β7) -0.00028 0.00015 -1.86 0.073 

Residual standard error: 0.06706 on 31 degrees of freedom. Multiple R-squared:  0.9739. Adjusted R-squared:  0.97.

 F-statistic: 165.5 on 7 and 31 DF, p-value: < 2.2 * 10-16. 

 

Table 3.14.  The summary of final MLR model coefficients at the OLF site from 2013 to 2016 

Predictors Coefficients SE t value Pr > |t| 

Intercept (β0) -0.0013 0.024 -0.054 0.96 

SO4
2- (β1) 0.33 0.0075 43.69 < 2 * 10-16 

NO3
- (β3) 0.35 0.061 5.74 1.36 * 10-7 

Mg2+ (β2) -4.69 0.88 -5.30 8.78 * 10-7 

(Ca2+ - 0.03)2 (β4) -19.02 7.90 -2.41 0.0181 

 (NO3
- - 0.26)2 (β5) -0.283 0.0899 -3.16 0.0022 

(NH3 - 0.45)2 (β6) 0.13 0.0819 1.59 0.1153 

Ca2+ (β7) -0.522 0.602 -0.868 0.3879 

NH3 (β8) 0.0547 0.0425 1.288 0.2013 

Residual standard error: 0.0681 on 87 degrees of freedom. Multiple R-squared:  0.9635. Adjusted R-squared:  0.96. 

F-statistic: 287.2 on 8 and 87 DF, p-value: < 2.2 * 10-16. 

 

The interaction terms may cause serious multi-collinearity problem, which provides 

redundant information (Montgomery et al., 2012), thus, the model diagnostics may exclude the 
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interaction terms when variance inflation factor (VIF) is greater than 10. The selection of 

predictor variables varied at different sites in different periods.  

As it can be seen from Tables 3.6-3.14, in general, both 
2

4SO 
and 3NO

 are included in 

the regression models at six sites in two periods. The iPM2.5 mainly consists of 4NH
 salts, and 

most of the 4NH
 cations are tied up with 

2

4SO 
and 3NO

anions. The coefficients for both 
2

4SO 

and 3NO
 are positive, which indicates the positive correlation between cation-( 4NH

) and 

anions-(
2

4SO 
& 3NO

). The positive regression coefficients (0.29-0.38) for 
2

4SO 
 are greater than 

the coefficients for all the other predictor variables. The dominance of particle-phase 
2

4SO 
salts 

led to the significantly positive relationship between 4NH
 and

2

4SO 
, the changes in 

2

4SO 
 can 

cause corresponding changes in 4NH
. There are some centered quadratic terms included in the 

model as well, the quadratic terms indicate that the direction of relationship between 4NH
 and

2

4SO 
, 3NO

 may change as 
2

4SO 
 and 3NO

 concentrations change. The complex relationship 

between 4NH
 and

2

4SO 
, 3NO

 may be caused by reactions between NH3 and H2SO4, HNO3, the 

dynamic changes of particle‒phase
2

4SO 
, 3NO

 may also change the dynamic reactions of NH3 

and various acidic gases. For example, the free NH3 from the reduction of 
2

4SO 
 may react with 

HNO3 to form NH4NO3. 

As for the gas-phase NH3, the BIC step-wise model selection method doesn’t include 

NH3 in the MLR model at the JST site in 2010-2011, at the YRK site in 2008-2011 and 2012-

2016, and at the BHM site in 2012-2016. The exclusion of NH3 indicates that NH3 may not be 

able to limit the formation of 4NH
 salts at these three sites. Specifically, NH3 is excluded from 
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the regression model from 2008 to 2016 at the YRK site. The NH3 emissions from nearby AFOs 

contributed to the abundant NH3 gas at the YRK site, the NH3 was in excess of fully neutralizing 

acidic gases. While for CTR site in 2012-2016, OAK site in 2010, and OLF site in 2013-2016, 

the NH3 is included in the regression model and the coefficients are positive. Especially, at the 

OAK site, coefficient of NH3 is 0.16, which is higher than the other sites. The positive 

coefficients suggest that the higher NH3 may lead to increased formation of NH4
+ salts at these 

sites.  

As for the gas-phase HNO3, it’s included in the regression model at the YRK site in 

2012-2016, and at the BHM site in 2011, and the regression coefficients for HNO3 in these two 

models are negative. The semi-volatile characteristic of NH4NO3 may explain the negative 

coefficient. Under certain ambient condition such as high T and low RH, the NH4NO3 may 

decompose into gas‒phase NH3 and HNO3, the increase in gas‒phase HNO3 led to the decrease 

in 4NH
. The interaction term-T:HNO3 at the YRK site may indicate the dependence of the 

formation of NH4NO3 on ambient condition. 

As for ambient meteorological condition, T and RH, only T is included in the regression 

models at the JST site in 2012-2016, at the YRK site in 2012-2016, at the BHM site in 2011 and 

2012-2016, and at the OAK site in 2010. The RH is excluded from all the regression models. The 

coefficients for T are all negative, which indicates that the increase of T leads to the decrease of

4NH
. 

As for the NVCs and Cl‒, although the concentrations are lower compared with the other 

gas‒ and particle‒phase species, either Mg2+, Na+ or Cl‒ is included in the regression models, 

this indicates that the NVCs and Cl- are important factors affecting the 4NH
concentration.  
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3.4. Conclusions 

In this research, the spatial and temporal variations of PM2.5 mass closure and iPM2.5 

concentrations were analyzed in the Southeastern U.S. using SEARCH Network data from 2001 

to 2016.  The results indicate that the PM2.5 concentrations exhibited a significant reduction trend 

from 2001 to 2016 at the eight sites of SEARCH. In general, PM2.5 concentrations were higher in 

urban sites than nonurban sites, and higher in inland sites than coastal sites. The spatial 

heterogeneity of PM2.5 may be caused by the atmospheric transport, various chemical reactions 

and spatial distribution of primary and secondary PM2.5 emissions sources at specific sites. The 

concentrations of PM2.5,
2

4SO 
 and 4NH

 exhibited the same seasonal variation, higher in summer 

and lower in winter, while NO3
‒ concentration exhibited an inverse seasonal variation, higher in 

winter and lower in summer. The seasonal variation of PM2.5 became less intense in later years 

(2012-2016).  The concentrations of 4NH
, 

2

4SO 
and 3NO

were higher at four inland sites than 

coastal sites and higher in urban sites than the nonurban sites. Specifically, the concentrations of

4NH
, 

2

4SO 
and 3NO

at the agricultural rural site‒YRK were higher than the other sites, except 

two urban sites‒JST and BHM.  The significant NH3 emissions from AFOs at the YRK site may 

explain the higher iPM2.5 concentrations because the abundant NH3 facilitates the reaction of 

NH3 with acidic gases. Furthermore, the strong correlation between 4NH
, 

2

4SO 
 and PM2.5 

indicated the day-to-day covariation. At four inland sites, the iPM2.5 was the dominant 

composition of PM2.5 before 2011, while OCM was the dominant composition of PM2.5 after 

2011. At four coastal sites, the iPM2.5 was the dominant composition of PM2.5 over the past 16 

years. Moreover, the reduction in the high concentrations of PM2.5 was observed as well. The 

BIC step-wise model selection determined the best fitting MLR model to predict 4NH
at six 
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sites, there is a strong positive correlation between cation- 4NH
 and anions-

2

4SO 
& 3NO

. The 

NH3 is excluded from the regression model at the YRK site due to the abundant NH3 emitted 

from AFOs. The NVCs and Cl‒ are the significant factors affecting 4NH
 concentrations. The 

spatial variation of PM2.5 mass closure and iPM2.5 may be due to the spatial heterogeneity of 

various emission sources and fate and transport of various precursor gases. In addition, the 

temporal variation of PM2.5 mass closure and iPM2.5 is the important evidence of air quality 

improvement in the Southeastern U.S. over the past 16 years.  
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CHAPTER 4: PERFORMANCE OF ISORROPIA II FOR PREDICTING INORGANIC 

AEROSOLS IN THE SOUTHEASTERN U.S. 

Abstract 

As a significant fraction of atmospheric PM2.5, secondary inorganic PM2.5 (iPM2.5) is 

formed through the gas‒phase ammonia (NH3) and particle‒phase ammonium ( 4NH
) 

partitioning. While the partitioning of 3NH ‒ 4NH
may be simulated by thermodynamic 

equilibrium models, disagreement between models predictions and measurements have been 

realized and the applicability of the model in simulation iPM2.5 formation under different 

conditions has not been well studied. This research was to investigate the applicability of one 

type of thermodynamic equilibrium models, named ISORROPIA II, under different atmospheric 

conditions and geographic locations. Based upon the field measurements at the Southeastern 

Aerosol Research and Characterization (SEARCH) Network, the performance of ISORROPIA II 

was assessed under different temperature-RH-model setups in urban and rural locations.  The 

impact of organic aerosol (OA) on the partitioning of 3NH ‒ 4NH
 was also evaluated. Results of 

this research indicate that the inclusion of nonvolatile cations (NVCs) in the model input is 

necessary to improve the model performance. Under high temperature (> 10 oC) & low RH (< 

60%) conditions, ISORROPIA II tends to over predict nitric acid (HNO3) concentration and 

under predict nitrate ( 3NO
) concentration. The predominance of one phase (aerosol or gas) of 

semi-volatile compound can amplify the small errors in the model prediction of the other phase.  

The model with stable and metastable setups may also perform differently under different 

temperature-RH conditions. Metastable model setup performs better under high temperature (> 

10 oC) & low RH (< 60%) conditions, while stable model setup performs better under low 

temperature (< 5 oC) condition. Furthermore, higher time resolution (e.g., 5-min) data may be 
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required to investigate the impact of OA on the thermodynamic equilibrium partitioning of 3NH ‒

4NH
. This research provides systematic assessment of ISORROPIA II model under different 

conditions. Future studies using ISORROPIA II for the prediction of 3NH ‒ 4NH
 partitioning 

should consider the inclusion of NVCs, the under/over predictions of 3NO
/HNO3, the selection 

of stable/metastable model setups under different temperature-RH conditions, spatiotemporal 

variations of iPM2.5 chemical compositions. 

4.1. Introduction 

Fine particulate matter (i.e., PM2.5) has gained attention due to its adverse health effects, 

visibility degradation, and the impacts on the Earth’s ecosystems and radiative balance (USEPA, 

2018d; Pui et al., 2014; Xing et al., 2016). Secondary inorganic PM2.5 (iPM2.5) constitutes a 

significant fraction of atmospheric PM2.5 mass concentration (Bell et al., 2007; Hand et al., 2012) 

and the chemistry of secondary iPM2.5 formation has been investigated for decades (Allen and 

Harrison, 1989; Hildemann et al., 1984; Stelson and Seinfeld, 1982; Shiraiwa et al., 2013). The 

formation of the secondary iPM2.5 may be characterized by thermodynamic equilibrium of gas‒

phase ammonia (NH3) and particle‒phase ammonium ( 4NH
) partitioning (Seinfeld and Pandis, 

2006). It is important to establish a holistic understanding of the formation of secondary iPM2.5 

such that the regional impact of iPM2.5 may be fully understood. Secondary iPM2.5 is usually 

formed through chemical reactions between different precursor gases such as NH3, nitric acid 

(HNO3) and sulfuric acid (H2SO4). In general, NH3 gas is directly emitted, while HNO3 and 

H2SO4 are mainly formed through (photo)chemical reactions during atmospheric transformation 

of sulfur dioxide (SO2) and nitrogen oxides (NOx) (NOx = NO + NO2). It was reported that 

iPM2.5 mainly consists of ammonium nitrate (NH4NO3), ammonium sulfate ((NH4)2SO4) and 
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ammonium chloride (NH4Cl) (Saxena et al., 1986; Tanner et al., 1979; Tolocka et al., 2001; 

Walker et al., 2004). The partitioning of total available ammonia (TA = 3NH + 4NH
) into gas‒ and 

particle‒phase is usually assumed to be in the thermodynamic equilibrium state such that 

thermodynamic model can be used to estimate the physical phases (gas, liquid, solid) and 

interactions of different precursor gases of iPM2.5 (Ansari and Pandis, 1999a, Zhang et al., 2000). 

However, the non-equilibrium state may exist in ambient air due to surface heterogeneity 

(Ravishankara, 1997), the mass transport limitation between different sizes of particles (Wexler 

and Seinfeld, 1992) and the long timescale to reach equilibrium state for super-micron particles 

(Moya et al., 2002). Consequently, the applicability of thermodynamic equilibrium theory for 

modeling the 3NH ‒ 4NH
 partitioning may be challenged under certain atmospheric condition, 

when nonequilibrium state exist.  

In this study, we explore impacts of various factors, e.g., organic materials, ambient T 

and RH, model setups, and nonvolatile cations (NVCs) on the performance of ISORROPIA II 

model. This research aims to investigate the applicability of ISORROPIA II  under different T‒

RH‒model setup‒locations for the prediction of inorganic aerosols.  

4.2. Methodology 

4.2.1. Monitoring network description 

The Southeastern Aerosol Research and Characterization (SEARCH) Network is a long-

term air quality monitoring network established in the Southeastern U.S. (AL, FL, GA, and MS) 

(EPRI, 2008). The SEARCH Network aimed to address questions regarding tropospheric ozone 

(O3) formation, PM2.5 and PM10 mass and chemical compositions, mercury (Hg) pollution, and 

visibility degradation. The network provides high-quality field measurements of PM2.5 mass and 

chemical compositions. More specifically, the continuous measurements of iPM2.5 chemical 
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compositions and its precursor gases provides information with high time resolution to 

investigate the partitioning of gas‒ and particle‒phase pollutants at eight sites covering 

agricultural rural areas and urban regions.  

Under the SEARCH, the concentrations of iPM2.5 chemical compositions and its 

precursor gases were measured at four paired urban/nonurban sites, named as JST/YRK, 

BHM/CTR, GFP/OAK, and PNS/OLF. The measurements started from 1998/1999 and ended in 

2016. These eight monitoring sites are shown in Figure 1.4.  

The onsite measurements provided processed 1‒hr average concentrations of precursor 

gases, iPM2.5 chemical compositions, and meteorological conditions. In addition, the 24-hr 

average measurements of iPM2.5 chemical compositions were also performed. The details of the 

measurements made at the eight sites are reported in Hansen et al. (2003) and summarized in 

Table 1.4.  

4.2.2. Data cleaning and processing 

Some of the reported gas‒ and particle‒phase measurements were found to be negative or 

below the instrument’s detection limit.  As the model input can’t be negative, all the negative 

values were excluded from the analysis. While those values below the detection limits were 

included in the data analysis (Cohen and Ryan, 1989).  

During the SEARCH data collection period, rain events happened that led to pollutant 

wet depositions. The precipitation led to rapid decrease in the concentrations of gas‒ and 

particle‒phase pollutants. Thus, the hourly and daily measurements in rain events are not suitable 

to assess the performance of the thermodynamic model. In data reduction process, the hours and 

days with precipitation were flagged and excluded from the analysis.  
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4.2.3. Thermodynamic model assessment 

We explore the impact of factors including ambient T and RH, stable/metastable model 

setups, and NVCs on the performance of ISORROPIA II. Comparison of model predicted 

concentrations and measurements were performed to check the over or underestimations of 

ISORROPIA II under various conditions and to identify the possible reasons. In addition, the 

impact of OA on the thermodynamic equilibrium partitioning of 3NH ‒ 4NH
was evaluated as well. 

Model performance evaluation at eight sites exhibited the similar trend, thus, only the results at 

the YRK and JST sites are reported in this chapter. 

The impacts of T and RH on the model performance were assessed using the following 

experimental design. The T and RH scenarios were broken down into various 5 C T × 10% RH 

conditions, under each condition, the model‒predicted concentrations of NH3, 4NH
, HNO3, 

3NO
, and iPM2.5 (

2

4SO 
+ 4NH

 + 3NO
) were assessed against hourly measurements of gas-phase 

and particle-phase pollutants.  

The gas‒phase NH3 and HNO3 molar fractions under different T‒RH conditions were 

also analyzed. The gas‒phase NH3 molar fraction ([NH3]/[NHx]) and gas‒phase HNO3 molar 

fraction ([HNO3]/[TN]) are defined in the following equations: 

[NH3]/[NHx] =
3

3 4

[NH ]

[NH ] [NH ]
                                (4-1) 

[HNO3]/[TN] = 
3

3 3

[HNO ]

[HNO ] [NO ]
                            (4-2) 

where [NHx] is the sum of molar concentrations (µmol m-3) of gas‒phase NH3 and particle‒

phase 4NH
, [TN] is the sum of molar concentrations (µmol m-3) of gas‒phase HNO3 and 
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particle‒phase 3NO
. 

The ISORROPIA II is usually utilized to predict the gas‒particle partitioning given the 

concentrations of precursor gases, thus forward mode was used as default in this study. The 

performance of ISORROPIA II with thermodynamically stable and metastable setups under 

different T and RH conditions was assessed by comparing forward model predictions with field 

measurements to check the applicability of the model under different conditions.  

The hourly measurements only included the concentrations of NH3, 4NH
, HNO3, 3NO

, 

and 
2

4SO 
. The disagreement in the predictions of gas‒ and particle‒phase pollutants may be due 

to the lack of other cations/anions measurements. Thus, the model performances of ISORROPIA 

II in simulating NH3, HNO3, 4NH
 and 3NO

 under different gas ratios (GR) and measured charge 

balance (MCB) were analyzed. The GR characterizes the neutralization degree of NH3 by acidic 

gases and MCB is the molar difference of cation ( 4NH
) and anions (

2

4SO 
& 3NO

). More 

specifically, GR and charge balance can be defined as: 

GR = 
[TA] 2[TS]

[TN]


                                                      (4-3) 

                                  MCB = [ 4NH
] ‒ 2× [

2

4SO 
] ‒ [ 3NO

]        (4-4) 

where, TA is total available ammonia (= NH3 + 4NH
), TS is total sulfuric acid (= H2SO4 + 4HSO

 

+ 
2

4SO 
) and TN is total available nitric acid (= HNO3 + 3NO

). 

In terms of the impact of NVCs inclusion on the model performance, only 24-hr average 

data of K+, Ca2+, Mg2+, and Na+ were available under SEARCH Network. Thus, 24-hr average 

data of iPM2.5 chemical composition and its precursor gases were used to assess the impact of 
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NVCs inclusion/exclusion on the model performance. For each site, two datasets were used to 

run ISORROPIA II, one was NH3‒ 4NH
‒HNO3‒ 3NO

‒
2

4SO 
‒Cl‒ system, the other one was 

Ca2+‒Mg2+‒K+‒Na+‒HCl‒Cl‒‒NH3‒ 4NH
‒HNO3‒ 3NO

‒
2

4SO 
 system. 

If iPM2.5 may be coated with organic film, which retards the uptake of NH3 to react with 

H2SO4, the higher OA/
2

4SO 
 mass ratio may lead to lower probability of the reaction between 

NH3 and H2SO4 (Liggio et al., 2011). The neutralization of H2SO4 by NH3 was characterized by 

molar ratio R. 

R = 4 3

2

4

[NH ] [NO ] [Cl ]

[SO ]

  



 
                                        (4-5) 

The postulated organic film hypothesis was examined by testing if there was a significant 

correlation between molar ratio R and OA/
2

4SO 
 mass ratio. The negative correlation may 

indicate the organic film hypothesis, while no correlation may challenge the organic film 

hypothesis.  

4.2.4. Statistical tests of the model performance assessment 

Following the approaches by Chang and Hanna (2004), Kumar et al. (2006), and 

Fountoukis et al. (2009), fractional bias (FB) was used to evaluate the performance of the 

ISORROPIA II model, the criteria value for acceptable model performance and associated 

meanings are as follows: the bracket means averaging, Co and Cp denote measured and predicted 

concentrations. 

                               FB = 
p o

o p

2 ([C ] [C ])

[C ] [C ]

 


    (‒0.5 ≤ FB ≤ 0.5)                  (4-6) 

Where FB is symmetrical and bounded between ‒2 and +2, FB = ‒2 indicates extreme under 

prediction and FB = 2 indicates extreme over prediction. The perfect model should have FB = 0. 
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The acceptable model performance should have FB in the range between ‒0.5 and 0.5. FB 

measures mean bias of the prediction and indicate systematic errors. FB can also be used to 

check the over or under prediction of the ISORROPIA II model: FB > 0 indicates over prediction 

and FB < 0 indicates under prediction.  

4.3. Results and Discussion 

The ISORROPIA II model performance evaluation at the YRK site (2007‒2013), JST 

site (2010‒2014), CTR site (2012‒2013), BHM site (2011‒2013), OAK site (2010), and OLF 

site (2013) are presented.  The comparisons between model predictions and measurements at the 

YRK site are shown in Figure 4.1.  

 

 

Figure 4.1. The comparisons of predictions and observations using stable setup at the YRK site 

As it can be seen from Figure 4.1, in general, the ISORROPIA II model is able to 

reproduce NH3, HNO3, 4NH
, and 3NO

 concentrations at the YRK site, with R2 values above 

0.79. As for NH3 and 4NH
, the slopes are 1.00 and 0.99, respectively, which indicate that the 

NH3 HNO3 

NH4
+ NO3

- 
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ISORROPIA II model predicts NH3 and 4NH
 well. While for HNO3 and 3NO

, the ISORROPIA 

II model tends to under predict HNO3 (slope is 0.97), and over predict 3NO
 (slope is 1.16). 

Especially when the measured concentrations of HNO3 and 3NO
 are below 4 µg m-3. Some 

disagreement between model prediction and measurements can be observed.  

4.3.1. Ambient T-RH and ISORROPIA  stable & metastable setups 

 The impacts of T and RH on model performance exhibit the similar results at the six 

sites. Figures 4.2‒4.4 show the ratios of prediction over observation (Cp/Co) at the YRK site 

using stable and metastable model setups. 

 

   

Figure 4.2. The ratios of Cp/Co for HNO3 using stable and metastable model setups 

 

  

Figure 4.3. The ratios of Cp/Co for NO3
- using stable and metastable model setups 

 

Stable setup 

Stable setup Metastable setup 

Metastable setup 
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Figure 4.4. The ratios of Cp/Co for iPM2.5 (SO4
2- + NH4

+ + NO3
-) using stable and metastable model setups 

As it can be seen from Figures 4.2-4.4, under T > 10 C & RH < 60% conditions, 

ISORROPIA II model tends to excessively partition N into a gas phase, i.e., over predict HNO3 

and under predict 3NO
. As for the prediction of iPM2.5 (

2

4SO 
+ 4NH

 + 3NO
), generally, 

ISORROPIA II model predicts the concentration of iPM2.5 well, most of the Cp/Co are within the 

range of 0.8 and 1.2. The accuracy of the prediction of iPM2.5 is determined by three chemical 

compositions‒
2

4SO 
, 4NH

 and 3NO
. One of the assumptions made by ISORROPIA II model is 

that the vapor pressure of H2SO4 is low, thus, all the H2SO4 partitions into aerosol phase. The 

ISORROPIA II model always predicts 
2

4SO 
 concentration well, if 

2

4SO 
 accounts for the most of 

iPM2.5 mass concentration, the prediction of iPM2.5 is not sensitive to the disagreement between 

predictions and measurements for 3NO
 & 4NH

. Among the three major chemical compositions 

of iPM2.5, 
2

4SO 
 accounted for greater than 59% of iPM2.5 at the YRK site, which may explain the 

acceptable performance of ISORROPIA II in the prediction of iPM2.5 concentration. The 

analyses of the mass closure of PM2.5 in 2001-2016 at the agricultural rural site-YRK and 

industrial residential site-JST indicate that iPM2.5 (
2

4SO 
+ 4NH

 + 3NO
) was the dominant 

Stable setup Metastable setup 
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component of PM2.5 mass concentration before 2011, while in 2012-2016, the mass fraction of 

iPM2.5 was decreased and organic carbon matter (OCM) dominated in PM2.5 mass concentration.  

4.3.2. Statistical tests of model performance under different T-RH conditions 

As for NH3 and NH4
+, the over prediction and under prediction both happened under all 

T‒RH conditions. In order to quantitatively assess the performance of ISORROPIA II under 

different T‒RH conditions, under each 5 C T × 10% RH condition, the model performance for 

the prediction of NH3, 4NH
, HNO3, 3NO

, and iPM2.5 at the YRK site was assessed. The data at 

the JST site exhibit the similar results, thus, the statistical analysis results at the JST site are not 

shown here. The values of FB for 3NO
 prediction with stable model setup at the YRK site are 

illustrated here; the results for the other gas‒ and particle‒phase pollutants are in the Appendix 

C, Tables S4-S8. 

Table 4.1.  Model performance assessment for NO3
- prediction with stable setup at the YRK site 

 

T 

RH 

20-30% 30-40% 40-50% 50-60% 60-70% 70-80% 80-90% 90-100% 

30-35 oC -2.00M -2.00M -2.00M -1.98M -1.81M NA NA NA 

25-30 oC -2.00M -2.00M -2.00M -1.99M -1.66M -0.71M -0.48S=M NA 

20-25 oC -2.00M -1.95M -1.84M -1.97M -1.10M -0.27M -0.09M 0.25S=M 

15-20 oC -0.78M -1.20M -1.33M -1.53M -0.29M 0.06S 0.12S 0.36S=M 

10-15 oC -0.65M -0.61M -0.49S -0.47M -0.02S 0.30S 0.29S 0.41S=M 

5-10 oC -0.29M 0.01S 0.09S 0.03S 0.08S 0.21S 0.17S 0.17S=M 

0-5 oC 0.18S 0.30S 0.29S 0.25S 0.12S 0.09S 0.07S 0.17S=M 

-5-0 oC NA 0.40S 0.44S 0.30S 0.16S 0.08S 0.06S 0.13S=M 

-10 - -5 oC NA NA NA 0.37S 0.20S 0.05S 0.02S NA 

[1] The unacceptable FB values (< -0.5 or > 0.5) are labeled as bold values; NA: not applicable 

[2] The FB values closer to 0 indicates the good model performance. The S superscript indicates the stable setup 

performs better, the M superscript indicates the metastable setup performs better, and the S=M superscript indicates 

the same model performance 
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As it can be seen from Tables S4 and S7, the performance of ISORROPIA II in the 

prediction of NH3 and 4NH
 is generally acceptable.  While Table 4.1 indicates that the 

predictions of HNO3 and 3NO
 are not satisfactory under certain T‒RH conditions, especially 

under higher T and lower RH conditions, the ISORROPIA II model exhibits worse performance. 

The prediction of iPM2.5 is acceptable under all T‒RH conditions. The model performance in the 

prediction of HNO3 and 3NO
 is sensitive to the dominant physical state (gas or aerosol) of 

HNO3 in ambient air. Under high T (> 15 oC) and low RH (< 60%) conditions, the ammonium 

nitrate (NH4NO3) may decompose into gas‒phase  NH3 and HNO3 due to the semi‒volatile 

characteristic of ammonium nitrate (NH4NO3), leading to the dominance of gas‒phase HNO3  

(Dawson et al., 2007). Thus, most of the total available HNO3 is in gas phase, the 3NO
 is more 

sensitive to the prediction uncertainties. The FB values for 3NO
 with T > 25 oC & RH < 70% 

are all negative, as small as ‒2, which indicates extreme under prediction. While under low T or 

high RH conditions, HNO3 gas is under predicted, especially for T < ‒5 oC or RH > 90%. This 

can be explained that under low T and/or high RH conditions, most of the HNO3 is in particle 

phase and the prediction of HNO3 gas is more sensitive to prediction uncertainties. 

 To further investigate the partitioning of 3NH ‒ 4NH
 and HNO3‒ 3NO

, the measured gas‒

phase NH3 and HNO3 molar fractions under different T‒RH conditions are shown in Figure 4.5. 
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Figure 4.5. The measured gas-phase NH3 and HNO3 molar fractions under different T-RH conditions at the 

YRK and JST sites 

 As for NH3, Table S4 shows that the values of FB are closer to 0 under T > 5 oC than 

under T < 5 oC , and this indicates that the model performance of ISORROPIA II is better under 

T > 5 oC than under T < 5 oC. The semi‒volatile characteristic of NH4NO3 can lead to greater 

gas‒phase NH3 molar fraction under high T. When the gas‒phase NH3 dominates in the 

partitioning of 3NH ‒ 4NH
, the particle‒phase 4NH

 is more sensitive to the prediction uncertainty 

and vice versa. The model performance in the prediction of NH3 is better under T > 5 oC 

condition for both stable and metastable model setups. The predominance of one phase (aerosol 

or gas) of semi‒volatile compound under certain T‒RH conditions can amplify the small errors 

in the model prediction of the other phase. The variable sensitivities to the prediction errors for 

gas‒phase and particle‒phase pollutants are more apparent for the partitioning of HNO3‒ 3NO
. 

As for HNO3, Figure 4.5 indicates that under T > 15 oC & RH < 90% conditions, most of the 
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HNO3 stays in the gas phase. The particle‒phase 3NO
 only accounts for a small fraction of total 

HNO3, the mass conservation of the HNO3 renders the 3NO
 concentration more sensitive to the 

uncertainties in the prediction. On the contrary, under T < 5 oC condition, most of the HNO3 

stays in particle phase, the mass conservation of the HNO3 renders the HNO3 gas concentration 

more sensitive to the uncertainties in the prediction. The more sensitivity of the partitioning of 

HNO3‒ 3NO
 to the T and RH makes the prediction of 3NO

 tougher than the other chemical 

compositions of iPM2.5. 

According to Ansari and Pandis (2000) and Fountoukis et al. (2009), under different T‒

RH conditions, the metastable and stable model setups may have different performances in the 

prediction of NH3, HNO3, 4NH
, and 3NO

, and iPM2.5 (
2

4SO 
 + 4NH

 + 3NO
). The differences of 

predictions using stable and metastable model setups are shown in Figure 4.6.  
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Figure 4.6. The difference of predictions using stable and metastable setups at the YRK site (S: stable; M: 

metastable) 

As it can be seen from Figure 4.6, under high RH (RH>83%) condition, there’s no 

difference for model prediction of NH3, HNO3, 4NH
 and 3NO

, and iPM2.5 (
2

4SO 
 + 4NH

 + 3NO
) 

between the stable and metastable model setups. The high RH facilitates the absorption of water 

vapor to the iPM2.5 particles, the particle always stays in the aqueous phase and there’s no salts 

precipitation. Thus, the prediction of stable and metastable is the same. While Tables S4-S8 
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indicate that under certain T‒RH conditions, stable and metastable model setups may have 

different performances in the prediction of NH3, HNO3, 4NH
, 3NO

 and iPM2.5. Under T > 10 C 

& RH < 60% conditions, ISORROPIA II model with metastable setup tends to perform better in 

the prediction of NH3, HNO3, 4NH
 and 3NO

, and iPM2.5. Under T < 5 C & RH < 90% 

conditions, ISORROPIA II model with stable setup tends to perform better in the prediction of 

NH3, HNO3, 4NH
, and 3NO

, and iPM2.5. This can be explained by the difference in the 

prediction of the partitioning of NH3‒ 4NH
 and HNO3‒ 3NO

 by stable and metastable model 

setups.  

As for 4NH
, when RH < 80%, the prediction of 4NH

 can be divided into four regions 

based on the difference between stable and metastable model setups. When T > 25 oC, 70% < 

RH < 80%, or T < 5 oC, the 4NH
 prediction of stable setup tends to be either greater or smaller 

than the metastable setup. When 5 oC < T < 25 oC & RH < 70%, the 4NH
 prediction of stable 

setup tends to be smaller than the metastable setup. As for 3NO
, when RH < 80%, the prediction 

of 3NO
 can be divided into three regions based on the difference between stable and metastable 

model setups. When 70% < RH < 80%, the 3NO
 prediction of stable setup tends to be either 

greater or smaller than the metastable setup. When RH < 70%, the 3NO
 prediction of stable 

setup tends to be either equal to or smaller than the metastable setup.  

Thus, the selection of stable and metastable model setups depends on ambient T and RH 

at the location. 

The model performance of ISORROPIA II in simulating NH3 and 4NH
 under different 

GRs and measured charge balance is shown in the Figures 4.7 and 4.8.  
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Figure 4.7. The ratios of prediction over observation for NH3 using stable setup at the YRK and JST sites 

 

  

Figure 4.8. The ratios of prediction over observation for NH4
+ using stable setup at the YRK and JST sites 

As it can be seen from Figures 4.7 and 4.8, when the measured charge balance is 

negative, the NH3 is under predicted and 4NH
 is over predicted, especially when GR <1, the 

NH3 is under predicted to a greater degree; when the measured charge balance is positive, the 

NH3 is over predicted and 4NH
 is under predicted. In ambient air, the charge balance [ 4NH

] ‒ 

2×[
2

4SO 
] ‒ [ 3NO

] is equal to [OH‒] ‒ [H+] + [organic anion] + [Cl‒] ‒ [K+] ‒ [Na+] ‒ 2×[Ca2+] ‒ 

2×[Mg2+]. However, only total NH3, total HNO3, and total H2SO4 are the input data for 

ISORROPIA II in this research. In the model, the charge balance [ 4NH
] ‒ 2×[

2

4SO 
] ‒ [ 3NO

] is 

YRK site 

YRK site JST site 
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equal to [OH‒] ‒ [H+]. Therefore, several possible reasons may explain the phenomena of over 

and under predictions of NH3 & 4NH
: 

1. The measurement uncertainties in total H2SO4. Zhang et al. (2003) used 5-min measurements 

of iPM2.5 chemical compositions and its precursor gases to test the validity of thermodynamic 

equilibrium assumption for the partitioning of NH3‒ 4NH
, the good agreement was found 

between filed measurements and ISORROPIA II predictions in 3NO
 and 4NH

 when ~15% 

downward correction in 
2

4SO 
concentration was applied. Yu et al. (2005) used different time 

resolution (5-min, 2-hr, and 12 hr) measurements of NH3, 4NH
, HNO3, 3NO

, and 
2

4SO 
 to 

assess the ability of ISORROPIA II in the prediction of HNO3‒ 3NO
 partitioning. The 

sensitivity test indicated that the measurement uncertainties in 
2

4SO 
 and total available NH3 

concentrations may explain the errors in the prediction of 3NO
. The accurate prediction of 

NH3 and 4NH
 requires the accurate measurements of gas‒phase and particle‒phase pollutants 

as well as ambient T and RH, thus, the measurement uncertainty may explain part of the 

discrepancies between predictions and measurements. 

2. The positive measured charge balance may be explained that part of the 4NH
 cations are 

associated with organic anions, which ISORROPIA II model doesn’t consider in the modeling 

system. In addition, NH4
+ cations may also be associated with Cl‒, which is not incorporated 

in the model input; the negative measured charge balance may be explained by the exclusion 

of the NVCs in the modeling system. Metzger et al. (2006) investigated the partitioning of 

NH3‒ 4NH
 and HNO3‒ 3NO

 using three thermodynamic models, the model performance was 

assessed with/without the inclusion of NVCs and organic acid (R-COOH) in the input data. 
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The comparison between model prediction and observations indicated that it is necessary to 

include NVCs and R-COOH in the model input of thermodynamic model to accurately predict 

the gas‒particle partitioning of NH3 and HNO3.  

To further investigate the over and under prediction of gas‒phase and particle‒phase 

pollutants, the impact of NVCs on the model performance of ISORROPIA II was assessed as 

following.  

4.3.3. Nonvolatile cations (NVCs) 

The comparisons between model predictions and measurements for particle-phase 4NH
 

and 3NO
at the YRK site are shown in Figure 4.9, the data analysis at the JST site exhibits the 

similar result, thus is not shown here.  

   

   

Figure 4.9. The comparisons of predictions and observations for NH4
+ and NO3

- at the YRK site 

As it can be seen from Figure 4.9, as for daily measurements of gas‒phase and particle‒

phase pollutants, in general, ISORROPIA II is able to reproduce the concentrations of NH3, 
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HNO3, 4NH
, and 3NO

. Factorial analysis of variance (ANOVA) statistical test is used to check 

if NVCs (with/without nonvolatile cations) and model setups (stable/metastable setups) have 

significant impact on the prediction of NH3, HNO3, 4NH
, 3NO

, and iPM2.5. Only the data 

analysis results at the YRK site are shown in Table 4.2, the results at the JST site were similar, 

thus not shown here. 

Table 4.2. Factorial ANOVA test results at the YRK site 

Factors  NH3 prediction HNO3 prediction NH4
+ prediction NO3

- prediction iPM2.5 prediction 

DF F-value p-value F-value p-value F-value p-value F-value p-value F-value p-value 

NVCs 1 59.26 2.23×10-14 6.60 0.01 150.52 <2×10-16 2.71 0.10 4.56 0.03 

Setup 1 2.42 0.12 15.54 8.38×10-5 6.57 0.01 23.56 1.3×10-6 15.51 8.52×10-5 

Both 1 0.7 0.80 0.34 0.56 0.23 0.63 0.08 0.77 0.55 0.46 

[1] Significant p-values are labeled as bold. 

Model setups and NVCs have varied impacts on the predictions of gas‒phase and 

particle‒phase pollutants. For NH3 prediction, only NVCs has significant impact on the model 

performance. For 3NO
 prediction, only model setup has significant impact on the model 

performance. For HNO3, 4NH
 and iPM2.5 predictions, both NVCs and model setups have 

significant impact on the model performance.  

In order to quantitatively assess the impact of NVCs and model setups on the model 

performance. Fa2 and FB values are calculated for model assessment at the YRK site. 
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Table 4.3. Model performance of ISORROPIA II at the YRK site 

Species NVCs + Stable      NVCs + Metastable No NVCs + Stable No NVCs + Metastable 

Fa2 FB Fa2 FB Fa2 FB Fa2 FB 

NH3 0.97 -0.04 0.97 -0.05 0.96 -0.09 0.95 -0.10 

HNO3 0.87 -0.01 0.89 -0.06 0.91 0.03 0.90 -0.04 

NH4
+ 1.00 0.06 1.00 0.07 1.00 0.13 1.00 0.14 

NO3
- 0.51 0.02 0.61 0.12 0.50 -0.07 0.60 0.07 

iPM2.5 1.00 0.02 1.00 0.03 1.00 0.02 1.00 0.04 

[1] The bold values indicate the better model performance 

As it can be seen from Table 4.3, based upon the FB values, inclusion of NVCs into the 

modeling framework and stable model setup have a better performance in the prediction of NH3, 

HNO3, 4NH
, 3NO

, and iPM2.5 concentrations at the YRK site. Statistical summary of T and RH 

data at the YRK site indicates that in the total 467 data points for the ISORROPIA II model 

assessment, 81 data points were under the T > 10 oC & RH < 60% conditions, under which 

metastable model setup is favored. In addition, 67 data points were under RH > 83% condition, 

under which the performance of the model with stable and metastable setups is the same. The 

other data points were under conditions that stable setup is favored. This may indicate the 

preference of stable model setup at the YRK site. This finding is consistent with the study 

performed by Moya et al. (2001), in which 6-hr measurements of NH3, HNO3, 4NH
, 3NO

, and 

2

4SO 
 were used to assess the performance of ISORROPIA.  Moya et al. (2001) noted that the 

inclusion of NVCs as equivalent Na+ can improve the model performance in the prediction of 

3NO  concentration. Therefore, the inclusion of the NVCs into the model framework is necessary 

to accurately simulate the thermodynamic equilibrium partitioning of NH3‒ 4NH
. 
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4.3.4. Organic aerosol (OA) 

The relationships between the molar ratio‒(R) and (OA/
2

4SO 
) mass ratio at the YRK and 

JST sites are shown in Figure 4.10.  

 

Figure 4.10. The relationships between molar ratio-R and OA/SO4
2- mass ratio at the YRK and JST sites 

There is a weak correlation between molar ratio-(R) and OA/
2

4SO 
 mass ratio, R2= 0.09, 

0.17 at the YRK and JST sites, respectively; the molar ratio-R slightly tends to decrease with 

OA/
2

4SO   mass ratio.  As shown in Figure 4.10, no definite conclusion can be made about the 

impact of OA on the thermodynamic equilibrium partitioning of NH3‒ 4NH
. The higher OA/

2

4SO 
 mass ratio may indicate the lower probability for the uptake of NH3 by H2SO4. However, in 

this research, only a weakly negative correlation between molar ratio-R and OA/SO4
2- mass ratio 

can be observed. One explanation may be that the daily data itself can’t adequately detect the 

impact of OA on the equilibrium process of NH3‒ 4NH
 partitioning. Other factors such as T and 

RH can also affect the equilibrium process, while the coarse resolution of daily measurement 

can’t detect the variable sensitivities of the equilibrium process to the impact of different factors. 

Thus, higher time resolution data such as 5-min data may be required to detect the impact of OA 

on the formation of iPM2.5. 

 

YRK site JST site 
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4.3.5. Possible reasons for the disagreement between model predictions and measurements 

In assessment of ISORROPIA II model performance under different T‒RH‒model setups 

conditions, it is discovered that ambient T & RH, model setups, NVCs have significant impacts 

on model prediction. The inclusion of NVCs in the ISORROPIA II input is necessary to improve 

the model performance. Under certain T & RH conditions, ISORROPIA II tends to over or under 

predict specific gas‒phase or particle‒phase pollutants. The stable and metastable model setups 

may also perform differently under different T‒RH conditions. The impact of OA on the 

equilibrium assumption may not be detected by daily measurements, further research is needed 

to study the impact of OA on the equilibrium partitioning of NH3‒ 4NH
. The disagreement 

between model prediction and field measurements may be due to the following reasons: 

1. The hourly and daily data were used in this research to assess the performance of 

ISORROPIA II model. The duration of the input data may not be adequate to detect the 

impact of atmospheric transport, ambient T and RH on the thermodynamic equilibrium 

partitioning of NH3‒ 4NH
. The hourly and daily data of NH3, HNO3, T and RH may not be 

able to represent the thermodynamic equilibrium state of gas‒particle partitioning process. 

In addition, the thermodynamic equilibrium may not be established very rapidly, the 

hourly data may not be able to detect the dynamic changes of precursor gases of iPM2.5 

and meteorological conditions. Thus, the thermodynamic model‒ISORROPIA II based on 

the hourly and daily average condition may not vigorously reproduce the gas‒phase and 

particle‒phase pollutants at the equilibrium state. 

2. The gas‒particle system was not in a chemical equilibrium state, which is assumed by 

ISORROPIA II model. The mixture of PM1 and PM1-2.5 in secondary iPM2.5 may hinder 
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the applicability of ISORROPIA II model. Simple thermodynamic equilibrium assumption 

for iPM2.5 may not adequately characterize the partitioning of NH3‒ 4NH
 in ambient air. 

3. The inorganic PM2.5 particles were assumed to be internally mixed; therefore, the particles 

were treated as an ensemble bulk. However, Koo et al. (2003) observed that dynamic 

model may perform better in the prediction of iPM2.5 chemical compositions. The dynamic 

change of particle size distribution may require vigorous treatment of different physical 

processes such as condensation, evaporation and coagulation.  

4. Field measurement uncertainty: the uncertainties can be divided into two aspects: the 

measurement uncertainties caused by instruments and techniques, and the uncertainties 

caused by the atmospheric transport of air mass. The values below the instrument’s 

detection limit were included in the ISORROPIA II model assessment; this may cause 

some discrepancies between model predictions and measurements. Especially the small 

values are more sensitive to the prediction uncertainty. In addition, the ideal assessment of 

ISORROPIA II prediction skill should be based on the high time resolution measurements 

under controlled condition. In addition, the thermodynamic equilibrium models should 

simulate the equilibrium partitioning of NH3‒ 4NH
 and HNO3‒ 3NO

 happening in the 

same air parcel. While in the field, air parcels laden with different concentrations of gas-

phase and particle-phase pollutants may travel from and to any directions. Thus, the 

average measurements in one hour or day may not represent the thermodynamic 

equilibrium state of the same air parcel. Wind speed and wind direction may change 

rapidly in one hour/day. The air parcels from various directions may affect the monitoring 
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location. The air parcels may not only be laden with different concentrations of pollutants, 

the characteristics of T and RH may vary as well.  

5. The history of RH experienced by air mass from different wind directions is not a priori, 

thus, the decision regarding the selection of stable and metastable setups is quite difficult, 

and this may also add some uncertainties to the model simulation. 

Although the performance of ISORROPIA II in the prediction of iPM2.5 concentration 

under all T‒RH conditions is acceptable in Southeast U.S. due to the dominance of 
2

4SO 
 in the 

iPM2.5 concentration, it may perform differently in other regions where 
2

4SO 
 is not dominant in 

the iPM2.5 concentration. The PM2.5 chemical compositions varied in spatial and temporal scales 

in the U.S. The PM2.5 chemical compositions such as 
2

4SO 
 and 3NO

 exhibited inverse seasonal 

variation patterns in eastern and western coast areas of U.S.; 
2

4SO 
 exhibited a spatial 

heterogeneity with higher mass fraction in the eastern U.S. and lower mass fraction in the 

California (Bell et al., 2007). Thus, the model performance of ISORROPIA II in the prediction 

of iPM2.5 may be different in spatial scale. 

4.4. Conclusions 

Based on the hourly and daily measurements of gas‒phase and particle‒phase pollutants 

at the SEARCH Network, the performance of ISORROPIA II was assessed under different T‒

RH‒model setups‒NVCs conditions. Impact of OA on the thermodynamic equilibrium 

partitioning of NH3‒ 4NH
 was also evaluated. Ambient T & RH, model setups, and NVCs have 

significant impact on model prediction. The inclusion of NVCs in the ISORROPIA II input is 

necessary to improve the model performance. Under high T (> 10 oC) & low RH (< 60%) 

conditions, ISORROPIA II tends to over predict HNO3 concentration and under predict NO3
- 
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concentration. The predominance of one phase (aerosol or gas) of semi‒volatile compound can 

amplify the small errors in the model prediction of the other phase.  The model with stable and 

metastable setups may also perform differently under different T‒RH conditions. Metastable 

model setup performs better under high T (> 10 oC) & low RH (< 60%) conditions, while stable 

model setup performs better under low T (< 5 oC) condition. Under high RH (RH > 83%) 

condition, there’s no difference in the model performance with stable and metastable setups. The 

dominance of 
2

4SO 
 in the iPM2.5 concentration may explain the acceptable model performance 

of ISORROPIA II in the prediction of iPM2.5 under all T‒RH conditions. Furthermore, higher 

resolution data may be required to investigate the impact of OA on the thermodynamic 

equilibrium partitioning of NH3‒ 4NH
. This research provides systematic assessment of 

ISORROPIA II model under different conditions. Future studies using ISORROPIA II for the 

prediction of NH3‒ 4NH
 and HNO3‒ 3NO

 partitioning should consider the inclusion of NVCs, 

the under/over prediction of 3NO
/HNO3, the selection of stable/metastable model setups under 

different T‒RH conditions, and spatiotemporal variations of iPM2.5 chemical compositions. 

 

 

 

 

 

 

 

  



 

123 

CHAPTER 5: PARTITIONING OF 3 4
NH NH

  IN THE SOUTHEASTERN U.S. 

Abstract 

Inorganic fine particulate matter (i.e., iPM2.5) constitutes a large portion of atmospheric 

PM2.5. The formation of the iPM2.5 can be characterized by thermodynamic equilibrium of 

3 4NH NH  partitioning. To develop effective control of atmospheric PM2.5, it is essential to 

understand the impact of the changes in different precursor gases on iPM2.5 concentration and the 

partitioning of 3 4NH NH . In the Southeastern United States (U.S.), the atmospheric chemical 

condition varied in spatial and temporal scales. In order to gain some insights into the 

partitioning of 3 4NH NH   as impacted by various precursor gases in this region, responses of 

iPM2.5 to precursor gases in four seasons were investigated based upon field measurements of 

iPM2.5, precursor gases, and meteorological conditions. The ISORROPIA II model was used to 

examine the effects of the changes in total NH3 (gas + particle), H2SO4, and total HNO3 (gas + 

particle) on iPM2.5 concentration and the partitioning of 3 4NH NH  in the Southeastern U.S. The 

results indicate that the reduction of total H2SO4 concentration is more effective than reducing 

total HNO3 and total NH3 concentrations to reduce iPM2.5 concentrations especially when NH3 is 

in excess of fully neutralizing acidic gases.  In addition, the reduction of total H2SO4 may change 

the partitioning of 3 4NH NH   towards gas phase. Moreover, the reduction of total H2SO4 may 

lead to the increase of 3NO
when NH3 is not in excess of fully neutralizing the acidic gases. 

Thus, the future reduction of iPM2.5 may necessitate the coordinated reduction of both H2SO4 

and HNO3 in the Southeastern U.S.  It is discovered that the response of iPM2.5 to the change of 

total H2SO4 is more sensitive in summer than winter. The dominance of 
2

4SO 
salts of iPM2.5 and 
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high T in summer don’t facilitate the formation of NH4NO3, the decrease in 
2

4SO 
salts caused by 

the reduction in total H2SO4 won’t be offset by the increase in the 3NO
 salts. The significant 

NH3 emissions from AFOs at the YRK agricultural rural site lead to the elevated NH3 

concentration, which is in excess of fully neutralizing acidic gases, thus have great impact on the 

partitioning of 3 4NH NH . The formation of NH4NO3 is not affected by the reduction of total 

H2SO4 at the YRK agricultural rural site.  The ISORROPIA II model simulation provides 

projected prediction of iPM2.5 formation, thus serves as a powerful tool to get an advanced 

understanding about the partitioning of 3 4NH NH . This research provides an insight into iPM2.5 

control and regulation in the Southeastern U.S. 

5.1. Introduction 

Particulate matter (PM) with aerodynamic equivalent diameter less than or equal to 2.5 

µm (i.e., PM2.5) is one of the six criteria air pollutants regulated under National Ambient Air 

Quality Standards (NAAQS) (USEPA, 2015a). In general, PM2.5 consists of ions, organic carbon 

(OC), elemental carbon (EC), and various elements (Andrews et al., 2000). In addition, PM2.5 

can be classified as primary and secondary PM2.5 based on formation processes. Primary PM2.5 is 

directly emitted from emission sources and secondary inorganic PM2.5 (iPM2.5) is mainly formed 

through chemical reactions between basic (e.g., ammonia (NH3)) and acidic precursor gases 

(e.g., nitric acid (HNO3), sulfuric acid (H2SO4) and hydrochloric acid (HCl)) (Tolocka et al., 

2001). Secondary iPM2.5 is an important subset of PM2.5 (Hinds, 1998). It has been reported that 

secondary iPM2.5 may account for a large portion of total PM2.5 in the atmosphere and secondary 

iPM2.5 mainly consists of ammonium salts including ammonium nitrate (NH4NO3), ammonium 

sulfate ((NH4)2SO4) and ammonium chloride (NH4Cl) (Tanner et al., 1979; Walker et al., 2004; 

Li et al., 2009, 2012, 2014a). Ammonia is the major alkaline gas that may react with acidic gases 
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to form secondary iPM2.5 in ambient air, and this process is called gas‒particle partitioning of

3 4NH NH . Depending on the abundance of NH3, H2SO4 may be partially or fully neutralized to 

form sulfate (
2

4SO 
) salts. Moreover, if excessive NH3 is available, NH3 may also react with 

HNO3 to form NH4NO3. As a semi‒volatile compound, the formation of NH4NO3 also depends 

on ambient condition such as temperature (T) and relative humidity (RH), and low T and high 

RH tend to favor the formation of NH4NO3 (Hildemann et al., 1984). 

Based on USEPA’s National Emission Inventory (NEI), animal feeding operations 

(AFOs) contributed to more than 70% of the total NH3 emissions in the United States (U.S.) 

(USEPA, 2015b). While the AFOs NH3 emissions may present a great potential to the formation 

of iPM2.5 in some regions, the dynamic contribution of such emissions to the ambient iPM2.5 is 

not well understood. To gain holistic understanding of atmospheric PM2.5, it is essential to 

understand the dynamic responses of atmospheric iPM2.5 to the AFOs NH3 emissions under 

different atmospheric chemical conditions and geographical locations (Wang-Li, 2015). 

  ISORROPIA is a commonly used thermodynamic equilibrium model developed to 

simulate the dynamics of phase changes (e.g., gas, liquid, and solid) and interaction of different 

chemical species ( 4NH
, 3NO

, 
2

4SO 
, Cl‒ and Na+) in ambient air. In this model, gas‒particle 

phase partitioning phenomenon and impacts of T and RH on such partitioning are quantified 

(Nenes et al., 1998, 1999; Fountoukis and Nenes, 2007; Fountoukis et al., 2009). In an 

application of ISORROPIA to assess the formation of iPM2.5 at an agricultural site located in 

Eastern North Carolina (NC), Walker et al. (2006) studied the relationship of the atmospheric 

iPM2.5 and its precursor gases through field data collection and model simulation. Moreover, the 

research examined the change of iPM2.5 concentration in response to the half reduction of total 

NH3 (gas + aerosol), total HNO3 (gas + aerosol) and H2SO4 (aerosol) concentrations in winter 
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and summer. It was discovered that the half reduction of total NH3 concentration had the least 

impact on the change of iPM2.5 concentration as compared to the half reductions in total HNO3 

and total H2SO4. The research suggested that at agricultural sites with elevated atmospheric NH3 

concentration, the formation of iPM2.5 is more sensitive to acidic gases rather than NH3. In 

another iPM2.5 study, Goetz et al. (2012) investigated the effect of NH3 emissions from swine 

production facilities on the ambient iPM2.5 concentration at three locations in Eastern NC. The 

iPM2.5 chemical composition data obtained from ambient air quality monitoring database of NC 

Division of Air Quality and precursor gases measured or cited from literature were utilized to 

conduct iPM2.5 simulation using ISORROPIA under three T and RH combinations. The results 

indicated that ISORROPIA simulation of iPM2.5 agreed well with the observation. Furthermore, 

the research revealed that high precursor gas concentrations, low T, and high RH favored the 

formation of iPM2.5. To gain advanced understanding of the formation of iPM2.5 as impacted by 

AFOs NH3 emissions, a study was performed to study the iPM2.5 in response to NH3 

concentrations inside a production house and in the vicinity of an egg production farm in the 

Southeastern U.S. (Li et al., 2014b).  Onsite measurements of NH3 concentrations and PM2.5 

chemical speciation at in‒house and ambient locations were used to conduct ISORROPIA II 

simulation to predict gas‒particle partitioning of 3 4NH NH . The responses of iPM2.5 to the 

concentrations of precursor gases, T, and RH confirmed that the most significant reduction of 

iPM2.5 could be achieved by the reduction of total H2SO4 instead of NH3.  Li et al. (2014b) noted 

that this was because in NH3‒rich areas, NH3 was in excess to fully neutralize all the acidic gases 

and the formation of the iPM2.5 was limited by the availability of acidic gases.  Responses of the 

partitioning of 3 4NH NH  to the changes of precursor gases may vary under different ambient 

conditions due to the unique atmospheric chemical conditions and local meteorology, thus, more 
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efforts are needed to investigate the partitioning of 3 4NH NH . 

  As the research gap exists in quantifying the formation of iPM2.5 experimentally and/or 

through model simulation in AFOs region, the objective of this research was to investigate the 

partitioning of 3 4NH NH  in urban and rural areas under different meteorological conditions. The 

research findings may provide insights to address the impact of AFOs NH3 emissions on the 

formation of iPM2.5 that may lead to the development of reduction strategy for the control of 

ambient PM2.5. 

5.2. Methodology 

5.2.1. Data processing 

This research utilized the 24-hr and 1-hr average data of gas- and particle-phase 

measurements from Southeastern Aerosol Research and Characterization (SEARCH) Network 

(Hansen et al., 2003). The NH3 gas concentration measurements were available at five sites  

coded asYRK, JST, CTR, BHM, and OLF in 2012-2016, thus, the responses of partitioning of

3 4NH NH  to the changes of precursor gases were investigate at these five sites. 

Some measurement values are found to be either negative or below the detection limit. 

The negative values less than ‒DL were considered questionable and excluded from the dataset, 

while the other values below the DL were replaced with half of the DL (USEPA, 2000; Cohen 

and Ryan, 1989). As for the seasonal variations, spring includes March, April, and May; summer 

includes June, July, and August; fall includes September, October, and November; and winter 

includes December, January, and February.  
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5.2.2. Investigation of the partitioning of 3 4
NH NH

  

The partitioning of 3 4NH NH  was investigated using ISORROPIA II. NH3 measurements 

were available at five sites in 2012-2016. In this research, 10% to 80% reductions of total NH3, 

total H2SO4, and total HNO3 at five sites in four seasons were used to investigate the responses 

of iPM2.5 to the changes of precursor gases in 2012‒2016, only summer and winter results are 

reported, fall and spring results are in Appendix D. The examination of iPM2.5 ( 4NH
+

2

4SO 
+

3NO
) responses to the changes of precursor gases was conducted through sensitivity analysis 

using ISORROPIA II simulation results. 

The concentrations of iPM2.5, 4NH
 under different total NH3, total H2SO4 and total 

HNO3 concentrations in four seasons were simulated using 24-hr average and 1-hr average data 

at five sites. In addition, the gas‒phase NH3 molar fraction (NH3/NHx) (Equation 5-1) was used 

to study the effects of changes of precursor gases on the partitioning of 3 4NH NH . 

NH3/NHx = 
3

3 4

[NH ]

[NH ] [NH ]
                                (5-1) 

Gas ratio (GR) (Equation 2) was calculated to study the effects of changes of precursor 

gases concentrations on the atmospheric chemical condition and diurnal variation of iPM2.5 and 

partitioning of 3 4NH NH . 

GR = 
[TA] 2[TS]

[TN]


                                                (5-2) 

where [TA] is the sum of molar concentrations of NH3 and ammonium ( 4NH
) (in the unit of 

µmol m-3); [TS] is the sum of molar concentrations of 
2

4SO 
, bisulfate ( 4HSO

), and H2SO4 (in the 
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unit of µmol m-3); [TN] is the sum of molar concentrations of HNO3 and nitrate ( 3NO
) (in the 

unit of µmol m-3). 

5.2.3. ISORROPIA II settings   

For this study, the iPM2.5 are assumed to be internally mixed, the thermodynamic 

equilibrium was also assumed to be established very rapidly. The ISORROPIA II allowed user to 

specify the problem type (forward or reverse) and thermodynamic state (stable or metastable),  in 

this study, ISORROPIA II was set as forward type, and thermodynamic state was selected based 

on the findings of model performance assessment under different T‒RH conditions in chapter 4. 

5.3. Results and Discussion 

5.3.1. Statistical characterization of the field measurement data 

The statistical summary of iPM2.5 precursor gases, nonvolatile cations (NVCs), T and RH 

at five sites in two periods (2008-2011 and 2012-2016) is presented in Appendix E, Tables S9 to 

S17. Tables S9 to S16 indicate the seasonal variatiosn of different precursor gases such as 

H2SO4, HNO3, HCl, NH3, and NVCs such as Na+, K+, Mg2+, and Ca2+ as well as T and RH at 

five sites of the SEARCH Network. In general, T and RH were both lowest in winter, while 

highest T and RH happened in summer. The concentration of total H2SO4 was higher in summer 

than the other seasons at five sites. The concentrations of total NH3 and total HNO3 didn’t 

exhibit certain seasonal pattern. 

5.3.2. Seasonal simulation of partitioning of 3 4
NH NH

   

The responses of iPM2.5, 4NH
 and NH3/NHx to the changes of total NH3 and total HNO3 

in 2012-2016 are presented in Figures 5.1-5.5. 
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Figure 5.1. Responses of iPM2.5 (left), NH4
+ (middle), and NH3/NHx (right) to the changes of TNH3 and THNO3 

at the YRK site in summer and winter of 2012-2016 

 

 

 

 

 

 

 

 

 

W
in

te
r
 

S
u

m
m

e
r
 



 

131 

 

 

Figure 5.2. Responses of iPM2.5 (left), NH4
+ (middle), and NH3/NHx (right) to the changes of TNH3 and THNO3 

at the JST site in summer and winter of 2012-2016 

 

 

 

 

 

 

 

 

 

W
in

te
r
 

S
u

m
m

e
r
 



 

132 

 

 

Figure 5.3. Responses of iPM2.5 (left), NH4
+ (middle), and NH3/NHx (right) to the changes of TNH3 and THNO3 

at the CTR site in summer and winter of 2012-2016 
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Figure 5.4. Responses of iPM2.5 (left), NH4
+ (middle), and NH3/NHx (right) to the changes of TNH3 and THNO3 

at the BHM site in summer and winter of 2012-2016 
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Figure 5.5. Responses of iPM2.5 (left), NH4
+ (middle), and NH3/NHx (right) to the changes of TNH3 and THNO3 

at the OLF site in summer and winter of 2013-2016  

As it can be seen in Figures 5.1-5.5, the formation of iPM2.5 and the partitioning of 

3 4NH NH  were not sensitive to the changes of total NH3 concentration unless when total NH3 

concentration was reduced at least 20% or when total HNO3 concentration remained at the 

approximately the same level in 2012-2016. The YRK, JST, BHM, OLF were all under NH3‒

rich condition, thus, NH3 was adequate to react with both H2SO4 and HNO3 at these four sites. 

The reduction in total NH3 concentration was able to decrease the gas‒phase NH3 concentration 

but not able to decrease the formation of iPM2.5.  When enough reduction in total NH3 was 

achieved or acidic gases (total H2SO4 and total HNO3) were in excess to react with NH3 gas, the 

subsequent reduction in total NH3 led to the decrease of iPM2.5.  

In addition, the formation of iPM2.5 and the partitioning of 3 4NH NH  were more 
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sensitive to the changes of total NH3 and total HNO3 in winter than in the other seasons. The 

semi‒volatile characteristics of NH4NO3 may explain the seasonal variation of the responses of 

iPM2.5 to the change of total NH3 and total HNO3. The lower T in winter favored the formation 

of NH4NO3, if there was adequate NH3 reacting with acidic gases, most of the HNO3 staied in 

particle phase.  Thus, as it can be observed from Figures 5.1-5.5, the formation of iPM2.5 was 

sensitive to the change of total HNO3 when total NH3 was at approximately the same level in 

winter of 2012‒2016.  

The responses of iPM2.5, 4NH
 and NH3/NHx to the changes of total NH3 and total H2SO4 

are presented in Figures 5.6-5.10. 

 

 

 

Figure 5.6. Responses of iPM2.5 (left), NH4
+ (middle), and NH3/NHx (right) to the changes of TNH3 and TH2SO4 

at the YRK site in summer and winter of 2012-2016 
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Figure 5.7. Responses of iPM2.5 (left), NH4
+ (middle), and NH3/NHx (right) to the changes of TNH3 and TH2SO4 

at the JST site in summer and winter of 2012-2016 
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Figure 5.8. Responses of iPM2.5 (left), NH4
+ (middle), and NH3/NHx (right) to the changes of TNH3 and TH2SO4 

at the CTR site in summer and winter of 2012-2016 
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Figure 5.9. Responses of iPM2.5 (left), NH4
+ (middle), and NH3/NHx (right) to the changes of TNH3 and TH2SO4 

at the BHM site in summer and winter of 2012-2016 

 

 

 

 

 

 

 

 

W
in

te
r
 

S
u

m
m

e
r
 



 

139 

 

 

Figure 5.10. Responses of iPM2.5 (left), NH4
+ (middle), and NH3/NHx (right) to the changes of TNH3 and 

TH2SO4 at the OLF site in summer and winter of 2013-2016 

As it can be seen in Figures 5.6-5.10, the formation of iPM2.5 was very sensitive to the 

change of total H2SO4 concentration in both summer and winter. The reduction of total H2SO4 

effectively decreased the concentration of iPM2.5, and more NH3 stayed in gas phase in this 

process. The responses of 4NH
 to the change of total H2SO4 may exhibit two different regions. 

The less reduction in total NH3 and the more reduction in total H2SO4 were achieved, the more 

sensitive the 4NH
 responded to the change of total H2SO4. This can be explained that when NH3 

was not adequate to react with both HNO3 and H2SO4, the reduction of H2SO4 may free some 

NH3 tied up with
2

4SO 
, and the available NH3 can react with HNO3 to form NH4NO3, which lead 

to the decrease of 
2

4SO 
 salts but increase of 3NO

 salts. Thus, 4NH
 concentration may remain 

the approximately the same level. We can also observe that when greater than 80% reduction in 
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total H2SO4 is achieved, the reduction of total H2SO4 may lead to the increase of iPM2.5 at the 

JST, CTR, and OLF sites in winter.  

In addition, the formation of iPM2.5 was more sensitive to the change of total H2SO4 in 

summer than in winter. This can be explained by the dominance of
2

4SO 
salts of iPM2.5 in 

summer. The more intense summer solar radiation enhances the transformation of SO2 to 
2

4SO 
 

(Seinfeld and Pandis, 2006). Moreover, the high T in summer doesn’t favor the formation of 

NH4NO3, the decrease in 
2

4SO 
salts caused by the reduction in total H2SO4 won’t be offset by the 

increase in the 3NO
 salts.  
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5.3.3. Diurnal simulation of the partitioning of NH3‒ 4
NH


 

In addition to the investigation of partitioning of 3 4NH NH  in four seasons, the 

partitioning of 3 4NH NH  was also studied in different time of the day at five sites in 2012-2016.  

 

Figure 5.11. Responses of iPM2.5, SO4
2-, NH4

+, NO3
-, NH3/NHx, and GR to the reductions in TNH3 at the BHM 

site in 2012-2016 
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Figure 5.12. Responses of iPM2.5, SO4
2-, NH4

+, NO3
-, NH3/NHx, and GR to the reductions in THNO3 at the BHM 

site in 2012-2016 

 

Figure 5.13. Responses of iPM2.5, SO4
2-, NH4

+, NO3
-, NH3/NHx, and GR to the reductions in TH2SO4 at the BHM 

site in 2012-2016 
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Figure 5.14. Responses of iPM2.5, SO4
2-, NH4

+, NO3
-, NH3/NHx, and GR to the reductions in TNH3 at the CTR 

site in 2012-2016 

 

Figure 5.15. Responses of iPM2.5, SO4
2-, NH4

+, NO3
-, NH3/NHx, and GR to the reductions in THNO3 at the CTR 

site in 2012-2016 
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Figure 5.16. Responses of iPM2.5, SO4
2-, NH4

+, NO3
-, NH3/NHx, and GR to the reductions in TH2SO4 at the CTR 

site in 2012-2016 

 

Figure 5.17. Responses of iPM2.5, SO4
2-, NH4

+, NO3
-, NH3/NHx, and GR to the reductions in TNH3 at the JST 

site in 2012-2016 
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Figure 5.18. Responses of iPM2.5, SO4
2-, NH4

+, NO3
-, NH3/NHx, and GR to the reductions in THNO3 at the JST 

site in 2012-2016 

 

Figure 5.19. Responses of iPM2.5, SO4
2-, NH4

+, NO3
-, NH3/NHx, and GR to the reductions in TH2SO4 at the JST 

site in 2012-2016 
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Figure 5.20. Responses of iPM2.5, SO4
2-, NH4

+, NO3
-, NH3/NHx, and GR to the reductions in TNH3 at the YRK 

site in 2012-2016 

 

Figure 5.21. Responses of iPM2.5, SO4
2-, NH4

+, NO3
-, NH3/NHx, and GR to the reductions in THNO3 at the YRK 

site in 2012-2016 
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Figure 5.22. Responses of iPM2.5, SO4
2-, NH4

+, NO3
-, NH3/NHx, and GR to the reductions in TH2SO4 at the YRK 

site in 2012-2016 

 

Figure 5.23. Responses of iPM2.5, SO4
2-, NH4

+, NO3
-, NH3/NHx, and GR to the reductions in TNH3 at the OLF 

site in 2013-2016 
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Figure 5.24. Responses of iPM2.5, SO4
2-, NH4

+, NO3
-, NH3/NHx, and GR to the reductions in THNO3 at the OLF 

site in 2013-2016 

 

Figure 5.25. Responses of iPM2.5, SO4
2-, NH4

+, NO3
-, NH3/NHx, and GR to the reductions in TH2SO4 at the OLF 

site in 2013-2016 
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As it can be seen from Figures 5.11-5.25, the reduction of total NH3 and total HNO3 may 

not be effective to reduce the concentration of iPM2.5 unless 60% to 80% of reduction can be 

achieved. In addition, the reduction of total NH3 and total HNO3 can only lead to the decrease of 

NH4NO3, while the 
2

4SO 
 concentration remains approximately the same level. The reduction of 

total NH3 concentration decreases both NH3/NHx and GR, and the NH3 tends to stay in particle 

phase instead of gas phase. On the contrary, the reduction of total HNO3 leads to the increase of 

both NH3/NHx and GR, and the NH3 tends to stay in gas phase instead of particle phase. Thus, 

reductions of total NH3 and total HNO3 pose reverse influence on the atmospheric chemical 

condition. 

The reduction of total H2SO4 is more effective to reduce the concentrations of iPM2.5; 

however, the reduction of total H2SO4 may sometimes lead to the increase of 3NO
concentration, 

especially at the CTR and OLF sites. The YRK, JST, and BHM sites are all in NH3‒rich area and 

the NH3 gas is in excess to fully neutralize both HNO3 and H2SO4 at these three sites. The 

reduction of total H2SO4 may free some NH3 tied up with H2SO4, however, the increase of gas‒

phase NH3 isn’t able to transform more HNO3 into particle phase at NH3‒rich sites. While at the 

CTR and OLF sites, the increase of gas‒phase NH3 may change the partitioning of HNO3‒ 3NO
 

toward particle phase when the NH3 isn’t in excess to neutralize both HNO3 and H2SO4. The 

reduction of total H2SO4 can also increase both NH3/NHx and GR, which indicates that the NH3 

tends to stay in gas phase instead of particle phase in this process. 

Reduction of total H2SO4 concentration may lead to significant reduction of iPM2.5, thus, 

it is more effective than reducing total HNO3 and total NH3 concentrations to reduce iPM2.5 

concentration. However, the reduction of total H2SO4 concentration may also increase the 
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concentration 3NO
 at some sites. Therefore, the future reduction of iPM2.5 may necessitate the 

coordinated reduction of both H2SO4 and HNO3 in the Southeastern U.S.  

The YRK site is located in rural area impacted by the NH3 emissions from AFOs, while 

BHM and JST sites are located in the area impacted by industrial emission sources. The CTR site 

is located in a forest area and the OLF site is located in suburban area. The spatial variation of 

the responses of the partitioning of 3 4NH NH  to the reductions of precursor gases implicates the 

important impact of AFOs NH3 emissions. At the agricultural rural site‒YRK site, the NH3 

emissions from AFOs lead to elevated NH3 concentration, which is in excess to fully neutralize 

acidic gases, and the formation of NH4NO3 is not affected by the reduction of total H2SO4.  

5.4. Conclusion 

In this research, the effects of changes in precursor gases on the formation of iPM2.5 as 

well as the partitioning of 3 4NH NH  were investigated using ISORROPIA II based on field 

measurements of gas‒phase and particle‒phase pollutants and meteorological data in SEARCH 

Network. The results indicate that the reduction of total H2SO4 is more effective to decrease the 

formation of iPM2.5 especially under NH3‒rich condition. In addition, the reduction of total 

H2SO4 may change the partitioning of 3 4NH NH  towards gas phase. Moreover, the reduction of 

total H2SO4 may lead to the increase of 3NO
 when NH3 is not in excess to fully neutralize the 

acidic gases. Thus, the future reduction of iPM2.5 may necessitate the coordinated reduction of 

both H2SO4 and HNO3 in the Southeastern U.S.  It is discovered that the response of iPM2.5 to the 

change of total H2SO4 is more sensitive in summer than winter. The dominance of
2

4SO 
 salts of 

iPM2.5 and high T in summer don’t favor the formation of NH4NO3, the decrease in 
2

4SO 
 salts 

caused by the reduction in total H2SO4 won’t be offset by the increase in the 3NO
 salts. The 
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significant NH3 emissions from AFOs in the agricultural rural area have great impact on the 

partitioning of 3 4NH NH  and the NH3 emissions from AFOs leads to the elevated NH3 

concentration, which is in excess to fully neutralize acidic gases. The formation of NH4NO3 is 

not affected by the reduction of total H2SO4 in agricultural rural area.  The ISORROPIA II model 

simulation integrated the previous findings in environmental research and provided projected 

prediction, thus serves as a powerful tool for us to get a deeper understanding about the 

partitioning of 3 4NH NH .  
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CHAPTER 6: FUTURE WORK 

While this research advanced our understanding of impacts of AFOs NH3 emissions on 

the partitioning of NH3‒NH4
+ in the Southeastern U.S., more work is needed to further 

investigate the applicability of ISORROPIA II for predicting iPM2.5 and NH3 deposition pattern. 

1. High time‒resolution (e.g., 5 min) measurements of gas‒phase and particle‒phase pollutants 

including NH3, HNO3, HCl, 4NH
, 

2

4SO 
, 3NO

, Cl‒, Na+, K+, Mg2+, and Ca2+ are required to 

further evaluate the applicability of ISORROPIA II model in simulation inorgarnic aerosols 

under different atmospheric chemical conditions.  

2. The impact of organic gases and/or organic aerosols on the equilibrium process of inorganic 

aerosols is not determined. Thus, future studies should be performed to investigate the 

linkage between organic and inorganic PM2.5. 

3. The time scale to reach equilibrium state varies for different sizes of aerosols. Thus, the size‒

resolved measurements of PM2.5 chemical compositions may be needed to determine the 

applicability of thermodynamic equilibrium model for simulation of different sizes of 

inorganic aerosols. 

4. As the acidic gas concentrations were significantly reduced in the past decade, the deposition 

pattern will change for NH3 correspondingly, the NH3 tends to stay in gas phase instead of 

particle phase. Future study may be needed to investigate the deposition pattern change of 

NH3 under urban and rural conditions. 
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Appendix A 

 

                                                                       

Figure S1. The NH3/NHx under various wind direction at the YRK, JST, CTR, BHM, and OLF sites in 2013 

and OAK in 2010. Note different scales on figures.  
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Figure S2. The TA/TS under different wind direction at the YRK, JST, CTR, BHM, and OLF sites in 2013 

and OAK in 2010. Note different scales on figures. 
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Appendix B 

 

 

 

 
 

Figure S3. Seasonal variation of mass closure in three periods at the BHM site 
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Figure S4. Seasonal variation of mass closure in three periods at the CTR site 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CTR 

Winter Spring Summer 

2
0

0
1
-2

0
0

7
 

Fall 

2
0

0
8
-2

0
1

1
 

2
0

1
2
-2

0
1

6
 



 

182 

 

 

 

 

 

 
 

Figure S5. Seasonal variation of mass closure in three periods at the JST site 
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Figure S6. Seasonal variation of mass closure in three periods at the YRK site 
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Figure S7. Seasonal variation of mass closure in three periods at the GFP site 
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Figure S8. Seasonal variation of mass closure in three periods at the OAK site 

 
 

 

 

 

 
 

 

 

 

 
 

 

 

 

PNS 

Winter                                 Spring                                 Summer                                    Fall 

    

    
 

 

 

 
Figure S9. Seasonal variation of mass closure in three periods at the PNS site 
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Figure S10. Seasonal variation of mass closure in three periods at the OLF site 
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Table S1. Seasonal variations of OCM concentration (µg/m3) in 3 monitoring periods 

Sites Periods Winter Spring Summer Fall 

JST 2001-2007 5.64 ± 3.68 5.64 ± 3.55 5.56 ± 2.08 5.79 ± 3.40 

 2008-2011 4.21 ± 2.52 4.37 ± 2.27 4.28 ± 1.57 3.97 ± 1.86 

 2012-2016 3.34 ± 1.71 3.69 ± 1.69 3.78 ± 1.51 4.31 ± 3.05 

YRK 2001-2007 3.36 ± 1.66 4.34 ± 3.74 4.99 ± 1.96 4.03 ± 1.84 

 2008-2011 3.04 ± 1.58 3.43 ± 1.99 4.01 ± 1.73 3.47 ± 1.51 

 2012-2016 2.55 ± 1.27 3.15 ± 1.46 3.50 ± 1.32 3.24 ± 1.38 

BHM 2001-2007 5.39 ± 3.55 6.26 ± 5.00 5.91 ± 3.11 5.44 ± 3.28 

 2008-2011 3.57 ± 2.42 3.73 ± 2.28 4.45 ± 2.03 5.14 ± 2.87 

 2012-2016 2.85 ± 1.73 3.26 ± 1.85 3.77 ± 1.73 3.80 ± 2.01 

CTR 2001-2007 3.45 ± 2.97 4.17 ± 3.05 4.26 ± 2.08 4.11 ± 2.12 

 2008-2011 3.08 ± 2.39 3.27 ± 2.02 4.48 ± 2.51 3.72 ± 1.73 

 2012-2016 2.28 ± 1.38 3.13 ± 1.78 3.59 ± 1.52 3.45 ± 1.49 

GFP 2001-2007 2.97 ± 1.95 2.85 ± 1.79 2.81 ± 1.63 3.38 ± 2.12 

 2008-2011 2.41 ± 1.59 2.36 ± 1.23 2.55 ± 1.54 3.04 ± 1.56 

 2012 1.83 ± 1.21 2.55 ± 1.88 2.12 ± 1.43 2.57 ± 1.30 

OAK 2001-2007 3.22 ± 3.29 3.32 ± 2.38 3.63 ± 2.16 3.52 ± 1.87 

 2008-2011 2.53 ± 1.83 2.53 ± 1.33 2.43 ± 1.00 2.90 ± 1.28 

 2012-2016 N/A N/A N/A N/A 

PNS 2001-2007 4.28 ± 3.33 3.33 ± 2.68 2.86 ± 1.65 3.74 ± 2.12 

 2008-2009 3.27 ± 2.69 2.72 ± 1.90 2.33 ± 1.25 3.25 ± 1.86 

 2012-2016 N/A N/A N/A N/A 

OLF 2001-2007 3.09 ± 1.96 3.02 ± 1.86 3.23 ± 1.81 3.69 ± 1.85 

 2008-2011 2.36 ± 1.55 2.29 ± 1.30 2.96 ± 2.25 2.82 ± 1.36 

 2012-2016 2.22 ± 1.68 2.29 ± 1.54 2.32 ± 1.44 2.63 ± 1.24 
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Table S2. Seasonal variations of EC concentration (µg/m3) in 3 monitoring periods 

Sites Periods Winter Spring Summer Fall 

JST 2001-2007 1.40 ± 1.08 1.27 ± 0.69 1.35 ± 0.67 1.62 ± 1.19 

 2008-2011 0.99 ± 0.79 0.89 ± 0.56 0.88 ± 0.40 0.87 ± 0.48 

 2012-2016 0.72 ± 0.48 0.64 ± 0.32 0.65 ± 0.28 0.88 ± 0.56 

YRK 2001-2007 0.54 ± 0.31 0.60 ± 0.34 0.64 ± 0.34 0.63 ± 0.31 

 2008-2011 0.42 ± 0.24  0.38 ± 0.21 0.40 ± 0.19 0.40 ± 0.17 

 2012-2016 0.31 ± 0.17 0.34 ± 0.19 0.34 ± 0.15 0.37 ± 0.17 

BHM 2001-2007 1.68 ± 1.28 1.80 ± 1.34 1.61 ± 1.15 1.72 ± 1.21 

 2008-2011 0.98 ± 0.79 1.01 ± 0.85 1.09 ± 0.71 1.45 ± 0.97 

 2012-2016 0.67 ± 0.57 0.71 ± 0.59 0.79 ± 0.45 0.88 ± 0.59 

CTR 2001-2007 0.58 ± 0.43 0.55 ± 0.38 0.50 ± 0.30 0.60 ± 0.31 

 2008-2011 0.44 ± 0.34 0.39 ± 0.26 0.46 ± 0.27 0.43 ± 0.21 

 2012-2016 0.32 ± 0.21 0.35 ± 0.24 0.31 ± 0.16 0.39 ± 0.22 

GFP 2001-2007 0.66 ± 0.47 0.56 ± 0.38 0.51 ± 0.28 0.71 ± 0.48 

 2008-2011 0.48 ± 0.33 0.39 ± 0.21 0.40 ± 0.23 0.48 ± 0.30 

 2012 0.36 ± 0.26 0.36 ± 0.16 0.33 ± 0.13 0.41 ± 0.20 

OAK 2001-2007 0.57 ± 0.58 0.51 ± 0.36 0.44 ± 0.24 0.53 ± 0.34 

 2008-2011 0.40 ± 0.29 0.39 ± 0.34 0.33 ± 0.21 0.39 ± 0.25 

 2012-2016 N/A N/A N/A N/A 

PNS 2001-2007 0.97 ± 0.74 0.64 ± 0.39 0.57 ± 0.34 0.80 ± 0.52 

 2008-2009 0.68 ± 0.61 0.49 ± 0.42 0.43 ± 0.24 0.62 ± 0.45 

 2012-2016 N/A N/A N/A N/A 

OLF 2001-2007 0.63 ± 0.37 0.59 ± 0.32 0.59 ± 0.32 0.71 ± 0.38 

 2008-2011 0.42 ± 0.28 0.43 ± 0.32 0.42 ± 0.22 0.44 ± 0.25 

 2012-2016 0.38 ± 0.27 0.34 ± 0.24 0.31 ± 0.15 0.40 ± 0.19 
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Table S3. Seasonal variations of MMO concentration (µg/m3) in 3 monitoring periods 

Sites Periods Winter Spring Summer Fall 

JST 2001-2007 0.41 ± 0.33 0.56 ± 0.38 0.68 ± 0.67 0.47 ± 0.27 

 2008-2011 0.35 ± 0.22 0.56 ± 0.66 0.68 ± 0.50 0.42 ± 0.24 

 2012-2016 0.36 ± 0.21 0.50 ± 0.25 1.04 ± 1.69 0.47 ± 0.30 

YRK 2001-2007 0.19 ± 0.10 0.36 ± 0.29 0.50 ± 0.70 0.23 ± 0.23 

 2008-2011 0.23 ± 0.11 0.55 ± 0.99 0.61 ± 0.59 0.27 ± 0.15 

 2012-2016 0.22 ± 0.15 0.38 ± 0.22 0.97 ± 1.71 0.28 ± 0.13 

BHM 2001-2007 0.85 ± 0.67 1.04 ± 0.77 1.37 ± 1.05 1.16 ± 0.90 

 2008-2011 0.69 ± 0.65 0.87 ± 0.73 1.30 ± 0.99 1.12 ± 0.96 

 2012-2016 0.34 ± 0.18 0.48 ± 0.27 1.10 ± 1.36 0.50 ± 0.31 

CTR 2001-2007 0.23 ± 0.12 0.40 ± 0.37 0.55 ± 0.81 0.29 ± 0.24 

 2008-2011 0.23 ± 0.10 0.43 ± 0.45 0.64 ± 0.69 0.31 ± 0.17 

 2012-2016 0.27 ± 0.21 0.38 ± 0.19 0.84 ± 1.34 0.35 ± 0.27 

GFP 2001-2007 0.23 ± 0.20 0.36 ± 0.29 0.72 ± 0.91 0.26 ± 0.20 

 2008-2011 0.28 ± 0.20 0.63 ± 0.95 1.11 ± 1.11 0.38 ± 0.21 

 2012 0.31 ± 0.33 0.38 ± 0.14 1.28 ± 1.25 0.45 ± 0.68 

OAK 2001-2007 0.19 ± 0.13 0.45 ± 0.58 0.68 ± 0.84 0.25 ± 0.20 

 2008-2011 0.21 ± 0.12 0.52 ± 0.32 1.28 ± 2.12 0.33 ± 0.35 

 2012-2016 N/A N/A N/A N/A 

PNS 2001-2007 0.31 ± 0.22 0.46 ± 0.49 0.99 ± 1.43 0.38 ± 0.49 

 2008-2009 0.37 ± 0.25 0.55 ± 0.27 1.57 ± 1.69 0.43 ± 0.24 

 2012-2016 N/A N/A N/A N/A 

OLF 2001-2007 0.21 ± 0.16 0.40 ± 0.51 0.72 ± 1.05 0.25 ± 0.15 

 2008-2011 0.22 ± 0.15 0.52 ± 1.09 1.11 ± 1.32 0.29 ± 0.14 

 2012-2016 0.21 ± 0.16 0.38 ± 0.56 1.20 ± 1.45 0.31 ± 0.31 
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Appendix C 

Table S4.  Model performance assessment for NH3 prediction with stable & metastable setups at the YRK site 

Stable setup: Fractional bias 

Temperature 
Relative humidity 

20-30% 30-40% 40-50% 50-60% 60-70% 70-80% 80-90% 90-100% 

30-35 oC 
      -0.10

M
 -0.18

M
 -0.13

M
 -0.06

M
 -0.02

M
 NA NA NA 

25-30 oC 
-0.08

S
 -0.04

S
 -0.07

S
 -0.07

S
 -0.05

S
 -0.03

S
 0.01

S=M
 NA 

20-25 oC 
0.00

S
 0.01

M
 -0.02

S
 -0.01

S
 -0.05

S
 -0.05

S
 -0.03

S
 -0.03

S=M
 

15-20 oC 
0.03

M
 0.02

M
 0.00

S
 0.00

S
 -0.02

S
 -0.03

S
 -0.03

S
 -0.04

S=M
 

10-15 oC 
0.04

M
 0.02

M
 0.01

S
 0.01

S
 -0.03

S
 -0.07

S
 -0.03

S
 -0.03

S=M
 

5-10 oC 
0.03

M
 -0.01

S
 -0.04

S
 -0.05

S
 -0.05

S
 -0.12

S
 -0.09

S
 -0.12

S=M
 

0-5 oC 
-0.09

S
 -0.09

S
 -0.14

S
 -0.13

S
 -0.14

S
 -0.15

S
 -0.24

S
 -0.15

S=M
 

-5-0 oC 
      NA -0.21

S
 -0.30

S
 -0.21

S
 -0.20

S
 -0.15

S
 -0.23

S
 -0.12

S=M
 

-10 - -5 oC 
NA NA NA -0.44

S
 -0.47

S
 -0.39

S
 -0.26

S
 NA 

 

Metastable setup: Fractional bias 

Temperature 
Relative humidity 

20-30% 30-40% 40-50% 50-60% 60-70% 70-80% 80-90% 90-100% 

30-35 oC 
      -0.09

M
 -0.17

M
 -0.12

M
 -0.05

M
 0.01

M
 NA NA NA 

25-30 oC 
-0.08

S
 -0.04

S
 -0.07

S
 -0.07

S
 -0.05

S
 -0.03

S
 0.01

S=M
 NA 

20-25 oC 
-0.01

S
 0.00

M
 -0.03

S
 -0.03

S
 -0.06

S
 -0.05

S
 -0.03

S
 -0.03

S=M
 

15-20 oC 
0.02

M
 0.00

M
 -0.03

S
 -0.05

S
 -0.03

S
 -0.03

S
 -0.03

S
 -0.04

S=M
 

10-15 oC 
0.02

M
 -0.01

M
 -0.03

S
 -0.05

S
 -0.07

S
 -0.07

S
 -0.03

S
 -0.03

S=M
 

5-10 oC 
0.01

M
 -0.03

S
 -0.08

S
 -0.11

S
 -0.12

S
 -0.12

S
 -0.09

S
 -0.12

S=M
 

0-5 oC 
-0.12

S
 -0.09

S
 -0.15

S
 -0.15

S
 -0.18

S
 -0.17

S
 -0.24

S
 -0.15

S=M
 

-5-0 oC 
NA -0.22

S
 -0.30

S
 -0.22

S
 -0.23

S
 -0.16

S
 -0.23

S
 -0.12

S=M
 

-10 - -5 oC 
NA NA NA -0.45

S
 -0.48

S
 -0.40

S
 -0.26

S
 NA 

[1] The unacceptable FB values (< -0.5 or > 0.5)  are labeled as bold  

[2] NA: not applicable 

[3] The FB values closer to 0 indicates the better model performance. The S superscript indicates the stable setup 

performs better , the M superscript indicates the metastable setup performs better, and the S=M superscript indicates 

the same model performance 
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Table S5.  Model performance assessment for HNO3 prediction with stable & metastable setups at YRK site 

Stable setup: Fractional bias 

Temperature 
Relative humidity 

20-30% 30-40% 40-50% 50-60% 60-70% 70-80% 80-90% 90-100% 

30-35 oC 
      0.03

M
 0.03

M
 0.04

M
 0.06

M
 0.07

M
 NA NA NA 

25-30 oC 
0.03

M
 0.05

M
 0.07

M
 0.08

M
 0.11

M
 0.10

M
 0.10

S=M
 NA 

20-25 oC 
0.06

M
 0.07

M
 0.09

M
 0.14

M
 0.15

M
 0.08

M
 0.04

M
 -0.27

S=M
 

15-20 oC 
0.10

M
 0.10

M
 0.14

M
 0.19

M
 0.08

M
 -0.03

S
 -0.08

S
 -0.57

S=M
 

10-15 oC 
0.21

M
 0.18

M
 0.15

M
 0.18

M
 0.01

S
 -0.32

S
 -0.39

S
 -1.02

S=M
 

5-10 oC 
0.22

M
 -0.01

S
 -0.08

S
 -0.02

S
 -0.09

S
 -0.37

S
 -0.38

S
 -0.68

S=M
 

0-5 oC 
-0.36

S
 -0.51

S
 -0.48

S
 -0.44

S
 -0.25

S
 -0.21

S
 -0.26

S
 -0.92

S=M
 

-5-0 oC 
NA -1.01

S
 -0.93

S
 -0.72

S
 -0.43

S
 -0.32

S
 -0.27

S
 -0.78

S=M
 

-10 - -5 oC 
NA NA NA -0.95

S
 -0.65

S
 -0.22

S
 -0.12

S
 NA 

Metastable setup: Fractional bias 

Temperature Relative humidity 

20-30% 30-40% 40-50% 50-60% 60-70% 70-80% 80-90% 90-100% 

30-35 oC 
      0.02

M
 0.02

M
 0.03

M
 0.04

M
 0.05

M
 NA NA NA 

25-30 oC 
0.03

M
 0.04

M
 0.04

M
 0.05

M
 0.07

M
 0.09

M
 0.10

S=M
 NA 

20-25 oC 
0.04

M
 0.03

M
 0.03

M
 0.05

M
 0.09

M
 0.08

M
 0.04

M
 -0.27

S=M
 

15-20 oC 
0.04

M
 0.00

M
 0.00

M
 -0.01

M
 -0.02

M
 -0.03

S
 -0.08

S
 -0.57

S=M
 

10-15 oC 
0.05

M
 0.04

M
 -0.07

M
 -0.17

M
 -0.28

S
 -0.32

S
 -0.39

S
 -1.02

S=M
 

5-10 oC 
0.04

M
 -0.15

S
 -0.28

S
 -0.33

S
 -0.43

S
 -0.42

S
 -0.38

S
 -0.68

S=M
 

0-5 oC 
-0.64

S
 -0.58

S
 -0.60

S
 -0.62

S
 -0.50

S
 -0.33

S
 -0.26

S
 -0.92

S=M
 

-5-0 oC 
NA -1.04

S
 -0.96

S
 -0.79

S
 -0.58

S
 -0.42

S
 -0.28

S
 -0.78

S=M
 

-10 - -5 oC 
NA NA NA -0.97

S
 -0.69

S
 -0.26

S
 -0.13

S
 NA 

[1] The unacceptable FB values (< -0.5 or > 0.5)  are labeled as bold values 

[2] NA: not applicable 

[3] The FB values closer to 0 indicates the better model performance. The S superscript indicates the stable setup 

performs better, the M superscript indicates the metastable setup performs better, and the S=M superscript indicates 

the same model performance 
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Table S6.  Model performance assessment for NH4
+ prediction with stable & metastable setups at YRK site 

Stable setup: Fractional bias 

Temperature 
Relative humidity 

20-30% 30-40% 40-50% 50-60% 60-70% 70-80% 80-90% 90-100% 

30-35 oC 
      0.14

M
 0.17

M
 0.12

M
 0.06

M
 0.02

M
 NA NA NA 

25-30 oC 
0.16

S
 0.07

S
 0.08

S
 0.09

S
 0.05

S
 0.03

S
 -0.01

S=M
 NA 

20-25 oC 
0.01

S
 -0.01

M
 0.04

S
 0.02

S
 0.06

S
 0.08

S
 0.05

S
 0.04

S=M
 

15-20 oC 
-0.16

M
 -0.07

M
 0.00

S
 0.01

S
 0.04

S
 0.06

S
 0.05

S
 0.06

S=M
 

10-15 oC 
-0.19

M
 -0.06

M
 -0.02

S
 -0.02

S
 0.07

S
 0.12

S
 0.04

S
 0.04

S=M
 

5-10 oC 
-0.10

M
 0.02

S
 0.09

S
 0.08

S
 0.07

S
 0.14

S
 0.08

S
 0.09

S=M
 

0-5 oC 
0.23

S
 0.20

S
 0.21

S
 0.18

S
 0.11

S
 0.09

S
 0.12

S
 0.07

S=M
 

-5-0 oC 
NA 0.38

S
 0.33

S
 0.23

S
 0.12

S
 0.07

S
 0.06

S
 0.04

S=M
 

-10 - -5 oC 
NA NA NA 0.29

S
 0.21

S
 0.15

S
 0.06

S
 NA 

Metastable setup: Fractional bias 

Temperature 
Relative humidity 

20-30% 30-40% 40-50% 50-60% 60-70% 70-80% 80-90% 90-100% 

30-35 oC 
      0.12

M
 0.16

M
 0.11

M
 0.05

M
 -0.01

M
 NA NA NA 

25-30 oC 
0.16

S
 0.07

S
 0.09

S
 0.09

S
 0.06

S
 0.03

S
 -0.01

S=M
 NA 

20-25 oC 
0.02

S
 0.01

M
 0.07

S
 0.05

S
 0.08

S
 0.08

S
 0.05

S
 0.04

S=M
 

15-20 oC 
-0.11

M
 -0.01

M
 0.06

S
 0.10

S
 0.07

S
 0.06

S
 0.05

S
 0.06

S=M
 

10-15 oC 
-0.08

M
 0.02

M
 0.08

S
 0.11

S
 0.14

S
 0.12

S
 0.04

S
 0.04

S=M
 

5-10 oC 
-0.02

M
 0.07

S
 0.15

S
 0.17

S
 0.14

S
 0.15

S
 0.08

S
 0.09

S=M
 

0-5 oC 
0.27

S
 0.21

S
 0.23

S
 0.21

S
 0.15

S
 0.11

S
 0.12

S
 0.07

S=M
 

-5-0 oC 
NA 0.39

S
 0.34

S
 0.24

S
 0.14

S
 0.08

S
 0.06

S
 0.04

S=M
 

-10 - -5 oC 
NA NA NA 0.29

S
 0.22

S
 0.15

S
 0.06

S
 NA 

[1] The unacceptable FB values (< -0.5 or > 0.5) are labeled as bold values 

[2] NA: not applicable 

[3] The FB values closer to 0 indicates the better model performance. The S superscript indicates the stable setup 

performs better, the M superscript indicates the metastable setup performs better, and the S=M superscript indicates 

the same model performance 
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Table S7.  Model performance assessment for NO3
- prediction with metastable setups at the YRK site 

Metastable setup: Fractional bias 

Temperature Relative humidity 

20-30% 30-40% 40-50% 50-60% 60-70% 70-80% 80-90% 90-100% 

30-35 oC 
      -1.82

M
 -1.47

M
 -1.34

M
 -1.26

M
 -1.00

M
 NA NA NA 

25-30 oC 
-1.29

M
 -1.05

M
 -1.00

M
 -0.91

M
 -0.81

M
 -0.64

M
 -0.48

S=M
 NA 

20-25 oC 
-0.89

M
 -0.49

M
 -0.31

M
 -0.45

M
 -0.51

M
 -0.26

M
 -0.09

M
 0.25

S=M
 

15-20 oC 
-0.22

M
 -0.03

M
 -0.02

M
 0.06

M
 0.05

M
 0.06

S
 0.12

S
 0.36

S=M
 

10-15 oC 
-0.12

M
 -0.10

M
 0.14

S
 0.27

M
 0.34

S
 0.31

S
 0.29

S
 0.41

S=M
 

5-10 oC 
-0.04

M
 0.14

S
 0.26

S
 0.30

S
 0.31

S
 0.23

S
 0.17

S
 0.17

S=M
 

0-5 oC 
0.27

S
 0.33

S
 0.34

S
 0.32

S
 0.21

S
 0.12

S
 0.07

S
 0.17

S=M
 

-5-0 oC 
NA 0.41

S
 0.44

S
 0.32

S
 0.20

S
 0.10

S
 0.06

S
 0.13

S=M
 

-10 - -5 oC 
NA NA NA 0.38

S
 0.21

S
 0.06

S
 0.02

S
 NA 

[1] The unacceptable FB values (< -0.5 or > 0.5) are labeled as bold values 

[2] NA: not applicable 

[3] The FB values closer to 0 indicates the better model performance. The S superscript indicates the stable setup 

performs better, the M superscript indicates the metastable setup performs better, and the S=M superscript indicates 

the same model performance 
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Table S8.  Model performance assessment for iPM2.5 prediction with stable & metastable setups at YRK site 

Stable setup: Fractional bias 

Temperature  Relative humidity 

20-30% 30-40% 40-50% 50-60% 60-70% 70-80% 80-90% 90-100% 

30-35 oC 
      0.02

M
 0.03

M
 0.02

S
 0.00

M
 -0.01

S
 NA NA NA 

25-30 oC 
0.02

S
 0.00

M
 0.00

S
 0.00

S
 -0.01

M
 -0.01

M
 -0.01

S=M
 NA 

20-25 oC 
-0.04

M
 -0.04

M
 -0.03

M
 -0.04

M
 -0.02

M
 0.01

S
 0.01

S=M
 0.03

S=M
 

15-20 oC 
-0.11

M
 -0.08

M
 -0.06

M
 -0.07

M
 -0.01

S
 0.02

S
 0.02

S=M
 0.06

S=M
 

10-15 oC 
-0.17

M
 -0.10

M
 -0.07

M
 -0.07

S
 0.01

S
 0.08

S
 0.06

S
 0.10

S=M
 

5-10 oC 
-0.11

M
 0.01

S
 0.05

S
 0.03

S
 0.04

S
 0.08

S
 0.06

S
 0.07

S=M
 

0-5 oC 
0.13

S
 0.17

S
 0.16

S
 0.13

S
 0.06

S
 0.04

S
 0.04

S
 0.08

S=M
 

-5-0 oC 
NA 0.28

S
 0.27

S
 0.18

S
 0.09

S
 0.04

S
 0.03

S
 0.05

S=M
 

-10 - -5 oC 
NA NA NA 0.24

S
 0.14

S
 0.06

S
 0.02

S
 NA 

Metastable setup: Fractional bias 

Temperature Relative humidity 

20-30% 30-40% 40-50% 50-60% 60-70% 70-80% 80-90% 90-100% 

30-35 oC 
      0.02

M
 0.03

M
 0.02

S
 0.00

M
 -0.01

S
 NA NA NA 

25-30 oC 
0.03

S
 0.00

M
 0.01

S
 0.01

S
 0.00

M
 -0.01

M
 -0.01

S=M
 NA 

20-25 oC 
-0.02

M
 -0.01

M
 0.01

M
 0.00

M
 0.00

M
 0.01

S
 0.01

S=M
 0.03

S=M
 

15-20 oC 
-0.05

M
 0.00

M
 0.01

M
 0.03

M
 0.02

S
 0.02

S
 0.02

S=M
 0.06

S=M
 

10-15 oC 
-0.05

M
 -0.01

M
 0.05

M
 0.08

S
 0.10

S
 0.09

S
 0.06

S
 0.10

S=M
 

5-10 oC 
-0.02

M
 0.06

S
 0.12

S
 0.13

S
 0.11

S
 0.09

S
 0.06

S
 0.07

S=M
 

0-5 oC 
0.18

S
 0.19

S
 0.18

S
 0.17

S
 0.10

S
 0.06

S
 0.04

S
 0.08

S=M
 

-5-0 oC 
NA 0.29

S
 0.28

S
 0.19

S
 0.10

S
 0.05

S
 0.03

S
 0.05

S=M
 

-10 - -5 oC 
NA NA NA 0.24

S
 0.14

S
 0.06

S
 0.02

S
 NA 

[1] The unacceptable FB values (< -0.5 or > 0.5) are labeled as bold values 

[2] NA: not applicable 

[3] The FB values closer to 0 indicates the better model performance. The S superscript indicates the stable setup 

performs better, the M superscript indicates the metastable setup performs better, and the S=M superscript indicates 

the same model performance 
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Appendix D 

 
 

 
Figure S11. Responses of iPM2.5, NH4

+, and NH3/NHx to the changes of TNH3 and THNO3 at the YRK site in 

2012-2016 
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Figure S12. Responses of iPM2.5, NH4

+, and NH3/NHx to the changes of TNH3 and THNO3 at the JST site in 

2012-2016 
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Figure S13. Responses of iPM2.5, NH4

+, and NH3/NHx to the changes of TNH3 and THNO3 at the CTR site in 

2012-2016 
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Figure S14. Responses of iPM2.5, NH4
+, and NH3/NHx to the changes of TNH3 and THNO3 at the BHM site in 

2012-2016 
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Figure S15. Responses of iPM2.5, NH4
+, and NH3/NHx to the changes of TNH3 and THNO3 at the OLF site in 

2013-2016  
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Figure S16. Responses of iPM2.5, NH4
+, and NH3/NHx to the changes of TNH3 and TH2SO4 at the YRK site in 

2012-2016 
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Figure S17. Responses of iPM2.5, NH4
+, and NH3/NHx to the changes of TNH3 and TH2SO4 at the JST site in 

2012-2016 
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Figure S18. Responses of iPM2.5, NH4
+, and NH3/NHx to the changes of TNH3 and TH2SO4 at the CTR site in 

2012-2016 
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Figure S19. Responses of iPM2.5, NH4
+, and NH3/NHx to the changes of TNH3 and TH2SO4 at the BHM site in 

2012-2016 
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Figure S20. Responses of iPM2.5, NH4
+, and NH3/NHx to the changes of TNH3 and TH2SO4 at the OLF site in 

2013-2016 
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Appendix E 

Table S9. The statistics of different precursor gases of iPM2.5 by season at the YRK site in 2008-2011 

Season 
 

Na+ TH2SO4 TNH3 THNO3 THCl Ca2+ K+ Mg2+ RH T (K) 

Winter min 0.00 0.63 0.83 0.47 0.02 0.00 0.01 0.00 0.37 264.93 

 median 0.02 2.19 1.84 1.99 0.04 0.02 0.02 0.00 0.61 277.18 

 max 0.28 5.12 5.00 8.01 0.21 0.15 0.11 0.03 0.91 290.62 

 mean 0.05 2.22 2.15 2.49 0.05 0.03 0.03 0.01 0.62 277.61 

 SD 0.06 1.01 1.05 1.50 0.05 0.03 0.03 0.01 0.14 5.70 

 N 30 30 30 30 30 30 30 30 30 30 

Spring min 0.01 0.80 0.87 0.23 0.01 0.01 0.01 0.00 0.35 272.68 

 median 0.03 3.36 2.71 1.62 0.04 0.03 0.03 0.01 0.64 291.29 

 max 0.47 12.09 9.26 3.86 0.18 0.26 0.11 0.03 0.93 299.32 

 mean 0.07 3.42 2.91 1.68 0.04 0.06 0.04 0.01 0.64 289.45 

 SD 0.09 2.04 1.52 0.70 0.04 0.07 0.02 0.01 0.14 6.12 

 N 34 34 34 34 34 34 34 34 34 34 

Summer min 0.00 1.57 1.06 0.35 0.01 0.01 0.00 0.00 0.47 294.27 

 median 0.02 3.98 2.87 1.34 0.03 0.03 0.02 0.01 0.71 298.60 

 max 0.21 13.66 7.81 3.82 0.13 0.06 0.35 0.07 0.96 301.90 

 mean 0.04 4.51 3.07 1.51 0.03 0.03 0.03 0.01 0.70 298.42 

 SD 0.04 2.60 1.27 0.64 0.02 0.01 0.05 0.01 0.11 1.82 

 N 62 62 62 62 62 62 62 62 62 62 

Fall min 0.00 0.71 0.88 0.49 0.01 0.01 0.01 0.00 0.40 277.96 

 median 0.02 2.04 1.67 1.25 0.03 0.02 0.02 0.00 0.62 290.19 

 max 0.53 7.15 8.31 3.17 0.20 0.08 0.07 0.03 1.00 299.58 

 mean 0.04 2.37 2.24 1.52 0.04 0.03 0.02 0.01 0.65 289.05 

 SD 0.09 1.45 1.40 0.75 0.04 0.02 0.01 0.01 0.14 5.39 

 N 40 40 40 40 40 40 40 40 40 40 

[1] All the concentration values are expressed in µg m-3. 

[2] TNH3 = NH3 + NH4
+; THNO3 = HNO3 + NO3

-; TH2SO4 = SO4
2-; TNH3, THNO3, TH2SO4 are all expressed as the 

equivalent concentration; T is temperature; RH is relative humidity; SD is standard deviation; N is the number of 

observations. 
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Table S10. The statistics of different precursor gases of iPM2.5 by season at the YRK site in 2012-2016 

Season 
 

Na+ TH2SO4 TNH3 THNO3 THCl Ca2+ K+ Mg2+ RH T (K) 

Winter min 0.00 0.33 0.74 0.61 0.01 0.00 0.01 0.00 0.31 265.13 

 median 0.01 1.31 1.40 1.22 0.02 0.02 0.02 0.00 0.62 279.18 

 max 0.35 3.78 4.23 2.50 0.04 0.03 0.04 0.01 0.85 287.25 

 mean 0.04 1.56 1.53 1.41 0.02 0.01 0.02 0.00 0.61 278.22 

 SD 0.07 0.97 0.69 0.55 0.01 0.01 0.01 0.00 0.15 4.83 

 N 27 27 27 27 27 27 27 27 27 27 

Spring min 0.00 0.59 0.91 0.30 0.01 0.00 0.00 0.00 0.31 273.66 

 median 0.02 1.58 2.06 1.13 0.02 0.02 0.02 0.01 0.66 291.94 

 max 0.26 3.81 4.55 2.15 0.10 0.06 0.05 0.02 0.88 299.26 

 mean 0.05 1.82 2.11 1.13 0.03 0.03 0.03 0.01 0.62 289.63 

 SD 0.06 0.81 0.89 0.47 0.02 0.01 0.02 0.01 0.14 6.42 

 N 30 30 30 30 30 30 30 30 30 30 

Summer min 0.01 0.70 1.10 0.39 0.01 0.00 0.00 0.00 0.44 290.01 

 median 0.02 1.93 2.32 1.01 0.02 0.02 0.03 0.01 0.73 297.58 

 max 0.20 4.15 10.69 2.15 0.07 0.09 0.07 0.03 0.87 303.83 

 mean 0.03 2.05 2.66 1.11 0.03 0.03 0.03 0.01 0.71 297.56 

 SD 0.04 0.92 1.62 0.49 0.01 0.02 0.02 0.01 0.11 2.27 

 N 37 37 37 37 37 37 37 37 37 37 

Fall min 0.00 0.10 0.24 0.16 0.01 0.01 0.00 0.00 0.44 273.19 

 median 0.02 1.29 1.91 0.97 0.02 0.02 0.02 0.00 0.66 290.73 

 max 0.64 3.11 10.33 3.37 0.07 0.05 0.08 0.02 0.93 298.62 

 mean 0.04 1.49 2.45 1.10 0.02 0.02 0.03 0.00 0.68 289.40 

 SD 0.10 0.76 1.93 0.65 0.01 0.01 0.02 0.00 0.13 6.58 

 N 39 39 39 39 39 39 39 39 39 39 

[1] All the concentration values are expressed in µg m-3. 

[2] TNH3 = NH3 + NH4
+; THNO3 = HNO3 + NO3

-; TH2SO4 = SO4
2-; TNH3, THNO3, TH2SO4 are all expressed as the 

equivalent concentration; T is temperature; RH is relative humidity; SD is standard deviation; N is the number of 

observations. 
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Table S11. The statistics of different precursor gases of iPM2.5 by season at the JST site in 2010-2011 

Season 
 

Na+ TH2SO4 TNH3 THNO3 THCl Ca2+ K+ Mg2+ RH T (K) 

Winter min 0.00 1.09 0.97 0.76 0.02 0.00 0.00 0.00 0.48 268.09 

 median 0.03 1.86 1.82 1.29 0.03 0.03 0.02 0.00 0.61 276.09 

 max 0.18 4.94 4.01 6.50 0.19 0.05 0.08 0.02 0.97 289.73 

 mean 0.04 2.26 1.89 1.84 0.06 0.02 0.02 0.01 0.66 276.74 

 SD 0.05 1.06 0.70 1.40 0.05 0.01 0.02 0.00 0.15 5.98 

 N 17 17 17 17 17 17 17 17 17 17 

Spring min 0.01 1.00 1.50 0.87 0.01 0.01 0.01 0.00 0.39 275.99 

 median 0.05 2.98 2.34 2.24 0.03 0.02 0.02 0.01 0.61 293.16 

 max 0.14 7.65 3.89 3.72 0.15 0.03 0.11 0.02 0.80 300.87 

 mean 0.06 3.30 2.44 2.14 0.04 0.02 0.04 0.01 0.61 289.56 

 SD 0.05 1.62 0.69 0.84 0.03 0.01 0.03 0.00 0.09 7.17 

 N 19 19 19 19 19 19 19 19 19 19 

Summer min 0.01 1.98 1.70 1.58 0.02 0.01 0.01 0.00 0.55 297.73 

 median 0.02 3.77 2.60 2.25 0.03 0.03 0.03 0.01 0.64 300.86 

 max 0.09 5.88 3.78 3.40 0.04 0.06 0.10 0.02 0.75 302.93 

 mean 0.03 4.01 2.59 2.28 0.03 0.03 0.03 0.01 0.65 300.80 

 SD 0.02 1.35 0.57 0.65 0.01 0.01 0.03 0.01 0.07 1.29 

 N 17 17 17 17 17 17 17 17 17 17 

Fall min 0.01 0.88 1.18 0.66 0.02 0.01 0.01 0.00 0.47 283.32 

 median 0.02 2.04 2.18 1.14 0.03 0.03 0.03 0.01 0.54 292.56 

 max 0.05 4.48 3.92 2.77 0.05 0.05 0.11 0.01 0.70 300.74 

 mean 0.02 2.15 2.31 1.42 0.03 0.03 0.04 0.01 0.55 292.20 

 SD 0.01 1.09 0.78 0.70 0.01 0.01 0.03 0.00 0.07 5.83 

 N 14 14 14 14 14 14 14 14 14 14 

[1] All the concentration values are expressed in µg m-3. 

[2] TNH3 = NH3 + NH4
+; THNO3 = HNO3 + NO3

-; TH2SO4 = SO4
2-; TNH3, THNO3, TH2SO4 are all expressed as the 

equivalent concentration; T is temperature; RH is relative humidity; SD is standard deviation; N is the number of 

observations. 
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Table S12. The statistics of different precursor gases of iPM2.5 by season at the JST site in 2012-2016 

Season 
 

Na+ TH2SO4 TNH3 THNO3 THCl Ca2+ K+ Mg2+ RH T (K) 

Winter min 0.01 0.57 0.95 0.58 0.02 0.01 0.01 0.00 0.37 271.33 

 median 0.02 1.32 1.54 1.45 0.03 0.02 0.02 0.00 0.52 278.25 

 max 0.13 3.38 2.85 3.92 0.39 0.05 0.07 0.02 0.95 290.89 

 mean 0.04 1.65 1.69 1.73 0.07 0.02 0.03 0.01 0.58 279.74 

 SD 0.03 0.85 0.58 0.96 0.09 0.01 0.02 0.00 0.18 5.37 

 N 17 17 17 17 17 17 17 17 17 17 

Spring min 0.00 0.54 0.82 0.37 0.01 0.01 0.01 0.00 0.29 275.26 

 median 0.03 1.67 1.96 1.08 0.02 0.02 0.03 0.01 0.57 290.19 

 max 0.18 3.21 3.25 2.27 0.15 0.06 0.06 0.02 0.75 299.37 

 mean 0.05 1.72 1.84 1.16 0.03 0.03 0.03 0.01 0.56 290.31 

 SD 0.05 0.67 0.61 0.53 0.03 0.01 0.02 0.01 0.12 6.47 

 N 29 29 29 29 29 29 29 29 29 29 

Summer min 0.01 0.69 0.86 0.73 0.01 0.01 0.01 0.00 0.42 296.19 

 median 0.02 1.77 1.92 1.53 0.02 0.02 0.03 0.01 0.63 298.97 

 max 0.11 3.99 2.87 3.71 0.05 0.07 0.23 0.02 0.85 305.40 

 mean 0.03 2.02 1.96 1.70 0.02 0.03 0.05 0.01 0.63 299.53 

 SD 0.02 0.94 0.58 0.67 0.01 0.01 0.05 0.01 0.10 2.27 

 N 35 35 35 35 35 35 35 35 35 35 

Fall min 0.00 0.41 1.02 0.34 0.01 0.01 0.00 0.00 0.41 276.27 

 median 0.02 1.30 1.86 1.00 0.02 0.03 0.03 0.01 0.63 293.00 

 max 0.12 3.33 3.12 2.33 0.06 0.07 0.07 0.02 0.77 300.46 

 mean 0.03 1.45 1.96 1.16 0.02 0.03 0.03 0.01 0.61 291.56 

 SD 0.03 0.76 0.53 0.50 0.01 0.02 0.02 0.00 0.10 6.26 

 N 36 36 36 36 36 36 36 36 36 36 

[1] All the concentration values are expressed in µg m-3. 

[2] TNH3 = NH3 + NH4
+; THNO3 = HNO3 + NO3

-; TH2SO4 = SO4
2-; TNH3, THNO3, TH2SO4 are all expressed as the 

equivalent concentration; T is temperature; RH is relative humidity; SD is standard deviation; N is the number of 

observations. 

 

 

 

 

 

 

 

 

 

 



 

209 

Table S13. The statistics of different precursor gases of iPM2.5 by season at the CTR site in 2012-2016 

Season 
 

Na+ TH2SO4 TNH3 THNO3 THCl Ca2+ K+ Mg2+ RH T (K) 

Winter min 0.01 0.36 0.21 0.19 0.01 0.01 0.00 0.00 0.37 271.98 

 median 0.02 0.97 0.59 0.70 0.02 0.02 0.03 0.00 0.60 280.59 

 max 0.42 4.40 1.48 2.22 0.09 0.06 0.08 0.02 0.94 290.03 

 mean 0.05 1.41 0.65 0.99 0.02 0.02 0.03 0.01 0.61 279.95 

 SD 0.08 1.02 0.32 0.61 0.02 0.01 0.02 0.00 0.15 4.47 

 N 31 31 31 31 31 31 31 31 31 31 

Spring min 0.00 0.69 0.47 0.22 0.01 0.01 0.01 0.00 0.35 280.90 

 median 0.02 1.69 0.84 0.66 0.02 0.02 0.04 0.01 0.58 291.83 

 max 0.19 4.48 1.59 1.25 0.13 0.06 0.10 0.02 0.89 299.51 

 mean 0.05 1.82 0.91 0.67 0.03 0.03 0.04 0.01 0.60 291.70 

 SD 0.05 0.83 0.27 0.24 0.03 0.02 0.02 0.01 0.16 4.71 

 N 34 34 34 34 34 34 34 34 34 34 

Summer min 0.00 0.69 0.24 0.29 0.01 0.00 0.01 0.00 0.51 296.19 

 median 0.03 1.77 0.79 0.69 0.02 0.03 0.03 0.01 0.73 299.43 

 max 0.19 3.95 1.48 1.60 0.58 0.21 0.08 0.05 0.87 303.32 

 mean 0.04 1.93 0.82 0.70 0.04 0.04 0.04 0.01 0.72 299.62 

 SD 0.04 0.77 0.31 0.28 0.08 0.04 0.02 0.01 0.09 1.56 

 N 47 47 47 47 47 47 47 47 47 47 

Fall min 0.00 0.28 0.19 0.17 0.01 0.01 0.00 0.00 0.35 276.48 

 median 0.02 1.26 0.71 0.72 0.02 0.03 0.03 0.01 0.67 292.91 

 max 0.19 4.40 1.44 1.79 0.09 0.09 0.14 0.03 0.95 301.75 

 mean 0.04 1.38 0.72 0.71 0.02 0.03 0.04 0.01 0.66 291.33 

 SD 0.04 0.81 0.26 0.32 0.01 0.02 0.03 0.01 0.13 6.52 

 N 62 62 62 62 62 62 62 62 62 62 

[1] All the concentration values are expressed in µg m-3. 

[2] TNH3 = NH3 + NH4
+; THNO3 = HNO3 + NO3

-; TH2SO4 = SO4
2-; TNH3, THNO3, TH2SO4 are all expressed as the 

equivalent concentration; T is temperature; RH is relative humidity; SD is standard deviation; N is the number of 

observations. 
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Table S14. The statistics of different precursor gases of iPM2.5 by season at the BHM site in 2011 

Season 
 

Na+ TH2SO4 TNH3 THNO3 THCl Ca2+ K+ Mg2+ RH T (K) 

Winter min 0.00 1.63 1.33 0.91 0.01 0.01 0.01 0.00 0.53 272.70 

 median 0.04 2.47 3.21 2.31 0.33 0.05 0.05 0.01 0.61 279.40 

 max 0.40 3.42 3.97 4.36 0.56 0.12 0.11 0.03 0.91 288.52 

 mean 0.11 2.43 2.65 2.30 0.26 0.05 0.05 0.01 0.65 279.60 

 SD 0.14 0.66 1.07 0.98 0.23 0.05 0.03 0.01 0.13 5.61 

 N 9 9 9 9 9 9 9 9 9 9 

Spring min 0.01 1.35 1.61 0.94 0.02 0.02 0.02 0.00 0.45 288.03 

 median 0.02 3.68 2.41 1.83 0.11 0.06 0.03 0.01 0.59 294.88 

 max 0.22 5.38 5.20 2.60 0.50 0.08 0.15 0.03 0.72 301.94 

 mean 0.08 3.55 2.77 1.80 0.15 0.05 0.06 0.02 0.58 295.16 

 SD 0.09 1.64 1.16 0.65 0.15 0.02 0.05 0.01 0.08 4.78 

 N 9 9 9 9 9 9 9 9 9 9 

Summer min 0.01 2.07 1.85 1.20 0.04 0.02 0.01 0.00 0.52 298.14 

 median 0.03 4.05 3.23 1.95 0.08 0.04 0.05 0.01 0.70 301.47 

 max 0.55 5.88 4.55 2.78 0.17 0.06 0.14 0.02 0.77 303.04 

 mean 0.11 3.96 3.12 2.01 0.09 0.04 0.06 0.01 0.67 301.02 

 SD 0.17 1.20 1.05 0.49 0.04 0.01 0.04 0.01 0.09 1.69 

 N 9 9 9 9 9 9 9 9 9 9 

Fall min 0.00 1.65 1.43 0.72 0.03 0.02 0.01 0.00 0.46 285.59 

 median 0.02 2.45 2.44 1.25 0.12 0.04 0.02 0.02 0.74 287.77 

 max 0.13 4.49 2.89 1.93 0.16 0.16 0.13 0.03 0.87 291.71 

 mean 0.05 2.77 2.29 1.31 0.11 0.06 0.04 0.02 0.70 288.42 

 SD 0.05 1.08 0.61 0.59 0.05 0.06 0.05 0.01 0.16 3.00 

 N 5 5 5 5 5 5 5 5 5 5 

[1] All the concentration values are expressed in µg m-3. 

[2] TNH3 = NH3 + NH4
+; THNO3 = HNO3 + NO3

-; TH2SO4 = SO4
2-; TNH3, THNO3, TH2SO4 are all expressed as the 

equivalent concentration; T is temperature; RH is relative humidity; SD is standard deviation; N is the number of 

observations. 
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Table S15. The statistics of different precursor gases of iPM2.5 by season at the BHM site in 2012-2016 

Season 
 

Na+ TH2SO4 TNH3 THNO3 THCl Ca2+ K+ Mg2+ RH T (K) 

Winter min 0.01 0.61 1.35 0.92 0.03 0.01 0.01 0.00 0.44 274.65 

 median 0.02 1.26 1.61 1.27 0.10 0.02 0.02 0.01 0.62 281.76 

 max 0.08 4.57 2.96 4.07 0.53 0.05 0.07 0.02 0.91 290.62 

 mean 0.03 1.92 1.79 1.60 0.15 0.03 0.03 0.01 0.61 282.85 

 SD 0.03 1.28 0.52 0.92 0.14 0.01 0.02 0.00 0.13 4.19 

 N 11 11 11 11 11 11 11 11 11 11 

Spring min 0.01 1.05 1.20 0.55 0.02 0.01 0.01 0.00 0.44 282.14 

 median 0.06 1.76 1.95 1.15 0.10 0.04 0.04 0.02 0.65 294.59 

 max 0.18 3.95 3.19 2.13 0.52 0.18 0.07 0.03 0.88 298.40 

 mean 0.07 2.00 2.01 1.22 0.14 0.05 0.04 0.02 0.63 292.62 

 SD 0.05 0.89 0.61 0.46 0.13 0.05 0.02 0.01 0.13 5.09 

 N 13 13 13 13 13 13 13 13 13 13 

Summer min 0.00 0.59 0.66 0.34 0.01 0.01 0.00 0.00 0.42 293.39 

 median 0.03 2.26 2.17 1.20 0.04 0.03 0.04 0.01 0.63 299.67 

 max 0.11 4.62 3.65 2.35 0.08 0.17 0.17 0.04 0.88 303.38 

 mean 0.04 2.41 2.09 1.23 0.04 0.05 0.04 0.02 0.67 299.72 

 SD 0.03 1.16 0.79 0.48 0.02 0.04 0.04 0.01 0.11 2.85 

 N 25 25 25 25 25 25 25 25 25 25 

Fall min 0.01 0.40 0.83 0.44 0.02 0.03 0.02 0.00 0.42 280.01 

 median 0.03 1.35 1.90 0.96 0.08 0.04 0.04 0.01 0.67 295.22 

 max 0.15 4.63 4.27 2.10 0.64 0.15 0.10 0.07 0.73 301.70 

 mean 0.05 1.98 2.17 1.02 0.13 0.05 0.05 0.02 0.63 293.08 

 SD 0.04 1.27 0.97 0.39 0.16 0.03 0.02 0.01 0.10 6.58 

 N 20 20 20 20 20 20 20 20 20 20 

[1] All the concentration values are expressed in µg m-3. 

[2] TNH3 = NH3 + NH4
+; THNO3 = HNO3 + NO3

-; TH2SO4 = SO4
2-; TNH3, THNO3, TH2SO4 are all expressed as the 

equivalent concentration; T is temperature; RH is relative humidity; SD is standard deviation; N is the number of 

observations. 
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Table S16. The statistics of different precursor gases of iPM2.5 by season at the OLF site in 2013-2016 

Season 
 

Na+ TH2SO4 TNH3 THNO3 THCl Ca2+ K+ Mg2+ RH T (K) 

Winter min 0.00 0.22 0.43 0.30 0.01 0.01 0.01 0.00 0.38 268.30 

 median 0.03 1.32 0.88 0.77 0.03 0.02 0.05 0.00 0.66 282.15 

 max 0.41 4.16 2.52 1.96 0.48 0.04 0.15 0.05 0.96 295.25 

 mean 0.07 1.50 1.02 0.85 0.06 0.02 0.06 0.01 0.68 282.58 

 SD 0.10 0.95 0.57 0.47 0.10 0.01 0.04 0.01 0.15 5.77 

 N 22 22 22 22 22 22 22 22 22 22 

Spring min 0.01 0.62 0.70 0.54 0.01 0.01 0.01 0.00 0.47 282.67 

 median 0.06 1.52 1.18 0.93 0.04 0.03 0.04 0.01 0.72 294.65 

 max 0.27 4.46 2.17 2.17 0.27 0.14 0.12 0.05 0.96 298.84 

 mean 0.08 2.01 1.24 1.01 0.06 0.03 0.05 0.01 0.70 293.68 

 SD 0.08 1.05 0.35 0.37 0.06 0.02 0.03 0.01 0.13 4.49 

 N 23 23 23 23 23 23 23 23 23 23 

Summer min 0.02 0.86 0.43 0.38 0.02 0.01 0.01 0.00 0.69 297.99 

 median 0.08 1.98 1.04 0.79 0.04 0.04 0.03 0.01 0.80 300.78 

 max 0.27 4.20 1.78 2.31 0.16 0.12 0.11 0.05 0.87 302.99 

 mean 0.09 2.14 1.00 0.88 0.06 0.05 0.04 0.02 0.79 300.94 

 SD 0.06 0.97 0.36 0.40 0.04 0.03 0.02 0.01 0.05 1.18 

 N 28 28 28 28 28 28 28 28 28 28 

Fall min 0.00 0.33 0.40 0.16 0.01 0.01 0.00 0.00 0.44 281.68 

 median 0.05 1.30 0.79 0.51 0.02 0.02 0.04 0.01 0.73 295.37 

 max 0.37 4.27 1.54 1.46 0.48 0.05 0.10 0.04 0.88 300.49 

 mean 0.07 1.43 0.81 0.59 0.05 0.03 0.04 0.01 0.71 293.28 

 SD 0.08 0.86 0.30 0.34 0.10 0.01 0.03 0.01 0.13 5.69 

 N 23 23 23 23 23 23 23 23 23 23 

[1] All the concentration values are expressed in µg m-3. 

[2] TNH3 = NH3 + NH4
+; THNO3 = HNO3 + NO3

-; TH2SO4 = SO4
2-; TNH3, THNO3, TH2SO4 are all expressed as the 

equivalent concentration; T is temperature; RH is relative humidity; SD is standard deviation; N is the number of 

observations. 

 

 


