
ABSTRACT 

DIETRICH, YIJIA ZHAO. Improvement and Application of a New Ammonia Emission 

Inventory for Poultry and Swine Production in North Carolina. (Under the direction of Dr. 

Lingjuan Wang-Li). 

 

As one of the criteria pollutants regulated under the National Ambient Air Quality 

Standards (NAAQS), fine particulate matter (i.e., PM2.5) has significantly negative impacts on 

human health and environmental quality. In Southeast United States (U.S.), secondary inorganic 

PM2.5 (iPM2.5) has been found to be the major component of the total PM2.5 mass. Ammonia 

(NH3) is a primary precursor gas for the formation of secondary iPM2.5 that is largely emitted 

from animal agriculture and fertilizer application. In particular, livestock and poultry production 

has been identified to be the largest source of NH3 emission in North Carolina (NC). Studying 

NH3 emissions from animal agriculture is critical for improving knowledge and understanding of 

potential impacts of those NH3 emissions on the secondary iPM2.5 formation.  

While air emissions from animal feeding operation (AFO) have been investigated for 

decades, research remains needs to improve NH3 emission inventory (EI) to systematically 

assess fate and transport of AFO NH3 emissions and associated impacts on a regional scale. 

Therefore, the research objectives of this study were  

1. To establish a new AFO NH3 EI with improved spatial resolution in NC,  

2. To predict ambient NH3 concentrations through an atmospheric chemical transport 

model, named CMAQ, coupled with the new EI 

3. To identify the hotspots of ambient NH3 concentrations in response to AFO emissions 

and atmospheric conditions,  



 

 

4. To demonstrate the spatial improvements in NH3 hotspot prediction with the use of 

the new EI as compared to the existing EPA’s NH3 National Emission Inventory 

(NEI), and 

5. To check the performance of CMAQ modeling with the new EI by comparing model 

results with measurements.  

For objective 1, the spatial distributions of swine and poultry production farms were 

identified with use of Google Earth and mapped by ArcMap. Farm-level NH3 emissions were 

determined through applying most up-to-date emission factors (EFs) and activity data (e.g., 

animal population) for animal production confinement, waste storage/treatment facilities (e.g., 

lagoon), and waste land application. Different from the existing 2014 EPA NEI, the EFs applied 

in this study allowed the knowledge reflection on local management practices and environment. 

It was discovered that there were totally 6,769 poultry and swine farms located in NC, in which 

2,378 broiler farms, 871 layer farms, 1,228 turkey farms, and 2,292 swine farms. The NH3 

emissions from poultry farms were found to have a seasonal pattern, in which summer had the 

highest emission. Among confinement, storage, and land application, animal confinement was 

found to the biggest contributor to total on-farm NH3 emission. For swine, seasonal contrast of 

NH3 emission from confinement was found to be significant with high winter emission due to 

high EFs applied associated with high anima weight applied in winter. Summer NH3 emission 

from swine lagoon was significantly greater than winter. Manure storage and land application 

contributed significant amounts to swine farm total emission. The new NH3 EI compared to the 

EPA NEI inventory showed a much improved spatial resolution of estimated NH3 emission in 

NC. The new EI had higher emissions for broiler and layer confinements than the EPA NEI. 



 

 

However, the total annual county level emissions from all source sectors in the new EI and EPA 

NEI were found to be similar.  

For objectives 2-5, the new NH3 EI was used as the key input to an atmospheric transport 

model to link emissions and ambient concentrations of NH3. The Community Multiscale Air 

Quality Modeling System (CMAQ) was applied to simulate the chemical fate and transport 

conditions in the Southeast region of the U.S. The new NH3 EI was processed using the Sparse 

Matrix Operator Kernel Emissions (SMOKE) modeling system as point source format for NC 

poultry and swine farms. The CMAQ simulations were done for 3 days in January, April, 

October, and 4 days in July with intention to capture the seasonal differences. The outputting 

NH3 ambient concentrations were compared to those from using 2014 EPA NEI database, field 

measurements at Clinton Site located in the center of intensive animal farming in southeast NC, 

and field data from two sites of National Atmospheric Deposition Program (NADP) Ammonia 

Monitoring Network (AMoN). The spatial distribution of predicted NH3 concentration was 

analyzed using GIS techniques.  

The modeling results show that NH3 concentrations were over predicted by CMAQ with 

both the new EI and EPA NEI as compared to the monitoring data at Clinton site. Spatial 

variability of predicted ambient NH3 concentrations and their hotspots were much enhanced by 

profiling local NH3 emissions as point sources in the new EI of this study. Due to the fact that 

NH3 emission from livestock and poultry waste were only applied in NC in the entire U.S. 

domain during CMAQ input preparation of this study, model predictions at locations nearby the 

NC geographical boundary regions show bias as results of artificial NH3 sink and the 

inaccurately simulated chemical fate and transport, so called “boundary issues”. The model 

predictions were observed to have improved performance at the two sites of AMoN located in 



 

 

the central regions of NC and were considered not affected by the “boundary issue”. In addition 

to the boundary issues, it was also observed that simulation time could be another factor 

affecting model performance. In general, the longer simulation (i.e., 4 days) in July showed 

improvement in the agreement of model prediction and measurements. Results also indicate that 

CMAQ model prediction performance varied by locations of sites and time periods. It is 

recommended to evaluate the impacts of location and meteorology parameters on the model 

prediction.  
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CHAPTER 1. INTRODUCTION TO AMMONIA EMISSION 

1.1 Background Information 
 

1.1.1 Ammonia Transport and Deposition 

 

Ammonia (NH3) is a highly reactive and soluble alkaline gas, which originates from both 

natural and anthropogenic sources. In the atmosphere, NH3 released from animal waste is a 

process of organic nitrogen (N) being transformed into the form of reduced N, transported 

through air movement and atmospheric mechanisms, and deposited onto other ecosystems by 

either dry or wet deposition processes (Costanza et al., 2008).  

Atmospheric condition is a critical factor affecting the behavior and pattern of NH3 

deposition. It was found that the dry deposition velocity was highest under near-neutral 

conditions and lowest under stable conditions (Bajwa et al., 2008). The highest deposition close 

to the source occurred during nighttime with stable atmospheric condition while the lowest 

deposition occurred during daytime with unstable conditions (Bajwa et al., 2008) 

Atmospheric NH3 has impacts on both local and regional scales. Ammonia tends to react 

quickly once emitted with acid air pollutants such as nitrogen oxides (NOx) and sulfur oxides      

(SOx) to form fine ammonium (NH4
+) aerosols. Although gaseous NH3 can only travel with short 

distance (< 10 to 100 km), NH4
+ may be transported much longer distance (100 to 1,000 km) 

(Asman et al., 1998, Fowler et al., 1998). Therefore, NH3 has impacts both on the local and 

distant environments. Besides the formation of inorganic aerosol, NH3 has great impact on local 

eco-system by rapid deposition after being emitted at the ground level (Sutton et al., 1998). 

Because of short lifetime in the atmosphere (1 to 5 days or less), low source height, and 

relatively high dry deposition velocity, NH3 can be deposited very quickly near its source.  The 

influence of NH3 deposition can be more substantial as it is found that reduced nitrogen species 
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can be more biologically active than oxidized N species in coastal and estuarine ecosystems 

(Paerl, 1997; Aneja et al., 2000). However, NH4
+ aerosols with atmospheric lifetime of 1 to 15 

days can be deposited further away downwind from its source (Aneja et al., 2000). It was found 

that only 3.2% of NH3 emitted from a poultry house was deposited within 230 m of the source 

and 10% was deposited within 1000 m (Fowler et al., 1998). Asman (1998) stated that the factors 

influencing NH3 deposition might include source height, wind speed, atmospheric stability, 

surface resistance, surface roughness, and plant NH3 compensation point. It was also reported 

that NH3 deposition ranged from 2 to 60% within 2 km of a hot-spot which was described as an 

intensive animal farming area or point source (Loubet et al., 2009).  

With 40 kg nitrogen ha-1 yr-1, the Netherlands has the highest N deposition in Europe. 

(Van Der Eerden et al., 1998). Approximately 2/3 of the N deposition comes from reduced 

inorganic nitrogen (NHx). Nitrogen deposition can cause defoliation and discoloration of the 

foliage, decreasing tree vitality, and declining tree species (Van Der Eerden et al., 1998). Phillips 

et al. (2006) studied the total N deposition during summer in North Carolina (NC) and reported 

that NH3 contributed to 50% of the dry deposition and nitrate (NO3
-) contributed to 50% of the 

wet deposition. 

1.1.2 Ecological Impacts of Ammonia 

 

Ammonia is one of the primary gaseous bases found in the atmosphere. Along with other 

primary gaseous species, this molecule plays a fundamental role in determining the overall 

acidity of precipitation, cloud water, and atmospheric aerosols (Aneja et al., 2000). Environment 

impacts of NH3 emission and deposition include aquatic eutrophication, soil acidification, 

particulate matter formation, and odor emanation near its source (Gay and Knowlton, 2009; 

Reuss and Johnson, 2012). Ammonia deposition also have adverse effects on vegetation. 
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If excessively deposited on the earth surface, NH3 may cause eutrophication of water 

bodies, and soil acidification. Eutrophication occurs when nitrogen loading via runoff from land 

or direct deposition to water bodies spurs excessive algal growth. The anthropogenic sources of 

nutrient loading can be fertilizer, livestock waste, and fossil fuel combustion (Nixon, 1995). The 

need to satisfy human nutritional demands is the major driving force behind anthropogenic 

emission of N and phosphorus (P) to the environment (Nixon, 1995). Nitrogen is found to be the 

critical limiting factor for algal growth and water eutrophication in coastal marine waters (Ryther 

and Dunstan, 1971). Since algal blooms can block sunlight and decrease the availability of 

dissolved oxygen to aquatic species, nutrient enrichment and eutrophication can lead to the 

decline of aquatic species, including those with commercial value (Gay and Knowlton, 2009). If 

they are planted near major NH3 emission sources, sensitive crops, such as tomatoes, cucumbers, 

conifers, and fruit cultures, can be damaged by over-fertilization induced by NH3 deposition 

(Van der Eerden et al., 1998). The Coastal Plain river systems in NC have been under the 

influence of nutrient loading for many years. It has been estimated that atmospheric NH3 

deposition may contribute 35 to 60% of total N loading to NC coastal waters (Aneja et al., 2000). 

Moreover, aquatic eutrophication can increase the cost of drinking water treatment and reduce 

the economic and recreational values of water bodies. 

Soil acidification is the build-up of hydrogen cations in soil, reducing soil pH. This 

process happens when proton donors get added into the soil. The donor can be an acid, such as 

nitric acid (HNO3) and sulfuric acid (H2SO4). One process that can increase soil acidification is 

nitrification and this process results in the increased availability of toxic aluminum reducing soil 

productivity. Acid rain usually has high concentrations of dissolved sulfate (SO4
2-), NH4

+, and 

NO3
-. Ammonia deposition in an ecosystem with a low buffering capacity can result in soil 
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acidification or basic cation depletion (Gay and Knowlton, 2009). It has been observed that the 

occurrence of high concentrations of NH4
+ in canopy through fall (rainwater falling through the 

tree canopy) and stem flow can result in acid inputs to soil two or five times higher than what 

acid deposition can induce (Bouman et al., 1995). The NH4
+, which is present as ammonium 

sulfate ((NH₄)₂SO₄), may be formed by the interaction between NH3 and sulfur dioxide (SO2) 

(from fossil fuel). After deposition by rainwater, (NH₄)₂SO₄ reaching the soil oxidizes rapidly to 

HNO3 and H2SO4, producing extremely low pH values (2.8 to 3.5) and high concentrations of 

dissolved aluminum in soil (Bouman et al., 1995). With the application of commercial N 

fertilizer in South-Central Wisconsin, significant increases in exchangeable acidity happened 

along with decreases in cation exchange capacity (CEC). Elemental analysis of soil indicated a 

loss of 16% of the CEC of soil clay and minor increases in iron and aluminum (Barak et al., 

1997).   

1.1.3 Ammonia as a Precursor to Fine PM Formation  

 

In addition to the environmental impacts on water, plant, and soil systems, NH3 can react 

with other atmospheric species to form secondary particulate matter (PM). Ammonia can react 

with H2SO4, HNO3, and hydrochloric acids (HCl) to form (NH₄)₂SO₄, bisulfate (HSO4
−), NO3

-, 

and chloride aerosols (Walker et al., 2003). Therefore, NH3 is one important precursor gas and it 

contributes to the formation of inorganic fine PM, PM2.5, which is typically composed of SO4
2-, 

NO3
-, and NH4

+ (Walker et al., 2003). Fine PM2.5 refers to PM that have an aerodynamic 

diameter of less than or equal to 2.5 micrometers. The atmospheric chemistry of NH3 in 

formation of secondary inorganic PM2.5 (iPM2.5) are listed below.  
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                        SO2+2OH → H2SO4 (g)                                                        (1-1) 

                                 2NH3 (g) + H2SO4 ↔ (NH4)2SO4 (iPM2.5)                  (1-2) 

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

                                  NH3 (g) + HNO3 (g) ↔ NH4NO3 (iPM2.5)                  (1-4) 

                        NH3 (g) + HCl (g) ↔ NH4Cl (iPM2.5)                                  (1-5) 

Due to its negative impacts on human health and public welfare, PM is one of the criteria 

pollutants regulated under the National Ambient Air Quality Standards (NAAQS). 

Epidemiological studies have shown that fine PM is strongly associated with many health issues, 

such as chronic and acute respiratory and cardiovascular morbidity, chronic and acute mortality, 

diabetes, adverse birth outcomes, reduced life expectancy, and lung cancer (Humbert et al., 

2015). Secondary PM, especially PM2.5, is a particular concern because it can penetrate human 

respiratory system and deposit into lung (Gay and Knowlton, 2009). Many research works have 

demonstrated that significant respiratory and cardiovascular diseases are associated with the 

exposure to PM2.5. It was estimated that 16,926 premature deaths from all causes, including 

11,612 cardiopulmonary deaths and 1,901 lung cancer deaths, could be prevented annually if 

long-term exposure to PM2.5 levels were reduced to 15 µg/m3 in each city of 23 European cities 

studied (Boldo et al., 2006). An extended analysis focused on cardiopulmonary mortality 

revealed that long-term PM2.5 exposures were strongly associated with ischemic heart disease, 

dysrhythmias, heart failure, and cardiac arrest mortality (Pope et al., 2004). Another study 

revealed that there were associations between particulate exposure and oxidative damage 

markers, and the red blood cell counts (RBCs) suggest that particulate air pollution has 

measurable effects in the blood. This oxidative tension may be involved in the atherosclerotic 
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process, and increased RBC may affect blood viscosity, suggesting the potential relationship 

with cardiovascular disease (Sorensen et. al, 2003). 

Particle matter is a major contributor to the formation of haze, which degrades 

atmospheric visibility (Yu et al., 2013; Zhao et al., 2013; Pui et al., 2014). The influence of PM 

pollution on atmosphere has a potential connection with change in climate forcing (Seinfeld and 

Pandis, 2012; Fuzzi et al., 2015).   

In recent year, PM2.5 have become a major focus of atmospheric studies. Fine particles 

can be emitted directly from primary sources, such as wood burning, diesel and gasoline vehicle 

exhaust, meat cooking, and fugitive dust (Chen et al., 2012). Gases emitted from power plants, 

industries, and automobiles can react in the air and contribute to the formation of secondary 

PM2.5. In the Eastern U.S., approximately half of the PM2.5 is of inorganic origin (Pinder et al., 

2007). Secondary iPM2.5 is mostly composed of NH4
+, NO3

-, and SO4
2- (Kelly at al., 2014). The 

major precursor gases to secondary iPM2.5 are NH3, NOx, and SO2 (Henze et al., 2009). Studying 

the behaviors of precursor gases is critical for developing abatement strategies for iPM2.5. In 

order to fully understand the influence of precursor gases on iPM2.5, it is important to study their 

source appointments, emission patterns, ambient concentrations, and fate and transport 

processes. 

With significant impacts on atmospheric dynamics and composition, PM2.5 is a broad and 

generalized term embracing different formation mechanisms and chemical speciation. By 

definition, secondary iPM2.5 reflects its inorganic chemical origin and formation pathway, which 

is through chemical reactions and physical transformation. Secondary PM very often accounts 

for 50 to 60% of PM2.5 mass (Pavlovic et al., 2006). Inorganic salts, including (NH4)2SO4 and 

ammonium nitrate (NH4NO3), account for the majority of secondary PM and often account for 
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the majority of PM2.5 mass (Russell et al., 2004). Three precursor gases play critical roles in 

participating in the formation of secondary iPM2.5. Two acidic gases, NO2 and SO2, mostly 

emitted from combustion sources, oxidize in the atmospheric to form HNO3 and H2SO4, 

respectively. One basic gas, NH3, neutralizes HNO3 and H2SO4 to form NH4NO3 and (NH4)2SO4, 

respectively (Pinder et al., 2007). 

Compared to agricultural NH3 emission, the emissions of NOx and SO2 are more 

systematically regulated and studied. Nitrogen oxides (NOx = NO + NO2), emitted mostly by 

anthropogenic combustion processes, form HNO3 through oxidation (Markovic et al., 2014). As 

an oxidation product of SO2, gas phase H2SO4 has low vapor pressure and forms particulate 

H2SO4 (Markovic et al., 2014). The major environmental concerns of NOx and SO2 are PM 

formation and acid deposition (Parrish, 2006). In the U.S., the two largest NOx sources are 

vehicular emissions (54%) and stationary fuel combustion (40%) (Elliott et al., 2006). The 

largest emission source for SO2 is power plants (De Gouw et al., 2013). Due to the changes in 

traffic activities, NOx emission varies temporally, especially for urban areas. Russell et al. (2010) 

found that NOx emissions were significantly higher on weekdays than weekends for major cities 

in California (CA). But they also pointed out that, outside the population hotspots, rural regions 

showed no significant day-of-week variability in NOx emission. The spatial allocation of NOx 

emission highly depends on its emission source. Kimbrough et al. (2013) studied the 

concentration gradients for NO2 and NOx and found out that the highest absolute and average 

concentrations happened at distances closest to the roadway throughout the year. Although on-

road vehicular emission has been studied for years, improving its spatial and temporal modeling 

is still a need for better understanding of NOx emission and establishing emission inventory 

(Lindhjem et al., 2012). Since most of the SO2 emission comes from power plants, the spatial 
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and temporal tendency of SO2 emission mainly depend on the energy demand and consumption. 

Residential demands for heating and cooling in winter and summer would potentially induce 

more SO2 emission than other seasons (Tayanc, 2000). Although the emissions of NOx and SO2 

have been systematically regulated and researched, there still exists a huge research gap in-

between the characterization of these precursors and their local and regional impacts on the 

formation of secondary iPM2.5. In other words, how the spatial and temporal patterns of NOx and 

SO2 source emissions and ambient concentrations influence on the formation of secondary iPM2.5 

still remains an important research question. 

1.1.4 Ammonia from Animal Production and related Regulations  

 

Livestock and poultry production is the biggest anthropogenic emission source of NH3 in 

the United States (US). Livestock farming transforms carbohydrates and protein from plants to 

animal proteins (e.g., meat, milk, and eggs). The efficiency of these transformation ranges from 5 

to 30%, depending on animal type and management practice (Follett and Hatfield, 2001). The 

remaining 70 to 95% of protein is excreted as urine and manure in the form of organic N 

compounds. The manure organic N is hydrolyzed into NH4
+, which serves as a substrate for 

nitrifying bacteria upon aeration of manure. Ammonium, then, may be lost in the form of NH3 

from animal waste through volatilization.  The total loss of N compounds from animal housing 

and manure storage ranges from 10% of the exerted N in urine and feces of dairy cattle up to 

30% of hogs and poultry in intensive animal farming (Follett and Hatfield, 2001). Following 

manure land application onto agricultural land, about 10 to 50% of total N may escape into air as 

NH3, nitrogen monoxide (NO), nitrous oxide (N2O), and nitrogen gas (N2) (Follett and Hatfield, 

2001). 
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Ammonia emission are generally governed by chemical and biological processes, which 

makes it very difficult to be predicted or controlled. There is a substantial annual and seasonal 

variations in NH3 losses due to geographic regions, cropping system, management practices, and 

field variability. It is very challenging to estimate NH3 losses with high certainty (USDA, 2014). 

At different geographic locations, the climatic conditions and soil characteristics can be different.  

Warmer and humid climates will favor for mineralization of soil organic N to NH4
+. At neutral 

pH, the N in urea and urea-containing fertilizers and manure will be more likely to be converted 

into NH4
+. In contrast, drier soil and cooler climate will slow down the soil mineralization 

process and potentially reduce N losses. Even within the same field site, NH4
+ availability and 

NH3 volatilization can vary due to variations in soil properties such as clay content, pH, 

temperature, microbial activity and the N concentration (Follett and Hatfield, 2001).   

Nitrogen excreted in animal manure is contained in a variety of organic N compounds. 

The conversion of organic N to inorganic N begins immediately after manure is excreted. The 

fraction of excreted organic N that is mineralized into ammoniacal nitrogen (NH3-N) during 

manure storage and collection depends on primarily on time and to a less extent on temperature 

especially when temperature is relatively high. The fraction of NH3-N emitted from animal 

manure depends mainly on concentration, pH, and temperature. As concentration, pH, and 

temperature increase, the potential for NH3 emission also increases. 

There is increasing pressure to promote the public awareness and policy on NH3 mainly 

due to the nutrient enrichment in waterbodies. North Carolina has the strongest permit program 

for concentrated animal feeding operations (CAFOs) and requires annual inspection of every 

facility. All permitted swine faculties are covered by NC Swine Waste Management System 

General Permit. The state general permit contains the required performance standards, operation 
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and maintenance requirements, monitoring and reporting requirements. Policy for inspections 

have entry to farms, general conditions and penalty policy. In NC, all permitted animal 

operations facilities are required to have a Certified Animal Waste Management Plan 

(CAWMP). This plan is incorporated into the permit by defining the fields to which the waste is 

applied, the crops to be grown and other details of the operation. In 1997, NC implemented a 

moratorium on new and expanded swine lagoons. Currently, any new or expanded swine farm 

must meet certain performance standards. Dry poultry operations are not required to obtain 

permits from the Division of Water Resources.  

According to the US EPA, AFOs are agricultural operations where animal are kept and 

raised in confined situations for a total of 45 days or more in a 12-month period 

(https://www.epa.gov/npdes/animal-feeding-operations-afos). At a national level, agricultural 

water quality relating to CAFOs has been regulated by Environmental Protection Agency (EPA) 

under the Clean Water Act. Facilities such as animal feeding operations (AFOs) that discharge 

wastewater are required to have National Pollution Discharge Elimination System (NPDES) 

permits. North Carolina focuses its regulatory efforts in odor emission from swine facilities. All 

AFOs except dry operations must use odor management practices and some swine operations 

have to submit odor management plans. North Carolina does not have air emission standards for 

NH3 for AFOs. 

Both Comprehensive Emergency Response, Compensation, and Liability Act (CERLA) 

and Emergency Planning and Community Right-to-Know Act (EPCRA) have reporting 

requirements that are triggered when specified quantities of certain substances are released to the 

environment. Both laws have information disclosure in order to improve the social awareness of 

pollution sources and magnitude of release to the environment. The biggest issue today is how 

https://www.epa.gov/npdes/animal-feeding-operations-afos
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the reporting system and other provisions of these regulations apply to livestock and poultry 

operations considering the facts that both CERLA and EPCRA reporting systems do not apply to 

AFOs. Although NH3 is not a criteria pollutant under the NAAQS, it is a regulated air pollutant 

under Clean Air Act classification.  However, currently the federal policy and regulation of NH3 

related to animal agriculture is very limited. Although NH3 is under the reporting requirements 

of CERLA and EPCRA, these statutes do not have authority to regulate emissions.  

The Agricultural Air Quality Task Force (AAQTF) has recognized the concerns of 

excessive N in the natural system. Meanwhile, N is recognized to play a critical role in 

supporting plants and animal life. It would be challenging to determine “excessive reactive N “as 

a pollutant of concern rather than “reactive N” (USDA, 2014). Moreover, the main emission 

source of total NH3 nitrogen (TAN) is agriculture, which is protected against regulation by some 

regulatory exemptions and EPA has not used its authority to regulate NH3 from animal 

agriculture.  

One of the greatest challenges with regulating NH3 from agriculture is accurate 

measurement and estimation of NH3 emissions. Ammonia emissions vary spatially and 

temporally and are impacted by many factors such as sources, climate, management practices, 

etc. The fugitive properties and impact factors make it difficult to determine the emission rate on 

a farm level.  

1.1.5 The Existing Inventory: 2014 EPA National Emission Inventory (NEI) 

 

The 2014 National Emissions Inventory (NEI) (USEPA, 2014), is a national compilation 

of criteria air pollutant (CAP) and hazardous air pollutant (HAP) emissions. These data are 

collected from state, local, and tribal air agencies and the EPA emissions. The NEI is intended to 

provide the estimates of CAP and HAP emissions to support the EPA, federal, state, local, and 
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tribal decision makers and the national and international public interests. As for the research 

interest of this study, in 2014 EPA NEI, the NH3 emission from animal waste is under the 

category of agricultural livestock waste.  

There are five categories (listed in Table 1.1) taking into account in the livestock waste 

sector in 2014 EPA NEI. Each source has its own source classification code (SCC).  The source 

sectors are not complete in 2014 EPA NEI. For poultry, it did not include manure storage and 

land application of broiler and layer facilities, and all sources from turkey production were not 

included. For swine, it did not include animal confinement, lagoon waste, and land application. 

Table 1.1. Source categories and their properties included in 2014 EPA NEI livestock waste 

SCC Source Type Category Description Others 

2805002000 
Miscellaneous 

Area Sources 

Agriculture 

Production - 

Livestock 

Beef Cattle 

Production 

Composite 

Not Elsewhere 

Classified 

2805018000 
Miscellaneous 

Area Sources 

Agriculture 

Production - 

Livestock 

Dairy Cattle 

Composite 

Not Elsewhere 

Classified 

2805025000 
Miscellaneous 

Area Sources 

Agriculture 

Production - 

Livestock 

Swine 

Production 

Composite 

Not Elsewhere 

Classified 

2805007100 
Miscellaneous 

Area Sources 

Agriculture 

Production - 

Livestock 

Poultry 

Production - 

Layers with Dry 

Manure 

Management 

Systems 

Confinement 

2805009100 
Miscellaneous 

Area Sources 

Agriculture 

Production - 

Livestock 

Poultry 

Production - 

Broilers 

Confinement 

 

In general, 2014 county-level animal populations were estimated using the 2012 and 

2014 USDA agricultural census data. The 2012 animal population census data were reported by 

state, local, and tribal agencies. 2014 population was estimated by adjusting each county’s 

population by the fraction which the state’s population had changed since 2012.  
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The emission factors (EFs) developed by Carnegie Mellon University (CMU) process-

based modeling was applied in the 2014 EPA NEI to quantify NH3 emission by various animal 

species. This model takes multiple parameters impacting NH3 emissions into consideration, such 

as climate, location, and management practice. Basically, this model intakes meteorology data 

(e.g., temperature, wind speed, and precipitation) and animal type (e.g., housing practice, storage 

practice, and application practice) and outputs daily EFs for a particular location and set of 

practices (McQuilling and Adams, 2015). Taking different aspects into account, this farm 

emission model gives a composite EF for a specific day, location, and animal type, which is 

adopted in preparing 2014 EPA NEI. The CMU model produces daily-resolved, county-level 

NH3 emissions based on a particular distribution of management practices for each county and 

animal type. 

In the CMU modeling system, key parameter inputs were housing type and manure 

management practices. In this study, NC is the study domain which is in the southeast region. In 

the southeast region, it is common for swine production facilities to have animal houses with 

flushing systems, lagoon for storage and treatment, and irrigation system for land application. 

Most of the laying hen facilities in the southeast use high-rise confinement structure. Specifically 

in the modeling approach, the inputs are meteorology, manure management practice, and 

resistance parameters. In the CMU model, meteorology includes temperature, wind speed and 

precipitation. Manure management practices has housing type, storage type, and application 

type. Resistance parameters are surface mass transfer resistant from manure to atmosphere. With 

meteorology and farming characteristics as inputs, resistance parameters were tuned in the model 

to fit measurements in the previous studies.  
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1.2 Ammonia Emissions from Poultry and Swine Production Facilities 
 

1.2.1 Ammonia from Animal Agriculture: the Sources 

 

Livestock production is major sources of atmospheric NH3 emissions (Asman, 1992; 

Duxbury, 1994; Isermann, 1994; Bouwman et al., 1997; Aneja et al., 2000; Harper et al., 2010). 

Due to inefficient conversion of organic N in feed to animal product, NH3 is a common by-

product and an important constituent in animal waste (Patni and Jui, 1991; McCubbin et al., 

2002; Gay and Knowlton, 2009). Most NH3 volatilization from cattle and swine sectors comes 

from urea (in their urine); in poultry, uric acid is the primary source (McCubbin et. al, 2002). 

Nitrogen in the urine is in the form of urea, CH4N2O, which can rapidly hydrolyze to form 

ammonium carbonate ((NH4)2CO3). Conversion of urea or uric acid (C5H4N4O3) to NH3 requires 

the enzyme, urease, which is excreted in animal feces. This conversion occurs quickly, usually in 

a few days. The breakdown of complex organic N forms in feces occurs more slowly and takes 

months or years. Both situations lead to N conversion into NH4
+ under acidic or neutral pH 

conditions or NH3 at higher pH levels (Gay and Knowlton, 2009). Poultry and swine farmers 

usually dispose of animal waste in barns and housing operations by flushing it into a lagoon or 

tank and this traps NH3 to an extent. However, some studies have shown steady year-round NH3 

emissions from stored slurry that may be due to slow release of NH3 from the feces (Patni and 

Jui, 1991). Not only does the animal waste itself lead to NH3 emissions but also animal housing 

practices can affect NH3 emissions and this includes the use of chemical additives, add-on 

controls to ventilation systems, and manure management practices, such as the quick removal of 

waste, scraping and flushing systems, and temperature control (McCubbin et. al, 2002). Overall, 

the amount of NH3 that volatilizes from these various modes of release depends on factors such 
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as the amount of N in the food source, size and species of the animal, housing conditions of the 

animal, humidity, temperature, and animal waste handling practices (Anderson et. al, 2003). 

Agriculture is the main source of NH3 and PM with approximately 90% of NH3 

emissions in the US. and in many European countries resulting from animal and crop agriculture 

(Erisman et.al, 2008; Shih et al, 2012). The greatest NH3 losses are associated with land 

application of manure (35% to 45%) and housing (30% to 35%) and significant losses can also 

occur from grazing land (10% to 25%), if applicable, and 5 to 15% from  manure storage 

(Meisinger and Jokela, 2000). 

Livestock and poultry are often fed high-protein feed, which contains excessive N, in 

order to meet the animals’ nutritional needs. High levels of NH3 affect indoor air quality which is 

worsened by poor ventilation. This lack of indoor air quality, mainly occurring in animal 

confinement, leads to detrimental effects in animal health such as lower body weight and other 

physiological concerns. Ammonia can travel miles in the air which means that the impact of an 

animal agriculture area can be greater than the city that it is within (Gay et. al, 2006). Paulot and 

Jacob (2013) found in their study that livestock production, accounts for 50% of the emission 

costed for export but only 20% of the export value. They also revealed that beef export is the 

largest contributor in the South, while pork production is the largest NH3 contributor in the 

Midwest.  

As a result of increasing food demand associated with increasing population and changes 

in resource management, livestock production facilities gradually adapt to new development 

tendency. There are fewer but larger farms with greater production. Livestock operations become 

more specialized in raising specific categories of livestock. The introduction of vertical 

integration, particularly in broiler industry, resulted in greater geographic concentration of 
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industry components (e.g., hatchery, feed mill, processing plant, and farms). These trend lead to 

the appearance and development of AFOs. Confined animal production facilities may increase 

local N loading in relatively small geographical areas (Harper et al., 2010).  

Among all kinds of agricultural activities, livestock and poultry production is reported to 

be the largest contributor to NH3 emission into the atmosphere (Harper et al., 2010). According 

to the US EPA (2004), livestock production contributes to approximately 71% of the total NH3 

emission. Most of the NH3 emitted to the atmosphere is of anthropogenic origin, mainly from 

agricultural production (Bouwman et al., 1997). Most agricultural activities tend to be scattered 

both temporally and spatially so that NH3 emission can be absorbed by surrounding cropland and 

natural systems (Harper and Sharpe, 1995; Harper et al., 2004; Harper, 2005). However, 

confined animal production facilities tend to be concentrated in relatively small geographical 

areas and may increase local nitrogen loading (Harper et al., 2010). 

Duxbury (1994) reported that crops and livestock productions totally contributed to NH3 

emission by 55% in US and Isermann (1994) reported the contribution to be over 95% globally. 

The storage and application of livestock manure, compared to other types of sources (e.g. crops 

cultivation, waste treatment, etc.), was found to be the primary source of NH3 emission in 

agriculture (Asman, 1992). Asman (1992) studied the NH3 EI of Europe and reported that 83% 

of the total 7.6 Mt NH3-N per year was contributed by animal manure and the remaining was 

contributed by fertilizer production. The emissions from livestock manure can be divided into 

two parts. For instance, due to limitations of storage methods, N can be directly lost through 

exposing animal waste to the air. The other type is indirect loss of N from soil through land 

application of animal waste (manure and slurry). Husted et al. (1991) reported that domestic 

animals can excrete 78% of N from their feed. 
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Due to the fact that livestock production is competitive, individual producers may have 

little incentive to take costly actions on their own to reduce the external pollution arising from 

intensive applications of manure and antibiotics and utilizing costly pollution management 

operations could cause serious financial detriments on their production. In response to this, 

nutrient and waste management plans have been becoming part of the livestock production 

industry in the US (MacDonald and McBride, 2009). A balance between cost and environmental 

protection needs to be established in order to promote NH3 management practices and if 

incentives or regulations are in place, then livestock and poultry production can becomes less 

impactful factors in the production of NH3. 

In NC, the major types of AFOs are poultry, swine, cattle, sheep, and horses. According 

to the agricultural statistics reports of NC Department of Agriculture and Consumer Services, the 

primary types of AFO farms are poultry (7,363) and swine (2,217) farms in NC. North Carolina 

is listed among the top three states for all poultry and egg cast receipts, annual pig crop, hogs and 

pigs, and turkeys (USDA, 2012). Swine farms are concentrated in the eastern half (Wilmington 

Region and Fayetteville Region) of the state. 

According to the U.S. EPA, 23% of N input leaves a poultry production unit as NH3 

nitrogen (USEPA, 2004). A primary concern of raising poultry in a confined area is the removal 

of NH3 by ventilation. Accumulated NH3 concentration has adverse effects on chicken health and 

well-being, which may reduce poultry performance. Ventilation methods are to remove heat and 

moisture and provide oxygen (Siefert et al., 2004). Tunnel and side-wall ventilation are two 

types of ventilation that are commonly used in commercial chicken barns. More than 90% of the 

swine production of NC resides in the Coastal Plain Region, and this phenomenon tends to have 

great impacts on coastal estuaries (Walker et al., 2000). The six counties with highest hog 
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populations in this region (Duplin, Sampson, Greene, Wayne, Bladen, and Lenoir) have an 

average hog density of about 528 hogs km-2, and the remainder of the region has a density of 65 

hog km-2 (Walker et al., 2000). NH3 emission from the six Coastal Plain counties accounts for 

36% of the total statewide emission (Walker et al., 2000). And emission from swine production 

accounts from 77% of the total NH3 emission in this region (Aneja et al., 2000). There are four 

major sources of NH3 emission from swine production, hog production houses, waste storage 

and treatment lagoons, land application of lagoon slurry to adjacent cropland, and subsequent re-

emission of NH3 from soil (Aneja et al., 2000).   

1.2.2 Ammonia Emission Rates from Poultry and Swine 

 

Ammonia emission rate is a powerful tool used for quantifying emission strongly 

characterizing and reflecting the specific NH3 source. Ammonia emission occurs from animal 

confinement, manure storage, and manure land application. Ammonia emission rates are 

dependent on waste properties (e.g., litter moisture and litter pH) and environmental control 

practices (e.g., ventilation type and cooling systems) (Lacey et al., 2003). Ammonia emission 

rates from broiler confinement are strongly affected by three factors, flock characteristics, litter 

management, and environmental conditions (Lacey et al., 2003; Carey et al., 2004; Wheeler et 

al., 2006; Burns et al., 2007; Gates et al., 2008; Bittman and Mikkelsen, 2009; Harper et al., 

2010; Lin et al., 2012). Environmental conditions such as temperature and relative humidity play 

an important role in determining the bird house and litter management, especially environmental 

control strategies inside animal confinement. Impacted by environmental conditions and litter 

management, flock emission can vary from day-to-day and season-to-season. The temporal 

patterns of NH3 emission from animal confinement reflect the combined effects of different 

impact factors. Many research results come to an agreement that NH3 emission can be enhanced 
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by built-up litter, increased bird age, and increasing litter temperature and moisture (Lacey et al., 

2003; Wheeler et al., 2006; Burns et al., 2003).  

The animal sectors of NH3 emission emphasized in this study are only poultry and swine. 

There have been several studies conducted on NH3 emission from commercial broiler production 

facilities and they are listed and summarized in Table 1.2. Based on the comparison between 

their studies to previous research works, it can be observed that the NH3 emission rates of the US 

broilers raised under typical commercial conditions to 42 days on built-up litter were pretty 

consistent among studies, ranging from 0.63 (Lacey et al., 2003) and 0.65 g bird-1 d-1 (Wheeler et 

al., 2006) to 0.92 (Burns et al., 2003) and 1.18 g bird-1 d-1 (Seifert et al., 2004). Among these 

studies, stocking densities for a finishing bird weight of 2.2 to 2.4 kg ranged from 14.7 to 20.0 

bird m-2. In Table 1.2, broiler confinement EFs vary across monitoring sites, lengths of growth 

cycle, and litter conditions. 
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Table 1.2. Previous studies on NH3 emission from broiler confinement 

Citation 
State/Site 

ID 

Growth 

Cycle (d) 

Stocking 

Density 

(bird/m2) 

Flock # Litter 

EF 

(g/bd-

d) 

Lacey et al. (2003) TX 49 13.5 12 Built-up 0.63 

Burns et al. (2003) TN 42 16.1 9 Built-up 0.92 

Seifert et al. (2004) DE 42 20 1 Built-up 1.18 

Wheeler et al. 

(2006) 

PA 42 14.7 10 New 0.47 

PA 42 14.7 12 Built-up 0.65 

KY 49 13.4 24 Built-up 0.76 

KY 63 10.8 20 Built-up 0.98 

Burns et al. (2007) 

(NAEMS)* 

KY1B 

Tyson 1-5 
52 12.7 6 New 0.49 

Burns et al. (2007) 

(NAEMS) 

KY1B 

Tyson 3-3 
52 12.3 6 Built-up 0.62 

Cortus et al. (2010) 

(NAEMS) 

CA1B 

House 10 
43 to 48 14 14 Built-up 0.49 

Cortus et al. (2010) 

(NAEMS) 

CA1B 

House 12 
43 to 48 14 14 Built-up 0.43 

Moore et al. (2011) AR 50 14.9 5 Built-up 0.51 

Lin et al. (2012) 

CA 47 13.5 6 New 0.53 

CA 47 13.5 16 Built-up 0.49 

CA 47 13.5 1 New 0.47 

CA 47 13.5 1 Built-up 0.55 

Miles et al. (2014) MS 43 13.9 5 Built-up 0.54 

*NAEMS: National Air Emission Monitoring Study 
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From Table 1.2, NH3 emission rate tended to be positively related with stocking density. 

Due to increased uric acid excretion per unit floor area, which is the main precursors for NH3 

emission, increased stocking density could possibly enhance NH3 emission (Wheeler et al., 

2006). For broilers raised on new litter for each flock, NH3 emission rate was reduced to 0.47 g 

bird-1 d-1 (Wheeler et al., 2006). In Europe, birds are usually raised on new litter for each flock, 

which can result in a reduced emission rate (Koerkamp et al., 1998). Also, the lighter bird weight 

produced in European market could further reduce the NH3 emission rate. Studies found that for 

bird grown to 1.6 or 1.9 kg the NH3 emission rate was about 0.1 g bird-1 d-1 (Muller et al., 2003; 

Demmers et al., 1999). 

Flock characteristics is one of the key factors impacting NH3 emission from broiler 

confinement NH3 emission was demonstrated to be strongly correlated with bird age. In Wheeler 

et al. (2006)’s study, a linear regression model was established to represent the relationship 

between NH3 emission rates and bird age for each individual flock. Ammonia emission rates 

increased with bird age and litter age (Wheeler et al., 2006). Ammonia emissions were found to 

be correlate with bird size and number in the house (Summers et al., 2005). It was reported by 

Summers et al. (2005) that NH3 production emission rate was 0.006 kg bird-1 and capacity 

emission rate was 0.04 kg bird-1. 

As claimed by Wheeler et al. (2006), increased litter age is strongly associated with NH3 

emission. The NH3 emission rates were reported to be 0.47 and 0.65 g bird-1 d-1 for new and 

built-up litter respectively (Wheeler et al., 2006). The schedules of decaking and litter clean-out 

directly influence litter conditions. It is important to better define and describe broiler house 

management and litter conditions in order to better assist in explaining the variability of emission 

rates (Wheeler et al., 2003). Wheeler et al. (2009) reported that the emission rates for birds at 21 
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days on new litter every flock, on the annual clean-out with new bedding, and on built-up litter 

were 0.35, 0.52, and 0.73 g NH3 bird-1 d-1.  

Some litter properties that may influence NH3 emission from broiler litter include air and 

litter temperature, air exchange rate, litter pH, litter N content, and litter moisture content (Liu et 

al., 2007). Litter moisture content was tested and studied in a laboratory experiment by Liu et al. 

(2007).  Among all kinds of factors affecting NH3 volatilization from house litter, moisture is 

one key factor (Carey et al., 2004). High moisture content tends to increase NH3 losses by 

promoting microbial degradation of uric acid excreted by the birds. Moisture content can be 

modified by house and flock management strategies. Evaporative coolers may generate more 

water droplets increasing the litter moisture content while cooling the indoor air (Carey et al., 

2004).  The use of misting system generally increases the moisture content in animal houses 

(Carey et al., 2004).  

In addition to flock and litter properties, environmental conditions can have substantial 

effects on how much NH3 emitted from broiler confinement. Two types of climate conditions 

were studied in Wheeler et al. (2006)’s study, cold and mixed humid weather. Different weather 

patterns required different environmental control management strategies, which affected the 

ventilation rate. In-house ammonia concentration was much higher during cold weather when the 

ventilation rate was low, which could not provide enough fresh air to dilute indoor NH3, whereas 

in-house NH3 concentration was lower during warm weather when the ventilation rate was high 

(Wheeler et al., 2006). Casey et al. (2003) monitored NH3 emissions in eight broiler houses in 

Kentucky (KY) and observed strong house-to-house variation, which was higher than day-to-day 

variation probably due to difference in ventilation rates. Emission rates ranging from 0 to 1.29 g 

NH3 bird-1 d-1 were reported for birds aged 11 to 57 days. 
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In Lin et al. (2012), NH3 emission rate was monitored at two broiler houses in California. 

The sampling period was from September 2007 to October 2009. Each house was 12.2 m wide 

and 125 m long. Each of the two identical house had approximately 21,000 broilers raised in 46-

day growth cycle. The averaged space allowance was 1430 cm2 bird-1 and the mean market 

weight was 2.65 kg. The litter management plan was in a three-flock cycle. To be specific, the 

litter in each house was partially removed after the first and second flocks, and completely 

removed and replaced after the third flock. The sampling period covered 12 complete growth 

cycles (flocks) and the first part of the last flock. It was found that most of NH3 emission came 

from built-up litter instead of fresh bedding in brooding (Lin et al., 2012). The average daily 

mean emission rate of NH3 was found to be 0.503 ± 0.436 g d-1 bird-1. The average daily mean 

could also be expressed as 395 g d-1 AU-1 (AU = 500 kg live mass) and 6.715 g d-1 m-2.  The 

maximum daily mean emission rate of 1.495 g d-1 bird-1 was observed when the broilers were at 

market weight. Ammonia emission rate decreased with ambient temperature because high 

ventilation rate associated with high temperature would dry and stabilize the manure (Lin et al., 

2012). It was found by Liu et al. (2007) that the reduction in NH3 emission due to reduced litter 

moisture was greater than the increase due to high temperature. The mean NH3 emission rates for 

new and built-up litter were found to be 0.53 ± 0.52 and 0.49 ± 0.40 g d-1 bird-1, respectively. 

To determine NH3 concentration and emission rate, Harper et al. (2010) measured NH3 

emission from broiler production in San Joaquin Valley, California. The monitored farm 

consisted of sixteen tunnel ventilated house. Each house was 12 m (40 ft.) wide and 152 m (500 

ft.) long. The average initial placement was 19,295 birds with a space allowance of 0.1 m2 bird-1 

(1.04 ft2 bird-1). The average growth cycle was about 47 days and the market weight was about 

2.7 kg. Rice hulls were used as bedding material in this farm. The brooding end of each house 
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was cleaned out after each flock. The non-brooding end was decaked after each flock. The litter 

was entirely removed and replaced after each third flock. In this study, a backward Lagrangian 

stochastic (bLS) dispersion model was applied to calculate NH3 emission rate. In this study, 

diurnal pattern was observed associated with NH3 emission. The highest emission rate was 

observed to be in the late afternoon, and the lowest emission rate was at night. Harper et al. 

(2010) explained this diurnal pattern by temperature profile. Correspondingly, there would be a 

strong diurnal pattern of ventilation rate associated with temperature change. Based on the 

average weekly diurnal emissions, it was observed that barn emissions were relatively low for 

the first three weeks of the flock and increased over time. During a full flock growth cycle, the 

barn total emission rate was calculated to be 4,415 kg flock-1 or 0.016 kg bird-1 flock-1.  

The results of summer measurement in Harper et al. (2010) was compared to the winter 

study in Harper et al. (2009b). The winter study took place in the same farm from February to 

March and used the same bLS methodology as this study. The difference in cumulative flock 

emissions was not found to be significantly different between winter and summer. Significant 

season variations were found by the studies of Burns et al. (2007) and Wheeler et al. (2006). 

Harper et al. (2010) generally summarized the physical factors affecting NH3 emission of a 

source to be turbulence in the air surrounding the source, the vapor pressure of ammonia in the 

source material, and the temperature and pH effects on NH3 to NH4
+ partitioning. Because the 

flock management was identical for winter and summer studies, Harper et al. (2010) concluded 

that air turbulence might be the main factor affecting house emission. With dramatically greater 

summer ventilation rates increasing air turbulence, they would have expected larger summer 

emissions. However, large ventilation rate could also dry and stabilize the manure and then lower 

the emission. Therefore, Harper et al. (2010) speculated the cause of seasonal similarity was 
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drier litter in summer than winter. The flock cycle emission from the California winter flock 

(0.14 ± 0.003 kg bird-1 flock-1) was 61% of the winter flock (0.23 kg bird-1 flock-1) in Burns et al. 

(2007). The summer flock emission from this study (0.016 ± 0.002 kg bird-1 flock-1) was only 

34% of the summer flock (0.047 kg bird-1 flock-1) in Burns et al. (2007). Total annual NH3 

emission at this California farm was estimated by taking the average of winter and summer 

emission rates. Previous studies showed that the emission rates of transitional seasons (autumn 

and spring) were about the average of winter and summer rates (Harper et al, 2009a).  

Wheeler et al. (2006) collected representative emission data from twelve commercial 

broiler houses in Kentucky (KY) and Pennsylvania (PA) to document NH3 emission rates from 

typical broiler farms in US. Four of studied houses were located in PA, representing cold 

weather. Eight of the houses were located in KY, representing mixed humid climate. All houses 

were equipped with tunnel ventilation for the warmest time in summer. With caked litter under 

feeders and drinkers removed after each flock, new litter was typically applied once each year in 

these broiler houses. The used litter is often defined as built-up litter, which is a combination of 

the original bedding material and accumulated manure. Sometimes a limited amount of new litter 

was applied before each new flock as topping after removal of surface cakes. In the study of 

Wheeler et al. (2006), all broiler houses in KY used built-up litter. In one of PA broiler farm, 

new litter was applied for each flock. In the other PA broiler farm, new litter was applied after 

the annual litter cleanout. Bird numbers and bird weights were recorded during the entire 

monitoring period because they were needed for emission estimates per kg bird weight, per bird, 

and per 500 kg animal unit (AU) housed. Wheeler et al. (2006) found out a high correlation 

between NH3 concentration and ventilation rate during summer with a low NH3 concertation at 

high ventilation rate. In contrast, in-house NH3 concentration tended to be high in cold weather 
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with a low ventilation rate providing low air dilution of NH3. Measured NH3 concentration at 

building exhaust showed that the concentration increased with flock age for all KY houses, 

especially in the six flocks starting with new litter where the initial concentration was very low. 

High NH3 level recorded later in each flock cycle was not found for the houses with built-up 

litter because increased warm weather ventilation rate tended to dilute the accumulated NH3 

level. They also found that in PA houses NH3 concentration increased with bird age. But the 

concentration was steady or decreasing over the spring, summer, and fall when ventilation was 

used later in the flock cycle. For the KY houses, the highest emission rate happened during the 

warmest weather although ventilation provided dilution to the house air. The NH3 emission rate 

on built-up litter after 14 days bird age was estimated to be 400 ± 200 g AU-1 d-1. The NH3 

emission rate on new litter after 14 days bird age was calculated to be 225 ± 50 g AU-1 d-1.  

Factors significantly affecting NH3 emission from layer housing were found to be house 

ventilation rate, ambient and exhaust air temperatures, exhaust air humidity ratio, hen population, 

hen activity, feed and water consumption rates, and manure accumulation time (Wang-Li et al., 

2013). Ammonia emission rates from layer housing system in previous studies are listed and 

summarized in Table 1.3.  
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Table 1.3. Previous studies on NH3 emission from layer confinement 

Source State Manure System 
NH3 EF  

(g hen-1 d-1) 

Yang et al. (2000) IA High-rise 0.12 

Heber et al.(2005) IN High-rise 0.99 

Liang et al. (2005) 

IA 
High-rise 0.9 

Manure-belt 0.054 

PA 
High-rise 0.83 

Manure-belt 0.094 

Li (2006) IA Manure-belt 0.054 

Ning (2008) IA Manure-belt 0.37 

Lin  et al. (2012) OH Manure-belt 0.6 

Wang-Li et al. (2013) NC High-rise 0.6 

Wang et al. (2014) OH Manure-belt 0.25 

Shepherd et al. (2017) Midwest Manure-belt 0.1 

Ni et al. (2017) IN Manure-belt 0.28 

 

 At a layer site (NC2B) under National Air Emissions Monitoring Study (NAEMS), NH3 

emission was found to have certain temporal patterns influenced by farm management activities, 

such as house lighting, forced molting, manure removal, and flock replacement (Wang-Li et al., 

2013). The two predominant caged laying hen housing systems in the US are manure-belt and 

high-rise systems. In high rise houses, solid manure is stored in the lower level of the 

confinement for about a year before complete removal. In manure belt system, manure drops 

onto a belt beneath cages and is frequently removed from the building (Liang et al., 2005). In 

manure belt system, manure is typically removed from the layer houses every 1 to 3 days using 
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conveyor belts to compositing facilities or manure storage facilities (Zhao et al., 2016). 

Transition from traditional high-rise system to modern manure-belt style can improve in-barn air 

quality and reduce on-farm NH3 emission. Although the application of manure-belt system has 

been promoted across the country, system design and manure handling practices cause large 

variations in system performance. Laying hen house design and management are two most 

important factors affecting NH3 emission (Shepherd et al., 2017). Although the adoption of 

manure belt system can improve indoor air quality, manure belt system design and management 

practices vary a lot in the egg production industry which may lead to large variations in system 

performance and efficiency (Shepherd et al., 2017).  

 Exhaust temperature has an impact on NH3 emission as a result of temperature 

dependency of the urease enzyme (Wang-Li et al., 2013). According to the results of Wang-Li et 

al. (2013), the hourly and daily mean hen-specific NH3 emission rates were lower than those 

reported by Lin et al. (2012) and Liang et al. (2005) for the same housing type (high-rise) and 

manure handling method (dry) at different geographic locations. Potential factors leading to the 

differences could be different housing management practices, different ambient temperature at 

different geographic locations, and also different manure handling systems. The hen-specific 

NH3 emission rates showed a strong diurnal pattern in which it was lower at night and higher 

during the day (Wang-Li et al., 2013). This diurnal pattern of NH3 emission rates were a 

response directly to the indoor temperature and indirectly to the ventilation rate.  

Shepherd et al. (2017) studied the impact of manure accumulation time on NH3 emission 

from laying hen manure-belt barns. It was reported that NH3 ERs (g hen-1 d-1) were significantly 

lower for manure accumulation time of 1 and 2 day (0.061 to 0.064) than for that of 3 to 4 days 

(0.085 to 0.115). They found that the potential for NH3 emission reduction became high as 
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manure removal interval reduced. Use of 3 day manure removal interval instead of 4 day reduced 

NH3 emission by 11 to 16% (Shepherd et al., 2017). The average daily mean NH3 emission rate 

from high-rise laying hen barns was 0.95 g bird-1 d-1 (Lin et al., 2012), which was slightly higher 

than 0.90 g bird-1 d-1 (Liang et al., 2005). Lin et al. (2012) observed a decreasing trend of NH3 

emission rate with ambient temperature due to the fact that an increase in ambient temperature 

would associate with an increase in ventilation rate.  

Laying hen houses with high-rise and manure-belt systems were monitored for NH3 

emission in Iowa (IA) and PA by Liang et al. (2005). Ammonia emission from laying hen 

facilities is influenced by house type, manure handling scheme, crude protein content of the diet, 

and geographical location (Liang et al., 2005). They also found that, in manure belt system, the 

frequency of manure removal strongly affected NH3 emission rate. The use of diet manipulation 

was found to be very effective in in the abatement of NH3 emission such that 1% lower crude 

protein diet led to 10% reduction in NH3 emission rate (Liang et al., 2005). In high rise houses, 

distinct temporal variations in emission were observed by Liang et al. (2005). Indicated by 

coefficient of variation, the NH3 emission rates has a variation of 12% to 58% within the day, 

34% across the days, 27% across months, and 24% across seasons. Liang et al. (2005) found that 

NH3 emission from high rise houses had a linear and positive correlation with manure 

accumulation time for the initial 4 weeks. In spite of the fact that NH3 concentrations were lower 

in summer, ammonia emissions were higher in summer than winter (Liang et al., 2003). 

According to Li (2006) study, seasonal variation was not very noticeable with emission rates. 

However, considerable diurnal variation was captured by Li (2006). 

During Liang et al. (2005)’s study, NH3 emission rate of manure belt house was observed 

to drop dramatically right after manure removal, followed by a linear increase, and then leveled 
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off. Factors contributing to the dynamic profile of NH3 emission might include manure stack 

dimension (surface to volume ratio), manure age, oxygen availability in the stack, moisture 

content, temperature, and pH (Liang et al., 2005).  

Mendes et al. (2010) studied the effects of stocking density on laying hen pullet NH3 

emission. They found that stock densities did not show significant impacts on NH3 emission rate 

in mg/pullet or mg/kg N intake. However, stocking densities were observed to have a 

significantly positive correlation with emission rate in mg/kg manure, especially after 3-day 

manure accumulation time. Ammonia emission from pullets increased with bird age ranging 

from 4 to 18 weeks and cumulative NH3 emission increased with manure accumulation time 

(Mendes et al., 2010). Bird age had significant impacts on feed use, manure production, and NH3 

emission (Mendes et al., 2010). The properties of manure production were found to be affected 

by stocking density (Mendes et al., 2010). Houses with high density tended to have higher 

manure weight and higher indoor relative humidity, however, more moisture evaporation was 

associated with low density due to larger exposed surface area per unit of manure weight 

(Mendes et al., 2010). Therefore, the lower relative humidity and greater vapor pressure gradient 

between manure and the ambient air both contributed to the fact the low stocking density was 

associated with more moisture loss from the manure. 

Ni et al. (2017) studied NH3 emission from a manure belt layer housing system and 

observed that both NH3 concentration and emission were high in winter than summer. Annual 

averaged daily mean emission rate reported by Ni et al. (2017) was 0.28 g NH3 hen-1.  

Ning (2008) studied the feed, manure production, relation of manure surface area to 

manure weight, daily NH3 emission rates, and relations of NH3 emission to manure 

accumulation. Ning (2008) revealed an inverse relationship between dynamic NH3 emission and 
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defecation events of the hens as manure accumulated. Daily NH3 emission rate was reported to 

be 0.03 g hen-1 on the 1st day of manure accumulation, 0.23 g hen-1 after 6 days, and 0.37 g hen-1 

after 8 days.  

Ammonia emissions from turkey brooder and grow-out houses were monitored by Gay et 

al. (2006) under cold weather with minimum ventilation. Gay et al. (2006) reported that the mean 

NH3 emission rates for the grow-out house with new litter and built-up litter were 0.98 and 2.3 g 

NH3 bird-1 d-1. Compared to new litter, used litter tended to have higher TAN concentration and 

high pH value (Gay et al., 2006). Due to differences in litter and house management, day to day 

variability in a single house was found to be much less than house to house variability. Different 

management strategies had strong impacts on NH3 emission rates by altering the humidity, 

temperature, and bird activity (Gay et al., 2006).  

Emission data in the literature regarding turkey production are very limited. A study in an 

IA turkey house reported that EFs for summer flock varied from 0.04 to 6.4 (g/d-bird) and winter 

flock varied from 0.16 to 3.8 (g/d-bird). Li et al. (2008) published some NH3 emission data 

collected from a turkey farm in IA. Ventilation rate has positive impact, whereas indoor relative 

humidity has a negative impact on emission (Li et al., 2008).  

Ammonia emissions from tom and hen turkey barns were monitored in IA and Minnesota 

(MN) by Li et al. (2011). They reported the cumulative NH3 emissions to be 141 g bird-1 for tom 

turkey over 108 d grow-out period and 52 g bird-1 for hen turkey over 49 grow-out period. Daily 

emission rate of tom and hen turkey during grow-out period ranged from 0 to 6.4 g d-1 bird-1 and 

0 to 3.3 g d-1 bird-1 (Li et al., 2011). In Li et al. (2011)’s study, NH3 emission rates were found to 

be different over seasons and flocks. The emission rates increased gradually over the spring-

summer flock, whereas it increased in the first half flock and then decreased over the rest of fall-
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winter flock (Li et al., 2011). Litter conditions, in Li et al. (2011)’s study, was evaluated over 

NH3 emission, however, it was not found to be significantly affecting the NH3 emission rates. 

This finding might be due to the fact that a significant amount of caked litter was removed after 

each flock.  

A turkey barn located in MN was studied for NH3 emission over winter and summer by 

Schmidt et al. (2002). Surprisingly, no apparent variations were observed over the sampling 

periods and they also stated that no evidence was found to suggest that increased ventilation rate 

might increase NH3 emission (Schmidt et al., 2002). Taking specific regulative rules and 

reported NH3 emission rates into consideration, Schmidt et al. (2002) indicated that NH3 

emission most likely would trigger the reporting of farms with animal number limit of 69,000 

turkey as for the CERCLA requirements of 100 lb per 24 hours. By conducting an N mass 

balance, Schmidt et al. (2002) concluded that NH3 emission from turkey confinements 

contributed to approximately 10% of the average annual nitrogen loss.  

 Major parameters influencing NH3 losses from land applied animal manure are climate 

and weather, soil properties, manure properties, and NH3 abatement strategies (Bittman and 

Mikkelsen, 2009). Resulted from combine effects of atmospheric turbulence, fast drying, 

increased NH3 concentration, and faster diffusion, NH3 volatilization generally increases with 

temperature and solar radiation. Increased wind speed can cause a large concentration gradient 

between manure and air, increasing NH3 losses. Very often rainfall can dilute NH3 in the manure 

and help with NH3 infiltration into the soil, which reduces NH3 losses. However, a light shower 

may stimulate biological processes that increase NH3 losses. Therefore, it is recommended to 

apply manure when climate conditions favor the conservation of N nutrient such as cool weather 

and rain. However, a heavy storm after manure application would lead to leaching and runoff of 
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nutrient and pathogenic microbes (Bittman and Mikkelsen, 2009).  Saturated soils, compacted 

soils, and soil with high pH are more susceptible to NH3 losses. Compared to applying slurries to 

finer-textured soil, sandy soils with a high infiltration rate often prevent NH3 loss (Bittman and 

Mikkelsen, 2009). Dry matter content in the manure is a key factor impacting NH3 loss. Swine 

lagoon effluent and slurries with a low solid fraction tend to infiltrate into soil quickly and inhibit 

NH3 loss, while dry litter of poultry may stay on the soil surface much longer and result in more 

NH3 loss. Ammonia loss rate is different for liquid manure and solid manure. After application, 

liquid manure tends to have a high initial NH3 loss rate. Thus, in order to prevent NH3 loss, 

abatement strategies such as incorporation and irrigation are necessary. Whereas solid manure 

has a slow NH3 loss rate which leaves more time to perform field practices. Manure that sticks to 

vegetation when applied tends to have greater potential of NH3 volatilization than manure that 

makes direct contact with soil (Bittman and Mikkelsen, 2009). There are a couple of abatement 

strategies that can effectively reduce NH3 losses, such as separating liquid and solid phases of 

manure, cultivating soil before applying manure, soil incorporation and injection, and controlling 

application rate (Bittman and Mikkelsen, 2009). 

Ammonia emissions from a broiler farm in North Arkansas were monitored and reported 

in Moore et al. (2011) for confinement, storage, and land application.  Ammonia emitted from 

stacked litter during a 16-day storage period was reported to be 0.18 g NH3 per bird. Ammonia 

loss from poultry litter broadcast to pasture was estimated to be 34 kg N ha-1. Taking all three 

sectors into account, they also reported to the total NH3 broiler EF was 45.6 g NH3 per bird 

marked (Moore et al., 2011).  

Factor impacting NH3 losses from poultry manure include manure characteristics (dry 

matter content, pH, and NH4-N content), application management (incorporation, zone 
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application, and timing), soil conditions (soil moisture, soil properties, and plant/residue cover), 

and environmental factors (temperature, wind speed, and rainfall) (Meisinger and Jokela, 2000).  

Ammonia EF for poultry confinement is strongly correlated with bird age and litter condition 

(Gates et al., 2008). In Wheeler et al. (2006)’s study, measured broiler EFs over each flock were 

modeled by linear regression and they reported good correlation coefficients (r2 > 0.8). In their 

linear regression model, broiler EF was increasing with flock age and litter condition varied 

across flock. Burns et al. (2007) found that NH3 emission from the flocks with new litter and bird 

age less than 7 days was significantly lower than later periods in the flock production cycle. The 

measured average daily mean EF for broiler housing in CA was found to be 0.5 g d-1 bird-1 (Lin 

et al., 2012). Lin et al. (2012) concluded that NH3 EF were higher for built-up litter than new 

litter during the first 20 days of a growth cycle. Siefert et al. (2004) studied NH3 emission from a 

commercial broiler house on the Delmarva Peninsula in the Chesapeake Bay watershed. 

Ammonia EFs were observed to range from 0.27 to 2.17 g of NH3-N bird-1 d-1 with a mean of 

1.18 g of NH3-N bird-1 d-1. Considering the amount of N output from animal agriculture, the 

short lifetime of atmospheric NH3 due to deposition, and the proximity of the Delmarva 

Peninsula to the Chesapeake and Delaware Bays, the Delmarva Peninsula might represent a 

significant source of N nutrient to the Chesapeake and Delaware watersheds (Siefert et al., 

2004).  

Ammonia fluxes from broiler cake stockpiled in a shed ware measured in a local NC 

broiler farm by Yao et al. (2011). The summer EFs were reported to be 17 g m-2 d-1 (stockpile 

surface area), 30 g m-3 d-1 (stockpile volume), 1.8 g kg-1 N d-1 (initial cake N content), and 11 g 

AU-1 d-1 (where AU= 500 kg live weight marketed). The first 7-day winter EFs were reported to 

be 27 g m-2 d-1, 43 g m-3 d-1, 2.1 g kg-1 N d-1, and 18 g AU-1 d-1, respectively. In this study, winter 
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emissions were observed to be higher than summer because higher wind speeds, broiler cake 

total Kjeldahl N (TKN), and pH in winter. They also claimed that ambient temperature could be 

a potential impact factor for NH3 emission (Yao et al., 2011).  Factors influencing NH3 losses 

from animal waste include temperature, pH, moisture content, carbon/nitrogen ratio, and oxygen 

level (Yao, 2009). Due to the fact that gas solubility decreases with increasing temperature, NH3 

emission increases with temperature of the waste. To some degree, increasing waste temperature 

will promote microbial and enzymatic activities which lead to more NH3 production. Waste 

temperature is also associated with changes in dissociation constant, diffusion, and generation of 

NH3 in waste. Air temperature is a key element altering convective mass transfer coefficient. 

Waste pH plays an important role in determining the ratio of NH3 to NH4
+. Increasing pH leads 

to higher NH3 concentration. Increasing litter moisture content will promote microbial 

breakdown of uric acid and therefore leads to more NH3 losses. More NH4
+ immobilization will 

happen when litter contains more carbon-rich organic materials. Higher NH3 emissions are 

associated with more N immobilization which depends on the carbon content of the litter. 

Oxygen level impacts NH3 emission from animal waste in a way that inadequate oxygen will 

hinder enzymatic and microbial activities which will then slow down NH3 emission (Yao, 2009).  

Ammonia emission was found to be influenced by manure storage type and schedule (Lin 

et al., 2012). During winter, the NH3 emission rate increased after clean-out for five weeks and 

then started to decrease. Similar trend was also observed in summer. As the manure pile grew 

bigger, its surface area increased and much drier and NH3 emission rate would decrease due to 

the drying. Ammonia emission rates were much higher in winter than summer (Lin et al., 2012). 

Due to the fact that more ventilation and warmer temperature would enhance the drying of 

manure, emission rates in summer could be lower than winter.  
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In order to quantify NH3 emission from laying hen manure storage, Li and Xin (2010) 

conducted a lab-scaled study which assessed NH3 emission impacted by some physical and 

environmental factors. Air exchange rate was found to be insignificant in affecting NH3 

emission. Manure stacking configuration expressed as surface area to stack volume ratio was 

found to be a critical impact factor for which a large ratio would be associated with higher 

emission. They also concluded that air temperature correlated with emission in a positive manner 

(Li and Xin, 2010). Yang et al. (2000) investigated NH3 losses from laying hen manure in high 

rise layer facilities and concluded that high NH3 to TKN ratio resulted in high N loss from the 

manure by NH3 volatilization because NH3 to TKN ratio is directly proportional to litter moisture 

content. They also found that the height of manure pile was inversely correlated with manure 

moisture content. Manure handling systems and manure drying by ventilation play very 

important roles in determining NH3 losses from manure in laying hen facilities. In Li (2006)’s 

study, NH3 emission from laying hen manure storage was affected by manure stack surface area 

to volume ratio, air exchange rate, manure moisture content, storage temperature, and storage 

time. Ammonia emission rate was found to be proportional to manure stack surface area (Li, 

2006). Air change rate positively affected NH3 emission rate after the first 4 weeks of storage 

(Li, 2006). Higher manure moisture content led to more NH3 emission (Li, 2006). 

Ammonia losses from surface-applied and incorporated turkey manure were studies in 

Nathan and Malzer (1994)’s work in MN. Based on both observations and statistical analysis, 

they found out that NH3 volatilization rates were strongly positively correlated with soil 

temperature, ambient temperature, and wind speed and negatively correlated with relative 

humidity (Nathan and Malzer, 1994). Ammonia losses from land applied manure had a diurnal 

pattern. The maxima often occurred shortly after noon, when soil temperature and wind speed 
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were almost highest. The minima occurred during midnight to early morning, when soil 

temperature was lowest and relative humidity was highest (Nathan and Malzer, 1994). The total 

NH3 emission from incorporation was 23 times lower than that from surface broadcasting. 

Ammonia volatilization from surface applied manure was highest immediately after application 

and gradually decreased with time (Nathan and Malzer, 1994).  

Limited research has been performed to quantify NH3 emission from on-site external 

facilities storing poultry manure from manure belt houses (Zhao et al., 2016). Zhao et al. (2016) 

aimed to investigate the diurnal and seasonal patterns of NH3 emissions from a commercial 

poultry manure composting facility. Daytime emission rates were found to be significantly 

higher than nighttime emission rates. In the mechanism of manure composting, with the help of 

adequate air and moisture, aerobic microorganisms can break down manure into nutrients. Two 

ways can be applied to store poultry manure generated from manure belt houses, static manure 

piles and windrow composting. For static manure storage, manure is piled in a shed with aeration 

until it is applied. For windrow composting, manure is placed in long windrows and is turned 

every one or two weeks. Compared to static manure storage, windrow composting can accelerate 

the compost process and result in a more finished by-product. Ammonia emissions from manure 

composting are greatly impacted by temperature, moisture content, pH, the initial nitrogen 

content of the manure substrate, aeration, the compost storage ventilation rates, and the type of 

composing process (Zhao et al., 2016). Zhao et al. (2016) reported the NH3 emission rates for 

spring, summer, fall, and winter to be 0.61, 0.82, 0.66, and 0.99 g d-1 hen-1. High winter and 

summer emissions might be attributed to lower temperature in winter and high humidity in 

summer which reduced the drying of the compost material and resulted in more NH3 emissions. 

Strong diurnal variations were observed for all season, especially during winter and summer.  
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Mukhtar et al. (2004) discussed factors influencing NH3 volatilization from manure 

handling processes, including litter moisture, loading and transport of litter, wind speed and 

direction, application site factors, setback distance and buffer strips, and weather. Among these 

factors, litter moisture evidently contributes a lot to NH3 volatilization after land application. A 

couple of application site factors include soil pH, soil moisture content, and cation exchange 

capacity. Mukhtar et al. (2004) suggested that the layout and design of manure storage units 

should take into consideration of the impacts by prevailing wind patterns, moisture content, and 

temperature.  

Based on the evaluation of the whole system, Nicholson et al. (2004) reported that it 

would be more effective to reduce NH3 emission by reducing the emissions from poultry housing 

and poultry manure land application. Ammonia loss from manure storage was found to be 

around 10% of the total N in manure (Rodhe and Karlsson, 2002). Rodhe and Karlsson (2002) 

found that incorporation after spreading of broiler manure was very effective in reducing NH3 

losses. And they suggested, in order to be effective, incorporation should be performed no more 

than 4 hours after land applying.  

Using the approach constituted of measurement and mass balance closure, the total NH3 

emission from a finishing swine farm in eastern NC by Doorn et al. (2002) was reported to be 

128 kg/d or 102 g NH3 per kg live weight per year. The percentage contributions of animal 

confinement, anaerobic lagoon, and spray field application were 60%, 26%, and 14%, 

respectively (Doorn et al., 2002).  

Gaseous NH3 emission was monitored for a week in each season at a commercial finisher 

barn in eastern NC in the study of Blunden et al. (2007). Blunden et al. (2007) reported their 

observation of NH3 emission from swine confinement and concluded that the highest emission 
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rate from swine confinement occurred in spring and lowest in fall. The average NH3-N 

concentration was highest in winter and spring (Blunden et al., 2007). James et al. (2012) 

reported that the NH3-N barn EFs of a swine finisher farm to be 1.32±0.32, 0.78±0.49, 

1.55±1.40, and 1.35±0.61 kg NH3-N pig-1 yr-1 in summer, fall, winter, and spring, respectively. 

They also concluded that NH3-N flux from swine lagoon was highest in summer and lowest in 

winter (James et al., 2012). Ammonia emission rates from swine finishing barns increased with 

ambient and indoor temperatures (Heber et al., 2000). Diurnal pattern of NH3 emission from a 

grow-out swine farm was observed by Aarnink et al. (1995). The emissions reported by Aarnink 

et al. (1995) was 0.87 g/d per rearing pig and 5.8 g/d per fattening pig. The NH3 emission was 

higher during the day than night by 10% for piglets and 7% for fatteners. Peak NH3 emission 

occurred in the morning for piglets and in the afternoon for fatteners. Hourly emissions were 

claimed to be related with pig activity in the house (Aarnink et al., 1995).   

Ammonia emissions from two conventional swine farms in NC were monitored in Aneja 

et al. (2008)’s study. The lagoon data were analyzed to investigate the diurnal and seasonal 

variations and to derive regression relationship between NH3 flux and lagoon temperature, pH 

and NH4
+ content of lagoon wastewater, and the most relevant meteorological parameters. At 

both farms, NH3 emissions from lagoons were found to have a significant diurnal pattern with 

maximum value in the afternoon.  Among all impact factors on lagoon NH3 flux, lagoon surface 

temperature was found to be the most positively correlated parameter in the regression model 

(Aneja et al., 2008). Robarge et al. (2010) monitored two sow barns and a farrowing room and 

found that the EFs were 6.46, 8.18, and 7.31 g/d-head, respectively. Bogan et al. (2010) 

monitored three swine-finisher barns and reported the EFs to be 8.09, 7.99, and 8.40 g/d-head, 

respectively. EFs for swine finisher lagoon were found to be 15 g/d-head in early summer and 



 

40 

 

range from 0 to 7 g/d-head in fall through winter (Grant and Boehm, 2010a). Grant and Boehm 

(2010) also observed a diurnal pattern for swine finisher lagoon with the highest emission during 

daytime. EFs for swine-sow lagoon were reported to range from 20 to 80 g/d-head in 

summertime and range from 5 to 20 g/d-head in wintertime (Grant and Boehm, 2010b). They 

also observed a strong diurnal patterns to NH3 emission during all seasons but the winter and 

early spring periods. A meta-analysis study on NH3 emission from swine barn and storage 

facilities was done by Liu et al. (2014), and it was conclude that no significant influence of 

production stage or storage type were observed for NH3 emission from manure storage (Liu et 

al., 2014) 

Two swine manure land application methods were evaluated with respect to NH3 

volatilization in NC (Shah et al., 2009). Ammonia-N losses during application with traveling gun 

were found to be between 3.8% to 9.2% of TAN applied, which increased with wind speed and 

decreased with relative humidity. Ammonia losses during application with drag-hose system 

were less than 25% of travelling gun. Importantly, NH3 losses were highest during the first 4 

hour after application. Emissions from traveling gun mainly included weather and crop height, 

while drag-hose emissions were more affected by effluent properties. These impact factors 

contributed to most of uncertainties in estimating NH3 emissions (Shah et al., 2009). It was also 

indicated by Shape and Harper (2002) that meteorological conditions and field conditions had 

great impacts on NH3 losses from land applied manure.  

Sprinkler is very common approach for land application swine lagoon manure slurry. Al-

Kaisi and Waskom (2002) tested the NH3 loss from sprinkler-applied hog lagoon effluent and 

found that NH3 loss during application ranged from 8 to 27%of the total NH4-N in the effluent. 

They also claimed that the lagoon effluent N content had no significant impact on N loss during 
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the application, whereas air temperature and wind speed played important roles in determining N 

loss (Al-Kaisi and Waskom, 2002).  

1.3 Overall Research Picture and Objectives 
 

1.3.1 Holistic Research Pathway 

 

Understanding the interactive pathways from the precursor emissions to ambient 

secondary iPM2.5 requires knowledge about (1) spatial and temporal variations of the precursor 

gas emissions; (2) fate and transport of the pollutant that leads to better understanding of spatial 

and temporal variations of ambient concentrations of the precursor gases; and (3) gas-particle 

partitioning that leads to better understanding of the spatial and temporal variations of secondary 

iPM2.5 (Figure 1.1). There is a lack of a systematic and comprehensive study to quantify these 

pathways such that the local and regional impacts of emissions of the precursor gases (NH3, 

NOx, and SOx) on the formation of secondary iPM2.5 will be better understood. This project will 

investigate the spatial and temporal variations of sources and emissions of NH3. Findings of this 

study provide fundamental information to further investigate spatial and temporal variations of 

the precursor gas ambient concentrations and to build up the spatial and temporal connections 

between sources of precursor gases and secondary iPM2.5. In this study, the focus was one 

important precursor, NH3, which is mostly emitted from AFOs. This study on NH3 emission will 

contribute to advance our understanding of the impact of AFO NH3 emissions on iPM2.5 

formation.  
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Figure 1.1. Holistic pathway from precursor gas emissions to the formation of iPM2.5 (Wang-Li, 2015) 

 

1.3.2 Research Questions and Objectives 

 

Based on the research picture and idea delivered in Figure 1.1, this research was to 

address the inter-relationships between the emissions from AFOs and ambient concentrations of 

NH3 through inventory development and atmospheric transport modeling. The main questions 

were addressed in the study are:  

 How to better formulate a new NH3 inventory that reflect farm level emissions with up-

to-date EFs and animal activity level?  

 How do the spatial variations of a NH3 EI impact atmospheric chemical transport model 

predictions on ambient NH3?  

To answer these research questions, and to respond to the need for developing an updated 

NH3 EI from poultry and swine farms, the following supportive objectives were formed and 

addressed by this research: 
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1. To establish a new NH3 EI from poultry and swine production with improved spatial 

resolution in NC,  

2. To predict ambient NH3 concentrations through an atmospheric chemical transport 

model, named CMAQ, with the new EI 

3. To identify the hotspots of ambient NH3 concentrations in response to AFO emissions 

and atmospheric conditions,  

4. To demonstrate the spatial improvements in NH3 hotspot prediction with the use of 

the new EI as compared to the existing EPA’s NH3 NEI, and 

5. To check the performance of CMAQ modeling with the new EI by comparing model 

results with measurements. 
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CHAPTER 2. A NEW AMMONIA EMISSION INVENTORY FOR POULTRY AND 

SWINE PRODUCTION IN NORTH CAROLINA 

Abstract 

Ammonia (NH3) is one of the primary precursor gases for the formation of secondary 

inorganic PM2.5 (iPM2.5). Livestock and poultry production has been identified to be the largest 

source of NH3 emissions. Studying NH3 emission sources is critical for improving knowledge 

and understanding of potential impacts of NH3 emissions on secondary iPM2.5 formation. Current 

emission inventory (EI), named the National Emission Inventory (NEI), was established on a 

county basis with out of date emission and activity data. There is a need to improve NH3 EI with 

enhanced spatial resolution, updated emission factors (EFs), and activity data. The objective of 

this part of the study was to establish a new NH3 EI for poultry and swine farms in North 

Carolina (NC) as livestock and poultry production has grown rapidly and has become the largest 

source of NH3 emission in NC. The spatial distributions of the swine and poultry farms were 

determined with the use of Google Earth and mapped by ArcMap. Farm-level NH3 emissions 

were determined by applying temporally-resolved EFs and activity data for animal confinement 

(i.e., housing), waste storage and treatment facilities (e.g., lagoon), and manure land application. 

Spatial variations by animal type and geographical scheme were determined. It was found that 

NH3 emissions had strong seasonal patterns with higher emissions during the warm season, 

especially for poultry confinement and swine lagoon. For swine confinement, winter emission 

was higher than summer due to high EFs associated with high animal weight. In this new NH3 

EI, spatial resolution of NH3 emission was greatly enhanced using the farm level data. The finer 

spatial resolution of the EI could be utilized to determine potential hotspots of NH3 emission on 

the regional scale.  
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2.1 Introduction 
 

Ammonia (NH3) is the most important basic gas in the atmosphere. It could be valuable 

fertilizer for crops, but excessive emissions and deposition of NH3 could also be harmful to the 

eco-system. The deposition of NH3 may lead to water eutrophication and soil acidification 

(Bouman et al., 1995; Aneja et al., 2001; Gay and Knowlton, 2009). As one the of critical 

precursor gases along with nitrogen oxides (NOx) and sulfur oxides (SOx), NH3 contributes to the 

formation of secondary inorganic PM2.5 (iPM2.5) (Walker et al., 2004), one of the six  criterial 

pollutants under the National Ambient Air Quality Standards (NAAQS) that has great impacts on 

both human health and environmental quality. 

Livestock and poultry production is the major source of NH3 emissions (Asman, 1992; 

Duxbury, 1994; Isermann, 1994; Bouwman et al., 1997; Aneja et al., 2000; Harper et al., 2010). 

According to the U.S. EPA (2004), contributing to approximately 71% of the total NH3 emission 

in the US in 2014. Although livestock and poultry production has long been identified to be the 

largest source of NH3 emissions, there still exists a huge research gap in establishing a solid NH3 

EI for animal feeding operations (AFOs). On a regional scale, the development of NH3 EI for 

AFOs serves the fundamental basis for input parameter of atmospheric modeling and prediction 

on secondary iPM2.5. There is a need to improve NH3 EI with updated emission factors (EFs) and 

animal activity data due to rapid growth of AFOs in recent years.  In addition, it is also necessary 

to improve the spatial and temporal resolutions of NH3 emission quantification to enhance 

spatial-temporal prediction of emission hotspots and associated impact on ambient concentration 

hotspots. Theoretically, EFs should represent and reflect individual farm management practices 

and environmental conditions. However, it is not possible to obtain the EF for each of thoughts 

of farms through field measurements. Therefore, very often, a local animal species specific EF is 
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generally applied to all farms in the same species with similar housing and management practices 

in a regional domain, this may consequently result in certain amount of uncertainty in emission 

estimation caused by the differences in management practices and climate factors under different 

geographical locations. This research reported here aimed to develop a new NH3 EI for poultry 

and swine production facilities in NC with updated EFs and animal activity levels and enhanced 

spatial resolutions. The poultry and swine farms were located as individual point sources of NH3 

emissions. Assumptions were made on animal and waste managements, including poultry flock 

distribution, litter removal, and land application of manure. The advantages of this new EI are 

highly-resolved spatial resolution, updated EFs, updated activity data, and updated seasonal 

patterns of NH3 emissions.  

2.2 Methodology 
 

The following steps were taken in developing the new EI:  

Step 1: poultry and swine farm identification and the farm data validation 

Step 2: determining the NH3 EFs and farm level emission rates by animal species and source    

            sectors  

Step 3: compiling the new EI in space by visualization and mapping of the database.  

2.2.1 Poultry and Swine Farm Identification and Farm Data Validation 

 

The development of the new EI for NC was started with identification of poultry and 

swine farms in entire state of NC. It was implemented by visually scanning the entire satellite 

map of NC on Google Earth in 2014. Since poultry or swine farm have distinct appearance 

compared to residential or commercial properties, they can be easily detected from zooming into 

the site on the map.  
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A poultry farm was identified and located due its unique house structure, for example, 

parallel aligned poultry barns, big feed bins on the side of each barn, and evaporative cooling 

devices at the end of each barn. A poultry farm, very often has one or two manure sheds nearby, 

but it very rarely has a wastewater lagoon. Figure 2.1a illustrates one example of a poultry farm.   

Swine farms are different from poultry farms. Very often, a swine facility has a set of 

animal houses parallel to each other, they may also have different house dimensions. It is very 

common to observe an alley connecting barns, which is used for moving animals. The feed bins 

are commonly found to be located at the end of each barn. The most distinct appearance of a 

swine farm is the wastewater lagoons, which have pinkish color.  A swine farm can have 

multiple lagoons based on its size. An example of a swine farm is shown in Figure 2.1b. 

Figure 2.1. Satellite images of a poultry farm (a) and a swine farm (b) 

 

After a farm was identified and located, a unique ID was assigned to the farm. Each farm 

ID was composed of its county code, animal type (e.g., poultry or swine), and the listing number. 

The physical address along with its longitude and latitude were recorded. The dimensions of all 

individual barns along with wastewater lagoons if present adjacent to the farm were measured 

and recorded. Basically, measurement was done by zooming into the farm and use ruler function. 
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Each farm located was marked on a Google Earth KML file and recorded in an Excel 

spreadsheet along with its characteristic parameters.  

Information about the locations of poultry farms is confidential, therefore, the general 

public has no access to poultry farm database established by the State Government. On the other 

hand, since the vast majority of swine farms are regulated by the NC Department of Environment 

Quality (NCDEQ), the database storing permitted swine facilities is accessible. The swine farm 

inventory generated in this study was validated by comparing it to the list of permitted swine 

facilities (NCDEQ, 2019). Meanwhile, the swine production phase was retrieved from the list of 

permitted animal facilities and assigned to the farm located in this study accordingly. For swine 

production, there are generally divided into six phases, (1) farrow to feeder, (2) farrow to finish, 

(3) farrow to wean, (4) feeder to finish, (5) wean to feeder, and (6) wean to finish.  

Due to challenges in biosecurity and privacy, and the limitation of data collection 

method, the type of poultry (e.g., layer vs. broiler) raised on a poultry farm could not be 

determined with certainty. This information is very important because it determines the 

quantitation of poultry activity and NH3 emission on a farm level.  

To identify the poultry type on a poultry farm, the primary criteria used were house 

dimensions and the numbers of houses on a given farm. According to local poultry extension 

specialists (Oviedo, 2014), there are some differences in barn construction and design among 

different poultry types. Therefore, a survey was conducted among poultry specialists to identify 

the house properties for different poultry types in NC. The results of poultry housing 

construction survey are summarized in the Table 2.1 and 2.2.  
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Table 2.1. Common animal house dimensions and numbers on a chicken farm in NC 

General Broiler L (m) W (m) # of houses 

Broiler 180 14 6 to 8 

Pullet Breeder 150 to 180 12 2 to 4 

Breeder 150 to 180 12 2 to 4 

 

Table 2.2. Common animal house dimensions and numbers on a turkey farm in NC 

General Turkey L (m) W (m) # of houses 

Brooder 90 to 150 12 to 15 4 

Grower 120  to 180 15 to 18 4 to 6 

Pullet Breeder 15 10 6 

Breeder Tom 48 15 1 

Breeder Hen 150 15 4 

 

The house dimensions and numbers of houses for either broiler or turkey were compared 

to each individual farm recorded in the poultry farm database of this study. The decision of 

assuming chicken type of a poultry farm was made based on the similarity of the house 

properties as compared to the reference dimension tables 2.1-2.2. The rest of farms, which did 

not have the similar dimension as the references were assumed to be layer farms.  

To reduce uncertainty on poultry type identification, the assumptions made on poultry 

type were corrected accordingly based on the USDA 2012 Census data on production contract 

operations (USDA, 2012). This dataset has the numbers of poultry operations (e.g.., broiler, 

turkey, and layer) in each county in NC. This information was helpful to validate the numbers of 

farms with each poultry type in each county.  

In order to determine activity level of swine manure treatment facilities, it was very 

important to assure the accuracy of measuring lagoon surface area. Lagoon surface area is one of 

the key parameters determining NH3 emission from swine manure treatment. The individual 

lagoon surface area was cross validated with another database created by the Waterkeeper 
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Alliance and EWG (EWG & Waterkeeper Alliance, 2016). According to the methodology used 

to develop this database, data representing the perimeter measurements of waste lagoons were 

compiled by EWG. Lagoons polygons were digitized using 2014 USDA NAIP aerial 

photography. The NC Department of Environment and Natural Resources (NCDENR) Division 

of Water Quality Swine Lagoon point layer served as a proxy for known swine lagoons. 

Meanwhile, another important parameter for determining emission from land application was 

agricultural land within 1 mile of the farm. This parameter was retrieved from the same database 

created by Waterkeeper Alliance and EWG. According to this reference’s approach, total 

agricultural land within a one-mile radius of location point calculated using the 2015 USDA 

Cropland Data Layer.  

2.2.2 Determining EFs by Animal Type and Estimating Farm Level Ammonia Emissions 

 

Ammonia emissions from individual farms in the database were calculated from animal 

numbers and EFs, which were determined by animal type on the farm. Animal numbers were 

determined based upon the house dimensions and animal stocking density. The choice of EF was 

made based on a thorough literature review. The assumptions and approaches are separately 

discussed by animal type (e.g., broiler, turkey, layer, and swine) and by source type (e.g., 

confinement, storage, and land application) below. 

Broiler Confinement  

The animal inventory for each broiler farm was determined by the housing footprint area 

and stocking density. After comparing measurement sites and locations from the previous studies 

on NH3 emission from broiler barns, data from a Kentucky (KY) farm, i.e., KY-A site in the 

study of Wheeler et al. (2006) were considered to be representative, and were used as the 

reference for this study. Similar to NC, KY has a mixed humid climatic condition. Wheeler et al. 
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(2006) reported a stocking density of 10.75 bird m-2. The animal numbers in a broiler farm was 

estimated by the product of footprint area of the production houses and the stocking density. 

Assumptions on animal management were framed according to the KY study of Wheeler 

et al. (2006). It was assumed that there would be 6 flocks in a year with one flock on new litter 

and 5 flocks on built up litter.  New bedding is usually applied once a year in the US broiler 

houses (Wheeler et al., 2006). Built-up litter is used litter, which is composed of the original 

bedding material and accumulated animal manure. The manure handling practices are not only 

crucial for determining NH3 emission rates from animal confinement, but also important in the 

assumptions making for manure storage and application discussed later on. In NC, some meat 

chickens (e.g., roasters) maybe up to 8 to 9 weeks. The production cycle was assumed to be 49 

days in each flock and bird market weight was 2.5 kg.  

Over a year, the EFs from broiler confinement were estimated numerically by applying a 

linear regression model by Wheeler et al. (2006). In the linear regression model, explanatory 

variables are bird age and the response variable is daily NH3 EF. Specific features for each flock 

in the model are listed in the Table 2.3, including flock number, slope parameter, intercept 

parameter, correlation coefficient, litter condition, season, and flock schedule. The flock 

schedule having start date and end date was assumed to match the original manure handling plan 

along with the regression model in the literature at site KY-A. The production downtime was 

approximately 2 weeks between flocks.  

The daily NH3 EF for each flock is a function of bird age and are plotted in Figure 2.2.  

The daily NH3 EFs were calculated based on the model for each flock cycle. Daily NH3 emission 

for each farm in each flock was quantified by the product of EF and animal number. In this 

regression model, all slope parameters are positive meaning that the NH3 EFs increase with bird 
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age. Summer flock with built-up litter has the largest slope indicating that NH3 EF increases at a 

higher rate than other flocks. The slopes for other flocks are quite similar. 

Y = β1×X + β0                       (2-1) 

where, [Y] is the NH3 EF in unit of g bd-1 d-1, [X] is bird age in a unit of day, [β0] is the intercept 

parameter, and [β1] is the slope parameter.  

Table 2.3. Linear regression parameters and properties by flock (Wheeler et al., 2006) 

Flock # Slope β1 
Intercept 

β0 
r2 

Litter 

Condition 
Season Start Date End Date 

1 0.037 0.062 0.91 New Summer May 26 Jul. 13 

2 0.045 -0.054 0.7 Built-up Summer Jul. 24 Sep. 10 

3 0.034 -0.048 0.89 Built-up Fall Sep. 22 Nov. 9 

4 0.032 -0.308 0.89 Built-up Winter Nov. 28 Jan. 15 

5 0.034 -0.127 0.96 Built-up Spring Jan. 27 Mar. 17 

6 0.033 -0.0028 0.87 Built-up Spring Mar. 26 May 14 

 

Figure 2.2. Ammonia EFs by bird age separated by flock for broiler confinement 
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The farm level emission from broiler confinement was calculated from the emission 

factors and animal populations.  

Turkey Confinement  

As air emissions from turkey confinement is very limited and no data are available for 

production in NC, or other states in the south, or southeast, research conducted by Li et al. 

(2008) at a Tom turkey farm in Iowa was selected as a reference for this study. In particular, the 

stocking density and NH3 EFs were retrieved from the study of Li et al. (2008). This study was 

conducted at a tom turkey farm in Iowa. Tom turkeys are usually raised for 18 to 20 weeks. 

Based upon the general production practice and information provided in Li et al. (2008), it was 

assumed that there were three complete flocks per year and each flock was about 120 days long. 

Li et al. (2008) reported NH3 EF on a daily basis for three complete flocks. Table 2.4 shows the 

flock schedule and animal density. Ammonia EFs are plotted against the flock age for all three 

flock cycles in Figure 2.3. 

Table 2.4. Stocking density and flock schedule 

Flock # Start Date End Date Density (m2 bd-1) 

1 Jan. 7 Apr. 28 0.42 

2 May 2 Aug. 23 0.46 

3 Aug. 31 Dec. 17 0.3 
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Figure 2.3. Ammonia EFs by flocks varied by bird age for turkey confinement 

 

The averaged stocking density across flocks was approximately 0.4 m2 bd-1 or 2.5 bd m-2. 

The EF for spring-summer flock was 1.9 g bd-1 d-1. The EF for fall-winter flock was 1.35 g bd-1 

d-1. The EF of another flock was assumed to be the average of spring-summer flock and fall-

winter flock.  The EFs multiplied by animal counts yielded the farm-level NH3 emission by 

flock. 

Layer Confinement  

The stocking density and NH3 EFs were retrieved from the study of Wang-Li et al. 

(2013). The research was conducted on a layer farm in NC under the National Air Emission 

Monitoring Study (NAEMS) project. Daily NH3 EF was averaged from two production houses 

for the entire year of 2008, which had a unit of mg d-1 bd-1. The production house dimensions 
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about 103, 000 hens. Therefore, the stocking density was estimated to be about 18.4 hen/m2.  

0 20 40 60 80 100 120 140

0

1

2

3

4

5

6

7

E
F

 (
g
 b

d
-1

d
-1

)

Day

 Flock 1

 Flock 2

 Flock 3



 

55 

 

This stocking density was used to get the estimated hen numbers in each farm based on the 

occupation areas of the houses. Daily EFs along with hen numbers were used to quantify daily 

farm-level NH3 emissions. Figure 2.4 shows the daily layer house EFs for an entire year reported 

by the NAEMS-NC2B study and applied in the new EI of this study.  

 

Figure 2.4. Ammonia EFs from layers in high rise barn during 2008 (Wang-Li et al., 2013) 

The farm level emission from layer housing was calculated from the EFs and animal 

populations.  

Poultry Manure Storage 
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regarding manure production, nitrogen content in poultry manure, manure management plan, and 
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Table 2.5. Manure output and nitrogen content from different poultry types (NC Chemical Manual 2018) 

 
Manure Production 

(kg bd-1 yr-1) 

Total Nitrogen Content 

(kg-N ton-manure-1) 

Broiler 6.5 26.2 

Layer 21.8 21.6 

Turkey 33.5 24.5 

 

To gather detailed information about poultry manure management on the nutrient 

management plans (NMP), a survey was created and sent out to poultry production extension 

specialists in different counties of NC. Since different regions or counties in NC grow different 

types of chickens, the designated extension specialists were selected based on type of poultry 

production by region. For instance, the broiler survey was sent out to counties of Wilkes, Union, 

and Randolph. The layer survey was sent out to the counties of Iredell, Alexander, and Yadkin. 

The turkey survey was sent out to the counties of Duplin, Sampson, and Wayne. Below are some 

sample questions in the survey for learning about manure management, specifically, manure 

storage.  

 How often do your producers completely clean out the in-house litter? (e.g., once or 

twice a year) 

 How often do you partially clean out the litter? (e.g., 20% of litter built up) 

 Is naturally ventilated manure shed common in practice in your county? If not, what type 

of manure storage do you use? 

 How long approximately is the litter stored before being removed for land application? 

 What is the schedule for manure shed clean-up? 

 What are the differences of manure storage practices for broiler, layer, and turkey farms 

in your area?  
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The results from the surveys indicate that a complete house clean-up takes place every 1 

to 2 years. Partial house clean-up is about 20 to 40% of the manure after each flock. Manure is 

mostly stored for summer and winter. 

The study of Yao et al. (2011) quantified NH3 emission from broiler cake stockpiled in a 

naturally ventilated shed. Yao et al. (2011) reported that summer daily EF was 0.0018 NH3-

N/litter N and winter daily EF was 0.0021 NH3-N/litter N. Due to a lack of data on NH3 emission 

from poultry manure storage, the same EFs were applied for broiler, layer, and turkey farm.  

The daily manure production was obtained from the annual manure production and it was 

assumed to be constant over the year. Daily NH3 emission in summer and winter was estimated 

based on the daily manure production, N content in manure, N to NH3 conversion (a ratio of 14 

to 17), and seasonal NH3 EF. EFs during summer or winter were assumed to be constant within 

the season.   

Poultry Waste Land Application  

Two components used in quantifying daily NH3 emission from poultry manure land 

application were agricultural land within one mile from the farm and the NH3 EF of land 

application.  

After comparing different studies, the study by Marshall et al. (1998) was selected to be 

the reference for daily NH3 emission determination. In this study, daily EFs were reported by 

geographical regions in NC. Due to the limited data sources, broiler litter EFs were used for all 

three poultry types. 

The daily NH3 volatilization rate by geographical regions in NC reported by Marshall et 

al. (1998) are listed in Table 2.6. Emission fluxes were high at the beginning of application due 
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to the source having a large concentration gradient and they gradually decreased as a result of 

dissipation and low source intensity (Marshall et al., 1998). 

Table 2.6. Daily NH3 volatilization rates after land application event by region in NC (Marshall et al., 1998) 

Day 
Ammonia Volatilization Rate (kg NH3-N ha-1) 

Coastal Plain Piedmont Cumberland Plateau (Mountain) 

1 0.9 1.9 2.8 

2 0.8 2.1 2.1 

3 0.2 0.9 1.2 

4 0.7 0.5 0.5 

5 0.3 0.3 0.2 

6 0.0 1.1 0.8 

7 0.0 1.1 0.0 

8 0.0 0.5 0.1 

9 0.3 1.1 0.2 

10 0.0 0.5 0.2 

11 0.1 0.0 0.1 

12 0.0 0.0 0.3 

13 0.0 0.2 0.2 

14 0.1 0.3 0.0 

Total 3.4 10.2 8.6 

 

Similar to the investigation of poultry manure storage, a survey was conducted on land 

application practices. Below are some sample questions for land application.  

 If poultry waste will be applied to land on farm or nearby the farm, what type of land is 

the most common and typical (e.g., grass or crop)? If it is cropland, what type of crop 

(e.g., corn) is the most common?  

 If most of poultry waste will be applied to pasture or grassland, what is the schedule for 

land application (time of year)? 

 If most of poultry waste will be applied to cropland, what is the schedule of land 

application (time of year)? 
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 What is the most common type of application method (e.g., surface broadcasting) in use?  

 What are the differences in land application for broiler, layer, and turkey farms in your 

county? 

The survey results show that manure application is generally on pasture or hay. It is 

mostly common to apply manure to the field during spring and fall. The common land 

application method is surface broadcasting.  

The daily NH3 emission from land application was estimated based on daily manure 

production, total N in manure, daily EF, N to NH3 conversion, and agricultural land area. The 

daily EFs for spring and fall were assumed to be the same within each season. 

Swine Confinement  

In general, stocking density and house dimension were used to estimate the animal count 

in a swine farm. Daily NH3 emission came from animal count and the NH3 EF. The information 

of stocking density and EFs were retrieved from two research sites in NC of the NAEMS project, 

named NC3B and NC4B (Bogan et al., 2010; Robarge et al., 2010). In particular, the data 

collected at NC3B represent finisher phase of swine production and data at NC4B represent a 

sow production (Bogan et al., 2010; Robarge et al., 2010). Assumptions were made to generalize 

the production phase into sow, finisher, and nursery as the following. 

 Facilities listed as farrow to feeder were assumed to be sow barns.  

 Facilities listed as farrow to wean were also assumed to be sow barns.  

 Facilities listed as feeder to finish were assumed to be finisher barns.  

 Facilities listed as wean to feeder were assumed to be nursery barns. During nursery 

period, the pig weight is about between 6 to 30 kg. For certain time periods, emission 
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factors estimated when pigs are between 6 to 30 kg in NAEMS NC3B report were 

extracted.  

 Facilities listed as wean to finish were assumed to be finisher barns.  

 Facilities listed as farrow to finish were assumed to be both sow and finisher barns. 

Comparing NAEMS site NC3B (9 finisher barns) to site NC4B (3 sow barns), the ratio of 

number of finisher barns to number of sow barns was found to be 3 to 1. Based on this 

ratio, it was assumed that one fourth of animal population in a swine farm would be sows 

and three fourths would be finishers. 

Based on the data of animal characteristics in NAEMS NC3B and NC4B summary report 

(Bogan et al., 2010; Robarge et al., 2010), the stocking density for finisher barn (also nursery) 

was assume to be 1.1 pig m-2 and the stock density of sow barn was assumed to be 0.4 pig m-2. It 

was assumed that there were 2.5 grow-outs per year. Having the information on stocking density, 

animal count in each farm was estimated to be the product of house area and the stocking 

density. 

For the sow operation, daily NH3 EFs were calculated from the average of two sow barns, 

based upon the NC4B monitoring data for the entire year of 2008. Missing daily data in each 

month were filled by the averaged value of each month.   

Finisher data came from NC3B. Similarly, daily NH3 EFs were calculated from the 

average of three finisher barns, based upon the monitoring data for the entire year of 2008. 

Missing daily data in each month were filled by the averaged value of each month (Table 2.7). 
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Table 2.7. Averaged monthly EFs of sow and finisher barns for filling out missing data 

Month 
Sow Finisher 

g head-1 d-1 g head-1 d-1 

1 9.44 19.79 

2 9.28 5.00 

3 11.02 4.91 

4 7.95 9.21 

5 8.07 11.12 

6 3.84 9.93 

7 3.01 13.4 

8 4.03 6.63 

9 5.39 7.81 

10 6.23 8.8 

11 7.59 12.59 

12 7.96 16.59 

 

Daily NH3 EFs for sow and finisher barns over an entire year are plotted in Figure 2.5.  

 

Figure 2.5. Daily NH3 EFs for animal houses of sow and finisher farms 
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Nursery pigs are usually weighed from 6 to 30 kg. The animal and emission data of 

nursery pigs were retrieved from NAEMS NC3B. Animal mass and NH3 EFs for 6 to 30 kg 

nursery pigs in NC3B were highlighted and extracted. Due to limited data in 2008, the data of 

2009 were also considered. Daily NH3 EFs were the averaged values of three nursery barns. 

Missing data were filled by the average and only existing and valid data were taken into 

consideration. It was summarized and assumed that the EFs of nursery pigs for spring, summer, 

fall, and winter were 4.4, 5.4, 3.0, and 3.4 g hd-1 d-1, respectively.  

Swine Lagoon  

The NH3 emissions from swine lagoon were calculated from lagoon area and EF (a.k.a 

emission flux). The EFs were provided by NAEMS project at site NC3A (finisher) and NC4A 

(sow) (Grant and Boehm, 2010). The incompleteness of lagoon data is substantial. There is no 

significant differences for NH3 EFs between sow and finisher. Therefore, lagoon NH3 EFs were 

the averaged values of sow lagoon (NC4A) and finisher lagoon (NC3A). The same EFs were 

applied to all phases of swine production. Daily NH3 emission was derived from monthly 

emission and it was assumed no significant variation within season. Monthly EFs by area are 

listed in Table 2.8. 
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Table 2.8. Monthly average NH3 EFs for swine lagoons  

 EF(g m-2 month-1) 

January 17.9 

February 24.1 

March 40.7 

April 36.7 

May 85.2 

June 90.8 

July 107.4 

August 40.7 

September 75.0 

October 79.0 

November 39.1 

December 51.4 

 

Swine Land Application 

 

Ammonia emission from swine manure land application was determined by agricultural 

land and NH3 EF. Emission factor was obtained from the study of Shah et al. (2009).  The study 

site of Shah et al. (2009) was a finisher farm in NC. The application method of interest was 

travelling gun, which is adopted very commonly. Bulk of the NH3 emission occurred during the 

initial 4 hours after the lagoon effluent was applied. The monthly emission in fall and spring 

were reported to be 12.05 and 11.92 kg ha-1. It was assumed that land application of swine 

manure was in fall and spring. Due to limited research of EF and knowledge on application 

schedule, it was assumed that there was no daily variation in emission within season. 
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Farm-level Emission Calculations  

In summary, farm level ERs for three emission sectors were calculated by using the 

following equations: 

                         Housing: ER = EF × AP                                                            (2-1) 

 Manure Storage and Treatment: ER = EF × MP × TNC           (2-2) 

                         Land Application: ER = EF × LA                                             (2-3) 

where AP represents animal population, MP represents manure production, TNC represents total 

N content, and LA represents land area.  

The total NH3 emission by each farm was calculated by summing up all three sectors.  

2.2.3 Compiling the New EI in Space by Visualization and Mapping of the Database 

 

Database was established in Excel. Each farm along with its properties and characteristics 

was recorded in Excel spreadsheets. Also daily emission from each farm was tabulated in the 

database.  

Farm data visualization was done using GIS techniques. Poultry and swine farms were 

plotted and mapped according to their sizes in ArcMap. The function of kernel density was used 

to map the farm level emissions from poultry and swine farms. Specifically, kernel density 

calculates a magnitude-per-unit area from point or polyline features using a kernel function to fit 

a smoothly tapered surface to each point or polyline. 

2.3 Results and Discussions 
 

2.3.1 Spatial Distribution of Poultry and Swine Farms 

 

Broiler Farms  

 

The google earth scaning results reveal that there are 2,378 broiler farms in NC. As 

shown in Figure 2.6, these farms spread out across the entire state. The broiler farms in this 
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figure were plotted based on farm size or animal numbers, which ae also summariez in Figure 

2.9 and Table 2.9. The three counties with highest farm numbers are Wilkes (185), Randolph 

(175), and Chatham (128). In Figure 2.6, the diameter of the circle marker indicates the size of 

the farm.  

 
Figure 2.6. Spatial distribution of broiler farms in NC 

 

Layer Farms 

 

As shown in Figure 2.7, most of layer farms are located around Winston Salem area and 

coastal plain area. Layer farms were plotted by animal number which are summarized in Figure 

2.9 and Table 2.9. There are totally 871 layer farms in NC. The three counties having the highest 

farm numbers are Iredell (114), Alexander (107), and Randolph (89). 
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Figure 2.7. Spatial distribution of layer farms in NC  

 

Turkey Farms 

 

Indicated by Figure 2.8, turkey farms are distributed mostly near the Charlotte area and 

Coastal Plain area. Turkey farms were plotted by animal number which are summarized in 

Figure 2.9 and Table 2.9. There are totally 1,228 turkey farms located in NC. The three counties 

with greatest farm numbers are Sampson (260), Duplin (255), and Union (215).  

 
Figure 2.8. Spatial distribution of turkey farms in NC 
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Summary of Poultry Farms 

 

The animal counts for broiler, layer, and turkey located in NC were plotted on Figure 2.9. 

The size distributions of poultry farms were listed in Table 2.9. The majority of broiler farms had 

animal counts approximately 50,000 to 100,000. The majority of layer farms had animal number 

about 60,000 to 90,000. And the majority of turkey farms had animal population about 15,000 to 

30,000.  

 

Figure 2.9. Boxplots of poultry farms size distribution by poultry type 

 

Table 2.9. Farm counts and size of poultry farms by poultry type 

Poultry Type 
Total Farm 

Counts in NC 

Size of Poultry Farms (animal/farm) 

Min. Max. Mean 

Broiler 2,378 6,243 542,937 86,343 

Layer 871 7,189 428,855 75,726 

Turkey 1,228 1,206 103,608 18,957 
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Swine Farms 

There are totally 2,292 swine farms located in NC and majority of them are distributed in 

Coastal Plain area (Figure 2.10). The three counties having the greatest farm numbers are Duplin 

(557), Sampson (479), and Bladen (168). The farm count and statistics of swine farm sizes for 

different farm types were described in Table 2.10.   

 

Figure 2.10. Spatial distribution of all swine farms in NC 

Table 2.10. Farm counts and size of swine farms by production phase 

Production Phase 
Total Farm 

Counts in NC 

Size of Swine Farms (head/farm) 

Min. Max. Mean 

Feeder to Finish 1,417 303 209,019 4,799 

Wean to Feeder 466 319 26,927 2,701 

Wean to Finish 43 813 11,536 5,205 

Farrow to Feeder 37 354 7,903 2,194 

Farrow to Finish 38 437 12,107 4,280 

Farrow to Wean 291 136 11,445 3,534 
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2.3.2 Ammonia Emissions from Poultry and Swine Production Facilities 

 

Poultry Confinement 

 

Ammonia emissions form production houses varied for different poultry types across 

different seasons (shown in Figure 2.11). In fall, spring, and summer, NH3 emissions from 

broiler and layer confinements were found to be much higher than the emission from turkey 

confinement. The level of emissions was determined by animal numbers and EFs as shown 

equation 2-1. Although turkey EF was much higher than broiler or layer EF, the numbers of 

turkey raised in an individual farm was usually less than the numbers of broiler or layer. During 

fall, spring, and summer, broiler emission was always the highest and turkey emission was the 

lowest. Comparing the three poultry types during winter, it was interesting to find that emission 

from layer confinement was the highest over broiler and turkey. In general, emissions in summer 

were observed to be relatively higher than other seasons. 

 

Figure 2.11. Boxplots of farm level daily NH3 emission by poultry type in different seasons (B: broiler; L: 

layer; T: turkey) from animal confinement 
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The seasonal variation trends were very similar for broiler and turkey confinements with 

much greater emissions in the warmer seasons than in the colder seasons. But for layer 

confinement, the seasonal pattern was not significant. The farm level NH3 emissions from broiler 

confinements were much higher in summer (mean = 0.09 ton d-1 farm-1, max = 0.57 ton d-1 farm-

1) versus winter (mean = 0.04 ton d-1 farm-1, max = 0.27 ton d-1 farm-1). The contrast of farm 

level NH3 emissions between summer (mean = 0.06 ton d-1 farm-1, max = 0.33 ton d-1 farm-1) and 

winter (mean = 0.05 ton d-1 farm-1, max = 0.27 ton d-1 farm-1) for layer confinements was not 

found to be significant (p > 0.05). The farm level NH3 emissions from turkey confinements were 

much higher in summer (mean = 0.05 ton d-1 farm-1, max = 0.258 ton d-1 farm-1) versus winter 

(mean = 0.019 ton d-1 farm-1, max = 0.102 ton d-1 farm-1). 

Summer versus Winter Emissions from Broiler Confinement 

For broiler confinement, farm-level daily NH3 emission was found to be more in summer 

than winter (Figure 2.12) with a mean of 0.09 ton d-1 and a maximum of 0.57 ton d-1 in summer, 

and a mean of 0.04 ton d-1 and a maximum of 0.27 ton d-1 in winter. The difference between 

summer and winter was found to be significant with a p value (< 2.2e-16).  
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Figure 2.12. Kernel density plots of daily farm-level NH3 emissions from broiler confinement in summer (top) 

and winter (bottom) 

 

Summer versus Winter Emissions from Layer Confinement 

The contrast of NH3 emissions between summer and winter for layer confinement was 

not found to be significant (p > 0.05) (Figure 2.13). Summer emission from layer housing was 

found to have a mean of 0.06 ton d-1 farm-1 and a maximum of 0.33 ton d-1 farm-1. Winter 

emission was found to have a mean of 0.05 ton d-1 farm-1 and a maximum of 0.27 ton d-1 farm-1.  
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Figure 2.13. Kernel density plots of daily farm-level NH3 emissions from layer confinement in summer (top) 

and winter (bottom) 

 

Summer versus Winter Emissions from Turkey Confinement 

In the spatial visualization, farm-level daily NH3 emission from turkey confinement was 

found to be much higher in summer than winter (Figure 2.14). The mean farm-level daily 

emission in summer was estimated to be 0.047 ton with a maximum of 0.258 ton. The mean 

farm-level daily emission in winter was found to be 0.019 ton with a maximum of 0.102 ton. The 

difference between summer and winter was found to be significant with a p value (< 2.2e-16). 
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Figure 2.14. Kernel density plots of daily farm-level NH3 emissions from turkey confinement in summer (top) 

and winter (bottom) 

 

Poultry Manure Land Application 

As shown in Figure 2.15, NH3 emissions from poultry manure land application were 

estimated by geographical region, i.e., Mountain, Piedmont, and Coastal Plain. The statistical 

distribution of NH3 emissions in these three regions was calculated (Table 2.11). It was found 

that the highest mean annual emissions by farm (2.97 ton) was in the Piedmont area. But the 

farm having the highest annual emission from land application was in Coastal Plain area with 

yearly total emission of 44.61 ton (Table 2.11).  
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Figure 2.15. Kernel density plots of annual farm-level NH3 emissions from land applied poultry manure by 

region (top: Mountain; middle: Piedmont; bottom: Coastal Plain) 

 

Table 2.11. Statistics of farm level annual total NH3 emission (ton) from poultry land application by region 

 Mean Min Median Max SD 

Mountain 1.10 0.04 0.84 5.41 0.87 

Piedmont 2.97 0.02 1.46 16.83 2.91 

Coastal Plain 1.81 0.07 1.79 44.61 1.66 
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Contribution of Individual Poultry Source Sector to the Total Annual Farm Emission 

The contributions of NH3 emission source sectors to the annual total farm emission by 

poultry type are reported and summarized in Table 2.12. The contribution of each source sector 

(e.g., confinement, storage, and land) to the total farm NH3 emission was found to be different 

for different bird types. For broiler, the contributions of three sectors were estimated to be 65.93, 

24.21, and 9.86%. For layer, the contributions of three sectors were estimated to be 88.0, 0.25, 

and 11.75%. For turkey, the contributions of three sectors were estimated to be 74.93, 0.22, and 

24.85%. For all three poultry types, the contribution of confinement was observed to be the 

greatest. The contribution of manure storage was not observed to be varying much among farms, 

however, the variances of confinement and land application were found to be high among farms.  

Table 2.12. Statistics of contribution (%) to annual total farm emissions by source sector and poultry type 

Poultry Source 

Sector 
Type Mean Min Median Max SD 

Confinement 

Broiler 65.93 20.19 68.75 73.09 7.69 

Layer 88.00 40.18 91.21 99.57 10.47 

Turkey 74.93 11.49 79 98.8 19.35 

Storage 

Broiler 24.21 7.41 25.25 26.84 2.83 

Layer 0.25 0.11 0.26 0.28 0.03 

Turkey 0.22 0.03 0.23 0.29 0.06 

Land 

Broiler 9.86 0.06 6 72.4 10.52 

Layer 11.75 0.14 8.53 59.71 10.5 

Turkey 24.85 0.91 20.77 88.47 19.4 
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Summer versus Winter Emissions from Swine Confinements 

In Table 2.13, it shows the averaged farm-level NH3 emission from swine confinement 

by production phase and by season. Averagely, the annual total farm emission of wean to finish, 

feeder to finish, and farrow to finish were observed to be higher than the other. Finisher barns 

tend to have higher emission than sow barns. For all six production phases, statistical testing 

shows that the seasonal differences were significant. In general, the averaged farm-level 

emission in winter was higher than summer.  

Comparison of NH3 emissions from swine confinements in summer vs winter is shown in 

Figure 2.16. Across all swine farms in NC, the seasonal differences of daily farm-level NH3 

emissions from swine confinements were found to be significant (p < 0.05). The winter emission 

had a mean of 0.05 ton d-1 farm-1 and a maximum of 2.9 ton d-1 farm-1. The summer emission had 

a mean of 0.03 ton d-1 farm-1 and a maximum of 2.1 ton d-1 farm-1. The reason behind high winter 

emission was high NH3 ERs were adopted for swine confinement due to higher animal weight 

(Table 2.7 and Figure 2.5).  

Table 2.13. The averaged farm-level NH3 emission (ton) by production phase and by season 

Production Phase Assumed Type 

Averaged Farm-level Emission (ton) 

Spring 

Total 

Summer 

Total 

Fall 

Total 

Winter 

Total 

Yearly 

Total 

Feeder to Finish Finisher 3.7 4.4 4.3 6.1 18.5 

Wean to Feeder Nursery 1.1 1.3 0.7 0.8 3.9 

Wean to Finish Finisher 4.0 4.8 4.6 6.6 20.0 

Farrow to Feeder Sow 1.8 0.7 1.3 1.8 5.6 

Farrow to Finish Sow and Finisher 3.4 3.3 3.5 4.9 15.1 

Farrow to Wean Sow 2.9 1.2 2.1 2.9 9.0 
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Figure 2.16. Kernel density plots of daily farm-level NH3 emissions from swine confinements in summer (top) 

and winter (bottom) 

 

 

Summer versus Winter Emissions from Swine Lagoons 

Comparison of NH3 emissions from swine lagoons in summer vs winter is shown in 

Figure 2.17. Across all swine farms in NC, daily farm-level NH3 emissions from swine lagoons 

was observed to be much higher in summer (mean = 0.027 ton d-1 farm-1, max = 0.78 ton d-1 

farm-1) than in winter (mean = 0.01 ton d-1 farm-1, max = 0.3 ton d-1 farm-1). The difference 

between summer and winter was found to be significant with a p value (< 2.2e-16). High NH3 

emission in summer was mainly driven by air temperature and volatilization potential (Grant and 

Boehm, 2010a; Grant and Boehm, 2010b).  
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Figure 2.17. Kernel density plots of daily farm-level NH3 emissions from swine lagoons in summer (top) and 

winter (bottom) 

 

Contribution to Total Annual Emission by Swine Source Sectors 

Table 2.14 shows the contributions to annual total farm emissions by source sector for 

swine production. For swine production facility, the contributions to annual total NH3 emissions 

from confinement, lagoon, and land application were estimated to be 45.28%, 19.90%, and 

34.82%. Unlike poultry production, the emissions from swine lagoon and land application were 

found to be very much substantial, while house emissions remained the biggest sector.  
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Table 2.14. Statistics of contribution (%) to annual total farm emissions by source sector for swine farms 

 Mean Min Median Max SD 

Confinement 45.28 1.19 38.99 100.00 27.39 

Lagoon 19.90 0.00 17.63 90.09 15.04 

Land 

Application 
34.82 0.00 36.75 95.44 28.13 

 

2.3.3 Comparisons of the New EI with 2014 EPA NEI 

 

Comparisons between 2014 EPA NEI and the new EI in this study started by comparing 

emission factors used in the NEI and the new EI. Based upon availability of data in two EIs, the 

focus of the comparisons were made on broiler and layer confinements as well as on the total 

emissions from all animal sectors. Since 2014 EPA NEI was established on a county level, the 

comparison were made on a county level.  . 

Comparison of Emission Factor for Broiler Confinement 

 

The NH3 EF applied in 2014 EPA NEI was 0.138 kg bd-1 on a yearly basis (Figure 2.18). 

This annual EF was applied across entire NC, which gave a daily EF of 0.378 g bd-1. If compared 

to EFs used in this study, the EF used in 2014 EPA NEI was in the lower range, which is 

equivalent to the EF determined by the emission at the age of 10 d, modeled used in this study. 

The accuracy of using a flat EF was compromised as EF changes with broiler age, little 

age/condition and ventilation rate in response to the changes of thermal conditions over time of 

day, month of year. 
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Figure 2.18. Comparison of NH3 EFs for broiler housing emissions with 6 flocks per year in this study 

(Wheeler et al., 2006) and 2014 EPA NEI 

 

Comparison of Annual County-level Total Emissions for Broiler Confinement 

In Figure 2.19, the annual county level emission from broiler confinement are compared 

between 2014 EPA NEI and the new EI. The patterns of NH3 emission distribution were very 

similar. The areas with great emission densities were Wilkes (new EI: 3,653 ton; NEI: 1,578 

ton), Randolph (new EI: 3,098 ton; NEI: 1,228 ton), and Richmond (new EI: 2,794 ton; NEI: 

1,136 ton). In the EPA NEI estimation approach (Figure. 2.19), the EF applied was much lower 

than that used in the new EI for NH3 emission from broiler confinement.  
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Figure 2.19. Comparison of annual total NH3 emissions by county (ton) from broiler confinement determined 

by the 2014 EPA NEI and the new EI 

In Table 2.15, annual total NH3 county-level emission from broiler confinement was 

compared between EPA NEI and new EI for the top ranking counties in NC.  

The annual total county level NH3 emission from the new EI was found to be 

significantly higher than that in EPA NEI with a p value of 1.4 e-8, a mean difference of 264 ton, 

and a Pearson linear correlation of 0.91.  

Table 2.15. Top county comparison of annual total NH3 emissions from broiler confinement in the EPA NEI 

and the new EI 

County Name EPA NEI (ton) New EI (ton) 

Wilkes 3654 1578 

Randolph 3098 1228 

Richmond 2794 1137 

Duplin 2372 1827 

Robeson 2242 1100 

Chatham 2057 572 

Union 1961 1983 
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Comparison of Emission Factor for Layer Confinement 

 

Similar to broiler confinement, a flat annual EF of 0.22 kg hen-1  or 0.6 g bd-1 d-1 was 

applied for all counties in NC in 2014 EPA NEI (marked in Figure 2.20). It could be converted to 

0.6 gbd1 in a daily basis.  This approach would not represent the changes over the production 

cycle such as ambient conditions, hen age, and manure management.  

 

Figure 2.20 NH3 EF for layer confinement in this study and 2014 EPA NEI 

 

Comparison of Annual County-level Total Emissions for Layer Confinement 

Figure 2.21 shows the comparison on NH3 annual emissions from layer confinement 

between 2014 EPA NEI and the new EI in this study. In the new EI, three highlighted areas 

indicating considerably high NH3 emissions were Duplin (new EI: 940 ton; EPA NEI: 107 ton), 

Randolph (new EI: 1,368 ton; EPA NEI: 125 ton), and Wilkes (new EI: 1,390 ton; EPA NEI: 95 

ton). More layer farms with high activity levels were identified in the new EI. The NH3 EFs 

Nov 21 Jan 21 Mar 21 May 21 Jul 21 Sep 21 Nov 21 Jan 21

0.2

0.4

0.6

0.8

1.0

1.2

1.4

E
F

 (
g

 b
d

-1
d

-1
)

Date

 New EI

 EPA NEI 



 

83 

 

applied in the new EI were much higher than those in 2014 EPA NEI for more than days in a half 

year (Figure 2.20).  

 

Figure 2.21. Comparison of annual total NH3 emissions by county (ton) from layer confinement determined 

by the 2014 EPA NEI and the new EI 

 

In Table 2.16, annual total NH3 county-level emissions from layer confinement were 

compared between EPA NEI and the new EI for the top ranking counties in NC.  

The annual total county level NH3 emission from the new EI was found to be 

significantly higher than that in EPA NEI with a p value of 5.7 e-5, a mean difference of 120 ton, 

and a Pearson linear correlation of 0.75.  
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Table 2.16. Top county comparison of annual total NH3 emissions from layer confinement in the EPA NEI and 

the new EI 

County Name EPA NEI (ton) New EI (ton) 

Alexander 213 1645 

Iredell 268 1434 

Wilkes 95 1390 

Randolph 126 1368 

Yadkin 268 1078 

Duplin 107 940 

Moore 7 737 

 

Comparison of Annual County-level Total Emissions from All Source Sectors 

Although emissions from broiler and layer confinements were higher by the new EI than 

those by EPA NEI, the total emissions from all animal sectors by these two systems might show 

different comparison results as the source sectors included in EPA NEI and the new EI were 

different. In EPA NEI, cattle composite and swine composite were included, however, there 

were no documentation for turkey production, swine confinement, swine lagoon, swine land 

application, broiler manure storage, broiler manure land application, layer manure storage, and 

layer manure land application. 

In Figure 2.22, it is shown that the comparisons on NH3 annual county level emissions 

from all sectors indicates similar spatial distributions of NH3 emissions in EPA NEI and new EI 

.The majority of NH3 emissions concentrated in the southeast region of NC, mainly Duplin and 

Sampson counties. The comparison of top counties having the highest NH3 emissions is listed in 

Table 2.17. It was found that the NH3 emission contrast between EPA NEI and new EI was 
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slightly different with a p value of 0.01 and a Pearson linear correlation of 0.92. The mean 

difference between two inventories was estimated to be 477 ton. 

In general, the annual county-level total emission of the new EI was slightly higher than 

that of the EPA NEI. In the central areas of NC, the higher estimation of annual total NH3 

emission in the new EI could be attributed to the inclusions of turkey and broiler productions.  

 

Figure 2.22. Comparison of annual total NH3 emissions by county (ton) from all source sectors determined by 

the EPA NEI and the new EI 

 

Table 2.17. Top county comparison of annual total NH3 emissions from all source sectors in the EPA NEI and 

the new EI 

County Name EPA NEI (ton) New EI (ton) 

Duplin 26355 26484 

Sampson 27318 24228 

Wayne 9530 9140 

Wilkes 2174 8113 

Randolph 2179 7600 

Union 2728 7306 
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Spatial Contrast between the New EI and 2014 EPA NEI - Broiler Confinement as an 

Example 

In Figure 2.23, spatial resolutions of NH3 emission were compared between the new EI 

and 2014 EPA NEI. Compared to the 2014 EPA NEI county annual emissions, the NH3 emission 

had enhanced spatial resolution. In the new EI of this research, animal production facilities and 

their NH3 emissions were located and estimated individually as point sources. Ammonia 

emission in the 2014 EPA NEI was treated and evaluated as areal source in a county level. By 

calculating and plotting the kernel density of farm level NH3 emissions, the new EI allowed 

identification of the aggregation pattern and hotspots of NH3 emissions more vividly. Especially 

in central NC, due to limitation of spatial resolution of the 2014 EPA NEI, NH3 emissions were 

blended and clustered into a large area. However, the kernel density distribution of the new EI 

reflects several NH3 emission hotspots as a result of the source distribution identification.  
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Figure 2.23. Spatial resolutions of NH3 emissions from broiler confinement (top: farm level annual emissions 

of this study with red dots of 131 ton; middle: kernel density plot of farm level annual emissions of this study; 

bottom: 2014 EPA NEI county level annual emissions)   
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Feature Comparisons between the New EI and the 2014 EPA NEI  

As shown in Table 2.18, several important feature changes have been made when 

developing the new EI. Specifically in 2014 EPA NEI, the spatial resolution was county level. In 

contrast, the spatial resolution of NH3 emission was improved to be farm level in the new EI. 

Accordingly, the emission format in the atmospheric chemical transport modeling process later 

on was enhanced from area to point. In the new EI, source sectors for poultry and swine 

production were more complete which included all sectors (e.g., confinement, waste 

storage/treatment, and land application). Compared to using composite EFs in the 2014 EPA 

NEI, the new EI adopted selected daily EFs for poultry and swine production in NC. 

Table 2.18. Feature comparison between the new EI and 2014 EPA NEI 

 EPA NEI New EI (This Study) 

Spatial Resolution County Farm 

Emission Format Area Point 

Source Sectors Incomplete Complete 

Emission Factor Approach Process Model (Composite EF) Selected daily EFs for NC 

 

2.3.4 Implications of Spatially Improved NH3 Inventory on Identifying Hotspots of NH3 

Emission for Better Understanding of the Potential for iPM2.5 Formation 

 

Figure 2.24 shows the spatial distributions of the emission sources of the three precursor 

gases to the formation of iPM2.5 along with major cities in NC. There is a great potential for 

iPM2.5 formation only when the emissions of base precursor gas NH3 meets with one or both 

acidic gas precursors NOx and SOx. It can be observed in the enlarged domain in Figure 2.24, the 

biggest city Charlotte area in NC has all three major sources (major highways, industrial plants, 

and poultry and swine production facilities). While the distributions of major sources (highway 
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and industrial plants) of acidic gases (NOx, and SOx) are more or less evenly distributed across 

NC, the aggregated regions or hotspots of NH3 emission sources become a key factor influencing 

the formation and chemical speciation of iPM2.5. Importantly, the identification and assessment 

of hotspots for iPM2.5 formation require highly resolved spatial distributions of the precursor 

emission sources.  

 

Figure 2.24. Spatial distributions of iPM2.5 precursor sources in NC 

 

In this study, the spatial distribution of NH3 emission sources in NC was greatly 

improved from the county-level in EPA’s existing 2014 NEI to the point level or farm level.  

Figure 2.25 visually illustrates the enhancement of spatial resolution based on the contrast 

between this study and the NEI in the Charlotte city region. The EPA NEI county level emission 

(Figure 2.25c) diminishes the differences among individual farms, whereas the farm level 

emission reported in this study shows more details for individual farms in a spatial regime. There 

might be a great potential for iPM2.5 formation near Charlotte City area as this metropolis is 
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surrounded by numerous livestock and poultry farms; more importantly, it has high traffic 

volume producing high NOx and SOx emissions. Ammonia emission near major cities may be 

considered a critical factor for the formation of iPM2.5. In order to predict iPM2.5 hotspots, it is 

very important to locate and investigate the sources and emissions of NH3 near major cities 

where high NOx and SOx emissions occur. As observed, near Charlotte, there are a great amount 

of poultry and swine farms, which overlap with emission sources of acidic gases and 

consequently may lead to the formation of iPM2.5. The kernel density plots in Figure 2.25b show 

clearly where the NH3 emission hotspots are based the point farm data. The improvement in 

spatial resolution from area/county to point/farm will enable and enhance the observations of 

emission hotspots and therefore provide evidence and foundation for air quality model prediction 

as well as for mitigation strategy developments.  

 

Figure 2.25. Interactive contrasts on spatial resolutions of annual total NH3 emissions from broiler and swine 

farms between this study of the new EI and EPA NEI 
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2.4 Conclusions 
 

In this study, poultry and swine production farms in NC were identified through Google 

Earth scanning. Animal populations on a farm level was estimated by house dimensions and 

animal stocking densities. Farm level daily NH3 emissions were estimated by animal type and 

source sector. In NC, the numbers of broiler, layer, and turkey production farms were found to be 

2,378, 871, and 1,228, respectively. The farm spatial distributions were found to be different for 

different poultry types. Totally, 2,292 swine farms were identified and they mainly located in the 

coastal plain area. Based upon identified spatial distributions of the poultry and swine production 

farms, and the most up to date EFs, an improved NH3 EI was developed with farm level spatial 

resolution and daily EF temporal resolution. Ammonia emissions from poultry confinement and 

swine lagoon were observed to be higher in summer than in winter. For swine confinement, due 

to high EFs associated with high animal weight, winter emission was higher than summer. 

Among three source sectors (animal confinement, waste storage/treatment facility, and land 

application), confinement was found to contribute the most to the total on farm level NH3 

emission. Compared to 2014 EPA NEI, the new EI established in this study has much higher 

spatial resolution, which will provide detailed emission footprints for hotspot analysis and 

enhance the performance and prediction of atmospheric modeling. In general, although two EIs 

were different in individual sectors, there was a similarity found for their annual total county 

level emission from all sectors. 

Reported in the following Chapter 3, this new EI was processed as a point source 

emission and used as an input for atmospheric transport modeling to investigate fate and 

transport of the farm level point source emissions. The spatial improvement from the county 

level (EPA’s existing NEI) to the farm level (this study) lead to the improved atmospheric model 
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predictions of ambient NH3 concentrations in space, consequently leading to the improved 

understanding of potentials in space for the formation of iPM2.5. 
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CHAPTER 3. CMAQ MODELING COUPLED WITH THE NEW AMMONIA 

EMISSION INVENTORY 

Abstract 

Chemical transport models (CTMs) have long been used to study the fate and transport of 

atmospheric pollutants. Community Modeling and Analysis System (CMAQ) is one of the most 

popular CTMs, which has been used widely in various aspects of atmospheric chemical 

speciation, the formation of secondary aerosol, source appointment, and in assisting the 

effectiveness of air quality permitting and regulations. In this study, CMAQ was applied to 

simulate the fate and transport of AFO NH3 emissions with inputs from the newly established 

NH3 emission inventory (EI) presented in Chapter 2. The objectives of CMAQ modeling were to 

predict and identify NH3 concentration hotspots and to compare the modeling outputs from both 

existing 2014 EPA National Emission Inventory (NEI) and the new EI. Daily predicted NH3 

concentrations were compared to measurements at a field monitoring site named Clinton site in 

Sampson County of NC. Predicted NH3 concentrations from using existing EPA NEI and the 

new EI were compared and discussed. High concentration gradient within a short range from 

Clinton site contributed greatly to the high model prediction over measurements. During a 4-d 

simulation in July, the model prediction by new EI showed a better agreement with measurement 

at Clinton site. With the new NH3 EI inputs, CMAQ was able to predict more hotspots of 

atmospheric NH3. In addition, the 5-d simulation in July showed improvement of using the new 

EI in predicting temporal variations of NH3 concentration at two AMoN sites. It is strong 

recommended to input emission sources for the entire simulation domain to avoid regional 

boundary issues, and to run simulation using spinning-up setting for longer time (e.g., > 3 days) 

in application of CMAQ modeling for ambient concentration predictions.   
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3.1 Introduction  
 

3.1.1 Chemical Transport Modeling 

 

A chemical transport model (CTM) is a type of computational model that simulates 

atmospherically physical and chemical mechanisms and support air quality prediction and 

forecasting. The application of CTM can support answering research questions and hypothesis 

testing. Chemical transport models are also used widely in the approach of inverse modeling in 

order to infer unknown parameters. Additionally and very importantly, CTMs are great tools to 

evaluate the impacts of emission control and remediation plan to support policy decision-

making. Community Modeling and Analysis System (CMAQ) is one of the most popular CTMs, 

which is used widely in the studies of fate, transport, and transformation of atmospheric 

pollutants (Adams, 2017). 

The inputs for CMAQ include meteorology data, model ready emission, initial condition, 

and boundary conditions. The outputs of the CMAQ include hourly concentrations of pollutants 

in question, cumulative wet deposition, cumulative dry deposition, visibility metrics, and 

diagnostic outputs. Initial conditions define the chemical conditions at the start of a simulation 

and boundary conditions define the chemical conditions on the horizontal faces of the modeling 

domain. Initial conditions decay exponentially with simulation time. Boundary conditions on the 

upwind boundary continue to affect predictions throughout an entire simulation. 

In CMAQ, metrological variability plays a significantly important role in determining the 

daily and seasonal variations in pollutant concentrations. Meteorological inputs can be offline or 

online. Offline meteorological conditions are usually imported from a separate meteorological 

model. Online data are so called predicted meteorology. The CTM model is also a host model 
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that includes meteorology. The host model may be global climate model or regional meteorology 

model (e.g., MM5 and WRF).  

Emissions can be expressed as the product of emission factor (EF) and activity level. 

Offline emissions are usually pre-calculated input data into the model. Online emissions are 

based emission rates dependent on meteorological conditions. Emission processing always has 

the most substantial uncertainty in any CTM modeling study. In a CTM, emissions can be in 

forms of point, line, and area sources.  

The specific emission processor for CMAQ is Sparse Matrix Operator Kernel Emissions 

(SMOKE) Modeling System. Emission sectors in SMOKE are area, mobile, point, and biogenic. 

Area sources (e.g., construction and agricultural sources, residential heating, road dust, fires, 

etc.) require spatial surrogates to map into a model grid. Mobile sources can be divided into on-

road and non-road. On-road emission requires emission factors for local vehicles and activities 

and speeds for local road. On-road emission is gridded by roadway distribution or links. Point 

sources reflect emissions at specific latitude and longitude coordinates. Biogenic sources are 

estimates of emissions from vegetation and soils. Biogenic sources use gridded land use data and 

emission factors by vegetation type. The main job that SMOKE does is to transform emission 

inventory (EI) to a CMT model input. Traditionally, EI usually uses annual data and is reported 

by source and by inventory pollutant. Whereas the air quality model input will be hourly, 

gridded, and by model species. Three steps involved in SMOKE emission processing are spatial 

allocation, chemical allocation, and temporal allocation.  

Due to the current status and issues associated with air quality prediction, there is a great 

need to continuously improve the inputs and functionality of air quality modeling. Zhang et al. 

(2008) reported that the issues with the current modeling are inaccuracy in estimation of NH3 
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emission, inaccurate metrological condition prediction, missing or inadequate model treatments 

of chemical and physical processes, poorly-simulated short and range dispersion transport, and 

deposition of NHx, high uncertainty in dry deposition parameterization, and lacking of real-time 

observations on emission, concentration, and deposition for supporting model validation.  

The CMAQ developed by the EPA is a powerful computational tool for air quality 

assessment. States use CMAQ to develop and assess implementation actions needed to attain the 

National Ambient Air Quality Standards (NAAQS) (Adams, 2017). The system simultaneously 

models multiple air pollutants, including ozone, PM, and a variety of air toxics, to help 

regulators determine the best air quality management scenarios for their communities, states, and 

countries. The CMAQ brings together three kinds of sub-models. The meteorological model 

simulates atmospheric and weather activities. The emission model represents man-made and 

naturally-occurring contributions to the atmosphere. An air chemistry transport model predicts 

the atmospheric fate, transport, and transformation of air pollutants under varying conditions. 

The updated version (v5.3) of the CMAQ model platform has improved fine-scale capabilities, 

updated representation of physical and chemical atmospheric processes, improved capacity to 

identify air pollution hot spots, and improved computational efficiency (Appel et al., 2016).  

The CMAQ system has been designed to approach air quality as a whole by including 

state-of-the-science capabilities for modeling multiple air quality issues, including tropospheric 

ozone, fine particles, acid deposition, and visibility degradation. The CMAQ was also designed 

to have multiscale capabilities so that separate models are not needed for urban and regional 

scale air quality modeling. By making CMAQ a modeling system that addresses multiple 

pollutants and different spatial scales, it has a “one-atmosphere” perspective that combines the 

efforts of the scientific community. To implement multiscale capabilities in CMAQ, several 
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issues, such as scalable atmospheric dynamics and generalized coordinates, which depend on the 

desired model resolution, are addressed. A set of governing equations for compressible non-

hydrostatic atmospheres are available to better resolve atmospheric dynamics at smaller scales. 

Because CMAQ is designed to handle scale-dependent meteorological formulations and a large 

amount of flexibility, its governing equations are expressed in a generalized coordinate system. 

This approach ensures consistency between CMAQ and the meteorological modeling system. 

The generalized coordinate system determines the necessary grid and coordinate transformations, 

and it can accommodate various vertical coordinates and map projections. The CMAQ modeling 

system simulates various chemical and physical processes that are thought to be important for 

understanding atmospheric trace gas transformations and distributions. The chemical transport 

model includes the following process modules: horizontal advection, vertical advection, mass 

conservation adjustments for advection processes, horizontal diffusion, vertical diffusion, gas-

phase chemical reactions and solvers, photolytic rate computation, aqueous-phase reactions and 

cloud mixing, aerosol dynamics, size distributions and chemistry, plume chemistry effects, and 

gas and aerosol deposition velocity estimations (Byun and Schere, 2006). 

3.1.2 Previous Studies with CMAQ Modeling 

 

In Wu et al. (2008)’s study, three-dimensional numerical meteorological (MM5) and 

CMAQ were applied to study the fate and transport of NH3 in the atmosphere in southeast U.S. 

centered over NC. One summer and one winter month of simulations with a 4-km horizontal grid 

were conducted to simulate the meteorological and chemical environments for the transport and 

transformation of the reduced nitrogen, NHx (NH3+NH4
+), and to examine its seasonal variations 

and interactions with other chemical species (e.g., ozone and PM2.5). The model performance for 

simulated meteorology and air quality was evaluated against observations in terms of spatial 
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distributions, temporal variations, and statistical trends. MM5/CMAQ gave an overall good 

performance for meteorological variables and O3 mixing ratios and a reasonably good 

performance for PM2.5. The simulations show that 10 to 40% of total NH3 was converted to NH4
+ 

at or near source and 40 to 100% farther downwind in August, and the conversion rates were 20 

to 50% at or near source and 50 to 98% downwind in December. The sensitivity simulation 

results showed that agriculture-livestock NH3 emissions contributed significantly to the 

concentration of PM2.5, mainly NH4
+ and NO3

-, in Kenansville area in NC during August 2002, 

but their contributions to the concentrations of SO4
2- was relatively small. The impact of NH3 

emissions on PM2.5 formation showed strong spatial and seasonal variations associated with the 

meteorological conditions and the ambient chemical conditions. In Wilkes County, a downwind 

area of high NH3 emissions, it was also observed that increases in NH3 emissions in summer 

resulted in >10% increases in the concentrations of NH4
+ and NO3

- ; reductions in NH3 emissions 

in winter resulted in >20% decreases in their concentrations. The large changes in concentrations 

occurred downwind of the high NH3 emissions under NH3-poor or neutral condition. The 

adjustments over baseline inventory in NH3 emissions improved appreciably model predictions 

of NH4
+ and NO3

- both in August and December 2002, but resulted in negligible improvements 

in PM2.5 in August and a small improvement in December, indicating that other factors (e.g., 

uncertainties in meteorological predictions, emissions of other primary species, aerosol 

treatments) might be responsible for model biases in PM2.5. While the three-dimensional 

atmospheric models demonstrated some ability in capturing synoptic meteorological patterns, 

diurnal variations of concentrations of oxidants and PM2.5, and regional transport and 

transformation of NHx, reproducing meteorological and chemical features at a local scale and the 
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magnitudes of hourly concentrations of oxidants and PM2.5 remain challenging due to 

uncertainties in model inputs and treatments (Wu et al., 2008). 

Dennis et al. (2007) examined two major sources of bias in CMAQ model, one physical 

and one chemical process, using hourly gas and particulate data for the inorganic system of SO4
2, 

NO3
-, HNO3, and NHx. The analyses were carried out for a summer and a winter period to 

examine the seasonal dependence of the biases. It was found that the physical source of bias 

came from the meteorological inputs related to mixing, in particular, the behavior of the 

simulated mixed layer in the evening. The chemical source of bias came from the nighttime 

heterogeneous production of HNO3 from N2O5. There was a systematic over-prediction in the 

late afternoon for species that were either emitted or produced at the surface in the late afternoon 

and early evening. This observation was possibly explained by a premature collapse of the 

boundary layer in the model. The over-prediction appeared to be relatively larger in urban areas 

and smaller in the rural areas, lending further support to the hypothesis that an important source 

of the problem could be inability of the meteorological models to adequately account for the 

urban heat island effect. The degree of over-prediction also appeared to be larger in summer than 

in winter. The diurnal analyses together with a variety of sensitivity analyses showed that the 

influence of the nighttime heterogeneous reactions on overall HNO3 production was much larger 

in winter than in summer. 

Dennis et al. (2010) used CMAQ model to identify the dominant processes that dictate 

the fate of NH3, and to address the questions of how much NH3 deposited locally and what was 

the range of influence of NH3 emissions. The CMAQ simulation was for June 2002 with a 12–

km grid size, covering the eastern half of the US. Three different NH3 dry deposition 

formulations were studied, including one that represented bi–directional NH3 air–surface 
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exchange, to represent uncertainty in the NH3 dry deposition estimates. They found for 12–km 

cells with high NH3 emissions from CAFOs that the local budget was dominated by turbulent 

transport away from the surface and that from 8 to 15% of a cell’s NH3 emissions dry deposit 

locally back within the same cell. The CMAQ estimates were consistent with local, semi–

empirical budget studies of NH3 emissions. The range of influence of a single cell’s emissions 

varied from 180 to 380 km, depending on the dry deposition formulation. At the regional scale, 

wet deposition was found to be the major loss pathway for NH3; nonetheless, about a quarter of 

the NH3 emissions was estimated to be transported off the North American continent, an estimate 

that was not sensitive to the uncertainty in dry deposition. 

To evaluate CMAQ modeling system in reproducing the spatial patterns of aerosol 

concentrations over the U.S. on timescales of months and years, Phillips and Finkelstein (2006) 

compared the spatial patterns of model outputs with those derived from observational data of two 

EPA’s monitoring networks. Simple spatial interpolation procedures were applied to data from 

the Clean Air Status and Trends Network (CASTNet) and Speciation Trends Network (STN) 

monitoring networks. Comparisons between the modeled and interpolated spatial patterns 

showed very good agreement in the locations and magnitude of the maxima and minima, as well 

as the gradients between them.  

Inorganic PM2.5 was found to be sensitive to NH3 emission in wintertime in NH3 poor 

environment (Pinder et al, 2007). Especially for NH3 poor areas, NH3 emission reductions can be 

cost-effective strategy for PM2.5 (Pinder et al., 2007). 

Phillips et al. (2006) studies the atmospheric N deposition in NC using CMAQ. In this 

work, the CMAQ was applied for simulating summertime in 1995 in a domain composed of 34 x 

42 cells with a 36 km horizontal grid resolution. The chemical mechanism used was the modified 
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version of the Carbon Bond Mechanism IV (CB4), which consisted of 36 species and 93 

chemical reactions. The N species concentration measurements were taken from EPA’s Air 

Quality System (AQS). The wet deposition data were from the National Atmospheric Deposition 

Program/National Trends Network (NADP/NTN). Modeling results showed that NH3 accounted 

for 38% of the total dry deposition component, and NH4
+ contributed 48% of the total wet 

deposition component. It was also reported that as a result of intensive animal farming (e.g., 

swine and poultry facilities) in eastern NC, NH3 was the largest contributor to regional dry 

deposition fluxes in the Neuse River Basin, approximately 47% of the total N loading. Within 

total N deposition during summer in NC, NH3 contributed about 50% to dry deposition and NO3
- 

contributed to 50% of wet deposition (Philips et al., 2006).  

In the study by Krishnan (2008), CMAQ modeling was adopted to evaluate dry 

deposition prediction of NH3, and to identify and improve deposition parameterization in CMAQ 

modeling system. The simulation with 12-km resolution predicted higher deposition flux than the 

4-km resolution simulation (Krishnan, 2008). Comparing to observational data, Krishnan (2008) 

also discovered that both summer and winter NH3 dry deposition fluxes were underestimated 

during daytime and overestimated at nighttime potentially due to the amount of reduced N 

species and sensitivity of dry deposition velocities.  

Using the Soil and Water Assessment Tool (SWAT) along with CMAQ deposition 

modeling, Gabriel et al. (2014) studied the impacts of Clean Air Act Amendment (CAAA) on 

NOx emissions and fate and transport of N on two watersheds in the Neuse River Basin. 

Emissions with and without CAA emission control were simulated by CMAQ.  Denitrification 

and plant N uptake played important roles in N discharge from each watershed (Gabriel et al., 
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2014). They found out that there was relatively large N retention in both watersheds, over 80% 

of all delivered N.  

In NH3 poor environment, the reduction in NH3 emissions could be a very cost-effective 

solution than the reductions from other sectors to the air quality problem associated with 

secondary PM (Backes et al., 2016). In the study of Backes et al. (2016), CMAQ modeling was 

used for simulating atmospheric scenarios in Europe. The improved NH3 emission 

parametrization in the program of SMOKE was investigated. For the model domain, which 

covered the major cities in Western Europe, it was found that 50% reduction in NH3 emission 

would lead to a 24% reduction of the total PM2.5 concentration and this observed reduction was 

essentially a result of reduced formation of ammonium nitrate (NH4NO3) (Backes et al., 2016).  

They also concluded that the reduction in wintertime had a greater impact than the rest of the 

year, which could be useful reference knowledge in adjusting farm management strategies and 

mitigating NH3 emission.  

In Kelly et al. (2016)’s study, the phase partitioning of NH3, HNO3, and HCl with size-

resolved particles over northern Colorado in winter was simulated by CMAQ. It was reported 

that the total of particle phase NH4
+ and gaseous phase NH3 was under-predicted in the CMAQ 

simulation by a factor of four. The findings indicated that there was a great need for an improved 

bottom-up NH3 EI in that area (Kelly et al., 2016).  

In the work by Kelly at al. (2018), CMAQ modeling was used to predict NH4NO3 in the 

San Joaquin Valley of California (CA). Model evaluation was done by comparing model outputs 

to the observational data by Deriving Information on Surface Conditions from Column and 

Vertically Resolved Observations Relevant to Air Quality (DISCOVER-AQ) field campaign in 

the San Joaquin Valley early 2013. Predictions on the gas-particle partitioning of total nitrate 
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(HNO3 + NO3
-) and NHx (NH3 + NH4

+) generally agreed with the measurements in Fresno, CA. 

However, HNO3 was found to be overestimated at low relative humidity on some afternoons. 

Ammonium nitrate was found to be limited by HNO3 availability in the model and 

measurements. Kelly et al. (2018) also reported the need of improvement in spatial allocation of 

NH3 emissions as a result of underestimated NH3 mixing ratios. It was recommended to re-

evaluate NH3 emission and air quality modeling since NH3 was underestimated in major 

emission source regions, where very high mixing ratios were measured (Kelly et al., 2018).  

The prediction of gaseous and particle phases of N speciation still remains a problem, 

including over prediction of HNO3 (Luecken et al., 2019). The causes of this issue were not 

clear, whether this resulted from emission uncertainties, mischaracterization of physical 

processes, or unknown chemistry mechanisms (Luecken et al., 2019). 

It is important and would have great advantages to have hyperfine spatial resolved NH3 

EI to identify, categorize, and quantify NH3 emission hotspots down to the point source (Van 

Damme et al., 2018). According to Van Damme et al. (2018)’s work on identifying point sources 

of agricultural NH3 emissions, it is necessary to completely re-examine the global EI of 

anthropogenic NH3 sources and also to account for the rapid evolution of NH3 sources over time.  

Zhou et al. (2015) improved the NH3 EI for northeast China with fine grid resolution and 

updated emission estimation method. The CMAQ outputs with their new inventory on NH4
+ 

concentrations were comparable with the observed data (Zhou et al., 2015).  

The CMAQ modeling was applied in Pye et al. (2018)’s work to describe the partitioning 

of NH3, water, and organic compounds between gas and particle phases for conditions in 

southeastern US during summertime in the year of 2013. They found that the gas phase NH3 was 
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overestimated in the CMAQ model, which resulted in a lower fraction of total NH3 in the particle 

phase.  

3.1.3 Ammonia Monitoring Networks 

 

As in any of modeling practice, CMAQ predictions should be compared with observation 

data to confirm the accountability of the model prediction.  Since NH3 is not a criteria pollutant 

under the NAAQS, field measurement data of ambient NH3 concentrations are very limited.  

Through intensive literature search, two data sets of field NH3 measurements were identified and 

used for this study. One dataset was the biweekly NH3 concentration measurements by the 

National Atmospheric Deposition Program (NADP). The other dataset was the NH3 monitoring 

data at a location named Clinton Site Sampson County in NC by the NC Department of 

Environmental Quality (NCDEQ) for investigating the direct impacts of rapid growing swine 

farming at the time on ambient NH3 concentrations in the area with the highest density of swine 

farms.  

Ammonia Monitoring Network (AMoN) under NADP is the only network providing 

consistent, long-term record of NH3 concentrations across the US. The AMoN was officially 

approved as a NADP network in 2010. It has over 60 sites in the US. This network provides 

supports to land manager, air quality modelers, ecologists, and policymakers in assessing the 

long-term tendency in ambient NH3, validating air quality models, and better understanding 

atmospheric chemistry and NH3 fate and transport in ecosystem. The critical data provided by 

this network helps with evaluating long-term ecological effects due to the spatial and temporal 

patterns of NH3 gas in the atmosphere. The main data collection and sampling method applied in 

this monitoring network is a passive diffusive sampler and data are available bi-weekly. In NC 
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for the year 2014, NH3 concentration data are available at four sites, NC06, NC5, NC26, and 

NC30, shown in Figure 3.1. 

 

Figure 3.1. The AMoN sites in NC 

With NH3 emission documented in EPA NEI being nearly constant over 2008 to 2015, 

the gas phase NH3 concentration and wet deposited NH4
+ concentration showed increasing trends 

over a large area in the US over the observations of NADP/AMoN from the same time period 

(Butler et al., 2016). With increasing NH3 ambient concentration, there was no changes over NH3 

EPA NEI. The unchanged NH3 emission in EPA NEI allows to suspect the methods and results 

of estimating the NH3 emission from agricultural sources. However, based on the observations, 

Butler et al. (2016) reported that there had been a dramatic decline in particle phase SO4
2-, total 

NO3
-, and particle phase NH4

+ concentrations over the entire US. There had also been great 

decline in SO2 and NOx emissions. If the NH3 EPA NEI was correct, it was very likely that the 

net reductions in SO4
2- and NO3

- in the atmosphere would limit the reactions and removal of 

atmospheric NH3. With continued efforts in operation, the AMoN will allow for the assessment 

of long-term trends in atmospheric NH3 (Bash et al., 2015).  

Increasing NH3 ambient concentration trends in both seasonal and annual aggregation in 

large regions were observed in the US. (Butler et al., 2016). Based on the seasonal air quality 
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data from the Clean Air Status and Trends Network (CASTNET), it was reported significant 

declines of atmospheric SO4
2-, NH4

+, and total NO3
- during the same period. Decline in the 

concentration of these species would affect residence time of reduce N species in the 

atmosphere. Due to the reduction in NOx and SO2 emissions, there would be less substrate to 

react with NH3 to form particulate NH4
+ species. This would lead to more localized deposition of 

NH3 (Bulter et al., 2016).  

Increases in NH4
+ concentrations in precipitation and NH4

+ wet deposition were observed 

across most of the continental US, with a median trend across the 159 sites evaluated of +28.5%. 

Increases were particularly notable in the central and upper Midwest (Lehmann et al., 2007). 

Only limited NH3 emissions trends data are available from the US EPA for comparison 

indicating a need for more detailed ammonia EI, but those available indicate that changes in 

emissions alone cannot account for observed NH4
+ increases. These findings point to the need 

for spatial-temporal concentration measurements of gas-phase NH3 so that we can better 

understand the relationships between NH3 emissions, ambient NH3 concentrations, particulate 

NH4
+, and NH4

+ in precipitation. 

In 1999, NCDEQ Ambient Monitoring Section of Division of Air Quality (AMS-DAQ) 

launched a special study on monitoring ambient NH3 concentration at Clinton Site in Sampson 

County, NC, located in the center of populated swine farms (Figure 3.2). The raw data were 

taken as hourly measurements of NH3 concentrations in ppbv in the year of 2014. Totally, there 

are 7,605 data points with some missing data in the spring of 2014. 
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Figure 3.2. The location of the Clinton monitoring site by NCDEQ and the poultry and swine farms 

distribution (marron dots) in NC 

 

Figure 3.3. Poultry and Swine farms within 50-km buffer zone from the Clinton monitoring site (note that the 

dot size is proportional to the farm size) 

 

The Clinton site was located in an area with high animal production density, near Duplin 

and Sampson Counties (Figures 3.2 & 3.3). In fact, Duplin and Sampson counties were reported 

to have the highest NH3 emission rates among all the US counties in both 2011 and 2014 NEIs 
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(Battye et al., 2019). In the 2011 NEI, it was reported that 96% of NH3 came from agricultural 

livestock operations in NC.  

Hourly NH3 concentration was measured by a continuous monitoring system operated by 

NCDEQ at the Clinton Crop Research Station (NCDEQ, 2016). The monitor was a Thermo 

Scientific Model 17i Ammonia Analyzer with a detection limit of 1 ppbv and a precision of 0.4 

ppbv. This instrument underwent automated calibration every 36 hr, and the data for the first 4 to 

5 hours of every 36 hr were not stable. To ensure the liability of data acquisition, it is highly 

recommended to ignore the data in the first 5 hour after calibration.  

In the 50 km neighborhood of Clinton site, the majority of AFOs were turkey and swine 

(Figure 3.3). While in the 10 km neighborhood of Clinton site, there were no actually farms 

located nearby. 

3.1.4 Objectives 

 

In this part of the study, the new NH3 EI developed in the previous chapter was inputted 

as a new emission source sector into CMAQ modeling to generate ambient NH3 concentrations 

for NC. The objectives were to:  

1. predict NH3 ambient concentrations in NC using CMAQ modeling approach 

coupled with the new NH3 EI 

2. use the predicted NH3 concentrations to identify NH3 hotspots in NC 

3. demonstrate the spatial improvements in NH3 hotspot prediction with the use of 

new EI compared to the existing 2014 EPA NEI 

4. check on CMAQ modeling by comparing the model predictions with field 

measurements.  
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3.2 Methodology 
 

Several Steps taken in this CMAQ modeling practice included preparing inputs, setting 

running parameters in scripts, getting outputs, and analyzing outputs. The model structure was 

indicated in Figure 3.4 shown below. In CMAQ model, the preparation steps involve with 

meteorology modeling, emission modeling, and IC/BC preparations. The main body of CMAQ 

model utilizing the preparation processors is CTM, a.k.a., Chemical Transport Modeling (Figure 

3.4). In the diagram, SMOKE, which was highlighted, was the program used to prepared 

emission inputs and will be discussed more in detail in the following section.  

 

Figure 3.4. CMAQ model structure from inputs to outputs (Adams, 2017) 

 

The compilation of SMOKE and CMAQ needs the library and supporting files from 

netCDF and I/O API. In this study, both SMOKE and CMAQ were compiled, installed, and run 

in NCSU High Performance Computing (HPC) System platform.  

The spatial domain of CMAQ simulation was named 12US1, which means a large US 

domain with 12 x 12 km spatial resolution. Time wise, since the new NH3 EI was established for 

the entire year of 2014, the CMAQ modeling inputs were for 2014. 
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The CMAQ simulations were performed for one duration of 3 days in in January, April, 

October, and 5 days in July of 2014 to respectively represent winter, spring, summer, and fall. 

The detail in each simulation are discussed below. 

3.2.1 CMAQ inputs 

 

The major inputs of CMAQ are emissions, initial conditions, boundary conditions, 

lightning, land surface properties, and meteorology. Some of these inputs were obtained from the 

University of North Carolina at Chapel Hill (UNC) Institute for the Environment Community 

Modeling and Analysis System (CMAS) Center, these included initial conditions, boundary 

conditions, land surface files, and meteorological inputs.  

Under emission inputs, there are emission dates, gridded emissions, and inline point 

inputs. Emission dates are files defining the date type of emission inputs. The gridded emission 

files are basically the outputs from SMOKE emission processing. The general species emission 

rate unit is mole per second. In this study, the domain dimension was 459 x 299 cells and there 

were over 60 pollutant species. Each day designed for the CMAQ simulation had a gridded 

emission file. Inline point emissions are the summarized and processed emission files generated 

by SMOKE for inline point source sectors. Under inline inputs, there are stack group files 

defining the stack characteristics of inline elevated point source emissions. The source sectors in 

the inline emission category are mobile sources, oil and gas production emissions, electric 

generating units, fires, and other sources.   

The focus of this research was 2014 NC domain. In SMOKE, a new source sector was 

created named “pt_ag_livestock” meaning the point formatted agriculture NH3 emission from 

livestock and poultry production for NC. Specifically, in this new source sector, daily NH3 

emissions from poultry and swine farms were listed by the geographically locations (e.g., 
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longitude and latitude). This new source was only created and assigned for NC. Pre-merged 

emission file from this new sector was generated by running “merge” program in SMOKE. The 

processing SMOKE parts included smoke inventory, grid matrix, species matrix, temporal 

allocation, lay point, elevated point, and final merge.  Ammonia in the new sector was treated as 

a non-lifted pollutant meaning that no plume-rise effects were considered and no stack 

parameters were defined.  

After having the pre-merged emission file for “pt_ag_livestock” sector, a CMAQ post-

analysis tool “combine” program was used to replace EPA NEI NH3 input emission with the new 

EI from poultry and swine sectors of NC. In the EPA NEI platform embedded within SMOKE, 

there were two parameters associated with NH3 inputting, [NH3] and [NH3_FERT]. The [NH3] 

represents the NH3 emissions from livestock and poultry waste and the [NH3_FERT] represents 

the NH3 emissions from fertilizer. In this step, the parameter [NH3] in EPA NEI platform was 

completely removed from the entire US domain and replaced by NH3 emission from 

“pt_ag_livestock” only for NC. The parameter [NH3_FERT], emission from fertilizer in the 

whole US remained unchanged. Due to difficulties in extracting NC domain from areal livestock 

NH3 emission in SMOKE and replacing NC with pt_ag_livestock in EPA NEI platform, 

pt_ag_livestock for NC was treated as the only livestock NH3 emission in the entire US domain. 

In other words, all simulations for 4 seasons in this study, livestock NH3 emissions (i.e., new EI) 

were only applied in NC domain, instead of the entire US domain. The livestock NH3 in other 

states were set as zero. It was recognized afterwards that this approach might create an artificial 

NH3 sink at the state boundaries due to the changes in atmospheric chemistry.  

The initial condition input files include the initial parameters on the starting date and time 

of the simulation, and it generates a gridded binary netCDF file of the chemical conditions in the 
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modeling domain for the first hour of a simulation. In this work, the ICON files for 20140101 

(i.e., Jan. 1st 2014), 20140401, 20140702, and 20141001 were obtained from UNC CMAS 

Center. Each of them has only one time step as the initial running setting for the corresponding 

simulation. The ioapi utility tool “m3tshfit” was used to convert certain exiting dates to the 

desired ones.  

The boundary condition files generate a gridded binary netCDF file of the chemical 

conditions along the horizontal boundaries of the modeling domain. These boundary conditions 

can be either static or time varying. For boundary files in this study, due to limitation of the 

source input files, a netCDF operator tool (NCO) was utilized to re-organize and combine the 

time steps in all boundary input files. The specific NCO tool used here was “ncrcat”. This tool 

simply converted individual daily boundary condition file to a file supporting the entire month.  

The inputs of land or surface parametrizations come from Biogenic Emissions Landuse 

Database (BELD). The BELD data provides distributions of over 230 vegetation classes at 1-km 

resolution over most of North America. Gridded biogenic emissions come from the SMOKE 

program NORMBEIS3 using gridded land use data.  

The meteorological inputs come from the Meteorology-Chemistry Interface Processor 

(MCIP) provided by UNC CMAS Center. The MCIP's functions are to incorporate the 

meteorological model output fields in their native formats, perform horizontal and vertical 

coordinate transformations, diagnose additional atmospheric fields, define gridding parameters, 

and prepare the meteorological fields in a form required by the CMAQ modeling system. MCIP 

outputs are on a daily basis.  

3.2.2 Running Settings 
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The version of CMAQ used in this study was CMAQv5.3 available at UNC CMAS 

center (https://www.cmascenter.org/download/forms/step_1.cfm). The chemical mechanism used 

was cb6r3_ae7_aq. The domain was 2014 12US1. The simulations were done for January 1st 

through 3rd, April 1st through 3rd, July 2nd to 6th, and October 1st through 3rd. The simulation on 

July 6th was not completely full through and only partially done. Therefore, the resulted outputs 

of July 6th were not included and discussed in the Results and Discussion Section. The specific 

settings are listed and described in the Table 3.1 below. 

Table 3.1. Parameter settings in CMAQ running scripts 

Parameter Setting Notes 

Version v5.3  

Chemistry Mechanism cb6r3_ae7_aq  

Domain 2014_12US1  

Horizontal Domain 

Decomposition 
8 x 6  

Species All  

Layer 1 (Bottom)  

CTM_WBDUST_BELD BELD3 
Use land use database for identifying dust source 

regions 

CTM_LTING_NO N Turn on lightning NOx 

CTM_ABFLUX N 
Use ammonia bi-directional flux for in-line deposition 

velocities 

CTM_BIDI_FERT_NH3 T 
Subtract fertilizer NH3 from emissions because it will be 

handled by the BiDi calculation 

 

 

 

https://www.cmascenter.org/download/forms/step_1.cfm
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3.2.3 CMAQ outputs 

 

The CMAQ outputs include ambient concentration, deposition, visibility, and 

diagnostics. Although the inputted new EI was on daily basis, the outputs of CMAQ had hourly 

instantaneous concentration and hourly average concentration for gas and aerosol species. For 

deposition outputs, it has hourly cumulative dry and wet deposition files.  

The CMAQ outputs using EPA NEI emission inputting files were obtained from US 

EPA. Averaged concentration, dry deposition, and wet deposition outputs were also provided. 

3.2.4 Post Analysis 

 

Hourly CMAQ outputs of NH3 concentrations in the unit of ppmv were used to make 

inter-comparisons with the hourly measured field data at the Clinton site in NC and the model 

outputs using 2014 NEI run by US EPA. The comparison results were separated and presented 

by day for better visualizing the differences in a time scale. The post CMAQ analysis tool 

“writesite” was utilized to pull the location of Clinton site in CMAQ gridding system.  

Due to the daily resolutions of inputted EI, CMAQ outputs were analyzed on a daily 

basis, which was taken from hourly outputs. The tool used to convert hourly average to daily 

average is the “hr2day” program. Then the processed daily output was inputted into the programs 

“writesite” and “sitecmp”, which were developed for comparing modeling sites to measurement 

sites. This site writing or comparison step is also a step transforming grid to point data.  

The spatial differencing between model outputs from the new EI in this study and 2014 

EPA NEI was processed and presented by using GIS techniques. The CMAQ netCDF files were 

imported with transformation of projection and coordination systems into ArcGIS. Since the 

domain of CMAQ output was the entire US, a NC boundary layer was used to clip the domain of 

focus off the imported layer. The initial format of this imported layer was feature class. In order 
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to perform raster algebra, layer with feature class was converted into raster format. The spatial 

difference was the result of taking the difference between new EI layer and the EPA NEI layer.  

In order to better visualize and compare NH3 emissions from point source farms in this 

study, point source NH3 emissions were transformed into point density and they were mapped by 

GIS. Point density calculates a magnitude-per-unit area from point features that fall within a 

neighborhood around each cell. This density was calculated using the number of points that fell 

within the neighborhood of each output raster cell, divided by the area of the neighborhood. The 

default value was one, which calculates density in units of number of points per square map unit. 

In contrast, due to the limitation of spatial resolution, 2014 EPA NEI NH3 emissions were 

mapped by county in NC.  

3.3 Results and Discussion 
 

3.3.1 Temporal Profiles of NH3 Emissions and Ambient Concentrations at Clinton Site 

 

Through the CMAQ modeling practices in this study, it was discovered that impropriate 

initial condition and boundary settings of the CMAQ model could most likely induce artificial 

effects that led to a high concentration at the beginning or re-start a simulation loop. Simulation 

time is critical for eliminating such model artifacts. In this study, although simulations were 

conducted for four seasons, relatively short simulation time (3 days per season) for spring, fall 

and winter has caused unreasonably high concentration predictions, therefore, results for these 

three seasons were considered invalid and only July (summer) 5-d simulation results were used  

for further examination and discussion. As an example, Figure 3.5 shows the high NH3 

concentration prediction by CMAQ using the new EI (done by this study) compared to the EPA 

NEI (done by EPA) and field measurements at the Clinton Site. This was the output from 3-day 
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simulation in January, of which the modeling results by this study with NEW EI had no spin-up 

settings and was impacted by initial condition in a negative way.  

 

Figure 3.5. Hourly NH3 concentrations from model predictions and field measurement at Clinton Site on 

January 2nd 2014 

 

The CMAQ simulation in July took place on July 2nd through July 6th. The simulation on 

July 6th was not complete. Figure 3.6 shows the hourly NH3 concentrations from model 

predictions (using EPA NEI done by EPA and the new EI done by this study) and field 

measurements at Clinton site for three consecutive simulation days on July 2nd to July 5th.  

It was observed a trend that the model predictions were improving as the proceeding of 

simulation time. The first day, July 2nd, was involved with great bias induced by model limitation 

associated with initial and boundary issues. On July 3rd, both model predictions with EPA NEI 

and the new EI were not stabilized most likely due to the extended effects from initial and 

boundary conditions set on the first day of simulation. However, the influences of initial and 
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boundary conditions gradually diminished as the simulation proceeded into the third day on July 

4th. On both July 4th and July 5th, the model prediction on NH3 concentration was improved by 

the new EI compared to EPA NEI. It seems that the model prediction by using the new EI had a 

better agreement with the measurements as compare with model predictions by using EPA NEI. 

In addition, it was also observed that the nighttime NH3 concentration predicted by CMAQ 

model was not in alignment with measurement perhaps due to the uncertainties in modeling 

mixing condition and boundary layer height. 

 

Figure 3.6. Hourly NH3 concentrations from model predictions and field measurements at the Clinton Site 

from July 2nd to July 5th 
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There are two observations from the hourly profiles of NH3 concentrations (Figure 3.6). 

Firstly, as the simulation time proceeded and CMAQ model became more stabilized, the 

predicted NH3 concentration profile by the new EI tended to be more matching the field 

measurement at Clinton site. This phenomenon indicates that the model performance on 

simulating the chemical fate and transport improves with the use of the new EI. In the new EI, 

livestock and poultry production was established and treated as individual point sources, which 

would substantially change the NH3 source dynamics, especially spatial allocation, in CMAQ 

modeling system. Figure 3.7 shows an example indicating this advanced emission estimation 

method and how it impacts on the emission processing by SMOKE program and predicted 

concentration by CMAQ in Sampson County area. In the new EI from this study, evaluating NH3 

emission by farm also treated as a point source greatly enhanced spatial resolution and allocation 

of agricultural NH3 emission sources, not only in an inventory basis, but also it would benefit the 

CMAQ modeling on NH3 fate and transport. However, in the EPA NEI where NH3 emission was 

treated on a county level basis, it would compromise the emission resolution and the associated 

emission and concentration gradients in a local regime.  

Secondly, the CMAQ predicted concentration profiles by both inventories were observed 

to be higher than the field measurements at Clinton Site. Compared to the new EI, the model 

prediction by EPA NEI were relatively higher. The main reason was that during the July 

simulated periods, for Sampson County, the EPA NEI had much higher emission estimation than 

those of the new EI. The average daily county level emissions for Sampson during July 

simulation period in EPA NEI and new EI were about 144 ton and 53 ton.   
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Figure 3.7. An example of modeling process from emission to concentration for July 4th near Sampson County 

area (top: point density index of farm level total NH3 emission; middle: daily averaged NH3 emission rate 

from SMOKE; bottom: daily averaged NH3 ambient concentration from CMAQ) 
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Different studies found different CMAQ performance for predictions of concentration at 

different locations. Battye et al. (2019) investigated the temporal variability of atmospheric NH3 

concentration over NC by evaluating CMAQ predictions using ground level and satellite 

measurements. Comparing CMAQ outputs with field measurements at Clinton site, NH3 

concentration was over predicted by CMAQ by about 60% (Battye et al., 2019). Using a lower 

range NH3 emission used in 2011 NEI estimates (Battye et al., 2019), there still remained a 60% 

over prediction of CMAQ estimation over than ground-level measurements.  A couple of 

previous studies found that CMAQ under predicted atmospheric NH3 ranging from 8% to 60% 

(Butler et al., 2015; Battye et al, 2016; Bray et al, 2017). However, in Battye et al. (2019)’s 

work, CMAQ was found to over predict NH3 concentration at Clinton site. Different studies were 

performed at different locations with different agricultural activity levels. It was pointed out that 

the prediction on meteorological condition such as precipitation at the monitoring site might be 

resulting in large bias which were unknown.  

Methodologies for estimating agricultural NH3 emissions were changing for the 2014 

EPA NEI. EPA adopted a more refined emission process based modeling approach for livestock 

and poultry waste (Battye et al., 2019). Battye et al. (2019) pointed out the short term waste 

management practice on farm site might be affecting the temporal variability of prediction 

performance whereas modeling only took temperature into consideration as for temporal 

allocation perspective. There remains a lot of uncertainties in adopting proper approach for NH3 

EI as results of uncertainties in management practices, emission factors, and variability at 

different temporal scales (Zhu et al., 2015). 

In Battye et al. (2019)’s paper, the hourly NH3 concentration of both ground-level 

monitoring and CMAQ prediction showed diurnal patterns within which daytime concentrations 
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were much higher than nighttime. However, this diurnal pattern was observed to be more 

significant as for CMAQ prediction over the monitoring results. Ammonia concentration 

predicted by CMAQ during the day was 15.7 ± 8.9 ppbv whereas measurements showed 9.0 ± 

6.6 ppbv (Battye et al., 2019). However, the overprediction by model was much lower in the 

nighttime compared to daytime. Battye et al. (2019) reported that CMAQ predicted a second 

peak concertation at around 17:00 local standard time which might be due to the delay of change 

of mixing condition and boundary layer height. The daytime peak concentration was generally 

much higher than the measured peak daytime concentration (Battye et al., 2019).  

It was hypothesized that this over prediction might be due to the uncertainties associated 

with predicting deposition processes in CMAQ. Battye et al. (2019) also stated that CMAQ 

under predicted wet deposition of NH4
+ and dry deposition of NH3, which could result in the 

overestimated on ambient NH3 concentrations by underestimated removal mechanisms. This 

Clinton site location was close to a boundary between an agricultural field and forest area which 

made it very challenging to define the atmospheric deposition and transport processes. Another 

perspective for understanding the prediction performance of CMAQ was to look at the spatial 

allocation of NH3 emissions. The monitoring site at Clinton was a single point within a 12-km 

grid cell, which might not be able to represent the entire grid where there were found to have 

many animal production facilities (Battye et al., 2019).  

Ammonia inventory for livestock and poultry production has long been treated as 

aggregated source type, very often on a county-based level (Pain et al., 1998; Hutchings et a., 

2001; Hyde et al., 2003; Huang et al., 2012; Kang et al., 2016). However, in this study, NH3 

emission sources are point type with emission estimated for each individual poultry or swine 

farm in NC. This source type transition from area to point would create some concerns as for 
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inventory establishment and chemical modeling. There are unknowns associated with how 

CMAQ model will treat point sources. Compared the traditional nonpoint source type, there is a 

need to verify and validate the model settings for the new source sector “pt_ag_livestock” by this 

study. In this modeling, the new point farm emission was treated as a non-elevated source with 

default stacking parametrization. This assumption was relatively reasonable as for the 

characterization of farm NH3 emission. However, whether the spatial allocation and temporal 

profiling in CMAQ should be adjusted to fit in with the point source type is unsure. In addition, 

in the modeling simulation from this study, the NH3 bi-directional flux function was set to be 

inactive. This setting might result in higher ambient concentration predicted by the model. But 

again, in this highly intensive farming regime, the bi-directional fluxing might not be affecting 

the predicted concentration to a large extent. These issues need be further investigated. 

Furthermore, with farm emission treated a point type source in SMOKE/CMAQ modeling 

system, it needs to refine the spatial gridding matrix in order to better capture the influence of 

individual farm emissions on the prediction concentration or deposition profiles.  

3.3.2 Spatial Ammonia Emissions and Concentrations  

 

Comparisons of predicted NH3 ambient concentrations from July 3rd through July 5th by 

CMAQ models with EPA NEI and the new EI are shown in Figure 3.8. The NH3 concentration 

hotspots predicted from the new EI were located mostly at Sampson, Cumberland, Duplin, 

Robeson, Moore, Union, Burke, Alexander, Wilkes, Yadkin, and Surry. In contrast, the ambient 

NH3 concentration predicted using the EPA NEI showed an aggregated cluster location in Duplin 

and Sampson County. With NH3 emission estimations from individual farms, the ambient 

predicted concentration could have higher spatially resolved hotspots. Through July 3rd to July 

5th, the changes of concentration hotspots were not substantial. Hotspots were mainly 
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concentrated in the center region of NC. Compared to the hot areas of ambient concentration 

predicted by EPA NEI, the model prediction by using the new EI not only had better spatially 

resolved hot points, but also had more predicted hotspots over the Charlotte area, Winston-Salem 

area, also in-between. These hotspots could be due to the emissions from poultry housing and 

manure storage estimated in the new EI. 

 
Figure 3.8. Model predicted NH3 ambient concentrations using EPA NEI and the new EI  

 

As it was pointed out in Chapter 3.2.1, in applying the new EI into CMAQ input setting, 

the livestock NH3 emissions (i.e., new EI) were only applied in NC domain, whereas the 

livestock NH3 emissions in other states were set as zero. Consequently, the CMAQ predictions of 

ambient NH3 concentrations at the boundary lines of NC were negligible (blue in Figure 3.8). In 

future study, correction need to be made to remain the livestock NH3 in other states while 

applying the new EI to livestock and poultry NH3 in NC domain. Model by EPA NEI predicted 
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to have a relatively low NH3 concentrations on the west and east state borders due to trans-

boundary transport from other states.  

The estimations of NH3 emission hotspots potentially provide fundamental knowledge 

and guidance for the environmental impacts of NH3 emissions in a regional scale. For instance, 

in Charlotte area (Figure 2.25 and Figure 2.26), it would have a high potential to have more NH3 

emission hotspots with high emission density. High emission would lead to increased N 

deposition, which might change the local atmospheric chemistry condition. While winter and 

summer are two seasons having great amount of NOx and SOx due to increased usage of heating 

and cooling, the increased NH3 emissions and deposition would accelerate and promote the 

chemical mechanisms towards to the formation of iPM2.5. These changes in atmospheric 

chemical speciation and interactions would result in great impacts on human health and eco-

system.  

In the CMAQ, input of daily NH3 emission is translated into hourly concentration by 

temporal allocation using temperature profile. Since the spatial resolution of EPA NEI and the 

new EI were very different, there might be more factors involving in the predicted NH3 ambient 

concentrations. For example, the EPA NEI had a county level resolution, in which each county 

occupied more or less 10 simulation grid cells. Using EPA NEI, the grid cells round the 

measurement site had the same level of NH3 emission. However, in the new EI, each grid cell 

had its unique emission assignment. This fact means the distance between source and receptor 

(e.g., Clinton site) plays an important roles in determining the fate and transport pathway and 

mechanisms. The correlation between measurement and model prediction is not only dependent 

on the emission levels, but also on the distance between source and receptor and deposition 

conditions.  
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3.3.3 Model Predictions versus Measurement at AMoN sites 

 

To check on CMAQ model performance, predicted NH3 concentrations were compared 

with data from two ambient monitoring site NC26 and NC30 of AMoN network (see Figure 3.1).  

Figure 3.9 shows comparisons of NH3 concentrations predicted by CMAQ with EPA NEI, and 

new EI, and the monitoring data. The mean and error bar of the model prediction by the new EI 

were taken from the July simulation with the first day excluded (July 3rd – July 6th). For AMoN 

measurements, data were collected biweekly, therefore there were only two data points available 

in July.  

As shown in Figure 3.1, the NC26 site was located in the center of animal production 

farms, meaning there were numerous sources nearby. Model predicted NH3 concentration 

showed a similarity between new EI and measurement. The mean of model prediction by using 

the new EI was approximately 1.67 µg/m3, which was slightly higher than measurements at 

NC26 site, 1.33 on July 1st and 1.26 on July 15th. 

 

Figure 3.9. NH3 concentrations at site NC26 of AMoN in summer of two model predictions and monitoring 

data  
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The NC30 (Figure 3.10) was located near the suburb of the city of Chapel Hill, one of the 

major cities in the upstate of NC. In Figure 3.10, the CMAQ prediction by using the new EI was 

observed to be very similar to the site monitoring data. However, model prediction by using EPA 

NEI was much higher than that of the new EI and measurement. The higher predicted 

concentration by EPA NEI than new EI was the result of higher emission level estimated by EPA 

NEI on July 3rd. The NC30 is located in Orange County. The county total daily NH3 emission on 

July 3rd in EPA NEI was 0.6 ton while the county total daily emission in the new EI was 0.4 ton.   

 

Figure 3.10. NH3 concentrations at site NC30 in summer of two model predictions and monitoring data  

 

3.3.4 Uncertainties and Limitation of the CMAQ Model Simulations in This Study  

 

In this study, the simulation times for January, April, and October were very short, only 3 

days. It was discovered afterwards that there were great limitation lying with short model 

simulation time. The major issue was the artificial influence from initial and boundary conditions 

on the NH3 concentration predictions. When the time was short, the model performance and 

stability was impacted greatly by the initial and boundary conditions. Very often, the initial and 

boundary conditions have great impacts on the starting period of a simulation, which may take a 
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few hours to a few days depending on the simulated transport mechanism. The influence was 

found to be vary according to emission strength, chemical conditions at a receptor, and the model 

type (Samaali et al., 2009). Since the simulations for January, April, and October in this study 

were short, the impacts from boundary and initial conditions might last for a day or two, which 

resulted in uncertainties with most of the simulation days. In addition, time spin-up setting can 

actually reduce the impacts from initial and boundary conditions. Unfortunately, in this modeling 

study, spin-up was not applied. Literature recommended a spin-up duration of 2 to 4 days 

(Samaali et al., 2009). Spin-up often happens before the time period of interest begins. With this 

startup period, model prediction will have little memory of the specific initial boundary 

condition. Instead, it will reflect more on the local/regional emission, atmospheric 

characteristics, transport and transformation, and deposition processes (Samaali et al., 2009). 

Therefore, simulation for these three months were considered invalid and was not discussed. 

Limitation also exists in the emission input and model settings in this work. Since NC 

was the only domain having livestock NH3 emission instead of the entire U.S. domain, it could 

cause an artificial boundary of NH3 emission and concentration on the state border. This artificial 

boundary highly possible induced the uncertainties in fate and transport mechanisms between 

inner NC and outer NC. It might generate an emission or concentration gradient between sources 

located within NC and the regions adjacent to NC domain. This way, due to livestock NH3 

emission was only simulated in NC, there would be impacts on the simulation of local and long-

term deposition and transport of NH3.  

Emission can have great impact in the fate and transport simulated by chemical transport 

modeling. It was found that the gaseous pollutants were mainly affected over emission hotspots 

during the model simulation (Im et al., 2018). Local emission sources had great impact on 
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predicted ambient concentration (lm et al., 2018). It was recommended to use a simple zero 

gradient initial boundary condition with short-term runs for domains having high emission levels 

(Samaali et al., 2009). 

3.4 Conclusions 
 

In this part, with the input of the new NH3 EI, CMAQ was used to predict the ambient 

concentrations of atmospheric NH3 in NC. Predictions on NH3 concentrations were compared by 

using EPA NEI and the new EI against the field measurements at Clinton Site and two AMoN 

sites. Ammonia concentrations were over predicted by both the new EI and EPA NEI as 

compared to the monitoring data at Clinton site. Spatial variability of predicted ambient NH3 

concentrations and their hotspots was much enhanced by profiling local NH3 emissions as point 

sources in this new EI. It is highly uncertain for EPA NEI to profile local emissions by county 

level which could diminish the NH3 emission hotspot predictions. As compared to AMoN sites 

in NC, there remained uncertainties in model prediction at state boundary range due to the 

limitations of model input and running settings. The model predictions were observed to have 

improved performance at two inland sites of AMoN, named NC26 and NC30. CMAQ model 

prediction performance varied by location of sites and time periods. In general, longer simulation 

(> 3 days) showed improvement in the agreement of model prediction and measurement.  
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CHAPTER 4. CONCLUSIONS AND FUTURE WORK 

4.1 Conclusions 
 

In this study, a new farm-level NH3 EI for poultry and swine animal production facilities 

in NC was established using updated NH3 EFs and farm activity data. The new NH3 EI was used 

as input to the CMAQ model applied for predicting NH3 ambient concentrations in NC.  

Farm level daily NH3 emissions were estimated by animal type and source sector. In NC, 

the numbers of broiler, layer, and turkey production farms were found to be 2,378, 871, and 

1,228, respectively. Ammonia emission from poultry confinement and swine lagoon were 

observed to be higher in summer than in winter. Swine confinement was found to have higher 

emission in winter than summer due to higher EFs associated with higher animal weights in 

winter. Among three source sectors (confinement, waste storage/treatment facility, and land 

application), animal confinement was found to contribute the most to the total on farm level NH3 

emission. The new EI established in this study had great advantages in updated temporal EFs and 

improved spatial resolution. Compared to EPA NEI, the new EI had high estimations of 

emissions from broiler and layer confinements. However, the annual total county level emissions 

from all sectors in the two EIs were found to be slightly different.  

The CMAQ model performance on prediction of ambient NH3 concentrations varied by 

space and time.  Through the inputting of this new NH3 EI, CMAQ was able to predict NH3 

hotshots with more detailed spatial information which were good reflection on the local animal 

farming practices. Longer simulation and at non-boundary stations showed improvement in the 

agreement between model prediction and measurement.  

4.2 Future Work 
 

• Quantitative study of emission estimation with temporal resolution (e.g., diurnal pattern)  
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• Quantitative study of emission estimation covering different geographic and operational 

management practices 

• Longer time CMAQ simulations with spin-up and bi-directional flux 

• CMAQ simulation with smaller grid cell size 

• More observation data in space to validate CMAQ model prediction spatially and 

temporally 
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