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REACTIVE NITROGEN AND CATTLE FEEDING SYSTEMS IN THE UNITED STATES: 

SOURCES, SINKS, AND SOLUTIONS 

Abstract 

by Christopher Daniel Gambino, Ph.D. 

Washington State University 

December 2015 

 

 

Chair: Kristen A. Johnson 

 

The goal of this research was to describe the sources, transformations, and sinks of reactive 

nitrogen (Nr), specifically ammonia (NH3), associated with cattle production. Three topics were 

examined: 1) emission measurement methods for NH3 from concentrated animal feeding 

operations (CAFOs), 2) analysis of air quality model results for CAFO emissions and deposition 

in the Pacific Northwest (PNW), and 3) policy analysis of two case studies representative of 

different levels of scientific certainty.  First, a new measurement technique to address the NH3 

emissions of a CAFO was examined. The relaxed eddy accumulation approach and the 

atmospheric gradient method were each coupled to an NH3 analyzer using cavity ring-down 

spectroscopy. Ammonia flux measurements were made with both instruments. The REA system 

proved to be not feasible.  Second, the AIRPACT-4 modeling system was evaluated for its 

ability to predict wet N-deposition by comparing weekly, seasonal, and annual averages to the 

National Atmospheric Deposition Program data within the PNW. AIRPACT-4 under-predicted 

wet N-deposition, although the performance statistics showed overall acceptable performance. 

The seasonality of AIRPACT-4 NH3–N emissions predictions and the total wet and dry N-
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deposition around three Oregon (OR) and three Washington (WA) CAFOs were also analyzed. 

Because of differences in the methods used by state agencies, the emissions used in the model 

were treated differently.  Peak June – July emissions occurred in the OR sites while WA areas 

sources had peak August – September emissions. In OR, 79 to >100% of emitted NH3-N was 

deposited within a 7,056 km
2
 area, while in WA 54 to 72% of NH3–N emitted was deposited 

surrounding each area source. Dry N-deposition for all sites during all seasons was higher than 

wet N-deposition, except in the spring for one OR CAFO. Third, a policy network analysis was 

used to describe the role of scientific knowledge as a resource in policy development. A novel 

tool that determines the stage of policy-making was established. To solve complex 

environmental problems, like that of reactive N cycling, trans-disciplinary thought and training 

are needed. As understanding of complex ecosystems grows, scientific knowledge should be 

transferred as a resource for scientifically sound policy development. 
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The global population is projected to increase to over 10 billion by 2050 (UNEP, 2007); thus, a 

sustainable food production system is needed to feed our world. Globally in 2013, 636 billion kg 

whole fresh cow milk (diary) and 325 billion kg beef and buffalo meat were produced (FAO 

STAT, 2015). The United States (US) ranked first in both dairy and beef production with 91 

billion kg and 33 billion kg, respectively (FAO STAT, 2015). The demand for high calorie and 

animal protein products increases with growing affluence in developing nations (Kearney, 2010). 

Beef and dairy products provide essential macro- and micronutrients for adults and growing 

children (Driskell et al., 2011).  While the production of these nutrients are essential to human 

health and to U.S. energy security through the recycling of ethanol by-products, animal 

production can negatively impact air and water quality through the release of atmospheric and 

aquatic pollutants. 

Manure, the by-product of dairy and beef production, leads to the release of ammonia (NH3), 

other reactive nitrogen (Nr) compounds, and carbon greenhouse gases to the atmosphere. 

Livestock operations accounted for 50% of the total U.S NH3 emission inventory (NRC, 2003). 

Once emitted, NH3 can react to form secondary particulate matter less than or equal to 2.5 um in 

diameter (PM2.5; Erisman and Schaap, 2004); resulting in human respiratory problems and the 

formation of regional haze. As described by the World Health Organization (2005), PM2.5 is 

among the most dangerous atmospheric pollutants because it interferes with gas exchange in the 

lungs leading to greater than 2 million premature deaths annually. In cool climates, livestock can 

contribute to 20% of the atmospheric PM2.5 concentration (Hristov, 2011). Additionally, wet and 

dry deposition of NH3 and particulate ammonium (NH4
+
) can impact terrestrial or aquatic 

ecosystems and contribute to acidification; eutrophication; and loss of biodiversity within the 

receiving ecosystem (Galloway and Cowling, 2002). 
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Unlike enteric methane emissions from ruminants, no NH3 or nitrous oxide are emitted from the 

animal directly, but rather volatilized from urine and manure waste streams. Therefore, from an 

environmental stewardship and human health perspective it is critical to assess how changes in 

production management may impact manure composition. For instance, intakes of nitrogen (N) 

and phosphorous (P) in cattle diets in excess of nutrient requirements are directly correlated to an 

increase in N and P excretion (Knowlton, 2004; Hristov and Huhtanen, 2008; Waldrip et al., 

2013). Cattle feeders inadvertently feed in excess of nutrient requirements when incorporating 

by-product feeds (i.e. grains post distillation processes) as energy sources. In fact, production 

cattle diets often change to implement low-cost feedstuffs while still achieving maximum 

production goals. Management adaptability is critical to ensuring the viability and sustainability 

of beef production. 

Sustainability constitutes a synergism between economic, social, and environmental prosperity 

(WCED, 1987; NRC, 2011). The recycling of by-products as cattle feedstuffs helps close 

nutrient cycles and provides affordable high-quality feedstuffs. Closed nutrient cycles help to 

alleviate environmental impacts. The ability to utilize low-cost high-quality feedstuffs helps 

cattle producers remain economically sustainable. Meeting the societal demand for animal 

calories and protein, especially in the developing world, addresses and assists in achieving the 

social component of sustainability.  

Yet, in moving toward economic sustainability and facilitating food security, society cannot 

neglect the impact of increased Nr and P excretion. As such, new research is needed to mitigate 

uncertainty with regard to atmospheric Nr emissions, transformations, and deposition 

surrounding concentrated animal feeding operations (CAFOs). 
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Science in policy making 

“Wicked” problems generally feature incomplete or contradictory scientific knowledge, multiple 

divergent political values among participants, unforeseen or unknown long-term impacts, and 

otherwise exhibit a high degree of complexity (Rittel and Webber, 1974). Many environmental 

issues, such as Nr cycling, are good examples of the problematic nature of wicked problems. The 

role of scientific knowledge in the policy-making process can differ based on whether social and 

political values are aligned or divergent. At the same time, scientific knowledge may be used 

differently along the stage-oriented heuristic of the policy making process. For example, 

technocrats argue for expert knowledge to define the problem, set a legislative agenda, and 

design policies during the policy-making stages. 

The creation of public policy in the face of scientific uncertainty inherent to wicked problems 

can lead to devastating repercussions. To avoid unintended consequences, holistic and 

scientifically grounded policies are needed. In the fields of environmental policy, knowledge of 

the environment is critical. One way scientists are able to better understand the environment is 

through observations and testing. Scientific observations from continuous measurements and 

monitoring help to develop a clearer picture of ecosystem function and responses. These data can 

be used to aid in modeling ecosystem response under different management or climatic 

conditions. However, models based on insufficient data are inherently insufficient predictors. 

The goal of this research was to describe the sources, transformations, and sinks of Nr, 

specifically NH3, associated with beef production in order to inform policy-making around the 

alignment of agriculture production goals and environmental outcomes. 
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THE FOOD SECURITY CHALLENGE 

Food security is a major concern globally. In 2009, there were approximately one billion hungry 

people across the planet (FAO STAT, 2010). The challenge of feeding the current 7 billion 

people and the ~3 billion additional mouths to come by 2050 is an epic undertaking (UNEP, 

2007). Achieving success will require a sustainable food system with a better understanding of 

unintended consequences. To that end, the Food and Agriculture Organization of the United 

Nations (FAO) boldly contextualized the United Nations eight Millennium Development Goals 

(MDGs) as “Food Comes First”. If creating availability and access to food is a priority then 

examining the context of demand for food is essential. Researchers recognize that the demand 

for food will increase not only with the size of the global population, but also due to the rise in 

per capita consumption as affluence increases. As populations become more affluent and have 

access to more food calories their diets change drastically. Kearney (2010), suggests the process 

of dietary change contains two main stages, the expansion effect and the substitution effect. The 

expansion effect is ubiquitous across countries and it is observed as an increased daily 

consumption of staple foods such as grains, roots, and tubers (Smil, 2000). The second stage, the 

substitution effect, will actually depend on cultural influence and religious ideologies, but results 

in consumption patterns shifting from typical staple foods to energy rich diets of vegetable oils, 

animal products, and sugar (Kearney, 2010). Unfortunately, this shift can lead to greater resource 

use from the stepwise inefficiencies in growing grain to feed livestock, and growing livestock to 

feed consumption patterns. The substitution effect describes the shift from carbohydrates to high 

energy and protein foods as populations get richer, meaning more meat consumed.  

In meeting the growing demand for food calories from beef there are some guiding principles. 

The Millennium Ecosystem Assessment recommends “the promotion of agricultural methods 
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that increase food production without harmful tradeoffs from excessive use of water, nutrients or 

pesticides” (Millennium Ecosystem Assessment, 2005). The Royal Society defines sustainable 

intensification as “achieving higher yields from the same acreage without severely impacting 

environment” (Royal Society, 2009). Sustainable agricultural practices will aid in creating food 

security. In its most recent refinement, “food security [is] a situation that exists when all people, 

at all times, have physical, social and economic access to sufficient, safe and nutritious food that 

meets their dietary needs and food preferences for an active and healthy life” (FAO, 2002; 

emphasis added). The idea of food preferences was added to the definition to ensure that 

autonomy remained in the food system. In this context, food preferences can be thought of as the 

growing desire and demand for beef.  

To measure the sustainability of an agricultural practice that meets the above criteria, researchers 

must focus on characterizing greenhouse gas emissions, water quality and use impacts, air 

quality impacts, waste generation, land use impacts, synthetic chemical use, access to food 

preferences, and nutrient concentrations in products.  This holistic approach to quantifying not 

only environmental impacts, but social and economic components of sustainability will result in 

more information for which society can use to make better informed decisions. 

Regulatory decisions need to be based on the best known science available rather than perceived 

environmental and animal welfare issues stemming from concentrated animal feeding operations 

(CAFOs). Regulations and public perceptions of beef production from cattle feedlots remain a 

paramount focus of the sustainable agriculture movement. A sustainable beef production system 

recycles nutrients (nitrogen, carbon, and phosphorus) and limits the loss of those nutrients to the 

atmosphere and aquatic ecosystems. The current state-of-science provides evidence of beef cattle 
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feedlots as emission sources of the reactive nitrogen molecule ammonia (NH3) to the 

atmosphere. However, there is no review of the literature to date that compares measurement 

methods, locations, seasons, and reporting basis for NH3 emissions from beef cattle feedlots. 

Neither does a compiled discussion of NH3 formation, nitrogen cycling, atmospheric 

methodologies, or modeling efforts exist. It is critical that when discussing any reactive molecule 

that has the potential to traverse ecosystems that not only are specific measurement studies 

reviewed but also chemical transformation, transport, monitoring, and modeling as well.  

Ammonia can negatively impact air quality and is a concern with regard to the sustainability of 

beef cattle production. Ammonia is a reactive nitrogen compound created from the hydrolysis of 

urea and urea is found in cattle urine. Bacteria residing in cattle feces contain the urease enzyme 

capable of (hydrolyzing urea. Thus, as the beef industry has intensified or concentrated the 

production system to achieve higher yields from the same acreage it has introduced the mixing of 

urine and feces (i.e. manure). Beef cattle manure is an optimal medium for the creation and 

release of NH3 into the environment. Once created NH3 can volatilize as a gas and be lost from 

production system into the atmosphere. Atmospheric NH3 is of concern, because it can react to 

form secondary particulate matter (PM2.5; Erisman and Schaap, 2004); resulting in human 

respiratory problems and forms the basis of regional haze. As described by the World Health 

Organization (2005), PM2.5 is among the most dangerous atmospheric pollutants, because it 

interferes with gas exchange in the lungs leading to greater than 2 million premature deaths 

annually. Additionally, wet and dry deposition of NH3 and particulate ammonium can impact 

terrestrial or aquatic ecosystems and contribute to acidification; eutrophication; and loss of 

biodiversity within the receiving ecosystem (Galloway and Cowling, 2002). These potential 

impacts fail to meet the Royal Society’s second component of sustainable intensification of 
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“without severely impacting environment” (Royal Society, 2009). As such, research determining 

source and rates of NH3 emissions from beef cattle feedlots must be assessed as one metric of 

sustainability.  

NITROGEN CYCLE 

The nitrogen cycle is complex. In terrestrial ecosystems, biogenic reactive nitrogen (Nr) 

emissions are a result of microbial processes within the soil, as well from release by plant cells. 

While the Earth’s atmosphere is composed of 78% dinitrogen (N2), a non-reactive form of 

gaseous N; three pathways exist for creation of new Nr. Two of the pathways are natural. One, 

biological nitrogen fixation (BNF), involves specialized prokaryotic cells (Balandreau, 1979). 

The nitrogenase enzyme is used to catalyze the conversion of N2 to NH3. The second pathway 

occurs when lightning strikes in the atmosphere. Each flash of lightning generates approximately 

500 moles of nitric oxide (NO; Ott et al., 2007). Otherwise, a majority of new Nr entering the 

terrestrial ecosystem is the result of the Haber-Bosch process. This process uses industrial means 

to convert N2 to NH3. 

Ruminants and Nitrogen 

While not creating new Nr, animal production systems are an important component of stocks and 

flows of Nr within the biosphere. All animal diets contain some form of nitrogen. In production 

systems aimed at maximizing beef and milk yields not all fed-N is digested, metabolized, 

retained, or converted into saleable product. In fact, 43% of dietary-N may volatilize as NH3, 

36% may end up in manure or lagoons, 19% may be converted to milk, and 2% may be retained 

in the cow (Todd et al., 2015); which makes rumen metabolism the most important factor leading 

to inefficiency in N utilization in ruminants (Tamminga, 1992). 
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Beef Cattle Protein Requirements 

The nutrient requirements of cattle are reflective of current body weight, finishing weight goal, 

and desired performance level typically measured as average daily gain (ADG). To achieve 

adequate ADG during feedlot growing and finishing stages cattle require a dietary crude protein 

(CP) intake of 7 to 16% on a dry matter (DM) basis while consuming 4.1 to 7.3 kg.-DM d
-1

 hd
-1

. 

The dietary CP recommendations exist to foster maximum gain although exceeding CP 

recommendations does not further enhance animal performance (Cole et al., 2006). A growing 

steer requires more CP in the diet than does a mature steer at finishing. In addressing these CP 

intake differences over the feedlot lifetime, phase feeding is used to adjust dietary CP intake to 

meet needs during each stage of maturity without affecting animal performance (Cole et al., 

2007). 

Beef Cattle Feedlot Diet 

One advantage to concentrating beef cattle production is the ability to feed by-products of other 

industries. Distiller’s grains (DG) by-products are more prominent today due to the distillation of 

grains to generate bio-ethanol for fuel. On average distiller’s grains plus solubles (DGS) are 

composed of 30% CP (DM basis) (Spiehs et al., 2002; Birkelo et al., 2004). To highlight the 

positives and negatives that are associated with the feeding of by-products like distiller’s the 

feeding of cattle in the Great Plains region of the U.S. will be used as an example. A typical 

feedlot diet in the Great Plains region of the US, where >60% of US beef is produced, may 

contain 80% grain, 10% forage, and some percentage of protein and mineral supplement on a 

DM basis. The feedlot diet is formulated to contain 12.58% CP of diet DM; meeting, but not 

exceeding the CP requirements. However, as dietary levels of corn are replaced with increasing 
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levels of DGS there is a corresponding increase in CP present in the diet. For example, if corn 

were replaced by 15, 25, or 40% dried-DGS on a DM basis the diet would contain 12.56, 14.64, 

and 17.78% CP on a DM basis respectively. The 40% dried-DGS inclusion would provide CP in 

excess of cattle dietary requirements. Nutrients not utilized by the ruminal microorganisms or the 

cattle are excreted. An estimated 9 million cattle are in feedlots at any given time in the Great 

Plains region of the US. Unfortunately, mature finishing cattle are relatively inefficient in 

utilizing N. Retention of fed-N can be 12 to 15% (Kissinger et al., 2007) and varies as high as 

40% (ASAE, 2005). A typical feedlot diet as described with 15% retention of fed-N would 

generate 0.68 billion kg of Nr per year from those 9 million cattle. 

Ruminal Protein Digestion 

Dietary models used to predict cattle protein requirements previously focused on crude protein 

(CP) alone (NRC, 1978), but now focus on the balancing of Ruminal Degradable Protein (RDP) 

and Ruminal Undegradable Protein (RUP) fractions of dietary CP (NRC, 2001). To avoid dietary 

protein N loss cattle are fed RDP to meet ruminal microbial crude protein (MCP) requirements, 

and any additional cattle CP requirements are met by feeding RUP. The majority of absorbable 

protein (50 to 80%) supplied to the small intestine is derived from ruminal MCP (Strom and 

Orskov, 1983). The metabolism of MCP is advantageous, because the amino acid (AA) profile of 

absorb MCP closely mimics the AAs used most often in tissue and milk production, suggesting 

MCP is a near perfect source of AAs for the ruminant. 

Urea is a RDP and upon entrance into the rumen it is quickly hydrolyzed to NH3 to be utilized by 

bacteria for the synthesis of desired AAs. True proteins are broken down by the microbial 

population as best as possible and also lead to, over time, an increase in ruminal NH3 
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concentration. The majority of protein entering the rumen whether in the form of non-protein-N 

or true protein is broken down to AAs or NH3 to be used in the synthesis of MCPs. As such, the 

N exiting the rumen to be further digested by the true stomach of the ruminant is primarily 

composed of un-degraded protein, un-utilized NH3, and MCP. Varying dietary RDP and RUP 

levels changes the fractions of N leaving the rumen. When dietary RDP is in excess of the 

ruminal microbial requirement it leads to increases in ruminal NH3 production. Ammonia can 

pass through the rumen epithelium and enter the bloodstream. The NH3 in the blood stream is a 

neurotoxin which is removed and metabolized. The liver of ruminants converts NH3 to urea. 

Urea-N contributes significantly to the proportion of urinary-N, but is also the major molecule 

that facilitates recycling of N back to the rumen. Therefore, it holds an important role in the 

metabolism of N compounds. This is an advantageous evolutionary trait for two reasons. First, it 

protects the ruminant from a neurotoxin. Second, it conserves N because urea is cycled back to 

the rumen via saliva and directly across the rumen epithelium during times of inadequate 

ruminal-NH3 concentrations. However, current research provides evidence that there is limited 

recycling of N (urea) back to the rumen under typical cattle production diets (Hristov and 

Huhtanen, 2008). 

Dietary Protein on N excretion 

Protein structure is integral to its degradability by ruminal microorganisms. When wet DGS were 

fed at 25% of diet DM an increase in ruminal MCP synthesis was noticed as was an increase in 

ruminal flow of 20 to 30% (Gehman and Kononoff, 2010). The increased MCP synthesis and 

ruminal flow led to a reduction in urinary-N and manure-N excretion compared with the absence 

of corn based wet DGS (Gehman and Kononoff, 2010). One explanation for this occurrence is 
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the reduction of starch intake due to inclusion of corn-WDGS. A reduction in starch intake, as 

seen with DG inclusion, was reported to increase rumen pH (Oba and Allen, 2003) and an 

increase in rumen pH was shown to stimulate MCP synthesis (Calsamiglia et al., 2008). 

Although increased N intake is related to more N excreted in urine and feces (Broderick, 2003; 

Groff and Wu, 2005), the added neutral detergent fiber and subsequent increase in MCP 

synthesis from DG inclusion may help retain more fed-N (Broderick et al., 2008). Also, the 

proteolytic activity of ruminal microorganisms decreases with decreasing ruminal pH in typical 

dairy production diets; however, no effect of ruminal proteolytic activity was noticed in the low 

ruminal-pH environment of high-grain fed beef cattle (Bach et al., 2005).  

One of the major sources of urinary-N is the incomplete conversion of absorbed amino acids 

(AAs) into milk or tissue (Tamminga, 1992). Inclusion of corn-WDGS as 25% of diet DM 

enhanced the conversion of absorbed AAs into milk and tissue protein (Gehman and Kononoff, 

2010). Urinary-N excretion for a 10% corn-WDGS diet (65.4g-N/d) was lower than the non-DG 

inclusion control (81.2g-N/d). Cattle fed 5 to 15% DG (DM basis) tended to have decreased 

urinary-N excretion as percentage of N intake (Cole et al., 2006). Whereas, diets balanced for 

DIP and EE that include 30% corn-WDGS excreted more total-N (P=0.01) and greater 

proportion urinary-N (P<0.01) regardless of grain processing (Hales et al., 2012). A meta-

analysis of the crude protein (CP) and nitrogen concentrations in cattle diets revealed a positive 

relationship between increasing dietary nitrogen levels and the observance of increased excreted 

nitrogen (Waldrip et al., 2013). Based on these findings, the inclusion of by-product DG in cattle 

diets can help met CP needs and decrease N excretion if fed at levels 10 to 25% of dietary DM. 
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Composition Excreted N 

Bristow, Whitehead, and Cockburn (1992) used 10 dairy cows to determine the nitrogen 

constituents in urine. Three cows grazed perennial ryegrass while the remaining seven were fed 

grass or maize silage with a supplementation of concentrate feeds composed mainly of barley 

and fishmeal. Although no dietary nutrient composition was provided, the cows were said to 

have eaten diets common in the UK. Since cows were not fed iso-nitrogenous diets, statistics 

across cows should be used carefully. Total-N in urine of the cows ranged from 6.8 to 21.6 g-N 

per liter. Urea-N as a proportion of total urinary-N ranged from 59.3 to 93.5%, averaging 69% as 

urea-N. In beef cattle fed three dietary treatments, wet corn gluten feed (WCGF), 7.5% 

roughage, or an all concentrate diet, 60 to 80% of N excreted by cattle is captured in the urinary-

N fraction (Bierman et al., 1996 and Van Horn et al., 1996), and cattle urinary-N is upwards of 

97% urea-N (Muck and Richards, 1980).  A few years later, Bierman and colleagues (1999) fed 

the same three diets and reported vastly different urinary-N fractions (44.7 to 66.9%), with the all 

concentrate dietary treatment (typical of feedlots) resulting in both the highest excretion of fed-N 

(66%) and the highest fraction of urinary-N (66.9%). 

Bussink and Oenema (1998) determined that the amount of N and composition of urine and feces 

N depended on how nitrogen was metabolized in the cow. The annual-N flow in a dairy cow 

producing 6,250 kg-milk per year showed that 50% of fecal-N came from undigested feedstuffs 

while the other 50% of fecal-N was a result of endogenous losses (Tamminga, 1992). However, 

the cows used in this study were producing dramatically less milk than current U.S. averages of 

10,117 kg-milk per cow per year (USDA, 2015). Still, Tamminga (1992) argued that the best 

mean estimate of N excretion from dairy cows was 75 g-N per kg of feces. Urinary-N can result 

from multiple sources, but when dietary-N was greater than 24 g-N per kg DM, the rumen of 



17 
 

cattle became the major source of urinary-N. The percentage of urea-N in total urine increased 

proportionally with the increased dietary inclusion of crude protein and increased intake (Olmos 

et al., 2006). Van Vuuren et al. (1993) determined that as surplus degradable protein in the diet 

increased an observable higher proportion of N was excreted in the urine. Van Vuuren and Smits 

(1997) showed that volume of urine impacted urination frequency and that the intake of N, K, 

and Na related to the volume of urine produced. 

Endogenous-N and undigested-N lost via feces are predominantly organic-N sources residing in 

the feces from cattle. Cattle feces are low in rapidly mineralizable-N (van Fassen and van Dijk, 

1987). Very little fecal-N is in the form NH4
+
 or urea (Ettalla and Krevla, 1979). Because fecal-N 

contains little inorganic-N, and because the majority of N present is organically bound with 

mineralization rates of only 50% over 6 months of storage (Snel, 1990), fresh cattle feces has a 

low potential for NH3 volatilization (Bussink and Oenema,1998). The low potential is a result of 

needing two chemical/enzymatic processes to occur prior to the physical processes leading to 

NH3 volatilization. Organic-N in feces must be broken down to allow ammonification to occur 

converting dissolved organic-N (DON) to NH3. While mineralization rates can increase with 

temperature (Whitehead and Raistrick, 1993), organic-N (fecal-N) remains relatively 

unimportant in NH3 production (Muck and Steenhuis, 1982). Thus, the low mineralization rates 

associated with fecal-N only play a factor after long storage times and at high temperatures 

(Patni and Jui, 1991). 

Manure 

Open lot beef production offers mainly three fates for excreted material; (1) in pen mounding, (2) 

scraped stockpiles, and (3) scraped compost piles. Manure management practices can vary 
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among feed yards, yet current practices mostly focus on controlling runoff. Inherent within each 

manure management practice are differences in conditions leading to varied microbial ecology 

(Maeda et al., 2009).  

Beef cattle manure typically consists of low carbon to nitrogen ratio (C/N; 10-17), high total 

ammonical-N (600-2000 mg-TAN kg-manure 
-1

), and 60 % moisture content (Hao et al., 2004, 

Larney et al., 2006; Brown et al., 2008). The amount and proportion of greenhouse gases and 

reactive nitrogen emissions, as well as the quality of the final manure product, is affected by 

moisture, the C/N ratio, and the ratio of aerobic/anaerobic zones within the manure pile (Shi et 

al., 2001; Al-kanani et al., 1992). The low C/N (<20:1) of cattle manure is estimated to increase 

methane (CH4) and nitrous oxide (N2O) emissions (Yamulki, 2006; Haung et al., 2004; Kasimir-

Klemedtsson et al., 1997). Depending on manure management regime, 19 to 42% of total initial-

N and 46 to 62% of total initial-C are volatilized (DeLuca et al., 1997; Eghball et al., 1997; 

Ebeling et al., 2002). 

Differing ecological conditions alter microbial profiles. Nitrous oxide emissions differed based 

on location in feedlot. Concentrations were greater for saturated pen surface standing water, than 

for stockpiled or a scraped pen surface which reflects differences in anaerobic or aerobic pen 

conditions (Michal et al., 2010). Also, cumulative and peak nitrous oxide fluxes were greater for 

composted manure than stockpiled or slurry management (Pattey et al., 2005).  

Manure management can lead to Nr entering waterways. The leaching potential of aqueous 

nitrate and ammonium was lowest for static manure piles and increased with increased pile 

turnings (Parkinson et al., 2004). Therefore, as typical compost turning strategies commence, an 

increased leachate concentration of nitrate and ammonium accumulate. Larney et al., (2006) 
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reported that as manure pile aeration increased due to composting, ammonium concentration 

decreased due in part to both nitrification to nitrate and volatilization as ammonia. 

A Nr mitigation method focused on reducing N in manure through feeding strategies may lead to 

an undesirable, low N:P ratio in cattle manure. A low manure N:P ratio is problematic because 

the majority of fertilizers are applied relative to the crops’ N needs. When a low N:P manure is 

used as fertilizer it will result in excessive P being applied. Manure with low N:P would require 

as much as a 65% more land area to safely apply manure (Sink, 2000). 

Mineralization 

The mineralization process converts organic matter into inorganic species. In the case of 

nitrogen, the specific process of ammonification breaks down organic-N to NH4
+
 by enzymes 

inside heterotrophic microorganism (Zhang et al., 2007; Vavilin et al., 2008). Extracellular 

enzymes are released to facilitate the digestion of proteins, amino-polysaccharides, and nucleic 

acids. The digestion of these organic-N polymers to their monomer counterparts allows for 

further degradation and utilization. Organic-N monomers such as amino acids, amino sugars, and 

nucleic acids are brought into the microbial cell and further metabolized using intracellular 

enzymes (Barak et al., 1990 and Barraclough, 1997). 

Ammonium Fates 

Ammonium is the reduced species of Nr found in the biosphere and hydrosphere. In natural 

ecosystems NH4
+
 is a nutrient that is utilized by both plants and microbes to create nucleic acids 

and amino acids needed to sustain life. There are many pathways for microbes to use NH4
+
, but 

any excess intracellular NH4
+
 is discarded back into the bulk media. Aside from assimilation of 

NH4
+
 by plants and immobilization of NH4

+
 by microbes; NH4

+
 can undergo two further fates. 
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One fate leads to atmospheric emissions and is characterized by equilibrium dynamics between 

NH4
+
 and NH3 when in aqueous environments such as cattle manure slurries and cattle feedlot 

retention ponds. The dissociation of free NH4
+
 in the bulk media to NH3 is governed by the 

temperature and pH dependent equilibrium equation (eq. 1):  

,
3 2 4

h pHNH H O NH OH            (1) 

pH and temperature governance of ammonia 

Within an aqueous medium, free NH3 volatilization is proportional to the ratio of NH3:NH4
+
 in 

total ammonical-N (TAN). The amount of NH3 relative to TAN is determined by the acid 

dissociation constant (Ka). There exists a positive relationship with temperature and a negative 

dissociation relationship with pH (Loehr, 1974) as described below. For lower pHs the 

equilibrium shifts to a higher relative concentration of NH4
+
. When the pH of bulk manure drops 

below 4.5 there is no measurable free NH3, TAN present is in the ionized form, NH4
+
 (Ndegwa 

et al., 2008). The non-ionized, NH3, fraction of TAN increases at pH >7.0, while the equilibrium 

shifts almost entirely to NH3 at pH ≥11.0 (Loehr, 1974).When bulk manure is at a pH of 8.6 

approximately 50% of TAN is in the form of volatile NH3; however, temperature now becomes a 

driving factor in the direction of the equilibrium (Koerkamp and Elzing, 1996). 

Loehr (1972) found the ratio between NH4
+
 and NH3 in an aqueous solution at a pH of 9.0 

shifted by 40% across three different temperatures. At 15
o
C, 20% of TAN was in the form of 

NH3, while at 25
o
C and 30

o
C; 40% and 60% of TAN were in the form of NH3, respectively. As 

pH decreased not only did the proportionality of NH3:TAN decrease, but the difference among 

the three temperatures became minimal. Similarly, as pH increased the proportion of NH3:TAN 

increased as well, and the difference between the three temperatures dissipated around pH 11.0. 
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The increase in temperature aids in the dissociation of NH4
+
 to NH3, leading to increased 

available free NH3. The movement of NH3(aq) through bulk media to the surface is governed by 

the physical mass transfer through diffusion. Diffusion of NH3(aq) to the surface occurs with 

little resistance. 

Ammonia phase change 

At the aqueous-atmosphere interface CO2 functions in partially controlling the NH3 emission rate 

through pH changes. Dissolved CO2 in the manure releases more quickly than NH3 leading to a 

pH increase at the surface layer of manure. In thin layers of manure, like those typical in feedlot 

pens, diffusion is not a driving factor in the rate of NH3 emissions from cattle excrement. The 

release of NH3 at the pen surface-atmosphere interface is through convective mass transfer which 

is the rate limiting step (Olesen and Sommer, 1993; Ni, 1999). 

The volatilization of NH3 is a physical process that is made available by biochemical processes 

discussed in pH and temperature governance of NH3. Volatilization of NH3 from any medium 

whether urine or manure to atmosphere is governed by convective mass transfer. Convection is 

the collective movement of molecules, in this case NH3 in both liquid and gas phase, and 

encompasses both processes of advection and diffusion. Advection is the transport mechanism of 

NH3 via bulk motion. There exists an equilibrium (eq. 2) state at the surface-atmosphere 

interface between NH3 in the liquid and in the gas phases which is strictly temperature dependent 

and follows Henry’s Law.  

( ) ( )3 3l g
hNH NH           (2) 

The higher the surface or solution temperature the more NH3 is found in the gaseous phase. 
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Ammonia Volatilization 

The rate of NH3 volatilization (moving from surface bound NH3 (g), to NH3 (g) in atmosphere) is 

based on a mass transfer coefficient and the concentration or partial pressure difference between 

NH3(bound, g) and NH3(air, g) (eq. 3). The NH3 mass transfer coefficient is temperature and 

horizontal wind velocity dependent at the surface-atmosphere interface.  

NH3(g, bound)  NH3(g, air).        (3) 

Within the animal husbandry literature mass transfer coefficients are empirically determined and 

only satisfy the specific study parameters in which they were derived (Svensson and Ferm, 

1993). This leaves some discretion when applying the empirically derived coefficients with real-

time meteorological parameters for predictive modeling purposes. 

Urea Hydrolysis 

Mobley and Hausinger (1989) looked at microbial ureases, highlighting the significance of 

urease in the recycling of N within the rumen of cattle and its importance in the environmental 

transformation of N. Mobley et al. (1995) extensively reviewed the molecular biology of 

microbial ureases. Briefly, urease catalyzes the hydrolysis of urea which produces both NH3 and 

carbamate molecules in the initial step. Subsequently and spontaneously, the carbamate molecule 

decomposes creating a second NH3 molecule and carbonic acid. (Eq. 4 and 5; Mobley et al., 

1995) 

       (4) 
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        (5) 

The two steps of urea hydrolysis remain in equilibrium with the deprotonated and protonated 

forms of both NH3 and carbonic acid, leading to an increase in pH in the reaction medium. 

Urease Activity 

The hydrolysis of urea, via the urease enzyme, exhibits Michaelis-Menten kinetics with no 

evidence of allosteric behavior or substrate inhibition due to most ureases being intracellular 

enzymes (Muck and Steenhuis, 1981; Mobley et al., 1995). The urease enzymes are critically 

important in the formation of NH3 from urea because there are no documented cases of 

uncatalyzed hydrolysis of urea (Kaminskaia and Kostic, 1997). In the soil of a feedlot surface, 

microorganisms are exposed to greater concentrations of urea and their ureases have large Km 

values suggesting a low affinity for urea and a slower approach to the maximum reaction rate 

(Mobley et al., 1995).  

More recently Wyngaard et al. (2012) found urease to be an extracellular enzyme which is 

released to the environment but not induced by the presence of urea. In cultivated soils urease 

activity was positively correlated to total nitrogen levels, soil organic carbon levels, and soil 

cation-exchange capacity (Reynolds et al., 1985). Wyngaard et al. (2012) also found urease 

activity was highly correlated with soil organic carbon (r
2
=0.7265, p=0.0001). These findings 

suggest that the high levels of organic matter in cattle feces can promote increased urease 

activity. 



24 
 

Urease activity is temperature dependent with a 100% urea conversion rate within 24 h at 

temperatures above freezing (Muck and Steenhuis, 1981). Monteny and Erisman (1998) found 

that the rate of urea hydrolysis is dependent on both urea concentration in the urine of cattle and 

the Km of the urease enzyme at high urea concentrations. Lack of urea as a substrate becomes 

the limiting factor in NH3 emissions, which was noticed at a commercial dairy (Braam and van 

Den Hoorn, 1997).  

Urease activity was four-fold higher in feedlot surface samples (435.35 mg-N kg
-1

 h
-1

) compared 

to the runoff area surface (140.7 mg-N per kg per h) and pasture soil (60.3 mg-N kg
-1

 h
-1

) 

(Wyngaard et al., 2012). Increased urease activity exists in fresh feces as reported with an 

average value of 2420mg-N kg
-1

 h
-1

 at 30
o
C (Muck, 1982). Similar to the finding of Loehr 

(1974), the complete decomposition of urea occurs quicker (within 6h) at 30
o
C than at 10

o
C (24 

h). Furthermore, Elzing and Monteny (1997) determined, in dairy housing, that when the 

temperature was 10
o
C or higher, all urea in urine disappeared 2 hr after urination with peak NH3 

volatilization at 2 hr. 

Feedlot urea hydrolysis to ammonia 

A difference exists in contribution of urine and feces to atmospheric NH3. Recently, Lee et al. 

(2009) reaffirmed that very little NH4
+
can be measured in fresh feces However because of  the 

rapid hydrolysis of urea in urine, a large increase in NH4
+
 concentration and NH3 volatilization 

rates were measured shortly after the mixing of urine and feces. The hydrolysis of urea on the 

surface of a feedlot released NH3 into the manure layer; NH3 then served as a pH buffer (Varel et 

al., 1999). Production of NH3 from urea hydrolysis in manure led to a sustained average pH >8.0. 
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The slightly basic pH shifted the dissociation equilibrium in the direction of further NH3, with a 

pKa value of 9.5. 

When cattle are grazed on pasture urine and feces rarely mix. Yet, soil microbial ureases led to 

NH3 loss from urine spots in pastures that ranged from 2 to 52% of urinary-N (Petersen et al., 

1998), which was lower than the 25 to 90% ranges observed by Stewart (1970) and the 64 to 

124% ranges of N-volatilization observed by Cole and Todd (2009) in feedlot scenarios. This 

difference may be associated with the higher Km values of urease and increased substrate in 

feces of cattle than the activity of soil microbes.  

Over a 365 d period across two Texas feedlots, the application of cattle urine to feedlot pens 

showed N volatilization losses (measured by difference) of urinary-N, averaged 79% (Cole et al., 

2009). Urinary-N was determined by difference of fed-N, calculated retained-N (NRC, 2000), 

fresh fecal-N, and dried manure-N values which may have led to the greater than 100% 

volatilization reported (Cole and Todd, 2009). Using the same difference calculations 

approximately 36% of excreted-N was in feces and 64% in the urine of cattle (Cole and Todd, 

2009). Using 15
N
 isotope Lee et al. (2009), observed a decrease in manure urea concentration 

from 0.7 to 3.7 mg-urea ml
-1

 over a 24 h period which equated to an 80% disappearance of initial 

urea. The rapid loss of urea in manure was attributed to the high rates of urea hydrolysis in 

manure. Similarly, James et al. (1999) reported almost complete conversion of initial urea to 

NH3 within 26 h of excretion. Not only was urea-N found to be the largest component of urinary-

N (Bristow, Whitehead, & Cockburn, 1992), but of N-excreted compounds, urea-N also had the 

highest NH3 volatilization potential.  
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Lee et al. (2011) looked more closely at the proportion of NH3-N originating from fecal-N and 

urinary-N of dairy cow manure using a 15
N
 isotope. For the duration of the trial, dairy cows were 

fed a 60% forage, and 40% concentrate total mixed ration (TMR); a diet that differs from that fed 

in concentrated beef production (typically 10%:90%). Over a 10 d incubation period in an 

enclosed chamber, NH3-N originating from fecal-N was negligible during the first 48 h, but 

reached 11% of emitted NH3-N at d 10. The slow progression of mineralization of the fecal 

matter over the 10 d sampling period accounts for the low contribution from fecal-N to 

atmospheric NH3 emissions. However, the contribution of urinary-N to measured NH3-N was 

97% at 48 h and dropped to 87% of measured NH3-N by day 10 of the incubation period. 

Averaged over the 10 d incubation, urinary-N contributed to 90% of the measured NH3-N, 

showing urinary-N as the major source of NH3 from cattle manure. As mentioned previously, in 

vitro experiments fail to capture major drivers of NH3 emissions. For instance, in Lee et al. 

(2011) all incubations were carried out at 25
o
C; a constant 25

o
C is a very unlikely scenario at any 

open-lot cattle production facility across the U.S. Similarly, pH was not assessed and, as 

discussed previously, the fluctuation of pH is a large driver of the equilibrium between NH3 and 

NH4
+
. 

Soil surface temperature is an important factor in NH3 emission potential from alkaline soils. 

Higher temperatures in basic soils accelerate the hydrolysis of urea leading to an observed factor 

of five greater NH3 volatilization in summer versus winter (Videla et al., 1994). Using enclosure 

measurements it was observed that 4 to 41% of N applied to vegetation in the form of cattle urine 

volatilized (Ball and Ryden, 1984; Lockyer and Whitehead, 1990; Ryden et al., 1987; Vallis et 

al., 1982; Vertregt and Rutgers, 1987; and Whitehead and Raistrick, 1993) whereas volatilization 

from feces ranged from 1 to 13% of initial N (MacDiarmid and Watkins, 1972; Ryden et al., 
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1987Sugimoto and Ball, 1989; Vertregt and Rutgers, 1987). Urine application to feedlot pen 

surfaces also resulted in a 10-fold increase in NH4
+
 concentrations within five min, followed by a 

rapid increase in pen surface pH (Cole et al., 2009). Concentrations of NH3 over pen surface 

urine patches were 10 to 20x those above dry pen surface (Rhoades et al., 2005). Pasture 

emission of NH3 were slightly less than that observed on the pen surface with 2 to 52% of 

urinary-N being lost to the atmosphere (Petersen et al., 1998). The combination of these findings 

illustrate that a large fraction of Nr in the cattle production system is excreted and available for 

loss to the atmosphere. 

In summary, some cattle feeders recycle by-products from other industries like distiller’s grains 

plus solubles (DGS) which is composed of ~30% CP (DM basis) (Spiehs et al., 2002; Birkelo et 

al., 2004). Growing and finishing stages of cattle production require a dietary CP intake of 7 to 

16% on a DM basis while consuming 4.1 to 7.3 kg.-DM d
-1

 hd
-1

. Ruminal degradable protein 

sources are readily used by rumen microorganisms and MCP supply the majority of absorbable 

protein (50 to 80%) to the small intestine (Strom and Orskov, 1983). When RDP is in excess of 

the ruminal microbial requirement it leads to increases in ruminal NH3 production. The liver of 

ruminants converts NH3 to urea. Urea-N contributes significantly to the proportion of urinary-N, 

but is also the major molecule that facilitates recycling of N back to the rumen. However, current 

research provides evidence that there is limited recycling of N (urea) back to the rumen under 

typical cattle production diets (Hristov and Huhtanen, 2008). The form of dietary-N can 

influence the concentration of N in urine and feces. The fate of excreted-N, specifically the 

hydrolysis of urea, can contribute to aquatic and atmospheric N pollution. The processes leading 

to the fates of Nr from feedlot surfaces are impacted by environmental and management factors 

like temperature, moisture, wind speed, pH, Eh, manure composition, and manure management 
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strategies. These factors influence the dissociation, diffusion, equilibrium, and convective mass 

transfer of NH3(l) in manure to NH3(g) to the atmosphere. 

Ammonia Gas-to-Particle-Conversion 

Once emitted to the atmosphere NH3 can catalyze the oxidation of sulfur dioxide (SO2) and will 

react readily with acidic compounds like sulfuric (H2SO4), nitric (HNO3), and hydrochloric 

(HCl) acids (Renard et al., 2004). The primary mechanism for NH3 removal from the atmosphere 

involves its conversion to NH4
+
 salts of H2SO4, HNO3, and HCl acids. Atmospheric aerosols like 

NH4
+
 salts in the troposphere are suspensions of small solid and liquid particles that have 

negligible terminal fall speeds (Hobbs, 2000). In the United States, aerosol NH4+ formation is 

primarily associated with H2SO4 because ammonium nitrate (NH4NO3) is thermally unstable 

(Erisman et al., 1998; Warneck, 2000). Ammonia reacts irreversibly with H2SO4 to form 

ammonium hydrogen sulfide (NH4HSO4), or ammonium sulfate ((NH4)2SO4) if in an area of 

excess NH3 (Paulet et al., 2014). The NH3 and H2SO4 reaction rate is higher in the daytime, 

because solar radiation, higher temperature, and higher wind speeds increase the reaction rate. 

However, in the Western U.S., like California and the Pacific Northwest, NH4NO3 is an 

important fraction of secondary inorganic aerosol mass (Zhang, 2007). Unlike NH4HSO4 

formation, daytime conditions (i.e. warmer and drier air) are unfavorable for NO3 aerosol 

formation. Lin and Cheng (2007) observed by 3 times higher HNO3 concentrations during the 

day. The NH3 and HNO3 reaction to form NH4NO3 has a higher rate at night because the 

NH4NO3 dissociation constant exponentially increases with temperature (Chow et al., 2005). 

Atmospheric NH3 can also react with HCl to form ammonium chloride (NH4Cl), a smaller 

component of atmospheric fine particulate matter. Unlike NH4HSO4, the aerosol compounds 

NH4NO3 and NH4Cl can dissociate following Eq. 6 and 7 (Pio and Harrison, 1987);  



29 
 

NH4NO3(s) <-> NH3(g) + HNO3(g)       (6) 

and  

NH4Cl(s) <-> NH3(g) + HCl(g)       (7) 

Peroxyacetyl nitrate (PAN) is formed through the reaction of NO2 and various hydrocarbons 

present in the atmosphere. Although, NH3 levels are found highest in rural areas and PAN levels 

are normally highest in urban areas, it is possible that as ecosystems change and humans impact 

more rural areas through urban sprawl, NH3 and PAN concentrations will be high enough in one 

area to lead to the creation of ammonium nitrite and ammonium acetate.  

Ammonia itself is only transported a short distance from the emission source (McGinn et al., 

2003) with a large fraction (20 to 40%) depositing near its source (Asman et al., 1998). However, 

the formation of the ammonium aerosols tend to form at higher altitudes and thus can be 

transported much farther distances (Metzger et al., 2002). Ammonium sulfate deposits more 

slowly than NH3 or NH4NO3 resulting in a larger distribution region for NH3 (NOAA, 2000). 

Because NH3 is the only basic molecule naturally present in the troposphere it plays a critical 

role in the neutralization of the acidic pollutants HNO3 and H2SO4 (Renard et al., 2004). 

However, the ammonium salts formed from these reactions are the main particulate components 

of smog and therefore affect the Earth’s radiation budget as well as create condensation within 

clouds.  

Overall removal of NH3 from the atmosphere is facilitated by the reactions with acidic 

compounds, wet and dry deposition, and atmospheric oxidation reactions (slow). The dry 

deposition of NH3 is contingent upon the mass transfer of NH3 back to the surface by turbulent 
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and molecular diffusion as well as then being removed from air by adsorption or absorption at 

the surface (Sheppard et al., 2011). Deposition velocities are influenced by humidity and diel 

Atmospheric Boundary Layer (ABL) behavior. But overall atmospheric concentrations of NH3 

(<5 to 100 ppbv) and temperature (12 to 30
o
C) have a negligible impact on the deposition 

velocity (Aneja, et al., 1986). 

Nitrification 

The second fate of NH4
+
 in both natural ecosystems and livestock systems is the stepwise 

reduction-oxidation reactions that occur under aerobic conditions to ultimately form nitrate 

(NO3
-
). This process is known as nitrification. Intermediates from the oxidation of NH4

+
 to NO3

-
 

are two other atmospheric Nr species; nitrous oxide (N2O) and nitric oxide (NO). In the 

atmosphere NO3(g) is an intermediate to HNO3 formation and the NO3
*
 has become the major 

oxidant in night-time atmospheric chemistry (Wayne et al., 1991). More well-known are the 

impacts NO3
-
 has within the soil and the hydrosphere. If an environment is fully saturated with 

molecular oxygen (O2), the fluxes of the intermediate Nr species N2O and NO are negligible 

(Davidson, 1991). However, in soils and manure, complete O2 saturation is rare. In most 

ecosystems the presence of O2 will vary. As percent O2 saturation declines, the bacteria 

facilitating nitrification become less efficient and thus higher proportions of the reaction 

intermediates N2O and NO are created and lost from the terrestrial environment to the 

atmosphere (Firestone et al., 1989).  

Similar to NH4
+
, NO3

-
 can be assimilated (directly taken up) by plants or immobilized by 

microbes. One advantage of NO3
-
 over NH4

+
 as a nutrient for plants is that it does not need to be 

converted for plant use, whereas both urea and NH4
+
 must be converted prior to plant uptake. 
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Another advantage is the conversion of inorganic-N to amino acids within the plant. The NO3
-
 

conversion takes place in the leaf utilizing solar energy, whereas the conversion of NH4+ occurs 

in the roots at the expense of plant resources (Legaz et al., 1996). There is no equilibrium 

reaction governing NO3
-
 volatilization, because NO3

-
 is not a volatile compound. Instead, NO3

-
 

can leach into ground water or be carried away with water entering the hydrosphere. Also, NO3
-
 

can undergo disimilatory NO3
-
 reduction to ammonium (DNRA) in which it is reduced to NH4

+
, 

or it can undergo a series of reduction reactions defined as denitrification. 

Denitrification 

The role of soil in the denitrification process was reviewed by Bremner (1978). The 

denitrification of NO3
-
 yields the end product dinitrogen (N2). Molecular nitrogen is the major 

component of the atmosphere constituting 78% of air on a molar basis. Denitrification is a 

stepwise reduction of NO3
-
 to N2 and occurs under anaerobic conditions. Like that of 

nitrification, the steps can yield the volatile intermediates NO and N2O, in that order. If the 

environment is completely void of O2 the bacteria facilitating denitrification are extremely 

efficient and NO3
-
 will be reduced completely to N2, but complete anoxic environments are rare. 

Therefore, in the presence of O2, NO and N2O become reaction intermediates and are lost from 

the biosphere to the atmosphere. Firestone et al. (1979) showed that the presence of a small 

amount of O2 (0.02 atm) caused a substantial decrease in denitrification and led to a considerable 

increase in N2O:N2 released during denitrification. The increase in denitrification substrate 

concentrations (mainly the presence of NO2
-
) also increased the production of N2O as the product 

of denitrification relative to N2 (Firestone et al., 1979). These effects could result from (1) 

competition for accepting electrons, (2) a targeted inhibition of N2O reductase, or (3) an overall 

slowing of denitrification allowing N2O more time to diffuse away from the active site (Firestone 
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et al., 1979). Each of these factors has a role in the increase of O2 concentration leading to 

increased proportions of NO and N2O during denitrification. 

Nitrous oxide fates 

Once emitted, N2O holds two atmospheric fates. Within the troposphere, N2O is inert and acts as 

a greenhouse gas. Tropospheric N2O absorbs infrared radiation from the Earth’s surface 

effectively trapping that energy and increasing the global mean temperature over time by not 

allowing the radiation to escape back to space. This is of concern to climate change scenarios. 

Although N2O is not emitted in large amounts, its global warming potential is 310 times that of 

CO2 and it has an atmospheric lifetime of ~114 years because of its non-reactivity in the 

troposphere (NRC, 2010). In the stratosphere however, N2O undergoes photolysis and is split 

into N2 and O (1D) by sunlight. A second N2O molecule in the stratosphere can then react with 

O
1D

 to produce two nitric oxide (NO) molecules. The production of NO in the stratosphere is 

detrimental because it will react with the stratospheric O3 to yield NO2 and O2. This reaction 

mechanism scavenges stratospheric O3, which is the Earth’s layer of protection from the sun’s 

UV radiation. The NO2 formed will eventually be removed from the atmosphere through the 

reaction with a hydroxyl radical to form HNO3. 

Nitric oxide sources and fates 

Nitrification and denitrification of Nr in terrestrial and aquatic ecosystems contribute to the 

emission of nitrogen oxides (NOx) to the atmosphere. However, the major source contributing to 

NOx emissions in the U.S. and globally is fossil-fuel burning (Sutton et al., 2011). The 

combustion of fossil-fuels also has direct agricultural impacts. Fossil-fuel is burned in the 

creation of fertilizer NH3 from the Haber-Bosch process. Oxides of nitrogen are highly reactive 
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in the atmosphere and have devastating human health impacts (Sutton et al., 2011). Once 

emitted, NOx and HOx cycles are the dominant processes leading to the accumulation of 

tropospheric O3. NO is quickly converted to NO2 under normal atmospheric conditions. 

However, NO2 can cycle back to NO through ozone photochemistry, while NO2 alone will reach 

a steady state. In the daytime, NO2 will photolyze to NO + O. The O formed will react with O2 to 

form O3. During clean air photochemistry conditions, NO can then react to destroy O3, 

reproducing NO2 and O2. Therefore, O3 reaches a threshold in the troposphere. However, with 

the HOx cycle in the presence of volatile organic compounds (VOCs from urban or biogenic 

sources) a net reaction mechanism results; HO2
*
 + NO to NO2 + HO

*
. This reaction mechanism 

allows for both the generation of NO2 and HO*. Generating NO2 without destroying O3 leads to 

unbalanced tropospheric O3 creation, which causes accumulation of O3 rather than reaching a 

threshold. The regeneration of HO
*
 results in multiple cycles of NO2 generation before another 

O3 needs to be photolyzed.  

Nitric oxide can be removed through day-time reduction-oxidation chemistry with HO to 

produce HNO3 as the primary end product. During the nighttime, NO2 will react to remove O3 

yielding NO3 and O2. Nitrate will further react with another NO2 to yield dinitrogen pentoxide 

(N2O5). In the presence of atmospheric moisture N2O5 will react to form two HNO3. Nitric acid 

is effectively removed via wet and dry deposition due to its high solubility unless it reacts with 

NH3 (as discussed previously). Nitrogen dioxide can also be removed through conversion to 

PAN. At low temperatures PAN can travel long distances. As it descends back to the surface 

PAN can thermally decompose to NO2 and the NO2 can react to form HNO3. Also, PAN can 

react with NH3 as previously mentioned. The NOx species can also undergo deposition. The 

majority of emitted NOx (80 to 90%) will remain in the region due to atmospheric chemistry or 
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deposition. However, 12 to 24% of NOx is exported from source regions. Of the NOx leaving its 

source, 8 to 15% can be transported >1000 km to impact downwind regions. 

QUANTIFYING AMMONIA EMISSIONS 

Measurement Methods 

Three major approaches exist to estimate NH3 flux from beef cattle feedlots. The approaches 

include 1) encompass using an inverse modeling method by measuring NH3 concentration over 

or downwind of the source and then back-calculating a flux based on meteorological data, 2) 

applying a relaxed eddy accumulation method  based on capturing the NH3 concentration 

difference in up (UP) and down (DN) moving eddies of air, or 3) a micrometeorological gradient 

method based on capturing a vertical NH3 concentration gradient and independent flux 

measurements of CO2 or sensible heat flux. Each approach applies unique flux measurement 

concepts and instruments. In each of these methods, a major issue is adsorption and desorption to 

sampling lines (Whitehead et al., 2008). Trace gases like N2O and CH4 do not react with 

sampling lines which allows for measurements using closed-cell, in-situ instruments.  However, 

ammonia loss to tubing must be explicitly addressed in order to use any method using a closed 

cell, in-situ instrument. 

Aerodynamic Gradient Method  

The Aerodynamic Gradient Method (AGM; Harrison et al., 1989) requires the calculation of an 

eddy diffusivity constant based on independent flux measurements like that of CO2 or sensible 

and latent heat flux. It is one of the most widely used techniques to measure NH3 flux 

(Whitehead et al., 2008). The AGM assumes that the flux above a surface is proportional to the 

vertical concentration gradient in analogy to molecular diffusion.  In the atmosphere the 
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proportionality constant is call an eddy diffusion coefficient (Kx) which captures effects of 

turbulent mixing in the atmosphere (Whitehead et al., 2008). Suitable sampling and analysis 

instrumentation is required to measure atmospheric NH3 concentrations at two or more heights in 

order to apply the AGM.  

For example, the AGM can be coupled with an annular denuder measurement system which uses 

a wet chemical assay to measure NH3 concentrations in sampled air. Two wet chemistry analysis 

annular denuder measurement techniques became automated in 1988 (Keuken et al., 1988) and 

were further improved to online analysis in 1991 (Simon et al., 1991). One such coupling is that 

of the Automated Annular Denuder with online Analysis (AMANDA; Wyers et al., 1993). 

AMANDA requires high volumetric ambient air flow rates (~28 l min-1) through acid coated 

annular denuders that trap the atmospheric NH3. The AMANDA system continuously removes 

the stripping solution and converts trapped NH3 to NH4
+
 which is then measured by conductivity. 

One full cycle through the varying heights is estimated to take 7.5 min, but was actually 

observed to take ~32.2 +/- 3.7 min to reach a 95% response (von Bobrutzki et al., 2010). One 

advantage of the denuder measurement technique is the selectivity for gas-phase NH3 without 

collecting particulate NH4
+
. Another popular wet chemistry ambient NH3 measuring technique in 

Europe is AiRRmonia which improved upon AMANDA. AiRRmonia captures NH3 from a 

sampled air stream using a Teflon membrane (Erisman et al., 2001). The AGM is a direct flux 

estimate approach, but lacks the ability to measure in real-time. Relying on a vertical 

concentration profile also makes it difficult to account for advection or chemical interactions 

leading to unknown flux divergence errors (Nemitz and Sutton, 2004). 
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Relaxed eddy accumulation  

Another direct flux measurement technique is the relaxed eddy accumulation (REA) method. 

Businger and Oncley (1990) proposed a conditional sampling method to measure fluxes of trace 

gases for cases where fast-response instrumentation, required for true eddy covariance sampling, 

was not available.  In the REA approach, the flux is calculated from the difference in 

concentrations for samples conditionally captured in up (UP) and down (DN) moving eddies 

multiplied by the standard deviation of vertical wind speed (σw), and β, an empirical constant:   

W’C’ = β * σw*(CUP-CDN).  

Zhu et al. (2000) applied the REA technique with denuders to measure NH3 over fertilized fields. 

The REA technique was evaluated for its ability to differentiate between atmospheric NH3 and 

particulate NH4
+
 in sampled air. Special consideration was needed to avoid potential 

concentration biases from interference of particulate NH4
+
. Therefore, coated glass was used to 

trap gaseous NH3 while allowing particulate ammonium to pass through uncollected. The 

denuders used by Zhu et al. (2000) are not a viable option for beef feedlots. The elevated NH3 

concentrations noticed in beef feedlots would saturate initial denuders very quickly (Zhu et al., 

2000).  

Baum and Ham (2009) created a viable technique for highly concentrated NH3 environments. 

Their use of ChemComb™ (Thermo Scientific™, #3500-EPD) glass honeycomb denuders 

allowed for a 450 ug-NH3 capture capacity per denuder. This capacity greatly exceeded the 4.9 

ug-NH3 capacity of the glass denuders used by Zhu et al. (2000). In addition, the mass flux 

calculation and programming of the REA technique were altered to increase concentration 

differences.  
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The REA technique must capture fast turbulent eddies of air (10hz). Therefore, REA utilizes a 3 

dimensional (3—D) sonic anemometer to measure the UP and DN moving eddies and fast 

response 3-way valves to send sampled air to either UP or DN denuder cartridges. Even with the 

ability to differentiate UP and DN moving eddies; the difference in mixing ratios measured 

between the two denuders in beef feedlots is small. Thus, in practice Baum and Ham (2009) 

applied a deadband (db). A deadband ensures that if vertical wind speed is near zero (|w| <db) air 

will not be sampled. This procedure increases the difference between UP and DN moving mixing 

ratios. 

One major drawback to the REA technique is the need for post-sampling wet chemical analysis 

to calculate the mass of NH3 captured in UP and DN denuders. Continuous-REA systems do 

exist and are prominent in the European literature (Wichink Kruit et al., 2007; Nemitz et al., 

2001; and Neftel et al., 1999). More recently, Hensen et al. (2009) operated four different 

continuous-sampling REA systems and compared the measured NH3 concentration and 

calculated flux to an independent AGM analysis. The direct comparison NH3 flux measurement 

campaign found good correlation between REA and AGM estimates with r
2
 values between 0.3 

and 0.82 (Hensen et al., 2009). Potential errors arise within AGM as a result of each gradient 

height encompassing a slightly different flux-footprint (Korman and Meixner, 2001). Although 

NH3 flux correlations reached as high as 82% of the variance being accounted for, only one of 

the four different REA systems operated within the established micrometeorological criteria for 

greater than 30% of the sampling period. In comparing uncorrected REA concentrations the REA 

flux was at least 50% lower than that estimated by the AGM.  
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The REA approach does not require stability corrections like those needed for the AGM 

(Harrison et al., 1989). However, the relaxation coefficient (β) can vary between 0.4 and 0.63 

(Milne et al., 1999) which differs slightly from earlier findings (Businger and Oncley, 1990). The 

relaxation coefficient is estimated using turbulent data of momentum or temperature. If a 

constant value for β is used in calculating the REA flux for the sampling periods, a corrected β 

must be used to account for the deadband. However, if a dynamic deadband is applied 

(db=0.5σw) no correction is needed for the dimensionless relaxation coefficient, β (Pattey et al., 

1993). After applying β corrections, average fluxes determined by the REA systems were 20 – 

70% lower than the AGM reference during periods of high NH3 concentration (after urea 

fertilization), but at periods of low NH3 concentration the REA systems and AGM were in 

agreement within a few percent. 

Backward Lagrangian stochastic modeling 

The backward Lagrangian Stochastic (bLS) model (Durbin, 1980) assesses turbulent transport on 

the micrometeorological scale for short-range atmospheric dispersion simulations within a 

horizontal distance of 1 km from the source. A source area is assumed to be emitting at an 

unknown constant rate Q (g m
-2

 s
-1

). A time-averaged concentration (C; g m
-3

) is measured 

downwind of the emissions source. A 3-D sonic anemometer measures the average wind 

direction, the Monin-Obukhov stability length, and the friction velocity. The bLS model uses 

these data to infer the wind statistics used to estimate the ratio between the time-averaged 

concentrations to the emission rate (C/Q)sim (McGinn et al., 2007). 

Most often the bLS model is run using a line-averaged concentration like that given by an open-

path laser or Fourier transformation infrared (FTIR) sensor (Flesch et al., 2007), open-path 
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ultraviolet Differential Optical Absorption Spectroscopy (UV-DOAS; Leytem et al., 2011), or 

tunable diode laser (TDL; Loh et al., 2008), but is capable of running based on a point source 

concentration (Flesch et al., 2004). A line-average provides more model accuracy (Flesch and 

Wilson, 2005). The model interprets the line-averaged concentration as being an average of 

multiple point concentrations along the path length. The particle trajectories simulated are 

calculated from each evenly spaced point concentration. The backward simulation of trajectories 

is better known as the touchdown approach. The bLS model allows for quicker, and more 

flexible calculations of turbulent dispersion within 1 km from surface area sources compared to 

models simulating trajectories emanating from the source (Flesch et al., 1995). The touchdowns 

allow for a map of the concentration footprint in which emissions influence the downwind 

measured concentration. The use of a large number of computed trajectories (60,000 – 

1,000,000) reduces the stochastic uncertainty around the calculated concentration. 

The WindTrax® 2.0 (Thunder Beach Scientific) bLS model was compared to a Gaussian plume 

model and it was determined that modeled NH3 emission rates from the same agricultural area 

source using the same wind statistics were different (Price et al., 2004). WindTrax® model 

results for NH3 emission rates were a factor of 10 higher than those modeled using the Gaussian 

plume dispersion model, Industrial Source Complex-Short Term V3 (ISC-ST3; Price et al., 

2004). Two different measurement locations to capture NH3 concentrations and wind statistics at 

beef feedlots were considered for the optimal implementation of bLS; one within the feedlot and 

one downwind. An in-source measurement was recommended for applying the bLS model to 

feedlots because of potential for wind flow disturbance (Flesch et al., 2007). 
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The accuracy of emission rate estimates from inverse dispersion models is dependent upon how 

well atmospheric dispersion is modeled. The bLS model assumes that the emission source is 

uniform or non-uniform in a predictable manner. Inverse dispersion models work well for sites 

of uniform terrain (Flesch et al., 2004), complex sources like feedlots create potential for error by 

compromising the underlining Monin-Obukhov similarity theory. To overcome the atmospheric 

turbulence observed in beef feedlots it is recommended to: 1) predict the turbulent wind data and 

account for these data in the inverse dispersion model (Wilson and Yee, 2003) or 2) simulate an 

idealized inverse dispersion model by ignoring the wind complexity (Wilson et al., 2001). 

Currently, the use of bLS to estimate emission rates results in the exclusion of periods in which 

wind statistics violate the Monin-Obukhov similarity theory parameters (Flesch et al., 2007). 

Three criteria as used to remove periods of unreliable data: 1) remove periods of low wind 

conditions (u< 0.15 m s
-1

), 2) remove periods of strongly stable or unstable atmosphere (|L|< 10 

m), and 3) remove periods of unrealistic roughness length value (Zo > 0.9 m) (McGinn et al., 

2007). 

Absorption spectroscopy 

Absorption spectroscopy is governed by absorption and emission of electromagnetic radiation by 

atoms or molecules. Molecules absorb specific wavelengths of light energy causing them to 

resonate or vibrate due to specific bonding structures unique to each molecule. The absorption of 

light is described by the Beer-Lambert law. The Beer-Lambert Law relates the intensity of light 

entering to that of the intensity of light exiting a cavity containing a gas. The gas of interest will 

absorb specific wavelengths of light; as such the absorption peaks are proportional to the 

concentration of gas. 
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Differential optical absorption spectroscopy  

Differential Optical Absorption Spectroscopy (DOAS) is one form of open-path absorption 

spectroscopy used to measure NH3 concentrations for input into bLS models. Molecules that 

exhibit differential photo-absorption in specific spectral regions relate to the volumetric molar 

mixing ratio (Mount et al., 2002). The DOAS technique has the ability to measure multiple trace 

gases simultaneously unlike the GasFinder2.0 TDL (Mount et al., 2002 and GasFinder, Boreal 

Laser Inc., Spruce Grove, Alberta, Canada). The DOAS trace gas measurement technique is 

often deployed for boundary layer measurements (Rumburg et al., 2006; Volten et al., 2012; 

Leytem et al., 2011). A 150W Xe lamp in ultraviolet near 220 nm is used to measure NH3 

absorption. Around 300 measurements are averaged and integrated within 5 min leading to an 

increased signal to noise ratio (Mount et al., 2002). The DOAS instrument can achieve a signal 

to noise ratio of 1000:1 leading to accurate measurements with an error bound of +/- 20%. 

Tunable diode laser  

The tunable diode laser (TDL) is another form of open-path spectroscopy used to measure NH3 

concentrations for input into bLS models and is the principle of measurement behind the boreal-

laser products. The GasFinder (GasFinder, Boreal Laser Inc., Spruce Grove, Alberta, Canada) 

series of instruments measure a trace gas molar mixing ratio over a defined path length. The 

units then become parts per million meter (ppmm), where the cloud of the molar mixing ratio 

measured is spread along a known width of the laser. The ppmm measurement is then adjusted 

by the path-length of the laser to provide a line-averaged concentration. The laser operates in the 

near-infrared spectrum at around 1300 – 1700 nm. GasFinder2.0 has a reference cell that allows 

for continuous self-calibration. A major disadvantage of the TDL is a lack of measurement 
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capability during periods of dust, which is of concern when considering a feedlot or drylot 

setting. 

Cavity Ring-Down Spectroscopy  

Cavity ring-down spectroscopy (CRDS) is a form of closed-cell absorption spectroscopy. The 

CRDS analyzer differs from normal absorption spectroscopy in that it measures the time it takes 

the laser intensity to decay to a set value rather than comparing the laser intensity differences 

directly (Wheeler et al., 1998). Inside a CRDS analyzer, light from a semi-conductor diode laser 

enters an optical resonate cavity containing the analyte gas. As the laser light enters the cavity a 

buildup of energy occurs as the optical frequency matches the resonance frequency in the cavity. 

A threshold is measured by the photodetector. The continuous wave laser stops in tens of 

microseconds when the threshold is reached. The laser light travels around three mirrors which 

increased the signal to noise ratio compared to that of a two mirror cavity holding only a 

standing wave. The three mirrors allow the light wave to travel around the cavity ~100,000 times 

and created an effective path-length of over 20 kilometers. The mirrors have a reflectivity of 

99.999% which allows the light intensity in the cavity to slightly leak out and decay to zero 

following an exponential function. The decay time is measured in real-time by the photodetector. 

When the cavity is empty, the ring down time is solely a function of mirror reflectivity. The 

presence of NH3 in the cavity creates a second mechanism of light intensity loss, absorption. 

When the NH3 in the cavity is strongly absorbing, the ring-down time is accelerated and results 

in a shorter ring-down time. The CRDS analyzer calculates and compares the ring down time of 

the cavity in the presence and the absence of NH3 or the trace gas of interest. The gas 

concentration is a result of the difference between these ring-down times. 
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MODELING ATMOSPHERIC AMMONIA 

Models are used when creating State Implementation Plans (SIPs) to ascertain whether or not a 

prescribed policy will address the existing problem; the non-attainment of US EPA National 

Ambient Air Quality Standards (NAAQS). New Source Reviews (NSRs) depend on models to 

postulate what impacts the shift in community infrastructure and industry may have on air 

quality. Additionally, models are used in the prevention of Significant Deterioration (PSD) to 

demonstrate whether new emissions from a proposed major point source or modification of 

existing point source will or will not lead to an NAAQS violation or PSD increment.  

Air quality models exist in several forms comprising several sub-models; however, the majority 

of air quality models are some variation of either a dispersion model or a receptor-based model. 

Dispersion models are used to predict ambient concentrations of air pollutants whereas receptor-

based models use ambient data to work backwards in identifying the source. Dispersion and 

receptor-based models are differentiated with regard to required model inputs, their spatial 

scales, their temporal scales, their treatment of transport equations, their treatment of various 

processes, and their complexity (U.S. EPA, 2013).  

Dispersion models in particular are used to forecast atmospheric pollutant concentrations in 

crafting regulations at the state and federal level. Air quality dispersion models replicate 

atmospheric conditions by simultaneously accounting for meteorology, emissions, and 

atmospheric chemistry (Byun, 1999). These models simulate transport and formation of 

atmospheric pollutants with spatially resolved concentration predictions for the coming 24 – 48 

h. Treatment of transport and formation are achieved through photochemical (PTM) or chemical 

transport modules (CTMs).  
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Lagrangian and Eulerian models are the two most common photochemical air quality models 

used to assess pollutant formation and transportation (U.S. EPA, 2013). The Lagrangian 

approach is simpler causing the physical processes described to be incomplete. Lagrangian 

models follow a pollutant trajectory by using a moving frame of reference. Eulerian models work 

from a grid that uses a fixed coordinate system with respect to the earth’s surface (U.S. EPA, 

2013). Most current air quality models incorporate the 3D Eulerian grid modeling (U.S. EPA, 

2013). Two CTMs with Eulerian grid modeling used in reactive N and particulate forecasting 

studies are the Community Multi-scale Air Quality (CMAQ) model (Byun et al., 1999) and the 

Comprehensive Air quality Model with extensions (CAMx; ENVIRON, 2012)  

The Community Multi-scale Air Quality model 

Acting under the “one-atmosphere” paradigm the U.S. EPA developed CMAQ, which remains 

the major CTM used in air quality forecasting (Byun et al., 1999). The CMAQ model handles 

multi-phase reactions, surface emissions, and wet and dry deposition using Eulerian models 

(Byun et al., 1999). The model iteratively calculates chemical reactions over each grid volume 

during each time step while dividing physical transport and chemical process into numerical 

problems (Chen et al., 2007). Within CMAQ, are box models using chemical lumping and 

bonding schemes to calculate species concentrations which are then applied to the transport 

chemistry and meteorology modules. Housed in CMAQ are SAPRC99 (Carter, 2000), 

ISOPROPIA (Nenes et al., 1998), and SORGAM (Schnell et al., 2001) which are gas-phase 

module, secondary inorganic aerosol algorithm, and a secondary organic aerosol algorithm, 

respectively. 
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Photochemical or chemical transport models like CMAQ describe the major atmospheric 

processes undergone in a column of air extending from the surface to a determined height 

(Singles et al., 1998). For air quality models to be effective in modeling reactive N species like 

NHx Asman et al. (2001) created a list of needs: 

1) Describe vertical diffusion by way of Gaussian plume model or K model eddy diffusivity 

over many vertical layers. 

2) A refined grid resolution of 5km or less for individual site comparisons of modeled NH3 

emissions to measured concentrations. 

3) Account for diurnal variations in NH3 emissions. 

4) Account for seasonal variations in NH3 emissions. 

5) Include bidirectional exchange of NH3 surface and atmosphere.  

6) Describe below-cloud and in-cloud scavenging. 

7) Account for dry deposition velocity spatial variation. 

8) Account for spatial and temporal acid-base reaction rates between NH3 and atmospheric 

acids.  

The Air Indicator Report for Public Access and Community Tracking 

The Air Indicator Report for Public Access and Community Tracking (AIRPACT) is an air 

quality forecast system for the Pacific Northwest which employs the Weather and Research 

Forecasting (WRF) model to simulate weather conditions coupled with CMAQ to account for 

photochemical gas and aerosol phase transport and fate (Chen, 2007; Chen et al., 2008). In 2000, 

AIRPACT was originally designed as a real-time numerical forecast system to predict hourly 

ozone concentrations (Vaughan et al., 2004), but in 2006 it was updated to encompass an aerosol 
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chemistry and fate component using CMAQ (Chen et al., 2008). The AIRPACT-3 modeling 

system was comprised of three modules: the meteorological module (Mesoscale Model v5 

(MM5); emissions module (SMOKE); and CTM (CMAQ) which replaced the former 

MM5/CALMET/CALGRID model framework. By using MM5 data for 24 and 48 h forecasts, 

AIRPACT-3 maintains the continuity of chemical conditions between periods. AIRPACT-3 

began using CMAQ version 4.6 (Byun and Schere, 2006) as its core CTM. The incorporation of 

CMAQ allowed for accounting the interactions of compounds in gas, aqueous, and aerosol 

layers.  The AIRPACT-3 modeling system ran on a 12 km grid resolution having 21 vertical 

layers and with atmospheric turbulence being modeled with K-theory eddy diffusivity (Chen et 

al., 2008). 

Chen et al. (2007) evaluated AIRPACT-3 PM2.5 prediction performance to observed PM2.5 data 

collected from rural locations (IMPROVE network) and urban settings (EPA-AQS sites) over 

four months in 2004. The measured PM was a collected mass concentration averaged over a 24 h 

period. A difference in PM2.5 mass concentration was observed between the IMPROVE network 

sites and the EPS-AQS site with 6.8 ug-PM2.5 m
-3

 and 11 ug-PM2.5 m
-3

, respectively. The 

evaluation showed that AIRPACT-3 captured this difference, but slightly over-predicted the 

concentrations, predicting concentrations of 9 ug-PM2.5 m
-3

 and 13 ug-PM2.5 m
-3

, respectively. 

AIRPACT-3 captured the air quality trends well with 61% of the forecast comparisons residing 

within a factor of two of the observed concentrations (Chen et al., 2007). Key performance 

measures for evaluation of photochemical models are the fractional bias (FB) and fractional error 

(FE).  Boylan and Russell (2006) recommended FB of ≤ ±30% and a FE of ≤60% as goal levels 

when evaluating PM model predictions. In AIRPACT-3’s comparison to observations from 

IMPROVE and EPA-AQS, the overall FB was 3% and FE was 58% (Chen et al., 2007). 
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However, AIRPACT-3 showed considerable error in some predictions. Specifically, AIRPACT-

3 under-predicted particulate sulfate concentration. Furthermore, when low atmospheric mixing 

occurred for a two week period, high PM2.5 concentrations were observed. While AIRPACT-3 

captured the general trend it failed to capture the peak PM2.5 in Boise and over-predicted 

concentrations in Seattle and Portland.  

WSU Dairy Ammonia Module 

The AIRPACT-3 modeling system utilized submodules as emission inputs. One such submodule 

was the WSU Dairy NH3 module specific to Pacific Northwest (PNW) dairy operations 

(Rumburg, 2006). The module accounts for the volume of urine excreted (Bannink et al., 1999), 

the urea fraction in cow urine (Burgos et al., 2005), and hydrolysis of the urinary urea to NH3 

within the model’s time step. The module also incorporates the results of Kamin et al. (1979) to 

calculate the pH based equilibrium of NH3 to NH4
+
 concentration in solution. Rumburg et al. 

(2006) measured the NH3 convective mass transfer coefficient from the WSU Knott Dairy which 

was used in conjunction with the concentration of gas-phase NH3 at the water-air interface to 

calculate flux out of solution and into the atmosphere. 

The algorithms inherent to the module were created from empirical data collected from animal 

housing, manure storage, and manure processing at the WSU Knott Dairy. The WSU Dairy NH3 

Module uses input parameters to estimate NH3 emissions for individual dairies in WA and OR. 

For ID AIRPACT-3 uses EPA National Emissions Inventory (NEI) data set to determine dairy 

NH3 emissions. In accordance with processes governing NH3 emissions, the algorithms within 

the module are adjusted with forecasted hourly ambient temperature and wind speed. The WSU 

Dairy module treats each dairy within the domain as a point source governed by the emission 
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algorithms. The module requires cattle number, manure storage method, manure volume, and 

manure process method as inputs. The dairy operation data need as inputs is obtained from state 

agencies in Oregon and Washington.  

The AIRPACT-3 modeling system has three other emissions inventory input categories from 

anthropogenic, biogenic, and wildfire sources. A typical week-day emission within the 

AIRPACT-3 modeling domain showed that dairies in WA and OR account for 72 Mg-NH3 day
-1

 

while the anthropogenic emissions model accounts for 1,185 Mg-NH3 day
-1

. The NH3 emissions 

from fertilizer application and feedlot operations within AIRPACT-3 are encompassed under the 

anthropogenic inventory, along with all-area, non-road mobile, on-road mobile, and point 

sources. Within AIRPACT-3, dairy cattle emissions are not used as surrogates for beef cattle 

NH3 emissions. Instead, emissions from the 2002 EPA NEI were adjusted to present day with 

use of the Economic Growth Analyses system. Now the Environ NH3 GIS emission inventory is 

used to adjust inputs (Baker and Scheff, 2007). The generation of hourly NH3 emissions from 

dairy operations led to an improvement in the emission processor of AIRPACT-3 (Chen et al., 

2007). 

In an attempt to examine whether the use of the WSU Dairy NH3 module (Rumburg, 2006) 

contributed to discrepancies in peak PM2.5 performance, Chen et al. (2008) ran a sensitivity 

simulation. The AIRPACT-3 simulation without input from the WSU Dairy NH3 module only 

decreased in predicted concentrations by 0.5 ug-PM2.5 m
-3

 and 1.5 ug-PM2.5 m
-3

 for the 

IMPROVE and EPA-AQS sites respectively when compared to the base case forecast. The NH3 

emissions input from the dairy inventory only accounted for 6% of total NH3 in the modeled 

domain. However removing the WSU Dairy NH3 module as a source of input had a slight 
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reductive effect on the modeled average PM2.5 concentration due to 5 to 15% decrease in the 

secondary aerosol (PNH4, PNO3, PSO4) formation when compared to the base case (Chen et al., 

2007). The overall PM2.5 reduction was small, because inorganic aerosols consisted of a small 

mass fraction of the total modeled PM2.5. While the reduction of NH3 residing in the atmosphere 

can lessen the formation of secondary inorganic aerosols, in this particular modeled region the 

major components of PM2.5 as a percentage of mass are particulate organic and elemental carbon. 

AIRPACT-3 under-predicted particulate ammonium when compared to observed networks 

throughout the duration of the run (4 mo). The discrepancy may result from the difficulty in 

modeling particulate ammonium in the region as a result of high regional NH3 concentration 

estimates. Despite these concerns, the overall performance of AIRPACT-3 was good for the 

PNW region (Chen et al., 2008).  

 

 

AIRPACT-4  

Now on its fourth revision, AIRPACT-4 (Figure 1) has been operational since January 2014 

using a more detailed 4-km grid as its domain (Vaughan et al., 2014). AIRPACT-4 

(http://lar.wsu.edu/airpact) replaced MM5 with Weather Research and Forecasting Model (WRF; 

Skamarock et al., 2008). AIRPACT-4 forecasts boundary conditions with MOZART4 (Emmons 

et al., 2010). Wildfire emissions forecasts are still run with SMOKE (v2.7 except for plume rise 

treatment from v3.0; EPA’s Sparse Matrix Operator Kernel for Emissions; 

https://www.cmascenter.org/smoke), but now SmartFire2 with BlueSky (Raffuse et al., 2009; 

v3.5.1; Larkin et al. 2009) are able to create a unified fire emissions inventory from multiple 
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heterogeneous fire information datasets. The addition of MOVES 

(http://www.epa.gov/otaq/models/moves) allows for a more robust for mobile emissions 

forecasting, and MEGAN (Guenther et al., 2006) now incorporates updated biogenic emissions 

modeling. AIRPACT-4 still uses the last hour from the prior 24 h as initial conditions with 

CMAQ. Along with component revisions within AIRPACT-4, CMAQ has updated to SAPRC99 

chemistry and the AE5 aerosol treatment (Carlton et al., 2010; Figure 2). 

CMU ammonia model  

Prior to the 2000’s manure emission factors (EF) in EPA National Emission Inventory (EPA 

NEI) were derived from European measurements modeled in Battye et al. (1994). Battye et al. 

(2003) developed an improved NH3 emission inventory establishing a new emission factor (EF) 

of 10.2 kg-NH3 animal
-1

 yr
-1

 compared to the EPA NEI of 15 kg-NH3 animal
-1

 yr
-1

. Still, static 

EFs over-estimate national NH3 emission inventories by up to 25% and lead to over-prediction of 

NO3 aerosols (Doorn et al., 2002; Gilliland et al., 2006). Carnegie Mellon University created an 

NH3 emission inventory model (CMU-NH3). The CMU-NH3 model is a processed-based 

emission model using US EPA NEI for spatially resolved farming practices and climatic 

conditions, and accounts for monthly cattle number fluctuations (Pinder et al., 2006). 

The Farm Emissions Model 

The Farm Emissions Model (FEM) was developed to add seasonal variations in livestock 

emissions estimates to the National CMU-NH3 inventory (Pinder et al., 2004). The FEM is a 

process-based model of a dairy farm that predicts per cow NH3 emissions or monthly emission 

factors. The EFs are modeled by incorporating the frequency of particular farming practices 

within the domain as well as forecasted meteorological conditions like ambient temperature, 
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wind speed, and precipitation for the region being modeled (Goebes et al., 2003). The FEM is 

unique in that it does not just create estimates solely using data from literature, but also applies a 

Bayesian parameter estimation to better estimate model parameters and uncertainty (Pinder et al., 

2004). The Bayesian parameter estimate captures inputs in a mechanistic manner versus 

regression equations. Probable distributions are simulated using experimental data from 

literature. The experimental or empirical data used in the creation of FEM were based on 

European dairies which operate differently than the U.S. dairy industry. The management 

difference is of importance because the dietary differences of the dairy industries lead to 

differences in nitrogen excretion (Burgos et al., 2005). Moreover, the dairy-based FEM was used 

as a surrogate model for other livestock production types like beef cattle. 

Integrated sub-models exist in FEM which conserve the mass of N and volume of manure 

through each stage of manure management. The FEM only considers mature dairy cows as the 

source of urinary-N. The N excretion from a mature dairy cow differs from other production 

livestock including dairy heifers, bulls, and beef calves and yearlings entering feedlots. Within 

FEM, 75% of N excreted in urine is in the form of urea (Pinder et al., 2004b). The FEM accounts 

for the daily excretion of urea-N as 256 g-urea cow
-1

 day
-1

 for lactating cows and as 64 g-urea 

cow
-1

 day
-1

 for non-lactating cows (MWPS, 1985). The FEM assumes 14.8% of the national 

dairy herd is non-lactating at any given time (NAHMS, 1996). Excreted urea is assumed to be 

hydrolyzed completely to Total Ammonical Nitrogen (TAN) on a daily basis. The defecation 

surface area is on a per cow basis. The defecation surface area, TAN, Henry’s Law constant, and 

a mass transfer resistance of NH3 from surface to air are used to estimate an NH3 volatilization 

EF. 
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The National Practices Model 

The National Practices Model (NPM) is a set of regression equations that predict the distribution 

of farm types and manure management practices on the county-level in the United States (SAS 

Institute, Inc., 1999; and NAHMS, 1996). The NPM provides the following estimates for use in 

the FEM: free stall or tie stall housing with manure transferred from housing to storage once 

daily; manure storage parameters with tanks being considered with or without crust formation; 

manure application methods; the frequency of manure application; and the seasons in which 

cows are confined. Similarly, NPM provides farming practice frequencies. Within the model 

parameters, dairy cows are assumed to graze 10 h per day in the spring and fall if ambient 

temperatures are > 10
o
C (Pinder et al., 2004a). 

The FEM executes monthly EFs using NPM county-level averages of the 100 most likely farm 

configurations weighted by size and probability of occurrence, and the monthly averaged 

meteorological data. The county-level monthly EF in conjunction with the county-level animal 

populations are used to determine the total county-level monthly emissions of NH3 from 

livestock. The FEM-NPM approach has a heavy reliance on accurate farming data. Emissions 

differences of up to a factor of four occurred for farms from the same county (Pinder et al., 

2004b). Uncertainties in NH3 emissions during the spring and fall were ±40% while over the 

summer and winter uncertainty was ±30% (Pinder et al., 2004b). 

Evaluation of CMU-FEM 

Three advanced approaches were explored for generating NH3 emission inventories that account 

for seasonal variations; those approaches were inverse-model (Gilliland et al., 2003), processed-

based model (Pinder et al., 2006), and a hybrid of the two (Skjoth et al., 2004). Pinder et al. 
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(2006) compared a process-based (CMU-FEM) NH3 inventory and an inverse modeling 

approach. A constant inventory using the same monthly NH3 EF from CMU-NH3 version 2.0 

(Strader et al., 2003) with no seasonal variation, a process-based inventory in which NH3 

emissions from fertilizer and livestock vary monthly (Pinder et al., 2004), and an inverse-model 

inventory in which monthly NH3 emissions were estimated through back-calculation using a 

measured wet deposition concentration as an indicator (Gilliland et al., 2006) were used as 

simulations. Each inventory was used as NH3 emissions inputs for the 3D CTM, PMCAMx and 

tested over four, one-month periods. The modeled aerosol NH4
+
 concentration, NHx 

concentration, NH4
+
 precipitation concentration, and wet deposition NH4

+
 mass flux were 

compared to observed concentrations from the Pittsburgh Air Quality Study (PAQS), Special 

Trends Network (STN), and CASTNet.  

 

The modeled prediction of total NHx was the most robust indicator in evaluating the NH3 

inventories (Pinder et al., 2006). The largest uncertainties in the process-based inventory were 

due to uncertainty in seasonality of manure application from livestock operations and were 

largest over the spring and fall predictions (±40%). The diurnal variation (process-based 

inventory) and the constant NH3 inventory estimated the same daily emissions, but the constant 

inventory estimated higher nighttime emissions. The lack of seasonal variation in the constant 

emissions inventory led to under-predictions from April – September and over-predictions from 

December – February compared to both the process-based and inverse-modeled inventories. 

Accounting for spatial and temporal variation in NH3 inventory improved the PM2.5 prediction in 

summer and winter (Pinder et al., 2006). 
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Upgraded FEM 

The original dairy-based FEM (Pinder et al., 2004a) was recently upgraded to account for 

process-based emissions of beef, swine, and poultry production NH3 emissions based on 

literature (McQuiling and Adams, under review). The upgraded FEM was evaluated using the 

National Air Emissions Monitoring Study (NAEMS) for dairy, swine, and poultry. The FEM N-

mass balance uses tuned parameters to ensure the model output EFs were consistent with the 

literature. The addition of tuned parameters created semi-empirical NH3 emissions estimates. 

The explained variance between FEM NH3 EFs and literature values was lowest for beef cattle 

compared to dairy, swine, and poultry. Overall the model was able to account for 21% of the 

variance (r
2
=0.21) when using all beef cattle literature EFs and performed slightly better 

accounting for 36% of the variance (r
2
=0.36) when compared to Todd et al. (2005), Cole et al. 

(2006), and Todd et al. (2007) studies that included further details about fed-N and excreted-N 

(McQuiling and Adams, under review). 

 

The FEM performed better (higher correlation) in predicting NH3 EFs from enclosed emission 

sources compared to open sources which may partly explain the poor beef cattle inventory 

modeling. Although process-based modeling FEM is a step toward modeling the variability in 

NH3 emissions inventories it still fails to capture the beef cattle production system. Beef cattle 

production NH3 EFs may elude inventory models because literature is concentrated to the Great 

Plains Region of the U.S. Also, beef cattle production is an open/area source of NH3 emissions. 

Areas sources are more affected by meteorological conditions than enclosed sources. Without 

more geographically diverse beef production NH3 emissions literature, NH3 inventories and the 

modeling Nr from beef production should not be considered valid. 
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Ammonia Inventory Comparisons and PM2.5 prediction  

The NH3 emissions inventory developed under the Visibility Improvement State and Tribal 

Association of the Southeast (VISTAS) was compared to the CMU-NH3 model. Over the two 

simulation months VISTAS was found to under-predict in August by 23% and over-predict in 

December by 48% compared to the CMU-NH3 model (Wu et al., 2008). The authors employed 

three sensitivity simulations to determine the role NH3 emissions have in the formation of PM2.5 

and associated uncertainties. The first 4-km grid resolution simulation, considered the baseline, 

was generated using VISTAS NH3 inventory which uses an EPA NEI data set. The second 

simulation employed the CMU-NH3 model version 3.6 to adjust the total NH3 emissions due to 

under- and over-prediction from the VISTAS baseline inventory, but refrained from 

incorporating the diurnal variability of the CMU-NH3 model. The third simulation completely 

replaced the hourly NH3 emissions of VISTAS for the CMU-NH3 with its diurnal variability. 

The PM2.5 forecasting model was very similar to the one used by AIRPACT-3. The three 

different NH3 emission inventories were inputted to CMAQ version 4.4 with accompanying 

meteorological inputs from MM5 version 3.7 and processing by SMOKE version 2.1. The 

modeled concentrations were compared to measured sites under IMPROVE, STN, and 

CASTNet. The local impacts of animal livestock-NH3 emission in North Carolina contribute 

slightly to PM2.5 formation, but similar to the results of Chen et al. (2007), contribute in greater 

percentages to NH3 (2 – 50%) and NO3 (50%). The sensitivity analysis showed that accounting 

for adjustments across the AL-NH3 emissions inventories led to little improvement in PM2.5 

formation predictions. To test the importance of spatial and temporal recognition in building a 

robust NH3 inventory the Sparse Matrix Operator Kernal Emissions (SMOKE) modeling version 

2.1 (Houyoux et al., 2007) was used to process the county-level emissions input from inventories 
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to agree with the 4-km resolution of MM5. The meteorological forecast of MM5 was compared 

to observed conditions of UCAR TDL. The predicted PM2.5 concentrations from the 

photochemical transport model CMAQ were compared to IMPROVE, STN, EPA-AQS, 

CASTNet, NADP, and NC DNR observations. The overall wind-speed was shown to be over-

predicted through the NC domain with larger over-predictions in coastal and rural areas, 14% 

and 24% respectively. This is problematic because a major driver of NH3 emissions is wind-

speed which has the potential to lead to over-predictions of NH3 emissions especially in rural 

areas. The MM5 also over-predicted boundary layer mixing heights with greater occurrence west 

of the Appalachians lending to a larger under-prediction of PM2.5 concentration in the west. 

CMAQ over-predicted the weekly total ammonium, NO3, and sulfate in December as well as 

ammonium and sulfate in August, but under-predicted NO3 in August. This suggests a seasonal 

variation occurring with CMAQ prediction of PM2.5. The NH3 emissions inventory used may 

play a role. However, Wu et al., (2008) reported that they believed the CMAQ/SMOKE/MM5 

system running on a 4-km grid resolution performed better than a 12-km grid resolution (gridded 

domain of AIRPACT-3) for modeling wind speed and specific humidity. 

Coupled Models 

Recent NH3 flux measurements indicate that surface to air exchange is bidirectional (Bash et al., 

2013). Current air quality modeling systems do not take into account bidirectional NH3 

exchange, soil biogeochemistry, or human activity. Bash et al. (2013) evaluated a coupled 

CMAQ – USDA Environmental Policy Integrated Climate (EPIC) agroecosystem model. In 

2007, a 30% difference was noticed between ambient NH3 observations and model estimates 

(Erisman et al., 2007). The incorporation of a procedure to account for bidirectional exchange 
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was an attempt to lessen that discrepancy. Modeled NHx wet deposition and NO3 aerosol 

concentrations were compared against observations from National Atmospheric Deposition 

Program’s (NADP) National Trends Network (NTN), Interagency Monitoring of Protected 

Visual Environments (IMPROVE; Malm et al., 1994) network, and the Special Trends Network 

(STN; Chu, 2004). The CMU-NH3 emissions inventory accounted for fertilizer emissions by 

providing application frequency inputs (Goebes et al., 2003) and animal emissions (Pinder et al., 

2004). For the base case, inverse-modeling using wet deposition (Gilliland et al., 2006) provided 

seasonal data for total annual NH3 emissions of fertilizer and animal husbandry. Animal 

operation inputs remained static emission factors across both the base and bidirectional cases. 

However, in the bidirectional case fertilizer emissions were estimated dynamically. The coupled 

model relies on EPIC for fertilization rates, timing and source information. CMAQ is used to 

model stocks of ammonium in the soil through an N- mass balance conservation incorporating 

fertilization, evasion, deposition, and nitrification processes. 

AMMONIA EMISSIONS FROM BEEF FEED YARDS 

Beef cattle production continues to concentrate to meet demand through increased efficiencies 

and decreased cattle time on feed. One unintended consequence of concentration is the mixing of 

feces and urine. When the two mix, the resulting manure is a ‘hot spot’ for the production of 

NH4
+
. Under favorable conditions NH4

+
 can, and will, volatilize as gaseous NH3. Manure 

management practices can vary among feed yards, yet current practices mostly focus on 

controlling runoff into waterways. Runoff mitigation practices may lead to increased TAN in the 

manure and increased manure TAN can result in large fluxes of Nr to the atmosphere. 
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It is well documented that transformations and atmospheric losses of carbon (C) and reactive 

nitrogen (Nr) from animal manure exist. Yet, most available research focuses on livestock other 

than beef cattle and use static chambers that alter the microenvironment. Model predictions from 

parameters encompassing measurement techniques that perturb the surface environment 

substantially underestimate true fluxes of Nr and C (Sommer et al., 2004). Micrometeorological 

methods like eddy covariance and relaxed eddy accumulation are the best methods for measuring 

fluxes from concentrated animal feeding operations (CAFOs) (Shah et al., 2006) and beef cattle 

feedlots, because these methods do not disturb the surface.  Likewise, micrometeorological 

methods allow for environmental effects to be ascertained. Current NH3 emissions estimate 

approaches do not account for individual feedlot variation; in fact, they lack the characterization 

in spatial and temporal contexts.  

In reviewing the literature to-date on NH3 concentrations, emission rates, and fluxes from beef 

cattle feedlots, twenty-five studies have reported NH3 data from beef cattle feedlots. Sixteen of 

the studies characterized whole beef feedlots; nine studies measured NH3 as a component of 

designed dietary trials (Table 1). Of the twenty-five studies, sixteen reported data from the Great 

Plains Region of the U.S. (Colorado, Kansas, Nebraska, and Texas) and five are from Southern 

Canada.  Therefore 84% of the NH3 emissions data from beef cattle feedlots are from two 

climatic zones. Concentrations and proportions of emitted NH3 vary due to meteorological 

drivers including precipitation, humidity, wind speed, and temperature as well as differences in 

soil characteristics (Rumburg et al., 2008; Todd et al., 2008). Climate and soil characterist ics 

differ greatly across the continental U.S. Yet, the NH3 emissions data do not capture the 

variance. The lack of spatial and temporal diversity in beef production NH3 emissions literature 
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highlights the need for further research to assess the N cycling in beef production systems and 

the viability of these operations from a diverse geographical basis. 

Pen Surface Sampling  

One of the first looks at volatilization of NH3 from a beef feedlot system was a laboratory study 

examining urination frequency and NH3 volatilization rates (Stewart, 1970). The authors 

determined N losses by volatilization through simulated feedlot conditions with the additions of 

collected cattle urine to soil columns. In both experiments columns were packed with soil from a 

nearby Greeley, Colorado feedlot to a depth of 30 cm. In the wet column experiment, columns 

were initially saturated with 180 mL H2O with urine being added on day 3 followed in 5 mL 

increments every second day. The addition of urine at a rate of 5 mL every second day is 

equivalent to the average rate of urination by steers in a 7 m
2  

hd
-1

 extreme stocking density or to 

simulate a typical stocking density of 1,430 cattle ha
-1

. In the dry column experiment no initial 

saturation occurred and urine was added at 5 mL aliquots every four days. In both experiments 

leached NO3
-
 and volatilized NH3 were measured along with intermediate soil contained N 

species such as Organic-N, NO3-N, and Nitrite-N. Ammonia loss was measured by passing zero 

air over the capped column and bubbling exhausted air through a dilute hydro sulfuric acid 

solution. The wet soil column experiment determined that 62% of the urinary-N was nitrified, 

with less than 25% of urinary-N volatilizing as NH3. With that said, 98% of initial soil-N and 

added urine-N for the wet column study were accounted for (2569 vs. 2613 mg-N). In a second 

experiment, urine was applied at the same volume, but with half the frequency to dry soil 

columns. Here, results are somewhat congruent with current knowledge, in that the majority of 
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urinary-N volatilized as NH3 (85 to 90%). This work verified the role of soil saturation in driving 

NH3 volatilization although the work was not in situ. 

Retention Pond Sampling  

Newer and renovated feedlots slightly grade their pen surface to create a downward slope toward 

a large retention pond where runoff is collected. The size of the retention pond varies throughout 

the year depending on the amount of rainfall. Retention ponds are a small portion of possible 

NH3 emissions sources. Flesch et al., (2007) used an open-path laser to create a line averaged 

NH3 concentration for use in bLS. The bLS model determined NH3 emissions from a Texas 

feedlot retention pond ranged from 2 to 12 kg-NH3 hr
-1

. A year later, in 2005, NH3 emissions 

from the same retention pond ranged from 6 to 41 kg-NH3 hr
-1

. When data were converted to a 

daily mean of 200 to 300 kg-NH3 d
-1

 it became clear that retention ponds were only a small 

fraction compared to the pen surface (less than 5%). The variation in precipitation across the two 

years led to two different size retention ponds which were noted as the major driver in the 

difference in total NH3 emissions. Further evidence of retention pond size leading to larger 

emission was noticed by comparing fluxes from each year which resulted in 9 kg-NH3 ha
-1

 d
-1

 for 

2004 and 8 kg-NH3 ha
-1

 d
-1

 for 2005. These flux values were similar to the runoff emissions used 

in the “NH3 Emissions Estimator” of Koelsch and Stowell (2009). In the estimation worksheet 

the runoff holding pond (precipitation runoff only) is estimated as 2 to 3% loss of nitrogen 

entering the facility. Moreover, van Harrlem et al., (2008) found the mean NH3 emission rate 

from the runoff (retention) pond to be 17 ± 15.9 kg-NH3 d
-1

, and that it only accounted for 0.4% 

of the total intake nitrogen, or 8.6 kg-NH3 ha
-1

 d
-1

, which related well to the findings of Flesch et 

al. (2007) of 8 – 9 kg-NH3 ha
-1

 d
-1

. The EPA (2004) suggests that retention pond NH3 emissions 
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are 71% of nitrogen entering the pond. If the EPA (2004) estimate was applied to the retention 

pond in Todd et al. (2008) the result would be a loss of ~ 3.5% of fed-N which is close to the 

2.4% reported. Based on these data little further investigation of retention pond NH3 emissions 

has occurred. 

Nitrogen mass balance studies  

Of the research available pertaining to beef feedlots’ contribution to atmospheric NH3 relatively 

few approaches were taken to measure emission profiles. The most rudimentary of these 

methods, but also quite prevalent was the use of a N mass balance (Bierman et al., 1999; 

Erickson et al., 2000; Adams et al., 2004; Cole et al., 2006; Farran et al., 2006). One of the 

simplest methods to determine NH3 emissions is via a nitrogen (N) mass balance. An N mass 

balance uses all measured or calculated components to determine NH3 loss by difference. 

Components include input-N, retained-N, and excreted-N to determine NH3 loss by difference. 

This method attempts to extrapolate nitrogen volatilization using a mass balance by calculating 

the difference between removed-N + runoff-N and excreted-N. However, mass balance 

approaches cannot distinguish the Nr species (N2O and NH3) comprising atmospheric loss. 

Without the volatilization of nitrogen being directly measured, results are then based on an upper 

range of nitrogen utilization inefficiencies. The use of N mass balance does not allow for the 

measurement of NH3 flux densities and as such most reported data were emission factors (EFs). 

All five N-mass balance studies were in conjunction with dietary trials. Dietary trials directly 

manipulate the diet of beef cattle to assess dietary impacts on growth, carcass merit, and in these 

cases, N-excretion and N-loss. As such, data from dietary trials should not be applied universally 

across the U.S. beef production system. N-emissions ranged from 0.107 to 0.16 kg-N d
-1
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(Bierman et al., 1999) and were 65 to 70% of the N-intake of beef cattle over the summer months 

(Farran et al., 2006) across the five N mass balance studies. Emission factors developed from N 

mass balance methodology ranged from 0.05 kg-N hd
-1

 d
-1

 over winter/spring period to 0.16 kg-

NH3 hd
-1

 d
-1

 over summer measurements (Erickson et al., 2000; Farran et al., 2006).  

Gilbertson et al. (1971) performed an N balance on newly built feedlots at the University of 

Nebraska Field Laboratory near Mead, Nebraska. The observed removal of nitrogen in manure 

hauling was 50 to 60% of input-N, and runoff was 10% of input. However, based on the 

treatment groups of two stocking densities (200 sq ft hd
-1

 and 100 sq ft hd
-1

) and two pen 

cleanings typical of commercial feedlot operations (at 112 d and 203 d of feeding) the collected 

data and estimations showed the range of total-N removed from feedlots as a percentage of 

consumed/fed-N was from 23 to 54%. These methods relate any unaccounted for N as having 

escaped to the atmosphere, but of the newly laid feedlots up to 95% of the material removed was 

soil not excrement. The relationship to atmospheric-N loss as a percentage of fed-N is not easily 

deduced from the study parameters and was not an objective of the work. There then exists 30 to 

40% input N unaccounted. Within a mature feedlot surface compaction does not allow for 

leaching of nutrients to groundwater (Vaillant et al., 2009). Therefore, unaccounted N can then 

be either retained in fed cattle or lost to the atmosphere. Unfortunately, N retention over feeding 

period was not directly measured which makes it difficult to extrapolate the percent of N input 

that was lost to the atmosphere.  

Bierman et al. (1999) ran two separate trials to determine the digestibility, performance impact, 

and nutrient utilization of three dietary treatments. In the first trial, using three steers; 

digestibility of the diets were characterized and excreted-N as percentage of fed-N ranged from 
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51 to 66% among dietary treatments. In the second feedlot trial, Bierman et al. (1999) used an N 

mass balance method incorporating input-N, retained-N, and excreted-N to determine nitrogen 

stocks and flows over an 87 d period from June to October. Within the feedlot trial input-N, 

fecal-N, and removed-N were directly measured. Whereas, retained-N was calculated using the 

NRC (1996) net protein gain equation. Excreted-N was estimated through calculation of the 

difference between retained-N and input-N. An inefficiency of N utilization by feedlot steers was 

estimated. Bierman et al. (1999) reported that excreted-N, as a percentage of input-N, ranged 

from 89 to 91% across dietary treatments. Bierman et al. (1999) attempted to extrapolate 

nitrogen volatilization by calculating the difference between removed-N + runoff-N and 

excreted-N. An estimated 51 to 61% of fed-N volatilized which is a slightly narrower range of 

nitrogen loss than James et al. (1997). The objective of the study was to determine dietary 

influence on N and OM excretion by cattle on finishing diets. Extrapolating the results from the 

100% concentrate dietary treatment may provide a better universal application of U.S. beef cattle 

feedlot nitrogen mass balance. Unfortunately, mass balance approaches cannot distinguish 

atmospheric loss between nitrous oxide and NH3. In this study the volatilization of nitrogen was 

not directly measured and based on upper range nitrogen utilization inefficiencies. 

To this point all NH3 emissions estimates were gathered over summer months. Thus from 1969 

to 1999, any and all inventory decisions were assuming emissions were uniform across seasons. 

It was not until 2000 that this assumption was examined. Erickson et al. (2000) performed N 

mass balances over a winter/spring period (November to May) and for a summer period (May to 

October) at the University of Nebraska’s Agricultural Development and Research Center near 

Mead, NE. This work aimed to compare a typical feedlot ration (13.5% crude protein; CP) to a 

phase fed ration (10.8 to 12.7% CP) in which CP was matched for metabolizable intake protein 
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according to NRC (1996). The dietary treatments impact on excreted-N during the trial is 

difficult to discern, because, like Bierman et al. (1999), excreted-N was not directly measured, 

rather, calculated based on the difference of intake-N and retained-N (calculated by net protein 

gain equation NRC, 1996). Volatilization of nitrogen reported was also calculated as Bierman et 

al. (1999). Excreted-N for the summer time fed yearling steers was 29.5 and 23.4 kg-N steer
-1

 

132 d
-1

 for control and phase treatments, respectively. Excreted-N for the winter/spring fed 

calves was 32.4 and 28.2 kg-N steer
-1

 183 d
-1

 for control and phase treatments, respectively. 

Across all four treatments excreted-N as a percentage of intake-N agreed. The range was from 86 

– 89%. However, estimated volatilized-N did not agree across the four treatments. Volatilized-N 

was significantly different between the dietary treatments in the yearling trial; 63 and 53% of 

fed-N volatilized for the control and phase treatments, respectively. In the calf trial, volatilized-N 

as a percentage of fed-N averaged 35% with treatments not being significantly different. The 

conversion of volatilized-N to an N emission factor resulted in a range of 0.108 to 0.158 kg-N 

steer
-1

 d
-1

 for yearlings fed in summer and 0.062 kg-N steer
-1

 d
-1

 for calves fed in winter/spring. 

The difference in emission factors and volatilized-N may not entirely be a result of seasonal 

factors. The age of the steers in the trials and subsequent diets likely played a large role in the 

resulting losses. The discrepancy in volatilization compared with excretion between the yearling 

and calf trial may be explained by the higher (2 to 2.5 times) N removed during manure hauling 

which is a critical variable in the calculation of volatilization. Across both treatments mean 

manure-N was 7.35 ± 0.33 kg-N hd
-1

 for yearlings and 19.3 kg-N hd
-1

 for calves. The reported 

manure-N concentrations suggest that the calf trial had higher emissions of nitrogen, yet that is 

opposite of the previously discussed emission factors. The two different age groups of cattle 

were an unaccounted variable. Also, two different diets were fed; a control diet of 13% CP and a 
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phase diet ranging from 10.5 to 12% CP which in theory never exceeded the N requirements 

during growth and finishing. Therefore, EFs should not be applied to all beef cattle production. 

Another nitrogen mass balance was completed by Adams et al. (2004). Three finishing trials, 

similar to Erickson et al. (2000), were conducted to determine the impact of diet manipulations 

on N losses from feedlots. Calves were fed to finish for 180 d in the winter/spring and yearlings 

were finished in 132 d during summer. In a third trial calves were fed for 160 d in the 

winter/spring to determine impact of pen cleaning frequency; either cleaned monthly or once at 

the end of the feeding period. Composting was performed during the summer from May to 

October. Retained-N was calculated using both net protein and net energy equations from NRC 

(1996). Excreted-N (urine + feces) was determined by subtracting retained-N from intake-N. 

Because the authors chose to calculate nitrogen retention as they did, lower ADGs and final 

weights greatly impacted the retained-N reported. For calves fed the three dietary treatments over 

180d, nitrogen excretion ranged from 33 to 35 kg-N steer
-1

 and as a percentage of intake-N 

ranged between 87 and 89%. Knowledge of the N cycling evolved which led to unaccounted for 

nitrogen being defined as N lost rather than as volatilization (Bierman et al., 1999; Erickson et 

al., 2000). However, Adams et al. (2004) used the same volatilization equation to calculate N 

lost. For the 180 d winter/spring calf trial N lost as a percentage of intake-N ranged from 23 –

44%. This range is similar to Erickson et al. (2004), but it is difficult to determine whether the 

lower calf trial values when compared to the yearling trial are due to seasonal drivers, age, or 

higher concentrations of manure-N in calf trials. Adams et al. (2004) reported 132d summer fed 

yearlings excreted a mean of 28 kg-N steer
-1

 across the three dietary treatments with an average 

of 88% of fed-N being excreted. Nitrogen lost for summer fed yearlings as a percentage of 

intake-N ranged from 48 to 55%. It was difficult to extrapolate results from the third trial 
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although no dietary treatment by pen cleaning frequency interaction was detected. However, as a 

result of lower N intake the control dietary treatment by end cleaning resulted in the lowest N 

excretion. N lost ranged from 7.9 to 15.1 kg-N steer
-1

as determined by N-mass balance. Corn 

bran took the place of dry rolled corn as 30% of the diet in an effort to increase organic matter 

excretion onto the pen surface. The minimum and maximum were statistically significantly 

different values for the bran diet x monthly cleaning and bran diet x end cleaning, respectively. 

Nitrogen lost as a percentage of intake-N was between 21 and 41%. Percentages of nitrogen lost 

from the cleaning frequency trial were similar to those of trial two (23 to 44%) suggesting pen 

cleaning frequency did not impact atmospheric loss of N. However, the calculations used to 

determine N-lost were the same as the N retention calculation, thus the mass balance (and N lost) 

were dependent on dietary factors which may have concealed any cleaning frequency interaction. 

Cole et al. (2006) performed a similar phase feeding trial as Erickson et al. (2000). Unlike 

Erickson et al. (2000) this work compared six dietary treatments at the Clayton Livestock 

Research Center in New Mexico. Nitrogen and phosphorous (P) retention were estimated from 

individual animal performances using NRC (2000) equations. The use of the N:P ratio method 

allows for N volatilization loss calculations to be independent of retained-N. The change in N:P 

ratio of diet and pen surface manure was used to estimate apparent nitrogen volatilization. Five 

samples of air dried manure were collected and composited from each pen twice during the trial 

(56d apart). Apparent N volatilization loss as a percentage of intake-N was based on the 

difference between N:P ratio of the diet and the N:P ratio of manure divided by the N:P ratio of 

the diet (Todd et al., 2005). Cumulative nitrogen retention across diets over the entire 180 d 

feeding period ranged from 4.47 to 4.64 kg-N steer
-1

 with no difference among treatments. 

Retained-N as a percentage of intake-N was reported to range from 15.5 to 19.66%. Cumulative 
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phosphorous retention across diets over the entire 180 d feeding period averaged 1.09 kg-P steer
-

1
 with no difference among treatments. Retained-P as a percentage of intake-P was reported to 

range from 21.9 to 26.7%. Nitrogen volatilizations were from 11.9 to 19.57 kg-N steer
-1

. Cole et 

al. (2006) found N volatilization to be between 52 and 65.7% of intake-N during their 

winter/spring measurements. These data and methodology are of value due to the inexpensive 

sampling protocol. However, a direct comparison of the N:P ratio method and 

micrometeorological sampling revealed discrepancies between emissions rates (Todd et al., 

2005). 

Farran et al. (2006) fed steers for 132 d from June to October 2002 (Summer) to determine the 

impact of five dietary treatments on performance and N balance. The authors calculated N 

excretion, retention, and loss as Bierman et al. (1999), Erickson et al. (2000), and Adams et al. 

(2004). Across all five dietary treatments mean nitrogen excretion was 27 kg-N steer
-1

 and as a 

percentage of intake-N was 86%. Mean N lost was 21 kg-N steer
-1

 across all five dietary 

treatments. On a percentage of intake-N basis, these losses ranged from 65 to 70%. A statistically 

significant difference existed between treatments (alfalfa hay and wet corn gluten feed) for 

values of intake-N and retained-N. Yet, the percentages of N excreted and N lost agreed well 

between the alfalfa hay and wet corn gluten dietary treatments. 

Micrometeorological Methods 

The prevalence of micrometeorological (micromet) methods in the literature is greater than N 

mass balance approaches. Of the micromet approaches, nine used backward Lagragian 

Stochastic (bLS) modeling software which was either coupled to an open-path laser or 

chemiluminescence NH3 monitor. The bLS software assesses turbulent transport on the 
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micrometeorological scale for short-range atmospheric dispersion simulations within a horizontal 

distance of 1km from the source. The bLS model is run most often using a line-averaged 

concentration derived by an open-path laser, but can run using a point source concentration 

(chemiluminescence). The model incorporates the downwind NH3 concentration and all wind 

statistics to calculate the emission source and rate. The majority of studies utilizing the bLS 

model attempted to characterize whole beef feedlot emissions and did not directly manipulate 

diets or management of these operations. Fluxes (Table 2) ranged from 4,242 ug-NH3 m
-2

 min
-1

 

as an annualized flux (Rhoades et al., 2010) to 6,528 ug-NH3 m
-2

 min
-1

 for summer months 

(Flesch et al., 2007). Emission factors from these studies ranged from 0.045 kg-NH3 hd
-1

 d
-1

 for 

winter (Todd et al., 2009) to 0.318 kg-NH3 hd
-1

 d
-1

 for autumn measurements (van Harrlem et al., 

2008). When including all micromet approaches, NH3 fluxes ranged from 317 ug-NH3 m
-2

 min
-1

 

for winter (Baek et al., 2006) to 6,528 ug-NH3 m
-2

 min
-1

 for summer (Flesch et al., 2007). 

Reported emission factors from across micromet studies ranged from 0.0382 kg-NH3 hd
-1

 d
-1 

(Koenig et al., 2013) to 0.318 kg-NH3 hd
-1

 d
-1 

 for autumn fall measurements (van Harrlem et al., 

2008). 

Micromet studies  

It was not until greater than a decade after the first N mass balance for beef cattle feedlots that 

NH3 emissions from a cattle feedlot were actually quantified. Hutchinson et al. (1982) quantified 

NH3 and amine fluxes during the spring and summer of 1977 from a 108,000 head cattle feedlot 

in northeastern Colorado with a stocking density of 840 hd ha
-1

. The authors used a flux gradient 

micrometeorological technique with a fetch exceeding 1,000 m during Southerly winds. 

Atmospheric NH3 was sampled at each of eight different heights (1.52, 2.13, 2.74, 3.96, 5.18, 
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6.40, 7.62, and 8.84 m) above the feedlot by sampling a volume of 1 L min-1 through bubblers 

containing 15 mL of dilute acid. Sampling periods lasted 1 to 3 hours during the “mid-afternoon” 

with bubblers in series to assure efficiency of basic-N capture. Ammonia samples were analyzed 

using the indophenol method (Fawcett and Scott, 1960). Ammonia concentrations were also 

confirmed by gas chromatograph analysis of fluorobenzamide derivatives. The mean vertical 

NH3 flux density was 1.4 +/- 0.7 Kg-N ha
-1

 hr
-1

 during maximum of three hour daytime 

measurements. Vertical NH3 flux ranged from 0.64 kg-NH3 ha
-1

 hr
-1

 (April 6) to 2.37 kg-NH3 ha
-

1
 hr

-1
 (July 29) with the mean comprised of five sampling days. Flux densities were calculated 

using a derivation of both Thom (1975) and Denmead and McIlroy (1971). Lower NH3 fluxes 

were associated with a ‘wet’ feedlot surface; however, NH3 fluxes greater than the mean were 

recorded as the feedlot surface dried, offsetting the lower ‘wet’ surface fluxes. Hutchinson et al., 

(1982) hypothesized that precipitation stimulated fecal protein breakdown, but also retarded NH3 

emissions by providing a reservoir for N to remain dissolved. NH3 volatilization rates were not 

strongly dependent on temperature, or wind speed which differs from most findings. The mean 

vertical NH3 flux of 1.4 kg-NH3 ha
-1

 hr
-1

 represented 50% of the urinary-N deposited or 25% of 

the total-N excreted. 

McGinn et al. (2003) measured NH3 along with 13 other odorous compounds at various 

distances from feedlots in southern Alberta, Canada from March 23 to September 24, 1999. 

Ammonia concentrations were also measured directly adjacent to the feedlots to be represent 

feedlot concentrations. Ammonia concentrations were determined from the total amount 

accumulated in passive denuder samplers. Ammonia accumulated over a 2 to 3 day period while 

accounting for total volume of air sampled over that time period. The samplers were flushed with 

H2O and the NH3 solution was analyzed using the salicylate method of Kempers and Zweers, 
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(1986). The mean NH3 concentration was calculated by the quotient of accumulated NH3 and 

accumulated air volume (duration*airflow rate). Ammonia was simultaneously measured in real-

time with an open-path laser set up 200 m downwind of the 12,000 and 25,000 hd feedlots. The 

laser path ran north-south and was set outside the eastern side of the feedlot, as such only 

westerly winds (~60% during campaign) were used for measurements. A third 

chemiluminscence-type analyzer was used to measure NH3 at a height of 2 m several distances 

downwind. Dry deposition of NH3 was measured using ground level dishes at the base of 

measurement towers. Similar to Hutchinson and Viets, Jr. (1969), McGinn and colleagues (2003) 

found the majority of emitted NH3 was deposited immediately downwind from the feedlots. The 

average dry deposition rates of NH3 to adjacent lands were significantly different between the 

four different sized feedlots. Ammonia deposition rates were 23, 84.4, 37.5, and 55.8 mg-NH3 m
-

2
 d

-1
 for the 6,000, 12,000, and the two different 25,000 hd feedlots, respectively. Ammonia 

deposition rates from both the 12,000 and 25,000 hd feedlots fell below the upwind rate 

(background concentration) within a distance of 100 m from the feedlot. During spring (May) 

sampling concentrations adjacent to feedlots ranged from 66 to 503 ug-NH3 m
-3

 and 155 to 1,488 

ug-NH3 m
-3

 during summer (July) sampling. Average NH3 concentrations over the 8 sample days 

with strong westerly winds ranged from 130 ug-NH3 m
-3

 (6,000hd) to 813 ug-NH3 m
-3

 

(12,000hd), with median concentration of 459 ug-NH3 m
-3

 at the 25,000 hd feedlot. Maximum 

NH3 concentrations from feedlots were the average of 2 or 3 day samplings and ranged from 205 

to 1,805 ug-NH3 m
-3

. The highest maximum NH3 concentration was measured during pen 

cleaning. Ammonia concentrations were highest at towers adjacent to the feedlot and decreased 

asymptotically with distance from the source. In fact, McGinn et al. (2003) reported a reduction 

in NH3 concentration of 65 to 85% by 200 m downwind compared to adjacent NH3 
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concentrations. Data gathered using the open-path laser showed diurnal variability in NH3 

concentrations at 200 m downwind of feedlots. All data showed that NH3 concentrations, 

especially adjacent to feedlots, were inversely correlated to wind-speed. This finding is in 

contrast to that of Hutchinson et al. (1982), but reflects dilution effects in the atmospheric 

boundary layer. 

Todd et al. (2005) used two methods to estimated NH3 emissions from beef feedlots. One 

method measured NH3 concentrations within the ABL at different heights (Flux Gradient 

method). The second method analyzed the change in feed and manure N:P as a means to account 

for volatilized-N. The FG used acid gas washing or chemiluminescence to measure NH3 

concentrations which were then used to estimate flux. Volatilized-N, lost as a gas, was estimated 

by analyzing fed-N and P and comparing it to N and P found in pen surface manure samples. 

Micrometeorological methods are becoming more common for measuring gaseous emissions 

from feedlots because they do not perturb surface processes and can integrate large surface areas 

(Fowler et al., 2001). Flux gradient estimates require calculation of a vertical profile of gas 

concentrations, wind speed, and air temperature. The method assumes that vertical flux is 

constant with height (Thom, 1975). However, Loubet et al. (2009) found that not accounting for 

advection fluxes when using the gradient method resulted in misinterpretation of actual 

emissions, suggesting the results of Todd et al., (2005) may need adjustment. Mason (2004) first 

suggested that changes in the N:P ratio between feed and pen manure is a viable alternative to 

estimate an upper limit of NH3 emissions from cattle feedlot pens. Thus, Todd et al. (2004) 

compared the N:P ratio to a chemiluminescene analyzer flux gradient approach. The 

chemiluminescence analyzer was used for NH3 sampling during the winter 2004 and summer 

2004 campaigns. When using the flux gradient method, data was eliminated that did not 
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correspond to an adequate upwind fetch. Data from sources other than feedyard pens were 

excluded (e.g. retention pond or manure stockpiles). A time-weighted averaging of flux estimates 

were used to calculate mean daily fluxes. Protein retention was calculated using NRC (2000) 

equations and nitrogen retention was calculated by assuming it is 16% of protein retention. 

Phosphorous retention was calculated as 3.9% of protein gain (NRC, 2000). Estimated gaseous-

N loss was calculated as the difference in the N:P ratio of the excreted manure and the pen 

surface manure. Dividing the difference by the N:P ratio of the diet allowed N loss to be reported 

on a percentage of fed-N basis. Mean daily NH3 flux densities varied across sampling 

campaigns. Summer fluxes ranged from 55 to 93 ug-NH3 m
-2

 s
-1

, with an average of 70 ug-NH3 

m
-2

 s
-1

. The summer 2004 campaign was the most variable in flux density measurements due to 

the frequency of precipitation during the campaign. The reported data showed that NH3 fluxes 

were suppressed directly following precipitation events. Yet like Hutchison et al. (1982) 

described, the nitrogen emission increased as feedlot surfaces dried. The greatest maximum daily 

flux of 110 ug-NH3 m
-2

 s
-1

 and greatest 3-hr flux of 199 ug-NH3 m
-2

 s
-1

 were associated with a 

hot, dry day in summer 2003. Winter fluxes averaged 34 ug-NH3 m
-2

 s
-1

 or approximately half 

that of summer fluxes. Based on an annual production of 100, 465 hd, the feedyard had an 

emission factor of 15.0 kg-NH3 hd
-1

 
yr-1

. The EPA (2004) assigned drylot production beef cattle 

an NH3 emission factor of 11.4 kg-NH3 hd
-1

 yr
-1

. The N:P ratio averaged 5.49 in feed and 2.99 in 

manure pack in summer and 5.96 for feed and 3.28 in manure pack in winter. These ratio 

changes corresponded to averaged gaseous-N losses of 45% of fed-N in summer and 44% of fed-

N in winter. Ammonia-N loss averaged 55% of fed-N during summer and 27% of fed-N during 

winter when measured using the FG approach. The N loss estimated via N:P was compared to 

the NH3 loss measured with flux gradient method. Ammonia emissions from the AGM exceeded 
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the gaseous-N loss determined by the N:P ratio during summer. Ammonia-N comprised about 

60% of the gaseous –N loss during the winter if both FG and N:P ratio data were correct. Harper 

et al. (2004) independently and simultaneously measured NH3 concentrations on the same 

feedyard as Todd et al. (2005), but used a different approach. Instead, an open-path laser was 

used to measure NH3 concentrations and gathered data were used in a backward Lagrangian 

stochastic (bLS) model to estimate flux. Summer NH3 emissions were found to be 53% of fed-N 

and winter emissions were 29% of fed-N. Based on two measurement methods, the flux gradient 

method and the N:P ratio method, the N:P ratio method tended to predict lower N (NH3) loss 

values than the flux gradient method during the summer campaigns. During the winter 

campaigns the N:P ratio method predicted higher N lost as a fraction of fed-N compared to the 

FG method. 

Baek et al. (2006) utilized the vertical flux gradient method for estimating NH3 fluxes and dry 

deposition velocities over summer and winter feeding periods in a Texas cattle feedlot. The FG 

method was compared to a previously completed isolation chamber study performed on the same 

feedlot. The mean NH3 flux was 3,671 ± 2,624 ug-NH3 m
-2

 min
-1

 for summer 2004 as measured 

by the FG method. However, measurements using isolation chambers for summer 2003 and 2004 

were much lower; 1,666 +/- 1,642 ug-NH3 m
-2

 min
-1

 and 1,681 +/- 1,931 ug-NH3 m
-2

 min
-1

, 

respectively. In the winter of 2003 isolation chambers and FG method were directly compared. 

Chambers were used to measure NH3 from January 8 to 21 and FG method from January 22 to 

24. The chamber measurement approach yielded mean NH3 flux was 289 +/- 237 ug-NH3 m
-2

 

min
-1

 while for the FG method mean NH3 flux was 317 +/- 209 ug-NH3 m
-2

 min
-1

. The two 

methods of NH3 flux measurement differed by 11.6%, which is a large number when considering 

implications of emission factors. Ammonia flux had a diurnal pattern with higher daytime fluxes. 
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Baek et al. (2006) suggested the diurnal pattern was partially explained by changes in manure 

temperature and a more active evaporation process during the daytime. Deposition velocities 

were calculated from the ratio of NH3 flux to the mean concentration of NH3 at the 3 m sampling 

height. During summer 2004 the mean measured NH3 deposition velocity was -6.27 ± 4.47 cm 

sec
-1

. Very stable conditions during the day resulted in the highest mean deposition velocity of 

NH3. Flux estimates were based on a total of 83 and 29 h averaged measurements for Summer 

2004 and Winter 2003, respectively. For the FG method a 3-way valve switched between the two 

heights (3- and 6-m) every ten minutes. However, because of the delay in instrument response 

times only the last three minutes of data were thought to be indicative of concentrations. The 

three minute averages (3 per height per hour) were averaged to create an hourly average trace gas 

concentration. This averaging makes the reported data questionable, because it suggests that only 

9 minutes of data were used to explain an hour of atmospheric chemistry. Furthermore, a lull in 

collected data from each height of 17 minutes is created because of the delay in switching. Also, 

by not measuring the NH3 concentration at the two heights simultaneously it complicates the 

extrapolation of true flux. 

Flesch et al. (2007) attempted to find the optimal implementation of an inverse-dispersion 

technique by testing two different measurement locations for their concentrations and wind 

statistics. One measurement site was within the feedlot and the other was downwind. The 

backward Lagrangian stochastic (bLS) dispersion model was used to back calculate measured 

NH3 concentrations to a source emission rate. At downwind measurement locations a narrow 

range of useable wind directions were available which make running the bLS model difficult. 

More specifically, wind statistics to use in the calculations were ambiguous, there were lower 

NH3 concentrations, and downwind deposition of NH3 existed. Therefore, an in-source 
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measurement was recommended when applying the inverse dispersion model for large sources 

like feedlots that modify ambient wind flow. Measured 15 minute line averaged concentrations 

were near 5ppm, with averages of 1.7 ppm in 2004 over 12 d and 1.2 ppm in 2005 over 10 d. 

Background concentration was neglected because it was negligible compared to measured 

concentrations. In-feedlot measurements yielded a more complete emissions time-series than 

downwind measurements. Locating measurement towers within the feedlot allows for emissions 

to be captured regardless of the direction of wind and allows analyzers to always be within the 

trace gas plume. Four modeled configurations were also compared to determine the source 

details near the laser path. The configuration in which the alleyway was removed was chosen. In 

doing so, a temporary bias in their emission calculations may result during feeding periods when 

cattle congregate at feed bunks. Daily emissions did not correlate well with daily average air 

temperature or wind speed. The average NH3 emission was 0.15 kg-NH3 hd
-1

 d
-1

 in both 2004 

and 2005. The mean NH3 flux density for summer 2004 was 0.0094 kg-NH3 m
-2

 d
-1

 and for 

spring 2005 was 0.0078 kg-NH3 m
-2

 d
-1

. Mean NH3 emissions corresponded to a loss of 63% and 

65% of fed-N in 2004 and 2005, respectively. 

McGinn et al. (2007) added to the growing data sets of NH3 emissions based on 

micrometeorological methods. The inverse-dispersion technique was used because it was a 

simple and flexible micrometeorological method. The study quantified the emission of NH3 from 

a finishing feedlot during the summer. Mean NH3 emissions from the Canadian feedlot was 

higher than that of a Texas feedlot reported by Todd et al. (2005) (84 vs. 70 ug-NH3 m
-2

 s
-1

). 

McGinn et al. (2007) suggested the higher emission value may relate to the difference in the 

quantity of manure which accumulated in pens over the duration of sampling. As emissions were 

converted to a per animal basis there was close agreement with the 150g-NH3 hd
-1

 d
-1

 reported by 
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Flesch et al. (2007), which was also the same feedlot characterized by Todd et al. (2005). Diurnal 

emission patterns were observed throughout the study with mean NH3 concentrations ranging 

from 36 ug-NH3 m
-2

 s
-1

 to 129 ug-NH3 m
-2

 s
-1

. The peak afternoon flux (at 14:00) was triple the 

early morning (04:00) concentration. A similar scenario was observed by Flesch et al. (2007) 

with a 10-fold change from 36 to 360 ug-NH3 m
-2

 s
-1 

over a 24 hr period. The diel difference may 

be related to temperature difference inherent to the latitude differences or the dietary differences. 

A second smaller peak in NH3 emissions was noticed in the evening at 22:00. This second 

smaller peak was also observed by Flesch et al. (2007). Both studies attributed the evening 

elevations to increased cattle activity. The sensible heat flux was compared to NH3 emissions 

regressions over three days; dry day prior, wet day, and dry day after. The regression for the two 

dry days had an R
2
= 0.71 and 0.45 respectively. However, the wet day had an R

2
 <0.01 

suggesting that a relationship between the two variables was nonexistent. An average emission of 

3,146 kg-NH3 d
-1

 lost from the entire feedlot which equated to a flux of 84 ug-NH3 m
-2

 s
-1

 or an 

EF of 140 g-NH3 hd
-1

 d
-1

. The mean NH3-N lost as a percentage of intake-N was 63%. 

Rhoades et al. (2008) measured ambient NH3 concentrations at a Texas Panhandle cattle feedlot 

over the spring and summer months of 2007. The bLS model was used to estimate NH3 

emissions and characterized cattle diets in order to compare NH3 emission rates to fed-N. Mean 

24 hr NH3 concentrations for spring were found to be 0.498, 0.597, and 0.568 ppm for March, 

April, and May, respectively. Slightly higher mean 24 hr NH3 concentrations were reported for 

summer as 0.684, 0.702, and 0.772 ppm for June, July, and August, respectively. Corresponding 

average mean NH3 flux densities were 57.76, 123.10, 86.34, 85.27, 75.06, and 71.56 ug-NH3 m
-2

 

s
-1

 for March, April, May, June, July, and August, respectively. April fluxes are greater than all 

other monthly averages, but also had the largest standard deviation of 118.81 ug-NH3 m
-2

 s
-1
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although it was not the largest monthly mean NH3 concentration. April resulted in the highest 

mean NH3 flux density because it was a very dry (<20 mm precipitation) and windy (20.7 km hr-

1 mean wind speed) month. As a result, mean spring flux rates were higher than summer fluxes 

which is in contrast to most of the literature thus far. However, the summer mean flux density of 

79 ug-NH3 m
-2

 s
-1

 is consistent with the mean emission rate of 84 ug-NH3 m
-2

 s
-1 

reported by 

McGinn et al. (2007) and the rate of 70 ug-NH3 m
-2

 s
-1 

reported by Todd et al., (2005). No details 

were given for how fed-N was measured, yet the mean fraction of fed-N lost as NH3 was 

reported as 53% and 44% for the spring and summer months, respectively. The summer 

percentage was lower than those determined by N mass balance: 51 to 61% (Bierman et al., 

1999), 53 to 63% (Erickson et al., 2000), 48 to 55% (Adams et al., 2004), 65 to 70% (Farran et 

al., 2006), 55% (Todd et al., (2005), 63% (Flesch et al., 2007), and 65% (McGinn et al., 2007), 

but agreed with the upper bound of N loss determined through the N:P ratio method, 45% (Todd 

et al., 2005). However, the fraction of fed-N lost as a NH3 was higher than the total gaseous-N 

lost as measured by the N:P ratio. This finding suggests that the N:P ratio method may 

underestimate volatilized-N (Todd et al., 2005). Until this study all other ‘spring’ measurements 

were over a winter/spring period. Using N mass balance methodologies Erickson et al. (2000) 

calculated 35% of fed-N was lost and Adams et al. (2004) calculated 23 to 44% of fed-N was 

lost during a winter/spring period which may account for the lower upper bound N-loss reported. 

Yet, one spring period averaged 53% of fed-N lost as NH3 (Rhoades et al., 2008) and agreed 

with the upper bound gaseous N loss of 52 to 66% determined by the N:P ratio method (Cole et 

al., 2006), but was lower than the spring reported 65% NH3 lost as fed-N (Flesch et al., 2007). 

Todd et al. (2008) quantified NH3 emissions from a southern High Plains cattle feedlot during 

the summer and winter, which were converted to an annual NH3 emission value. Ammonia 
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concentrations and the micrometeorological parameters needed to estimate atmospheric stability 

such as wind speed and temperature profile were captured. A bLS dispersion model was used to 

quantify NH3 emissions. Data were collected over six field campaigns from summer 2002 to 

spring 2005. Ammonia concentrations were measured using acid gas washing at different heights 

on a tower. During the summer 2004 campaign NH3 concentrations were measured using 

continuous chemiluminescence. When measuring continuously a 3-way valve switched between 

heights every ten minutes, but only data from the last 3 min from each height were retained for 

averaging. Wind speed and air temperature were characterized at the same height as NH3 

capture. The bLS simulations were run for each sampling period and measurement height using 

the gathered values of wind speed and NH3 concentration. Time-weighted daily mean emissions 

were created for the three campaigns. The uncertainty in flux measurements during the 

campaigns ranged from 9 to 18 %.  Seventy-seven percent of the estimated fluxes had coefficient 

of variations  <15% which was indicative of measurements taking place in the boundary layer 

and verified that horizontal flow was homogeneous; both critical components to used bLS 

modeling. The three summer campaigns had a total of 27 sampling days, with daily mean NH3 

emissions ranged from 5,130 to 11,090 kg-NH3 d
-1

 with mean emissions of 7,420 ±- 1,580 kg-

NH3 d
-1

. Across the 12 days of winter sampling in January and February, NH3 emissions ranged 

from 1,910 to 4,680 kg-NH3 d
-1

 with a mean emission of 2,670 kg-NH3 d
-1

 in 2003 and 4,250 kg-

NH3 d
-1

 in 2004. Winter NH3 emissions averaged less than half of summer campaign emissions 

(~45%). The four days of sampling during the 2005 spring campaign yielded an average NH3 

emission of 5,800 ± 2,450 kg-NH3 d
-1

. During the summer a daily one-time capacity per capita 

NH3 losses averaged 128 ± g-NH3 hd
-1

 d
-1

. This value was found to decrease to 64 ± 21 g-NH3 

hd
-1

 d
-1

 during the winter campaign. The spring averaged one-time capacity per capita NH3 loss 
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was 118± 50 g-NH3 hd
-1

 d
-1

. As calculated based on captured NH3 concentrations and fed 

nitrogen, the mean summer NH3 loss as a percentage of fed nitrogen was 68 ± 13%. The mean 

NH3 losses for winter and spring were 36 ± 9% and 62 ± 26% of fed-N, respectively. The 

summer and winter campaigns were averaged to determine an annualized NH3 emission of 4,430 

kg-NH3 d
-1

 which was approximately 53% of fed nitrogen. It was estimated that the NH3 

emissions factor was 19.5 kg-NH3 hd
-1

 fed or 71.0 kg-NH3 Mg of biomass produced
-1

. An 

estimated 275 kg-biomass hd
-1

 was produced based on entering weights of 275 kg hd
-1

 and a 

final slaughter weight of 550 kg hd
-1

. When evaluating the contribution of retention pond 

emissions it was assumed that mean retention pond NH3 emissions were 3.4% based on Flesch et 

al. (2007) which added 66 Mg-NH3 yr
-1

 to the annual emission rate and increased the emission 

factor to 20.2 kg-NH3 hd fed
-1

 from 19.5 kg –NH3 hd fed
-1

 based on pen emissions. The Todd et 

al. (2008) emission factor is larger than the EPA (2004) EF for drylot beef and heifers of 11.4 

kg-NH3 hd
-1

 yr
-1

. Similarly, the Todd et al. (2008) EF is outside the range of compiled literature 

EF’s mainly from European studies which ranged from 1.6 – 13.04 kg- NH3 hd
-1

 yr
-1

 

(Misenheimer et al., 1987; Asman, 1992; Battye et al., 1994).  

van Harrlem et al. (2008) sought to quantify the daily pattern of CH4 and NH3 emissions from a 

Canadian beef feedlot along with the associated retention pond through the use of an inverse 

dispersion model. Emissions were measured for twelve consecutive days from October 12 to 23 

in 2007. The average cattle population during this period was 16,995 hd. On average cattle 

entered the yard weighing 185 kg and went to slaughter weighing 635 kg. Using an open path 

laser, line average concentrations were taken for CH4 and NH3. The bLS model was used to 

estimate the emission rate for each 15 min sampling period. The estimated emission rate was 

calculated using thousands of particle trajectories. The 15 min line averaged concentrations for 
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NH3 was 2.73 ppmv. In comparison, the average background concentration of NH3 upwind of the 

pen was 0.01 ppmv. A clear daily trend existed for NH3 emissions. It was found that NH3 

emissions displayed greater variability than CH4 emissions during hourly periods. The variability 

was associated with mechanical turbulence and temperature. Over the 12 day measurement 

period NH3 emissions per capita averaged 0.318 ± 0.098 kg-NH3 hd
-1

 d
-1

. Mean intake-N was 364 

± g-N hd
-1

 and approximately 72% of the nitrogen fed was emitted as NH3. The higher NH3 

emissions were attributed to the excess CP in the feedlot diet. If CP level was dropped to the 

NRC (1996) level of 12.5% the emission rate would have dropped to 0.164 kg-NH3 hd
-1

 d
-1

 and 

only 57% of fed-N would have volatilize as NH3.  

Todd et al. (2009) examined NH3 emissions when corn was replaced with distiller’s grains to 

increase dietary crude protein level. The bLS inverse dispersion model was used to quantify NH3 

emissions at two feedyards (one including WDG, the remaining on a steam-flaked corn (SFC) 

diet) located in the Texas Panhandle. The two feedyards showed no statistically significant 

difference in per capita NH3 emission rate, 98 versus 95 g-NH3 hd
-1

 d
-1

 (p=0.79), during the pre-

WDG period . However, during both inclusion and post inclusion of WDG a statistically 

significant difference existed in per capita NH3 emission rate between the two feedyards. During 

the inclusion of WDG, the rate of emissions for the yard that included WDG was 149 g-NH3 hd
-1

 

d
-1

 compared to the SFC diet rate of emission of 82 g-NH3 hd
-1

 d
-1

 (p=0.003). Meanwhile, even 

after the inclusion period when both yards were feeding SFC, the yard that had fed WDG 

previously remained a higher emission source of NH3; 85 g-NH3 hd
-1

 d
-1

 versus 45 g-NH3 hd
-1

 d
-1

 

(p=0.01). The trials spanned two years with the pre-WDG period occurring during February to 

December in 2007, WDG inclusion during February to October in 2008, and the post-WDG 

period during December to February in 2009. Ammonia-N lost as a percentage of fed-N was 
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significant during the inclusion of WDG with five out of the nine months exceeding 75% of fed-

N. Based on model results almost 90% of fed-N was emitted as NH3 in May 2008. This high a 

value must be indicative of either overestimation of NH3 emissions, underestimation of fed-N, or 

both. The difference in spring/summer temperatures between 2007 (pre-WDG) and 2008 (WDG 

inclusion) were not discussed, but are likely reasons for emissions noticed. The temperature 

difference could account for some of the difference in per capita emission rate rather than being 

completely a result of WDG inclusion. 

Baum and Ham (2009) adapted speciation cartridges to measure gaseous NH3 and aerosol 

ammonium fluxes using relaxed eddy accumulation (REA). This technique accounts for the 

meteorological conditions in real-time, but allows for time-lapse measurement of NH3 via wet 

chemical analysis. The denuder method can be impacted by the aerosol ammonium and may lead 

to an over-estimation of measured NH3 concentration. However, when compared to NH3 

emissions, aerosol ammonium fluxes were negligible with greater than 90% of total mass 

captured as NH3. Measurements were taken from a 10 m tower near Manhattan, KS at the 

Kansas State University Beef Research Center. Over eight measurement days during the four 

hours from 10:00 to 14:00 NH3 concentration in UP moving eddies averaged 581.1 ug-NH3 m
-3

 

with a maximum of 810.2 ug-NH3 m
-3

. While over the same time period NH3 concentrations in 

down-moving eddies averaged 219.2 ug-NH3 m
-3

 with a maximum of 354.8 ug-NH3 m
-3

. Using 

these concentrations, midday NH3 fluxes ranged from 68 to 128 ug-NH3 m
-2

 s
-1

. The midday 

NH3 fluxes and data from September 21 sampling were used to calculate average daily NH3 

emissions and percentage of fed-N lost. A daily NH3 flux of 4.1g-NH3 m
-2

 d
-1

 was measured and 

39% of fed-N was emitted as NH3. The fed-N value lost as NH3 was closer to the value Todd et 

al. (2008) found as a winter average (36 +/- 9%) than the summer average (68 +/- 13%). 
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Aircraft measurements  

Staebler et al. 2009 measured NH3 emissions from a 17,220 hd beef feedlot covering an 800 m 

by 800 m area using three aircraft flybys. The flybys were conducted in September 2005 and 

measured NH3 with an analyzer that converted total reactive nitrogen and NOy to NO. Nitric 

oxide concentration was determined by chemiluminescence. Ammonia was calculated as the 

difference between total nitrogen and NOy. Stationary measurements 155 m downwind of the 

feedlot accompanied the flybys and used an open-path laser 1.5 m above the ground. The 

sampling was designed to gather information on the vertical distribution of NH3 in the boundary 

layer. Emissions from the feedlot were used in air quality models. On days with calm 

meteorological conditions NH3 molar mixing ratios were up to 100 ppbv as high as 300 m above 

the feedlot. The mean NH3 emission rate from the feedlot surface was 76 ± 4 ug-NH3 m
-2

 s
-1

 

equating to an EF of 10.2 g-NH3 hd
-1

 h
-1

. Measured NH3 emissions were compared to model NH3 

emissions of a bLS dispersion model. The results indicated that 90% of NH3 emissions from the 

feedlot were due to advection. The remaining 10% was accounted for by dry deposition. 

Integrating methodologies  

More recently researchers have begun to directly compare the N mass balance method with 

continuous direct measurements of NH3 emissions. Rhoades et al. (2010) continuously measured 

a 24,000 hd commercial cattle feedyard in Texas for 12 months. A chemiluminescence analyzer 

was used to measure NH3 concentrations. The measured concentrations in conjunction with 

meteorological data allowed for a bLS model to back calculate source emissions. The mean 

annual flux was 70.7 ug-NH3 m
-2

 s
-1

 (2.2 kg-NH3 m
-2

 yr
-1

) and the mean monthly fluxes were 

42.7 (November) to 123.1 (April) ug-NH3 m
-2

 s
-1

. Using bLS also allowed Rhoades et al. (2010) 
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to calculate an NH3 emission rate (ER) in kg-NH3 per day. As such, through a mass balance 

(ER/Fed-N = NH3 volatilization as % of Fed-N) the percentage of fed-N lost as NH3 was 

estimated. Using measured dietary samples the mean fluxes related to an annual mean of 48.8% 

of fed-N volatilizing as NH3-N. The range was from 29 to 64% with a high in April of 85% of 

fed-N volatilizing as NH3-N. 

As the NH3 dataset continues to build researchers are applying the data to craft empirical models 

for projecting potential NH3 emissions based on a variety of inputs. One such study employed a 

pseudo-life cycle assessment (LCA) using the Integrated Farm System Model (IFSM; 

Stackhouse-Lawson et al., 2012). Based on the parameters of the model two emission factors 

were established; a range of 98 to 141 g-NH3 kg-HCW
-1

 and 41 to 49.8 kg-NH3 hd
-1

. These 

results have different units than reported in most other studies. It is possible there is a movement 

toward presenting NH3 emissions on a production basis which is usually discussed as hot carcass 

weight (HCW).  

Galles et al. (2011) is the first attempt to provide statistical analysis to whether increased dietary 

crude protein is correlated to increases in NH3 emissions. Most studies show this trend, but none 

to date have been designed to statistically analyze the data set. The feeding trial used 84 

crossbred steers in Southeast, CO over the course of December to March. Fecal grab samples 

were included in the study design to quantify nitrogen retention and excretion rather than rely 

solely on the NRC (2002) equations. However, measurements of NH3 emissions from the pen 

surface were carried out under laboratory conditions. Pen surfaces soil cores were analyzed in 

chambers to determine the NH3 emissions. Mean daily NH3 emissions ranged as follows: 6.6 – 



84 
 

9.4 g-NH3 m
-2

 d
-1

 for the control diet, 6.3 to 8.8g-NH3 m
-2

 d
-1

 for the oscillating diet, and 4.1 to 

5.8g-NH3 m
-2

 d
-1

 for the reduced diet.  

Todd et al. (2011) looked at two commercial feedlots in Texas with mean capacities of 12,684 

and 19,620 hd to determine a per capita emission rate (PCER) for NH3. An open-path laser and 

bLS were used to measure kg-NH3 ha
-1

 d
-1

. In the summer mean monthly fluxes were greater 

than 100 kg-NH3 ha
-1

 d
-1

. In the winter mean monthly fluxes were lower than 15 kg-NH3 ha
-1

 d
-1

. 

However, the direct measurement was converted to the PCER with units of g-NH3 hd
-1

 d
-1

. The 

mean per capita emission rates for feedyard A were 110, 158, 122, and 163 g-NH3 hd 
-1

 d
-1

, for 

spring, summer, autumn, and winter respectively. The mean per capita emission rates for 

feedyard E were 73, 103, 83, and 60 g-NH3 hd 
-1

 d
-1

 for spring, summer, autumn, and winter 

respectively. The percent of fed-N lost as NH3 from feed yard A was 61, 71, 58, and 44% for 

spring, summer, autumn, and winter respectively. The percent of fed-N lost as NH3 from feed 

yard E was 46, 68, 50, and 42% for spring, summer, autumn, and winter respectively. This unit 

conversion is not uncommon, but in this particular case no flux footprint/fetch was reported. In 

order to perform the simple unit conversion a land area (ha) for which NH3 emissions were 

quantified is needed as is the number of cattle on that land area. This study does not describe 

whether the conversion was performed as mentioned or if the flux was extrapolated to the entire 

feedlot area and total holding capacity. If the latter is the case, the reported PCER is an 

underestimation of true NH3 emissions.  

Newer studies on NH3 emissions from beef feedlots are starting to quantify multiple stages of the 

production system (Koenig et al., 2013). These datasets assist in building better models and 

LCAs of the beef production system. At the Lethbridge Research Center in Canada, 312 
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crossbred steers were used to measure NH3 emissions across a back grounding diet and a 

finishing diet. This study incorporated an integrated horizontal flux technique with the inclusion 

of passive NH3 samplers. Ammonia emissions from the back grounding diet ranged from 4.3 to 

25.6 g-NH3 steer
-1

 d
-1

 and from 3.8 to 16.3% of fed-N. Ammonia emissions during the finishing 

period ranged from 9.7 to 76.4 g-NH3 steer
-1

 d
-1

 and from 4.4 to 26.7% of Fed-N. At first glance 

it looks as though the finishing diet greatly increased the NH3 emissions; however, the diets were 

fed at differing times of year. The back grounding diet was fed during winter, while the finishing 

diet was fed from April to July. Yet, based on previous studies involving seasonal measurements, 

the percent of fed-N volatilized as NH3 is greatly lower than all other literature to date. 

Summary 

The contrast in methods is important to note. One method, N mass balance, does not allow for 

the measurement of NH3 flux densities. Flux measurements are critical for the creation of air 

quality models needed to assist in understanding the short-range and long-range impacts of large 

NH3 sources. The N mass balance methods appear to have lower emission factor estimates, and 

these estimates theoretically encompass all volatilized-N (i.e. N2O, NOx, and NH3) not just NH3. 

The N mass balance method is also limited by estimations of beef cattle N-retention. Nitrogen 

retention in cattle is rarely measured and usually studies rely on NRC calculations to obtained N-

retention values (NRC, 1996; NRC, 2000).  

In comparing the methodologies of NH3 measurements from beef cattle feedlots the upper and 

lower ranges of both fluxes and EFs were found in different seasons. It is worth investigating 

how the climate impacts NH3 fluxes and EFs reported. The mean, max, and min of both fluxes 

and EFs across seasons and annualized data are found in Table 2. Summer and autumn 
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measurements proved to be the highest with associated emission factors of 0.131 kg-NH3 hd
-1

 d
-1

 

and 0.174 kg-NH3 hd
-1

 d
-1

, respectively. The very high EF reported from a Canadian feedlot of 

0.318 kg-NH3 hd
-1

 d
-1

 skews the autumn dataset. Conventional wisdom and data compiled in 

Table 2 suggest spring and summer to be the seasons of highest NH3 emissions. It is likely the 

high autumn value took place during a warm period following a heavy precipitation event. As the 

feedlot surface dried it allowed for a burst of NH3 to be released. There are three reports of EFs 

across all four seasons. The mean of annualized EFs is 0.093 kg-NH3 hd
-1 

d
-1

. In comparison, the 

mean of each season’s average is 0.118 kg-NH3 hd
-1

 d
-1

. When these two EFs are applied in the 

regulatory setting they produce different outcomes. Emission factors are generated and used to as 

a means for best-effort emission reporting. In 2009, The Emergency Preparedness and 

Community Right-to-Know Act (EPCRA) required CAFOs to report NH3 emissions if they 

exceed 45 kg-NH3 d
-1

. The annualized and mean of season averages for EFs can be used to back 

calculate for the number of cattle an operation could house before it would need to report 

emissions to the U.S. Environmental Protection Agency (EPA). If reporting under the 0.118 kg-

NH3 hd
-1

 d
-1

 value an operation would need to report when 381 hd of cattle were on an operation. 

Yet, if reporting under the 0.093 kg-NH3 hd
-1

 d
-1

 an operation would not need to report until they 

were feeding 485 hd of cattle. While 104 hd of cattle is pretty substantial, the point is that 

number cattle alone is not a robust measurement of NH3 emissions, nor air quality, and thus not 

indicative of the sustainability of a beef cattle feedlot operation.    

When comparing reported NH3 flux densities across seasons, the spring and summer months are 

associated with the largest mean NH3 fluxes, 5,076 ug-NH3 m
-2

 min
-1

 and 4,094 ug-NH3 m
-2

 min
-

1
, respectively. Again, the occurrence of higher NH3 flux reported in spring is due to a warm dry 

spell following a heavy precipitation event. Only one study reported an annualized NH3 flux 
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which is compared to the mean of seasonal average NH3 fluxes. Ammonia flux measurements 

are important, because they provide information on mass of NH3 emitted from a measured area 

over a particular time. These data aid in modeling the transport of NH3 in the atmosphere. The 

modeling of atmospheric NH3 aids in the understanding of PM2.5 formation and wet and dry N-

deposition rates. The difference between 4,242 ug-NH3 m
-2

 min
-1

 and 3,442 ug-NH3 m
-2

 min
-1

 

may not seem significant, but flux measurements alone do not tell the full story without knowing 

how big the source footprint is, how many beef cattle are within that area of land, or the 

management of cattle manure. 

CONCLUSION 

An examination of the literature surrounding sources of NH3 emissions from beef cattle feedlots 

yielded differences in seasonal fluxes of NH3 emissions, in volatilization of NH3 as a percentage 

of fed-N, and in scaling up emission factors. The current state of science shows that the major 

source of NH3 from open-lot beef production is the pen surface. While retention ponds were 

shown to be of little contribution to overall NH3 emissions profiles (<5%) the on/off farm 

manure management has yet to be thoroughly incorporated with the beef production system. This 

is an area of research that is needed if LCAs are to be used in comparing the differing systems of 

beef production on their merits of sustainability. Across the literature NH3 emissions are greatest 

after precipitation events and during summer months. Pen surface drying influences NH3 

emissions through a phase change of NH3(aq) to NH3(g). Higher summer NH3 emissions are related 

to higher soil temperatures and mean higher wind turbulence, although not directly assessed by 

the literature in this review. The volatilization of NH3 from beef feedlots was >50% of fed-N on 

average regardless of whether studies utilized estimations from N mass balance equations or 

directly measured NH3 emissions. 
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Multiple studies scaled up NH3 emissions data to an emission factor (EF). This may not be 

appropriate. For one, cattle do not directly emit NH3. Creating an EF on a per head basis 

incorrectly depicts the processes. Second, the temporal scale of measurements was on the order 

of seconds; yet, the reported EFs were subsequently converted to days, months, or even years. 

Converting data compounds any over- or under-estimation of NH3 emissions. Emission factors 

are sought as a policy tool, but do not adequately depict or encompass the complexity of NH3 

emissions measurements. 

Throughout the literature researchers continued to refine their methods and began to incorporate 

statistical designs to better analyze datasets. While studies are becoming more accurate as our 

understanding of meteorological conditions and NH3 chemistry advance, there is also a push to 

develop simpler methods to measure NH3. There are two reasons for this trend: cost and 

complexity. Current measurement of NH3 emissions requires expensive instruments that require 

skill to operate and analyze the data. In order to build a robust NH3 inventory the U.S. will need 

to continue to measure and monitor emissions over differing seasons and climates. To date, 

literature focuses on the Great Plains region of the U.S. and on Canada to the North. Simpler 

methods will allow researchers to increase the diversity of datasets. In the future measurement 

and monitoring of NH3 emissions may become the responsibility of producers. As such, an 

inexpensive and simple method to measure NH3 emissions must become available and validated. 

Although discrepancies exist in the N:P ratio method it still remains an option for producers to 

measure NH3 emissions. The most recent low cost technology for measuring and monitoring 

NH3 emissions are passive samplers. Several researchers are testing the precision of these 
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samplers. If reported data show consistency, passive samplers will allow producers to collect 

time-lapse samples and mail the samplers in for NH3 concentration analysis.  

The NH3 emissions literature surrounding concentrated beef production systems shows that the 

loss of Nr in the form of NH3 is a pressing issue. To address this issue a holistic understanding of 

nitrogen and nutrient cycling is needed. Management strategies like tree line wind breaks 

preventing large wind turbulence events (blocking 65 to 75% of open wind speed up to a 

distance of 10 times the height of break) and preventing long-range transport of NH3 are viable 

options to reduce the amount of NH3 leaving the beef production system (Tengnas, 1994; Quam 

et al., 1994). Similarly, downwind production agriculture can maximize the deposition of NH3 as 

a ‘free’ N-fertilizer source. By understanding the seasonality, the magnitude, and the deviation of 

NH3 emissions data from beef feedlots; producers, atmospheric modelers, and regulatory 

agencies are in a better position to ask more critical questions, map the transport of NH3, and 

design more informed policies based on the current state-of-the-science. 

Misperceptions lead regulators and interested members of the public to fixate on characterizing, 

reporting, and regulating NH3 emissions rather than recognizing other opportunities to partner 

with producers for innovation in creating least impact systems. Beef production intensified to 

increase efficiency and meet demand. Land prices are increasing as is further demand for beef. 

This will result in more concentrated beef feedlots. It should also be noted the reviewed data 

were from typical commercial and research feedlots. The data do not capture state-of-the-art 

facilities. If the focus of NH3 emissions relies on number of cattle or size of lot alone, many 

savvy and environmentally minded producers will face unwarranted regulatory confines. Each 

beef feedlot is unique and should be treated as such. A sustainable beef production system should 
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be defined by the ability to effectively employ management strategies to conserve resources and 

mitigate nutrient losses to both the atmosphere and aquatic ecosystem, not by number of cattle or 

size of lot. 
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TABLES 

Table 1. Summary of whole beef feedlot NH3 emissions and NH3 flux studies from 1969 to 2011. 

Citation Methods Year Location Season Emission 

Factor 

    
Winter Spring Summer  Autumn  

Hutchinson 

and Viets, Jr. 

(1969) 

Acid traps  NE CO      

Hutchinson et 

al., (1982) 

Flux Gradient  NE CO 

 
2333 ug-N m-2 min-1 

  

McGinn et 

al., (2003) 

Denuder/Open-path 

laser 

 Alberta, 

Canada 
 

130 ug m-3 

813 ug m-3 

459 ug m-3 
  

Harper et al., 

(2004) 

open-path + bLS  Texas 

Panhandle 29% of Fed-N 
 

53% of Fed-N 
  

Baek et al., 

(2004) 

Flux Chamber 2003 

2004 

Texas 

Panhandle 289 ug m-2 min-1 
 

1666 ug m-2 min-1 

1681 ug m-2 min-1   

Todd et al., 

(2005) 

Flux Gradient v. 

N:P 

2002 

2003 

2004 

Texas 

Panhandle 1380 ug m-2 min-1 

2640 ug m-2 min-1 
 

3660 ug m-2 min-1 

5580 ug m-2 min-1 

3300 ug m-2 min-1 
 

15 kg hd-1 

yr
-1

  

Baek et al., 

(2006) 

Vertical Flux 

Gradient 

 Texas 

Panhandle 317 ug m-2 min-1 
 

3671 ug m-2 min-1 
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Table 1 (Continued)    

Citation Methods Year Location Season Emission Factor 

    Winter Spring Summer  Autumn  

Flesch et al., 

(2007) 

open-path + bLS  Texas 

Panhandle  

5417 ug m-2 

min-1 
4638 ug m-2 min-1 

 
0.15 kg hd-1 d-1 

McGinn et 

al., (2007) 

open-path + bLS  Southern 

Alberta, 

Canada 
  

5040 ug m-2 min-1 
 

0.14 kg hd-1 d-1 

Rhoades et 
al., (2008) 

chemiluminescence 
+ bLS 

 Texas 
Panhandle  

5346 ug m-2 

min-1 
4638 ug m

-2 
min

-1
 

 
0.077 kg hd

-1
 d

-1
 

Todd et al., 

(2008) 

acid washing + 

chemiluminescence 

2002 

2003 

2004 

2005 

Texas 

Panhandle .051 kg hd-1 d-1 

.084 kg hd-1 d-1 

.118 kg hd-1 d-1 

.117 kg hd-1 d-1 

.130 kg hd-1 d-1 

.131 kg hd-1 d-1  

19.5 kg hd-1 yr-1 

or 71 kg Mg-

Biomass-1 

van Harrlem 

et al., (2008) 

open-path + bLS  Alberta, 

Canada\    
72% of Fed-N 0.318 kg hd-1 d-1 

Staebler et 

al., (2009) 

open-path + bLS 

Aircraft-

chemiluminescence 

 Enchant, 

Alberta, 

Canada 
  

4560 ug m-2 min-1 

5040 ug m-2 min-1  
.2448 kg hd-1 d-1 

Baum & 

Ham (2009) 

Chemcomb 

Denuder + REA 

 Manhattan, 

KS   

5526 ug m-2 min-1 

or 4.1 g m-2 d-1   

Rhoades et 

al., (2010) 

chemiluminescence 

+ bLS 

 Texas 

Panhandle 
4242 ug m-2 min-1 (all year) .0853 kg hd-1 d-1 

Todd et al., 

(2011) 

open-path + bLS  Texas 

Panhandle 

.071 kg hd-1 d-1 

(FYA) or .060 

(FYE) 

.110 kg hd-1 d-1 

(FYA) or .073 

(FYE) 

.158 kg hd-1 d-1 

(FYA) or .103 

(FYE) 

.122 kg hd-1 

d-1 (FYA) or 

.083 (FYE) 
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Table 2. Summary of beef feedlot dietary trial NH3 emissions, NH3 flux, and NH3 emission factors studies from 1999 to 2013. 

Citation Methods Parameters Location Season Emission 

Factor 

Dietary Trial Winter Spring Summer Autumn 
 

Bierman 

et al., 
(1999) 

N-Mass 

Balance 

 Mead, 

Nebraska 

  0.107 kg-N d-1 to 

0.16 kg-N d-1 

  

Erickson 

et al., 

(2000) 

N-Mass 

Balance 

 Mead, 

Nebraska 

.073 kg-N hd-1 d-1 (Control) 

 or .062 (Phase) 

.158 kg-N hd-1 d-1 

(control) 

 or .108 (phase) 

  

Adams et 

al., (2004) 

N-Mass 

Balance 

Diet 1 

Diet 2 

Diet 3 

 .05 kg-N hd-1 d-1 

.057 kg-N hd-1 d-1 

.092 kg-N hd-1 d-1 

.114 kg-N hd-1 d-1 

.123 kg-N hd-1 d-1 

.13 kg-N hd-1 d-1 

  

Cole et 

al., (2006) 

Apparent N-

Volatilization 

Phase 1  

(11.5 or 13% CP) 

Phase 2 

(11 – 10 or 13 – 11% CP) 

Clayton, 

New 

Mexico 

15.18 kg-N hd-1 or 19.57 

 

11.9 kg-N hd-1 or 16.3 

 

 

 .09 kg-N hd-1 d-1 

Farran et 
al., (2006) 

N-Mass 

Balance 

    

65 - 70%  of Fed-N 

 

.160 kg hd-1 d-1 
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Table 2. (Continued) 

Citation Methods Parameters Location Season Emission 

Factor 

Dietary Trial Winter Spring Summer Autumn 
 

Todd et al., 

(2009) 

open-path + 

bLS 

Feedyard A & 

Feedyard E 

Texas 

Panhandle 

 .098 kg hd-1 d-1(FYA) or .095 

(FYE)a 

  

 .149 kg hd-1 d-1 (FYA) or .082 (FYE)b  

.085 kg hd-1 d-1(FYA) 

 or .045 (FYE)
c
 

    

Galles et 

al., (2011) 

NH3 Flux 

Chamber 

Control diet 

Oscillating diet 

Reduced CP diet 

Lamar, 

Colorado 

5500 ug m-2 min-1 

5181 ug m-2 min-1 

3938 ug m-2 min-1 

    

Stackhouse-

Lawson et 

al., (2013) 

Innova 

Photoacustic 

Gas Monitor 

Control diet 

M & TPd 

+  GIe 

+ ZHf 

Davis, 

California 

  

.27 g kg-HCW-1 d-1 

0.3 g kg-HCW-1 d-1 

0.33 g kg-HCW-1 d-1 

0.19 g kg-HCW-1 d-1 

 

.109 kg hd-1 d-1 

.118 kg hd-1 d-1 

.115 kg hd-1 d-1 

.063 kg hd-1 d-1 

Koenig et 

al., (2013) 

Integrated 

Horizontal 

Flux + 

Passive 

Samplers 

 Southern 

Alberta, 

Canada 

.0043 - .0256 

kg-N hd-1 d-1 

16%  

of Fed-N

  

 .038 kg hd-1 d-1 

a2007 
b2008 
c2009 
dMonensin and tylosin phosphate 
eGrowth implant 
fZilpaterol hydrochloride 
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Table 3. Summary of mean, maximum, and minimum NH3 emission factors (kg-NH3 head
-1

 day
-1

) and fluxes (ug-NH3 

meter
-2

 minute
-1

) across all seasons from studies during 1969 to 2013. 

  Season   

  
Winter Spring Summer Autumn Annualized

1,2,3

 Mean of Averages 

Emission Factor  

(kg- NH3 hd
-1
 d

-1
) 

Mean 

0.068 0.0995 0.131 0.174 0.093 0.118 

Max. 

0.092 0.15 0.2448 0.318 0.098   

Min. 

0.0043 0.0382 0.063 0.083 0.0853   

Flux 

(ug- NH3 m
-2
 min

-1
) 

Mean 

1157 5076 4094   4242 3442 

Max. 

2640 5500 6528 

  

  

Min. 

289 3938 1666       
1
 Reported in study as annual EF or Flux. 

2
 N=3 for EF 

3
 N=1 for Flux 
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FIGURES 

 

Figure 1. Air Indicator Report for Public Access and Community Tracking v.4 (AIRPACT-4) 

modelling system components. (Adapted from Chen at al., 2007)



 

127 
 

 

Figure 2. Air Indicator Report for Public Access and Community Tracking v.4 (AIRPACT-4) 

modelling system grid level processes (Adapted from the LAR at Washington State University).

For each grid cell volume, air quality is solved by calculating changes in air chemistry from 

the beginning of a time step (say t=0) until the end of that step (t=1) accounting for the 

contribution of several different factors for each chemical and particulate of concern: 

- Emissions of fresh pollutants into the cell volume 

- Creation and destruction of molecules by chemical reactions 

- Growth or shrinkage of particles by physical and chemical reactions 

- Transport into and out of the cell across N, S, E, and W cell walls by wind 

- Transport across top and bottom of walls (cell floor and ceiling) by vertical mixing 

- Removal by deposition to land or water surfaces or by precipitation 



CHAPTER 3 

DEVELOPMENT AND TESTING OF AMMONIA FLUX MEASUREMENTS SYSTEMS 
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INTRODUCTION 

When gases or particles are released from the earth’s surface, such as ammonia (NH3) emitted 

from feedlots, near surface micrometeorological processes, on a scale of 10’s to 100’s of meters, 

dominate the transport and dispersion as the pollutants are carried downwind by the mean wind.  

Micrometeorological processes are characterized by the atmospheric dynamics involving surface 

heating, evapotranspiration, vertical shear in horizontal winds associated with flow over rough 

surfaces, and the turbulent mixing that result from these effects. These processes are also a 

dominant feature of the lowest layer of the atmosphere, called the atmospheric boundary layer, 

which typically varies through the course of diurnal cycle from less than 100 m to more than 1 

km above the surface (Denmead, 1983).  By measuring atmospheric turbulent motion in concert 

with pollutant concentrations within or downwind of a source area, the flux of pollutants can be 

determined.  A variety of micrometeorological flux methods were developed to determine source 

strengths for a wide range of trace gas and aerosol species.  These include eddy covariance (EC), 

relaxed eddy accumulation (REA), and vertical flux gradient (FG) methods.  While the eddy 

covariance method is the preferred approach, it requires fast-response (≥10Hz) response 

instrumentation to measure instantaneous pollutant concentration fluctuations.  For cases, like 

NH3, where such instrumentation does not exist, the REA and FG methods provide ways to 

measure fluxes based on slower, mean concentration sampling and analysis methods. A major 

drawback to non-EC methods is the need to measure and calculate empirical coefficients which 

add to the uncertainty around the flux estimation.  

Backward Lagrangian Stochastic (bLS) modeling (Durbin, 1980) is another flux calculation 

approach available for use in the atmospheric boundary layer. Most often the bLS modeling of 

beef cattle feedyards is accomplished using a line-averaged concentrations like those given by an 



 

130 
 

open-path laser or Fourier transformation infrared (FTIR) sensor (Flesch et al., 2007), open-path 

ultraviolet Differential Optical Absorption Spectroscopy (UV-DOAS; Leytem et al., 2011), or 

tunable diode laser (TDL; Loh et al., 2008). Backward Lagrangian Stochastic modeling is also 

capable of calculating a flux based on a point source concentration (Flesch et al., 2004). 

Ammonia measurements from open-path lasers are negatively impacted by dust which may 

impact the ability of bLS to be accurate in a feedlot setting.  

Relaxed eddy accumulation is a proven micrometeorological method that was developed for 

cases where fast-response instrumentation was not available for pollutant concentration 

measurements.  In the REA method, conditional sampling driven by measured vertical turbulent 

velocity fluctuations is used to determine the mean concentrations in updrafts and downdrafts 

separately during a 30 min to an hour sampling period.  In the development of the REA method, 

Businger and Oncley (1990) showed that the surface flux can be calculated directly as  

F = W’C’ = β * σw*(CUP – CDN)        (Eq. 1) 

where σw is the standard deviation of vertical velocity fluctuations, β is an empirical constant, 

and CUP and CDN are the corresponding mean concentrations sampling during updrafts and 

downdrafts, respectively.  In the REA method, sampling can occur into bags, canisters, adsorbent 

cartridges, or, in the case of NH3, through denuders.  Since provisions must be made to analyze 

the samples, usually at a field laboratory, the REA method can be labor intensive and difficult to 

deploy in any automated continuous approach. 

To date the most utilized REA method for NH3 flux measurements in beef feedlots uses acid-

coated denuders to sample ambient NH3. Denuder capture has two shortcomings. It relies on wet 

chemistry techniques that inhibit the ability of real-time analysis. Also, the acid-coated denuders 
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have a saturation point which requires them to be replaced during long sampling periods (Zhu et 

al., 2000; Baum and Ham, 2009).  

Another viable NH3 flux estimate technique operating in the surface boundary layer is the 

aerodynamic gradient or flux gradient method (AGM; FG). The gradient method is one of the 

most widely used techniques to measure NH3 flux (Whitehead et al., 2008). In the FG approach, 

mean concentrations are measured at two heights to determine the concentration gradient and the 

flux is calculated as,  

F = -Kz dC/dz          (Eq. 2) 

where Kz is the turbulent eddy diffusivity which is a function of turbulent properties of the 

atmosphere.  In practice, Kz can be determined from surface layer similarity theory, but for flux 

measurements, Kz is often obtained by using an EC method to measure the flux of another 

scalar, such as temperature or CO2, along with the corresponding mean gradient of the species 

and using those measurements to back-calculate Kz:  

Kz (CO2 = -FCO2/(dC/dzCO2)        (Eq. 3) 

In this approach, it is assumed that the vertical transport of the scalar is the same as for NH3.  

The gradient method, like REA, can be used with denuders or Teflon membranes to capture NH3 

at the various sample heights for further wet chemical analysis (Wyers et al., 1993; Erisman et 

al., 2001; Nemitz and Sutton, 2004; and von Bobrutzki et al., 2010). The FG technique is capable 

of estimating NH3 fluxes from beef cattle feedlots across seasons, but has similar shortcomings 

to denuder-REA and cannot measure NH3 continuously and in real-time (Todd et al., 2005). 



 

132 
 

A major difficulty facing NH3 flux measurement is adsorption and desorption to sampling lines 

(Whitehead et al., 2008). Trace gases like N2O and CH4 do not react with sampling lines which 

allows for the use of closed-cell, in situ instruments for concentration measurements.  Ammonia 

can be lost to the tubing walls and this critical feature must be addressed in order to sample NH3 

using any closed-cell instrument.  The systems created in this study combine Cavity Ring-Down 

Spectroscopy (CRDS) with either REA or FG measurement principles. Heated Teflon sample 

lines were tested and employed to minimize the effects of wall losses during sampling.  The 

CRDS-REA system allows for the measurement of UP and down (DN) moving eddies of air. The 

CRDS-FG system measures NH3, CO2, and temperature at two different heights. The CRDS 

analyzer measures the time it takes the laser intensity to decay to a set value rather than 

comparing the laser intensity differences to directly determine concentrations (Wheeler et al., 

1998). The REA principles allow a relaxation of instantaneous flux measurements. The CRDS 

component of the coupled systems is capable of measuring a 5 second mean with a lower 

detection limit of < 1.0 ppbv and an optional expanded range maximum of 50 ppmv making the 

CRDS analyzer sensitive to high NH3 concentrations during continuous, real-time sampling 

(Picarro, Inc.).  

The objective was to develop, test, and validate a real-time and continuous NH3 flux 

measurement system to address the challenges of quantifying atmospheric NH3 concentrations 

and fluxes at a beef feedlot. In addressing the objective specific aims were to (1) determine the 

accuracy and precision of the CRDS NH3 analyzer and make it field deployable, (2) couple the 

CRDS NH3 analyzer to proven micrometeorological flux measurement techniques, and (3) 

perform side-by-side field comparisons with current NH3 flux estimation methods (i.e. Tunable 

Diode Laser and Denuder-REA).  
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INSTRUMENT DESIGN 

CRDS Validation and Calibration 

Permeation tube tests 

Compressed anhydrous NH3 permeation tubes (PT; VICI Metronics, Poulsbo, WA) were used to 

validate and calibrate the CRDS analyzer. The permeation rates of the tubes were governed by: 

 

*k P
C

F


           (Eq. 4) 

Where, C is the concentration in dilute gas (ppm); k is a constant, 1.436, derived from the ideal 

gas law and molecular weight of NH3 (L mole g
-1

); P is the known permeation rate (ng-NH3 min
-

1
) at 25

o
C; and F is the carrier gas flow rate (L min

-1
). Therefore,  

*k P
F

C


           (Eq. 5) 

Equation 5 was used to determine the carrier gas flow rate needed to create a desired NH3 

concentration (ppm). Figure 1 depicts the calibration system. The PT manufacturer calibration 

consisted of six consecutive weekly weights of 95% precision or better at a temperature of 25
o
C 

before shipment (VICI, Metronics, Poulsbo, WA; personal communication). Permeation tubes 

were used with a source of zero air and a mass flow controller to deliver known concentrations 

of NH3 to the CRDS analyzer. The measured concentration was determined by taking the mean 

concentration of the steady state plateau.  

Adsorption of NH3 to tubing can effect measured concentrations. To avoid adsorption to tubing 

walls, the tubing between the PT and the CRDS analyzer was 10.16 cm. Step curve calibrations 
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were run using the “instrument only” set-up of short tubing (10.16 cm) to examine the 

performance of the CRDS to various flow rates and theoretical concentrations using zero air and 

the 92, 777, and 5,304 ng-NH3 min
-1

 PTs. Discrepancies were observed between the calculated 

theoretical value and that measured by the CRDS analyzer (Table 1). Based on the step curve 

results the three tested perm tubes were found to have varying percent errors. The CRDS 

analyzer over-estimated permeation rates for PT-92 and PT-777. The CRDS analyzer under-

predicted the theoretical NH3 molar mixing ratio based on PT-5304. These initial tests of the 

CRDS analyzer showed that the manufacturer’s calibration was not correct. However, the 

discrepancy between percent errors across the three perm tubes also warranted further evaluation 

of the permeation rates using an independent denuder analysis. The denuder analyses were 

necessary because they provided a method of determining NH3 concentration independent of PT 

calculations or CRDS values.  

Independent denuder analyses 

Phosphoric acid (1% H3PO4 in 10% MeOH) coated honeycomb denuders were used to trap NH3 

in the sample air stream (Figure 2). Two denuders were stacked inside the cartridge. The 

stacking of denuders ensured that no bleed through from the first denuder into the second 

occurred. Denuders underwent colorimetric analysis to determine the NH3 mass concentration 

using a modification of the Berthelo Reaction (Krom, 1980). The procedure used 0.5 mL of 1N 

sodium hydroxide, 0.5 mL of 40% sodium salicylate, 250 uL of 0.8% dichloroisocyanurate in 

20% trisodium citrate, 100 uL sodium nitroprusside, and 2 mL Millipore water to assess 1 mL of 

sample solution containing an unknown amount of dissolved NH3. The NH3 standards (0.3125, 

0.625, 1.25, and 2.5 mg-NH3 L
-1

) were analyzed alongside the sample solutions. The modified 
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procedure was highly specific for NH3 even in the presence of N-containing compounds like urea 

and amino acids (Tetlow and Wilson, 1964; Krom, 1980). In solution, the five-step reaction 

sequence of salicylate, dichloroisocyanurate, and NH3 yield an indophenol (IP) dye.  Krom 

(1980) showed that the maximum absorbance for the reaction product was 650 to 660 nm. As 

such, after allowing the reaction to proceed for 30 min at 25
o
C, absorbance readings were taken 

at 655 nm with the Spectronic® 20D
+
 (ThermoSpectronic). A standard NH3 concentration curve 

was used to determine the NH3 mass concentration of sample solution. Using the flow rate and 

sample time of denuder experiment, and the NH3 mass concentration determined via wet 

chemical analysis the molar mixing ratio in ppbv of NH3 was calculated and compared to the 

CRDS measured value.  

The three PTs, PT-92, PT-777, and PT-5304, were used to compare actual permeation rates. 

Table 2 summarizes the comparison between the theoretical permeation rates of the three PTs to 

the rates calculated based on NH3 concentrations from denuder capture.  The largest variance and 

largest percent error was found with PT-5304. Also, PT-5304 was the only PT found to be 

permeating at a lower rate than suggested. PT-92 was found to have the smallest variance, but a 

20 percent error and 18 percent difference between theoretical permeation rate and the mean of 

the denuder analyses. PT-777 had the smallest percent error (1%) and percent difference (1%). 

PT-777 was the only PT able to span a large range of NH3 concentrations by using to low and 

high flow rates (Figure 3 and 4).  

As a result of the independent denuder analyses and ability to test a wide range of NH3 

concentrations PT-777 instrument only calibration tests were used to create the external 

calibration equation of 
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0.777 8.51y x            (Eq. 6) 

Equation 6, in ppbv NH3, was used to adjust all future CRDS analyzer values.  The uncertainty in 

the instrument readings based on this final calibration equation was 14%.  

Response and Decay Times 

Testing of UP and DN draft measurement capability 

For the CRDS analyzer to be valuable in a real-time system it must be able to differentiate 

between NH3 concentrations in UP drafts and DN drafts. Ammonia concentrations in beef 

feedlots are slightly larger in UP drafts then DN drafts (Baum and Ham, 2009) and the CRDS 

must be robust enough to quickly adjust to lower concentrations typical of DN drafts, without a 

long lag-time. To mimic field conditions, the flow rate was switched back and forth so that the 

magnitude of the diluted NH3 concentration fluctuated every 30 sec. In initial tests the CRDS 

analyzer responded to changes in the NH3 concentration, but the values remained near the lower 

concentration and never returned to the higher concentration. Response and decay times were 

measured using a pyramid structure of large to small flow rates in order to achieve small to large 

theoretical NH3 concentrations. Response times ranged from 23 to 59 sec with a mean of 34 sec. 

Decay times ranged from 33 sec to almost 7 min before returning to zero baseline. When return 

to within 10% of baseline was used as a measured of decay, decay times averaged 1 min 14 sec. 

These results show that the CRDS analyzer was not able to capture rapid changes in NH3 

concentrations.  
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Carrier gas comparison 

The density of the dilution or carrier gas can impact NH3 molar mixing ratio as measured by 

spectroscopy. The CRDS analyzer was factory calibrated using zero air while another laboratory 

field tested NH3 using a zero air generator (Ham, 2011; personal communication). Two other 

alternatives, compressed air and dinitrogen (N2), were evaluated in this study. 

Polytetrafluoroethylene (PTFE; Cole-Palmer®, # EW-06605-32), Silcosteel®-Hydroguard® 

(Restek®, # 29147), and Sulfinert® (Restek®, # 29251) tubing were used to directly compare 

the measured NH3 molar mixing ratios (ppbv). Each tubing type was run in duplicate with N2 

and compressed air as the carrier gas (dilution gas). The LSmeans statement in the GLM 

procedure (SAS, 2015) was used to compare tubing and gas. No statistical significant difference 

(p≤0.05) in the measured mass fraction of NH3 was found between N2 and compressed air as 

carrier gas (Figure 5). Also, no difference (p≤0.05) in measured NH3 (ppbv) was found between 

tubing types. However, a trend existed for a lower measured NH3 molar mixing ratio when using 

N2 as the dilution gas. These results show that compressed air is a valid carrier gas for dilutions 

during calibration testing of the CRDS analyzer. 

INSTRUMENT PERFORMANCE 

Line-loss 

Silcosteel®-Hydroguard®, Sulfinert®, and PTFE tests 

Line-loss testing is important for developing a useable NH3 flux measurement system because 

NH3 adsorbs and desorbs to sampling lines which leads to skewed measurement values (Mukhtar 

et al., 2003; Whitehead et al., 2008). However, polymer resistance to substances like NH3 does 

have a thermodynamic basis (Kosmulski, 2001; Mukhtar et al., 2003). As such, the effect of 
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heating tubing on NH3 adsorption was also tested. The 7.62 cm of PTFE, Silcosteel®-

Hydroguard®, or Sulfinert® tubing were used to deliver known NH3 concentrations to the 

CRDS analyzer. Using a Tylan® mass flow controller (MFC), zero air carrier gas flow was 

controlled at 1,290 mL min
-1

. After the CRDS analyzer had reached a level baseline near zero, 

the PT remained attached for 3 to 5 hr until a plateau in NH3 concentration was maintained for > 

30 min. The PT was then removed and the connection site capped with Swagelok™ fitting. The 

zero air carrier gas remained at 1,290 mL min
-1

 for the duration as the CRDS analyzer readings 

decayed back to baseline measurements. This procedure was identical for all tubing tested and 

provided the values for the instrument only condition. 

Three meter lengths of PTFE, Silcosteel®-Hydroguard®, or Sulfinert® tubing were housed in a 

Precision™ High-performance oven (Thermo Scientific™) and maintained at 25
o
C (non-heated; 

N/H) or 86
o
C (+ Heat) for the duration of experiment. As with the instrument only condition, 

zero air flowed through tubing until the CRDS analyzer read a consistent minimal NH3 

concentration and flow was maintained at 1,290 mL min
-1

 throughout the trial. Again, PT 

remained attached until NH3 concentrations reached a plateau for > 30 min. After plateau the PT 

was removed and the decay time measured.  

The instrument only trials were used as the relative maximum measured NH3 concentration. 

Three meter lengths of each tubing type were used to determine NH3 adsorption to the line (line-

loss). The results are shown in Table 3. The response time increased when going from short 

tubing length (7.62 cm) to long tubing length (3 m) and line-loss decreased with heat across all 

tubing types. For PTFE tubing, heat decreased the response time and made the recovery/decay 

time quicker, both desired outcomes (Table 4). The opposite result occurred when heating the 
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Silcosteel®-Hydroguard ® tubing (Table 5). As a result of these tests, plastic polymers were 

tested further.  

High Purity PFA, Tefzel®, and Chemfluor®Duality™ Tests 

Three newly manufactured plastics; all advertised for their non-reactive, non-adsorptive 

properties were used to test NH3 adsorption and desorption. High Purity PFA (Parker Hannifin 

Corp. #105-0375031-NT-25, or perfluoroalkoxy) was designed to be nonreactive with virtually 

all chemicals. Tefzel® (Dupont™ ETFE 750 or ethylene tetrafluoroethylene, ETFE) is a fluorine 

based plastic with high chemical resistance. Chemfluor® Duality™ (Tygon® 

#TSFE4.250375PL5) combines the benefits of natural fluorinated ethylene propylene (FEP) and 

low density polyethylene (LDPE), creating chemical resistance, a low coefficient of friction with 

abrasion resistance, and toughness. Resistance to NH3 adsorption and desorption is important to 

reduce variability and error in reported flux values. 

Lines were also heated to 40
o
C or left unheated (27

o
C) to determine the thermal effects on NH3 

adsorption and desorption for each polymer. The new polymer lines were 3 m in length, the same 

length as the original line-loss test. However, the FEP tubing was 7.62 m in length and encased 

in a self-contained heating sheath because that was the only size available for the self-contained 

heating sheath. Under these conditions relative line-losses were estimated. Figure 6 shows the 

results for the first comparison at a high theoretical concentration of 4,109 ppbv NH3. The 7.62 

m of FEP showed very low measurable NH3. It was likely that the length of tubing created 

substantial adsorption sites for NH3 to be trapped and released. Within this sampling period both 

the High PUR PFA and Tefzel® tubing measured similar values to the instrument only 

measurements. Figure 7 shows line-loss for the tubing comparison at 683 ppbv-NH3. There was 
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less line-loss noticed in the 7.62 m FEP tubing than at the higher theoretical concentration of 

4,109 ppbv-NH3. Similar percent line-loss performances by the High PUR PFA and Tefzel® 

tubings were observed. High PUR PFA and Tefzel® tubing measured similar to instrument only 

measured NH3 value. Heating the tubing (40
o
C) decreased the adsorption of NH3 to tubing walls. 

The High PUR PFA tubing remained the closest value to the instrument only measurement  

(Figure 8). Based on these results, the High PUR PFA tubing had the least adsorption and 

desorption of NH3. As such, the High PUR PFA tubing was chosen as the default tubing for any 

future NH3 field measurement campaigns. 

FIELD MEASUREMENTS 

Denuder-REA versus CRDS-REA 

Field tests were conducted at the WSU dairy lagoon and at the WSU swine lagoon; both sites 

produced between 300 and 1,750 ppbv NH3. In each case, the CRDS analyzer compared well 

with the honeycomb denuder assay. At a dairy lagoon site, comparisons between the CRDS 

analyzer measured NH3 concentrations (ug-NH3 m
-3

) and the denuder values had a mean percent 

difference of 14% across three days with 3 to 4 runs per day. At a swine lagoon site, over three 

days and four runs NH3 concentration comparisons were in good agreement. The percent 

differences ranged from 0 to 13% with a mean of 7%. Figure 9 shows the diel pattern of the 

measured NH3 mole fraction (ppbv) over a swine lagoon, which were typical of other diel 

measurements (Ni et al., 2000) from swine facilities. 

The initial design for the real-time, continuous NH3 measurement instrument (Figure 10) 

combined partitioning of UP and DN eddies of air into 5 L stainless-steel canisters on a 

continuous basis. The intent was to use the canisters to produce running mean UP and DN 
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concentrations.  Sampled air was pulled from each canister and analyzed by CRDS. The heated 

canister design mimicked the denuder REA design, but circumvented the need for post-sampling 

wet chemical analysis. Instead, UP and DN moving air was continuously partitioned into its 

corresponding canister and each canister was sampled for 1 min intervals. Only one canister was 

sampled at a time, and the sampled air was pushed across the CRDS-analyzer inlet. The data for 

the first 30 sec of each canister measurement was deleted to avoid any carryover effect from the 

UP versus DN sampling canisters. Partitioning was facilitated by a 3D sonic anemometer 

(CSAT3 3-D Sonic Anemometer, Campbell® Scientific Ltd.) capable of measuring 

instantaneous vertical wind speed. For an updraft, a 3-way valve, operating at 10Hz frequency, 

was switched to allow air to be drawn into the UP canister. The same was true for the DN 

canister. The sonic anemometer operated and stored data at 10 Hz frequency. The sampling flow 

rates were adjusted to create a 1 min mean residence time (tr) within the 5 L canisters. The mean 

residence time of sampled air for a well-mixed canister was based on Pape et al. (2009) in which 

a valid approximation of “full” equilibration in a well-mixed canister was a 98% time interval 

(t98). The tr of 1 min obtained a well-mixed sample, but avoided a complete turnover of canister 

contents.  

Complications arose with maintaining the desired flow rates, in standard liters per minute 

(SLPM), for both MFCs governing the UP and DN draft canisters in the new CRDS-REA 

system. The CRDS-REA system ran at a swine lagoon for a six-hour period, but the DN 

sampling line MFC had large fluctuations with readouts as low as 2.38 SLPM when set for 5.5 

SLPM. After changing the desired flow rate to 5.0 SLPM, the UP draft sampling MFC read 4.66 

to 4.8 SLPM and the DN-draft sampling MFC read 4.5 to 4.65 SLPM. Every connection was 

tested, all wiring, and proper labelling were ensured when attempting to diagnose the issue. The 
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original Teflon® pump (R-Series Double Head Dia-Vac®, R222; ADI®) at 20 psig had 

maximum flow capacity of ~27 SLPM when in parallel or ~22 SLPM when in series. The R222 

was not strong enough to hold the pressures needed across the MFCs therefore a larger capacity 

pump (~33 SLPM in parallel and ~22 SLPM in series; R252, ADI®) was installed and tested as 

a part of the canister system against the Denuder-REA system. 

The first CRDS-REA and Denuder-REA comparison showed that the Denuder-REA analysis 

returned a negative NH3 flux value when it was expected to be positive. The denuder flux was 

calculated using the mean volumetric flow rates for the UP and DN sampling lines. The goal was 

to maintain a flow rate of 10 SLPM through each denuder cartridge as determined by Baum and 

Ham (2009). This proved difficult, but relative stability was achieved near 8 SLPM for both 

sampling lines. The 3-way valves were operating at 20 Hz which provided data for the frequency 

each valve (UP and DN) was sampling for the duration of the run. The frequency was converted 

into time, which provided the amount of time each denuder cartridge was opened to ambient air 

sampling, versus the zero air flow. The mean flow rate (SLPM) and the time exposed to ambient 

air were used to calculate the volume of ambient air received by both the UP and DN denuders. 

The volume of ambient air (m
3
) sampled was used to calculate the mass of NH3 captured in the 

honeycomb denuders during the sampling period. The NH3 concentration captured in both UP 

and DN denuders was calculated as,  

 
3

1 1000
C *V * *

1
i e c f

ug
C C

m mg
          (Eq. 7) 

Where, Ci is the initial NH3 concentration in the sample (mg/L), Ve is the volume (L) of NH3 free 

deionized H2O used to extract honey comb denuders, Cc is the NH3 concentration in control 
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honeycomb denuders (mg/L), and Cf is the final NH3 concentration (ug/m
3
) in honeycomb 

denuders used to calculate NH3 flux. The difference between the UP and DN captured NH3 

concentrations was used in Eq. 8 to determine the mass flux of NH3 during the sampling period 

 3( ) up dnF * *(C C )NH w            (Eq. 8) 

Where F(NH3) is the NH3 flux, β is a dimensionless relaxation coefficient, σw is standard deviation 

of the vertical wind speed, and C is concentration of NH3 within respective denuders. Using a β 

of 0.6 the denuder flux was -2.13 ug-NH3 m
-2

 s
-1

 over the entire sample period. 

The CRDS-REA system was set-up over a southern Idaho dairy lagoon and compared to an 

open-path laser measurement technique. A series of large negative fluxes were reported during 

the sampling period (Figure 11). However, all other data, like CO2 fluxes, sensible and latent 

heats fluxes and NH3 concentrations in UP and DN canisters, suggested flux values should have 

been positive. To ensure it was not manual errors in connecting lines properly, the directional 

fluxes of CO2 were compared. The CRDS-REA CO2 flux and the Eddy Covariance (EC) 

measured CO2 flux via Infrared Gas Analyzer (IRGA) related well (Figure 12). The similarities 

between measured CO2 fluxes helped to rule out any mislabeling of UP and DN sampling lines. 

The summary of latent heat flux over the same period also showed a similar pattern as CO2 

fluxes (Figure 13). When comparing the NH3 flux to the mean and standard deviation of the 

vertical wind speed, for the periods in which vertical wind speed was strongly positive (moving 

upward) at the sampling tower location the NH3 flux was observed to be strongly negative 

(depositing; Figure 14). Furthermore, the amount of activations (openings) between the UP and 

DN 3-way valves were examined, which translated to the amount of time air was moving upward 

and downward. When compared to the NH3 flux profile the valve activations suggested the 
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opposite direction of flux (Figure 15). As designed, when the UP valve was activated it sent 

ambient air into the UP canister, while the DN canister received zero air (compressed air). A 

very large change in direction and magnitude of fluxes were noticed when accounting for the 

dilution of the DN canister air (Figure 16). The ratio of UP and DN 3-way valve activations were 

used to adjust the measured NH3 concentrations through 

 

meas
adj

valve

C
C

R


           (Eq. 9) 

Where, C is concentration of trace gas and R is the ratio of UP and DN valve activations. 

However, whether the flow rates were actually equal between canisters was not evaluated. 

Overestimations of flux due to accounting for dilution could have resulted from (1) the volume 

of zero air in the DN canister being less than used in calculation or (2) the volume of zero air in 

the UP canister being more than that used in calculations. 

At the WSU Knott Dairy Lagoon, the wind direction was ideal for capturing lagoon NH3 

emissions during daytime hours and resulted in peak NH3 concentrations when wind came across 

the lagoon (Figure 17). Yet, periods of large negative NH3 fluxes were also observed at this site 

(data not shown). The CRDS-REA set-up was verified by comparing CO2 fluxes of the CRDS-

REA and eddy covariance measurement by IRGA (Figure 18). The vertical wind speed and 

standard deviation (σw) matched the 3-way valve activation profile. When eddies of air were 

moving upward the UP 3-way valve was activated. Wind speeds were positive and eddies of air 

were moving upward for the majority of the sampling period, corresponding to the UP canister 

receiving the ambient air for the majority of the period (Figure 19). Before adjusting for dilution 

air, the upward eddies of air carried higher NH3 concentrations (Figure 20). After accounting for 
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the dilution air (Eq. 9) downward eddies of air carried an order of magnitude higher NH3 

concentration at sampling times when the UP 3-way valve was open to ambient longer (Figure 

21). As such, accounting for the zero air in the DN canister led to an UP and DN NH3 

concentration difference that was strongly negative during those periods (Figure 22). Ultimately, 

the dilution led to large negative flux measurements compared to small positive fluxes as 

measured prior to accounting for dilution (Figure 23). 

The flux measurement was contingent upon the concentrations measured in the UP and DN 

canisters. Another possibility that could have led to higher concentrations being measured and 

accounted for in the DN canister was residual NH3. Thus, the entire system was tested for 

residual NH3 using compressed air (~3 ppbv NH3) to determine how well the CRDS analyzer 

responded. In doing so the CRDS analyzer reported values ranging from 100 to 400 ppbv-NH3 

under “zero” air conditions (Figure 24). These high NH3 concentrations suggested that one or 

more components within the system adsorbed and continued to release NH3. The setup in Figure 

10 was discovered as a cause for negative impacts of adsorption and release of NH3. To assess 

how much residual NH3 was being measured, compressed air was forced through the entire 

system, systematically, by-passing different components to investigate how the measured NH3 

concentration changed as a result. The measured NH3 concentration dropped to “zero” levels 

when the pump was by-passed (Figure 25). Thus, it was determined that the pump placed in front 

of the CRDS analyzer was pushing residual NH3 past the inlet leading to skewed measurements. 

The residual NH3 from the pump may have led to the over compensation when accounting for 

dilution in the DN canisters. 
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CRDS-Flux Gradient System versus Denuder-REA 

The second NH3 flux measurement system developed in this study consisted of coupling the 

atmospheric gradient method (AGM) also known as the vertical flux gradient method (FG) with 

the CRDS analyzer. The new system no longer needed to account for a dilution and moved the 

pump to behind the CRDS analyzer inlet; which removed the effect of residual NH3 as air was 

pulled past the analyzer rather than the previous set-up of pushing sampled air to the analyzer 

inlet (Figure 26). Gradient systems must have at a minimum two different measuring heights. For 

this system, two heights, 3 m (lower) and 6 m (upper) were used. Ambient air was pulled past the 

CRDS inlet through the 7.62 m heated tubing maintained at 66
o
C. Internal 3-way valves 

switched between upper and lower sampling heights to send air to the CRDS analyzer every 4 

min; creating an 8 min cycle. Measurement data were combined into 30 min averages for both 

heights to calculate the concentration difference (Figure 27). As noticed in the FG-CRDS system 

block design, an open-path infrared gas analyzer (IRGA) was used to measure CO2 flux and 

thermistors at each measurement height were used to account for latent and sensible heat fluxes. 

The AGM relies on independent flux measurements such as the sensible heat flux (Qh) to 

establish an eddy diffusivity constant for estimating the concentration of trace gas flux 

 * * *( )h d p btm topQ C C V T T          (Eq. 10) 

Where, ρ is the density of air, Cd is the flux transfer coefficient, Cp is the specific heat of air, V is 

surface wind speed, and T is temperature of air at 3 m and 6 m heights, respectively. 

In eddy-diffusivity, or K-theory models, the turbulent flux is related to its gradient 

 *
T

hh
z

d
Q K

d
            (Eq. 11) 
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Where, Kh is the eddy diffusivity constant for heat, dT is change in temperature, and dz is change 

in height. The eddy diffusivity constant is conserved. If the concentration gradient is measured, 

Kh can be used to determine trace gas flux, in this case, NH3 flux. 
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d
Q K
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            (Eq. 12) 

Where, QNH3 is the NH3 flux and [NH3] is the concentration of NH3. Next, fluxes calculated from 

the FG-CRDS and the denuder-REA systems were compared. A 6-hr sampling period of 

denuder-REA NH3 capture and FG-CRDS measurements were compared from a WA dairy 

lagoon. For the FG-CRDS method the Monin-Obukhov length (L) was used to determine the 

eddy diffusivity constant, 
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           (Eq. 13) 

Where, *u  is the friction velocity, g is gravitational acceleration, and k is von Karman’s constant. 
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Where, 
z

L
 is a dimensionless buoyancy parameter. 
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Where,   is the effect of stability of the surface layer on the transfer process. 

 ** *( )k z u
K


           (Eq. 16) 

Where, K is the diffusivity constant.  

During a fall measurement campaign at a dairy lagoon the FG-CRDS was compared to a 

denuder-REA NH3 flux measurement. The FG-CRDS NH3 flux was calculated using Eq. 16 and 

Eq. 12 which led to a negative flux of -13.01 ug-NH3 m
-2

 s
-1

. This NH3 flux value agreed well 

with the denuder-REA measurement of -7.76 ug-NH3 m
-2

 s
-1

 from Eq. 8. Although, accounting 

for dilution was no longer a factor in calculating NH3 flux, accounting for the volume of air 

sampled when calculating NH3 concentrations in the UP and DN draft denuders switched the 

direction of flux.  

In order to avoid any land or structural influence of the turbulence of air that could be causing 

unexpected fluxes, the FG-CRDS system was moved to a relatively flat, open field to measure 

NH3 emissions from a line source. Fresh 5 gallon buckets of dairy manure were used to create a 

line source of NH3 emissions during winter months. The FG-CRDS system was again compared 

to the denuder-REA system, but used different calculations for the FG-CRDS flux measurement. 
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The eddy diffusivity constant (Kh) and the concentration gradient ( 3dNH

dz
 ) of Eq. 12 were 

calculated directly by, 

  
1

covariance zh

dT
K u

dz



             (Eq. 17) 
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        (Eq. 18) 

Where, C is the concentration of NH3.  

The mean NH3 flux over a five-hour sampling was -0.04 ug-NH3 m
-2

 s
-1

 using the FG method 

with calculations from Eq. 12, 17, and 18. The denuder-REA method reported the same negative 

direction of the NH3 flux and measured -0.466 ug-NH3 m
-2

 s
-1

 over the same five hour period. 

Both FG and denuder-REA NH3 fluxes were negligible, which was to be expected during winter. 

The fresh manure bucket line source experiment was repeated to gather more data on the reason 

for negative flux calculations. Eq. 17 and 18 were used as values for Eq. 12 which led to a mean 

NH3 flux of -0.006 ug-NH3 m
-2

 s
-1

. However, when the meteorological data were used to 

calculate Eq.13, 14, 15, and 16 with K as eddy diffusivity value for Eq. 12 it resulted in a mean 

NH3 flux of positive 0.004 ug-NH3 m
-2

 s
-1

. The mean NH3 flux calculated by denuder capture, on 

the other hand, was -0.171 ug-NH3 m
-2

 s
-1

. The standard errors within fall and winter NH3 winter 

flux measurements were low (Table 6). Milford et al. (2009) compared 4 independent NH3 flux 

gradient systems and reported standard errors between 4.4 and 93.7.  
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The negative flux measurements were unexpected given direction of vertical wind speed. An 

experiment was designed to ensure the sonic anemometer UP and DN draft orientation was 

correct. In doing so, a box fan was used to force positive or negative vertical wind speeds. When 

a DN draft was forced, the DN valves were activated 83% of the sampling period. However, 

when an UP draft was forced the system registered UP drafts as activated 99% of the sampling 

period. During a subsequent sampling period an UP draft was forced while both denuder 

cartridges were left open to ambient air. The forced positive vertical wind speed above an NH3 

emission source was expected to have led to the calculation of a positive flux. The UP and DN 

draft denuder NH3 mass concentrations were as expected; 478 ug-NH3 was trapped in UP 

denuders while 52 ug-NH3 was trapped in DN denuders. A variation of Eq. 8 was used to 

operationalize the denuder flux calculation. 

 up dn

* *
*f * *f *

up dn
w d

up dn

m m
F

t t
  

 

 
  

         (Eq. 19) 

Where, F is mass flux (mg m
-2

 s
-1

), pd is the density of dry air (kg m
-3

), m is the mass of NH3 

trapped in the UP or DN moving denuder (mg), t is total sample duration (s), f is the continuous 

flow rate through the denuders (kg dry air s
-1
), and α is the fraction of time the UP or DN moving 

eddy valves were activated (Baum and Ham, 2009). After inserting all the values for Eq. 19 a 

negative flux resulted. Although a positive vertical wind speed was forced, and higher NH3 mass 

was measured in the UP denuders, Eq. 19 resulted in a flux of -6.04 ug-NH3 m
-2

 s
-1

.  

A follow up experiment compared a forced turbulence measurement to ambient turbulence in the 

location of denuder-REA set-up. When using denuder analysis values for UP and DN denuders, 

Eq. 8 yielded a -226 ug-NH3 m
-2

 s
-1

 flux during the period in which a positive vertical wind 
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speed was forced over the NH3 source. Using the same analysis and calculation methods, a 

positive 2,722 ug-NH3 m
-2

 s
-1

 flux was calculated during a period of ambient conditions. 

The UP denuder cartridge was opened to ambient air for 14 min during the forced UP draft using 

the fan compared to the DN denuder cartridge being opened to ambient for only 1.19 min. Prior 

to accounting for the volume of air sampled the UP denuders had higher NH3 mass 

concentrations values than DN denuders. When the fan was turned off and measurements were 

strictly governed by ambient turbulence the DN cartridge was opened to ambient air for 10.6 min 

whereas the UP cartridge was only open to ambient air for 4.8 sec. Yet, after accounting for the 

volume of air sampled and using Eq. 8 to calculate the flux, the flux was large and positive 

(2,722 ug-NH3 m
-2

 s
-1

). 

When using Eq. 19 to calculate the flux measured by REA-denuder, the direction of fluxes over 

the two sampling periods were the same as those calculated using Eq. 8; however, the magnitude 

of fluxes were drastically reduced. In the first scenario when a positive vertical wind speed was 

forced the result was a higher NH3 mass concentration in UP denuders, although the calculated 

flux was -0.003 ug-NH3 m
-2

 s
-1

. In the second scenario governed by ambient turbulence, the NH3 

mass in denuders was more similar although the DN denuder cartridge was opened to ambient 

99% of the sampling period. For the ambient sampling period dominated by downward moving 

eddies of air a positive flux of 0.024 ug-NH3 m
-2

 s
-1

 was calculated. 

The FG-CRDS system captured the directionality of NH3 flux as characterized by REA-denuder 

measurements. However, accounting and adjusting for the volume of air sampled within the 

REA-denuder system led to flux measurements that were negative when the concentration 

differences in the UP and DN denuders and the direction of vertical wind speed suggested a 
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positive NH3 flux should be the result. The WSU Knott Dairy and line source trials performed in 

this study showed that after accounting for the volume of air sampled the direction of the flux, as 

measured by denuder REA, changed.  

CONCLUSIONS 

 

The objective of this study was to develop, test, and validate a real-time and continuous NH3 

flux measurement system to address the challenges of quantifying atmospheric NH3 

concentrations and fluxes at beef feedlots in the PNW. The objective was achieved through three 

specific aims. First, a cavity ring-down spectroscopy (CRDS) NH3 analyzer was evaluated and 

calibrated using NH3 permeation tubes and independent denuder analyses. After calibration, the 

CRDS analyzer NH3 concentration measurements agreed with the independent denuder assay 

results. Second, the CRDS NH3 analyzer was made field deployable as a coupled system with the 

vertical flux gradient method (FG). The novel FG-CRDS coupled system was determined to be 

the best approach for measurement and calculation of high magnitude NH3 fluxes. After testing 

various sampling line materials, FEP tubing heated to 65.56
o
C was chosen to reduce residual 

NH3 artifacts and line-loss complications. Third, the FG-CRDS system agreed with the direction 

of NH3 fluxes measured by denuder-REA. Both systems agreed in the characterization of fall and 

winter magnitude of NH3 fluxes. 
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TABLES 

Table 1. Summary of cavity ring-down spectroscopy (CRDS) measured and calculated theoretical NH3 mole fractions. 

Theoretical 

Permeation Rate 

ng-NH
3
 min

-1

 Temp(
o

C) 
Flow Rate 

(SLPM) 
Theoretical 

(ppbv-NH3) 
CRDS 

Measured 

(ppbv-NH3) 
% Error % Difference 

92 25 10.25 13 20 52% 41% 
92 25 10.45 13 19 52% 41% 

5304 25 10.17 749 672 -10% 11% 
5304 25 10.53 723 649 -10% 11% 
777 25 10.41 107 132 23% 21% 
777 25 10.65 105 129 23% 21% 
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Table 2. Summary of independent denuder analysis of NH3 permeation tubes. 

Theoretical 

ng-NH
3
 min

-1

 
Mean Denuder 

ng-NH
3
 min

-1

 
S.D.

 a
  

ng-NH
3
 min

-1
 S.E.

 b N % Error 

92 111 10 4.1 6 20% 
5304 3888 161 65.7 6 -27% 
777 785 46 18.7 6 1% 

a
 Standard deviation of measured denuder rate 

b
 Standard error of measured denuder rate



 

158 

Table 3. Cavity ring-down spectroscopy measured relative line-loss (%) of 3 m tubing heated 

and non-heated compared with instrument only measurement. 

Condition Tubing Type 

 PTFE
a Silcosteel®-Hydroguard®

b Sulfinert®
c 

Instrument Only  -- -- -- 

3m 8.8 14 17 

3m + Heat -0.7 2.9 3.9 

a
Polytetrafluoroethylene, Cole-Palmer®, # EW-06605-32 

b
 Restek®, # 29147 

c 
Restek®, # 29251 
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Table 4. Cavity ring-down spectroscopy measured NH3 response and recovery time for Polytetrafluoroethylene 3m tubing 

heated and non-heated compared with instrument only measurement. 

Condition Measured 

Concentration (ppbv)
a
 

Response Time to 80% 

Relative NH3 (sec)
a
 

Recovery Time to 8% 

Relative NH3 (sec)
a
 

Instrument Only 278 (4.2) 24 (1.4) 458 (2.1) 

3m 254 (9.2) 3135 (862) 696 (50) 

3m + Heat 280 (2.8) 2437 (643) 839 (33) 

a 

Mean measured values and (standard deviation)
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Table 5. Cavity ring-down spectroscopy measured NH3 response and recovery time for Silcosteel®-Hydroguard® 3m tubing 

heated and non-heated compared with instrument only measurement. 

Condition Measured 

Concentration (ppbv)
a
 

Response Time to 80% 

Relative NH3 (sec)
a
 

Recovery Time to 8% 

Relative NH3 (sec)
a
 

Instrument Only 298 (17) 1331 (1854) 428 (4.9) 

3m 258 (3.5) 3259 (561) 589 (0.7) 

3m + Heat 290 (21) 4171 (2813) 556 (40) 

a 

Mean measured values and (standard deviation)
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Table 6. Summary of NH3 flux measurement comparison between the flux gradient-cavity ring-down spectroscopy (FG-

CRDS) system and a denuder relaxed eddy accumulation (Denuder-REA) system across seasons and sampling locations. 

  
Measured NH

3
 Flux

a

 
 

Site/Source Season Denuder-REA FG-CRDS S.E.
b

 

Dairy Lagoon Fall -7.76 -13.01 11.3 

Manure Line Source Winter -0.466 -0.08 0.09 

Manure Line Source Winter -0.171 -0.006 0.01 

a

ug-NH
3
 m

-2

 s
-1

 
b

Standard error for FG-CRDS 
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FIGURES 

 

Figure 1. Cavity ring-down spectrometer (CRDS) initial calibration dilution system configuration.
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Figure 2. Dilution system configuration for cavity ring-down spectroscopy (CRDS) independent denuder analysis. 
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Figure 3. Cavity ring-down spectroscopy (CRDS) calibration step curve of measured NH3 over 

time using high flow rates to achieve low theoretical NH3 mole fractions.
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Figure 4. Cavity ring-down spectroscopy (CRDS) calibration step curve of measured NH3 over 

time using low flow rates to achieve high theoretical NH3 mole fractions.
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Figure 5. Carrier gas comparison for polytetrafluoroethylene (PTFE), Silcosteel® HydroGuard®, and Sulfinert® 

sampling line materials using cavity ring-down spectroscopy.
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Figure 6. Cavity ring-down spectroscopy measured NH3 tubing comparison unheated lines 

theoretical concentration of 4,109 ppbv-NH3. A and B are from same dataset, B includes the 

theoretical NH3 value (4109 ppbv-NH3). Instrument only (Cyan). 7.6m unheated fluorinated 

ethylene propylene (black). 3.1m Chemfluor Duality (red). 3.1m High purity perfluoroalkoxy 

(blue). 3.1m Tefzel (Magenta). Theoretical value (dashed crimson).

Time 
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Figure 7. Cavity ring-down spectroscopy measured NH3 tubing comparison unheated lines at 

theoretical concentration of 683 ppbv-NH3. A and B are from same dataset, B includes the 

theoretical NH3 value (683 ppbv-NH3). Instrument only (green). 7.6m unheated fluorinated 

ethylene propylene (red). 3.1m Chemfluor Duality unheated (blue). 3.1m High purity 

perfluoroalkoxy unheated (cyan). 3.1m Tefzel unheated (Magenta). Theoretical value (dashed 

crimson).

Time 
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Figure 8. Cavity ring-down spectroscopy measured NH3 tubing comparison using heated lines. 

(A) all lines and instrument only, (B) 3.05 m Tefzel®(blue), instrument only (red), and line for 

theoretical NH3 value (black), (C) 3.05 m Chemfluor® (green), instrument only (red), and line 

for theoretical NH3 (black), (D) 3.05 m high purity perfluoroalkoxy (cyan), instrument only (red), 

and line for theoretical NH3 value (black).
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Figure 9. Cavity ring-down spectroscopy measured NH3 at swine lagoon capturing morning and 

afternoon NH3 concentration over two days. (A) 5-10-2013 (B) 5-11-2013.
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Figure 10. Cavity ring-down spectroscopy–relaxed eddy accumulation (CRDS-REA) design 

diagram. (1) Teflon filters (2.5 μm), (2) Eddy partitioning valves, (3) Zero air provider line, (4) 

Flush line (optionally heated), (5) Stainless steel 5 L mixing vessel (optionally heated), (6) Flush 

line mass flow controller, (7) Sampling valve, (8) Sampling line mass flow controller, (9) 

Sampling pump (12VDC), (10) CRDS NH3 analyzer, (11) Overflow to atmosphere, (12) 

Flushing pump (120VAC), (13) Zero air source.
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Figure 11. Cavity ring-down spectroscopy–relaxed eddy accumulation (CRDS-REA) system 

NH3 flux measurement during a two day sampling period after accounting for carrier gas dilution 

flow rate.
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Figure 12. Cavity ring-down spectroscopy–relaxed eddy accumulation (CRDS-REA) CO2 flux 

measurement (A) compared to infrared gas analyzer eddy covariance CO2 flux measurement (B) 

during a two day sampling period.
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Figure 13. Calculated latent heat flux using an infrared gas analyzer during a two-day sampling 

period.
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Figure 14. Cavity ring-down spectroscopy–relaxed eddy accumulation (CRDS-REA) UP and 

DOWN canister measured NH3 flux (A) with the mean (C) and standard deviations (B) of 

vertical wind speed over the same two day sampling period.
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Figure 15. Cavity ring-down spectroscopy–relaxed eddy accumulation (CRDS-REA) UP and 

DOWN canister measured NH3 flux (A) with the frequency of UP (blue) or DOWN (red) 3-way 

valve activations (B) during UP and DOWN eddies of air over the same two day sampling 

period.
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Figure 16. Cavity ring-down spectroscopy–relaxed eddy accumulation (CRDS-REA) measured 

NH3 flux over the same two day sampling period as measured (A) and with DOWN canister 

NH3-free dilution air accounted for (B).
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Figure 17. Wind direction (A) at the Washington State University Knott dairy lagoon sampling 

location with cavity ring-down spectroscopy–relaxed eddy accumulation (CRDS-REA) 

measured NH3 concentrations (B) on 9/16/2013 and 9/17/2013.
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Figure 18. CO2 flux measurements using cavity ring-down spectroscopy–relaxed eddy 

accumulation (CRDS-REA; blue) and infrared gas analyzer eddy covariance (red) method on 

9/16/2013 and 9/17/2013.
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Figure 19. Measured mean (A) and standard deviations (B) of vertical wind speed with the 

frequency of UP or DOWN 3-way valve activations during UP and DOWN eddies of air (C) on 

9/16/2013 and 9/17/2013.
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Figure 20. Mean NH3 mole fraction in UP and DOWN eddies of air prior to NH3-free air 

dilution adjustment using cavity ring-down spectroscopy–relaxed eddy accumulation (CRDS-

REA) system on 9/16/2013 and 9/17/2013.
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Figure 21. Mean NH3 mole fraction in UP and DOWN eddies of air after accounting for NH3-

free air dilution adjustment using cavity ring-down spectroscopy–relaxed eddy accumulation 

(CRDS-REA) system on 9/16/2013 and 9/17/2013.
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Figure 22. Calculated difference in NH3 concentration of UP and DOWN canisters after 

accounting for NH3-free air dilution adjustment on 9/16/2013 and 9/17/2013.
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Figure 23. Cavity ring-down spectroscopy–relaxed eddy accumulation (CRDS-REA) calculated 

NH3 flux as measured prior to NH3-free air dilution adjustment (A) and after accounting for 

NH3-free air dilution adjustment (B) on 9/16/2013 and 9/17/2013.
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Figure 24. Cavity ring-down spectroscopy–relaxed eddy accumulation (CRDS-REA) measured 

NH3 concentrations during systematic testing for baseline NH3 concentrations. (A) Zero air 

running through UP line, measuring “UP line”, (B) Replaced filter on UP line, (C) UP line to 

ambient (still measuring “UP line”), (D) Zero air through DOWN line (now measuring “DOWN 

line”), (E) DOWN line to ambient (still measuring ‘DOWN line”).
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Figure 25. Cavity ring-down spectroscopy–relaxed eddy accumulation (CRDS-REA) measured 

NH3 concentrations during systematic testing for residual NH3 by-passing the canisters. (1) Zero 

air running through UP line, measuring “UP line”, (2) Now measuring DOWN line pulling 

ambient, (3) Zero air through the zero airline in heated line. Plumed to DOWN line MFC port. 

(still measuring “DOWN line”), (4) Zero air pushed through zero airline, and DOWN MFC, by-

pass the pump.
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Figure 26. Flux gradient–cavity ring-down spectroscopy (FG-CRDS) design diagram. (A) Top 

inlet. (B) Sonic anemometer, (C) Infrared gas analyzer. (D) Thermistors. (E) Heated tubing. (F) 

3-way valve. (G) Larger system pump. (H) Small sample pump. (I) Control box. (J) CRDS NH3 

analyzer.
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Figure 27. Thirty minute averaged NH3 mole fraction at the two gradient heights of the flux 

gradient–cavity ring-down spectroscopy (FG-CRDS) over a 5 hour sampling period. 

 



CHAPTER 4 

AIRPACT-4 WET NITROGEN DEPOSITION PERFORMANCE  

 

 

 

 

 

 

 

 

 

This chapter was formatted for the journal Atmospheric Environment and prepared as: Gambino, 

C.D.
1
, Vaughan, J.

2
, Lamb, B.K.

2
, and Johnson, K.A.

1
. Evaluation of the AIRPACT-4 forecast 

system nitrogen deposition prediction: understanding cattle contributions in the Pacific 

Northwest. 

 1
Department of Animal Sciences and 

2
Laboratory for Atmospheric Research, Department of 

Civil and Environmental Engineering, Washington State University.  



 

190 

INTRODUCTION 

Air quality modeling systems have become important tools for air quality managers and 

decision-makers. These systems are used when evaluating State Implementation Plans (SIPs), 

New Source Reviews (NSRs), and Prevention of Significant Deterioration (PSD) as determined 

under the US EPA Clean Air Act and Amendments. Another advantage of air quality modeling 

systems is their ability to fill in the gaps of knowledge across terrain where monitoring sites are 

not yet present. To address daily air quality management systems, it is also useful to apply 

modeling systems in a forecast mode.  The Air Indicator Report for Public Access and 

Community Tracking (AIRPACT) was developed for policy and decision-makers (Vaughan et 

al., 2004; Chen et al., 2008), but also for more general use by the public to access 24 to 48 h air 

quality forecasts (http://lar.wsu.edu/airpact). Currently, AIRPACT-4 utilizes advanced 

computational models to account for meteorology, emissions, and atmospheric chemistry 

simultaneously (Herron-Thorpe et al., 2014; Vaughan et al., 2014 in revision). 

One NAAQS criteria pollutant, fine particulate matter of 2.5 microns or less in diameter (PM2.5) 

is of major concern regarding human health and ecosystem biodiversity. The NAAQS primary 

standard for PM2.5, an annual arithmetic mean averaged over three years, is 12 ug/m
3. 

This 

standard is set to protect public health, including the protection of asthmatics, children, and the 

elderly (U.S. EPA, 2015). The reason such small concentrations pose such a large threat to health 

relates to the size of the formed particles collectively making up PM2.5 (WHO, 2005). The ability 

to model, and therefore forecast levels and locations of PM2.5, relies on sound knowledge of 

precursor sources, transport, and atmospheric chemistry.  
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In the U.S. greater than 50% of PM2.5 is composed of secondary inorganic aerosols of sulfate, 

nitrate, and ammonium from gas-to-particle conversion (McMurry et al., 2004; Aneja et al., 

2003). Secondary particles or aerosols are formed by complex reactions in the atmosphere from 

gas-phase precursors such as sulfur dioxide (SO2), nitrogen oxides (NOx), and NH3. Nitrogen 

makes up 15 to 35% of the mass of secondary inorganic aerosols over the continental U.S. 

(Heald et al., 2012). The gas-phase precursors are largely emitted from anthropogenic sources. 

Ammonia, in particular, is associated with manure handling in concentrated animal feeding 

operations (CAFOs), and with crop fertilization. In cool climates, emissions from livestock 

operations can contribute up to 20% of atmospheric PM2.5 concentration (Hristov, 2011). 

Ammonia reacts with nitric acid (HNO3) during cool, wet nighttime chemistry to form the 

secondary inorganic aerosol, ammonium nitrate (NH4NO3). In the western U.S., NH4NO3 and 

carbonaceous compounds are the major component of PM2.5 in agricultural regions (Chow et al., 

1992, 1993, 1996, 1999, 2006). Koziel et al. (2006) found PM2.5 in the Salt Lake Valley to be 

comprised of 64% NH4NO3. The modeling of NH4NO3 formation and wet deposition are 

contingent upon robust spatial and temporal knowledge of HNO3 formation and NH3 emissions. 

Unfortunately, a spatially and temporally resolved data base of directly measured CAFO NH3 

emissions does not currently exist (Todd et al., 2008; Leytem and Dungan, 2014) which makes 

evaluating modeled NH3 and NH4NO3 chemistry and deposition difficult. 

AIRPACT-4 incorporates the Community Multi-scale Air Quality (CMAQ) chemical transport 

model (CTM) and its suite of major atmospheric processes (Byun, 1999). Recent evaluations 

have shown that CMAQ under predicts concentration estimates for the nitrogen containing 

species NH3, NO3, and PM2.5 (Appel et al., 2011; Foley et al., 2010). Moreover, a larger variance 

in CMAQ annual forecast performance for wet inorganic nitrogen deposition was found in the 
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western U.S. compared to the east (Appel et al., 2011). Because concentration biases can carry-

over as deposition biases, it is important to characterize how the AIRPACT-4 system accounts 

for precursor emissions, particularly NH3 and subsequent deposition.  

Little is known about the ability of AIRPACT-4 to accurately simulate N-deposition in the 

Pacific Northwest (PNW). Gaseous NH3 is deposited within 2 to 5 km from its source (Fowler et 

al., 1998). Therefore, on a 4 km x 4 km grid such as modeled by AIRPACT-4, large dry N 

deposition fluxes should be found within the same cell as large NH3 sources such as CAFOs. 

Aside from the potential impacts CAFOs have on local dry N deposition, gas-to-particle 

conversion of NH3 to particulate NH4
+
 may cause impacts to span state and regional boundaries 

in the U.S. The longer atmospheric residence time of particulate ammonium (PNH4
+
; 4 to 15 

days) than gaseous NH3 allows it to travel longer distances from the CAFO (Koziel et al., 2006; 

Sutton et al., 1998). The fate of atmospheric NH3 emitted from CAFOs is integral to design 

strategies when addressing NH3 emissions. The effects of the diets of fed cattle, their age, air and 

surface temperatures, time of year, and geographic region are not accounted for in emission 

factors (EF) (Sakirkin et al., 2011; Hristov et al., 2011). Yet, modeling systems when run in a 

forecast mode rely on EFs to help identify the location of expected environmental impacts 

(Sutton et al., 1998). Therefore, the objectives of this work are: (1) to evaluate the ability of 

AIRPACT-4 to predict total wet N deposition, and (2) to use AIRPACT-4 forecasts to 

investigate the N deposition surrounding CAFO sources in the PNW.   



 

193 

MATERIALS AND METHODS 

AIRPACT-4 System 

Now on its fourth revision, AIRPACT-4 (Fig. 1) has been operational since January 2012 and 

uses a 4 km x 4 km cell grid as its domain (Vaughan et al., 2014 in revision). AIRPACT-4 uses 

the Weather Research and Forecasting Model (WRF) for meteorological forecast inputs 

(Skamarock et al., 2005, 2008) and obtains boundary conditions from MOZART4,a global 

chemical transport model (Emmons et al., 2010). The U.S. EPA’s Sparse Matrix Operator Kernel 

for Emissions modeling tool (SMOKE v2.7, v3.0; https://www.cmascenter.org/smoke) is used 

for emissions processing of anthropogenic emissions. SmartFire2 and BlueSky (Raffuse et al., 

2009; v3.5.1; Larkin et al. 2009) are modules used to create a unified fire emissions inventory 

from multiple heterogeneous fire information datasets. The MOtor Vehicle Emissions Simulator 

(MOVES; http://www.epa.gov/otaq/models/moves) is an emission modeling system that allows 

for robust mobile emissions forecasting. The Model of Emissions of Gases and Aerosols from 

Nature (MEGAN; Guenther et al., 2006) is used to incorporate biogenic emissions modeling into 

AIRPACT-4. AIRPACT-4 uses the results from the last hour of the prior 24 hr forecast as initial 

conditions for CMAQ v4.7.1. The CMAQ component of AIRPACT-4 uses the SAPRC99 

chemical mechanism to generate chemical reaction schemes and AE5 for treatment of aerosols in 

modeling suite (Carlton et al., 2010). 

The CMAQ modeling suite, like all CTMs is a realistic approximation of complex phenomena 

(U.S. EPA, 2007). The CMAQ suite accounts for the creation of newly formed ‘pollutants’, 

through iterative processing of atmospheric chemical reactions, the creation and destruction of 

particles, horizontal transport of gases and particles through volumes of atmosphere represented 
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as cells in a grid, as well as through vertical mixing, and removal by wet and dry deposition to 

the Earth’s surface (Fig 2; Vaughan and Chung, 2015).  

The CMAQ suite models aerosols through three size distributions: the Aitken (I), accumulation 

(J), and coarse (K) modes. Size distribution is calculated for each mode using the three integral 

properties described in Binkowski and Roselle (2003). The Aitken mode encompasses the mass 

distribution for particles up to 0.1um in diameter. Particle mass is further distributed as 

accumulation mode for particles sized between 0.1 – 2.5 um in diameter and coarse mode for 

particles sized 2.5 – 10um in diameter (Whitby, 1978). The mass distribution of PM2.5 was 

assumed as 99.99% from accumulation mode with the remaining fraction (0.01%) from Aitken 

mode (Binkowski and Roselle, 2003). Both NO3 and NH4
+
 in the aerosol phase were modeled in 

this manner. 

Data Retrieval 

Observational wet N-deposition data were retrieved from the National Atmospheric Deposition 

Program’s (NADP) National Trends Network (NTN) for the period of July 2, 2013 to July 1, 

2014 (NADP, 2015). This period was chosen because the data captures seasonality of wet 

deposition in the PNW. The NTN provides a long-term record of precipitation chemistry across 

the U.S., archiving wet-deposition concentrations of NH4
+
, NO3, and SO4 and corresponding 

precipitation. There are thirteen NTN monitoring sites within the AIRPACT-4 domain which 

encompasses the PNW (Table 1). Weekly inorganic-N values (from NH4
+
 and NO3) from NTN 

were compared to 11 species of N (nitric oxide, nitrite, nitrate, dinitrogen pentoxide, nitrous acid, 

nitric acid, alkyl nitrate, peroxyacyl nitrate, aerosol ammonium, aerosol nitrate, ammonia; Table 

2) found in wet deposition modeling from AIRPACT-4.  
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The AIRPACT-4 extracted and NTN observed values were converted to a total wet N deposition 

area flux (kg-N/ha). The weekly observed wet N-deposition concentrations (mg-N/L) for each of 

the 13 NTN sites were accompanied by weekly observed total precipitation (mm) for the same 

time period. Downloaded NTN data were converted to a common measure of deposition flux 

(kg-N/ha) using Equations 1 and 2:

2 2

3 2

cm .001 .001 10000 .01
C * *P* * * * *

1000 10 .0001
o

L g kg cm m kg

cm mm mg g m ha ha
    (Eq. 1) 

Where, Co is the observed wet inorganic-N concentration (mg-N/L) and P is observed 

precipitation (mm). 

 oC * *.01 wP D           (Eq. 2) 

Where, Dw is wet N deposition (kg-N/ha). Modeled wet N-deposition (kg/ha) was extracted from 

AIRPACT-4 for the same period. The AIRPACT-4 extracted wet N deposition data were for a 4 

km x 4 km cell encompassing the latitude and longitude of the corresponding NTN site. Thus, 13 

locations of wet N-deposition (kg-N/ha) containing weekly deposition values for 11 wet-N 

species were extracted from AIRPACT-4. The molecular weight of each species and atomic 

weight of N were used to determine the weighted contribution of N being deposited (Eq. 3).  

 * %
species

species
kg N kg N

Nitrogen
ha ha

    
   

   
       (Eq. 3) 

The AIRPACT-4 N contribution fluxes were summed over the 11 contributing species for each 

of the 13 sites, to compare against the NTN (NO3 and NH4
+
) calculated fluxes on a weekly basis. 

Observed and modeled data were matched week by week when possible. Both observed and 

modeled data were transformed to a rank order. The aggregated data from all 13 sites had greater 
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than 300 wet deposition values from both NTN observed sites and AIRPACT-4 over the time 

period. 

Only valid NTN weeks were included in the weekly observed versus modeled data comparisons. 

Any weekly pair in which either the observed or modeled deposition fluxes (kg-N/ha) were zero 

was excluded from analysis. Deposition fluxes are recorded as zero if no precipitation occurred 

over the sampling period, if contamination of the sample occurred, or if no sampling took place 

for that week. This study focused on the chemistry and transport modeling in the AIRPACT-4 

modeling system as such only deposition values >0 kg-N/ha were included. The AIRPACT-4 

extracted wet-N deposition values for the 51 weeks from July 2, 2013 to July 1, 2014 (May 6 to 

May 12, 2014 was not available) were summed to create an annual value specific to each site and 

were compared to the sum of the NTN weekly wet inorganic-N deposition for each site. The 

aggregate of all 13 sites weekly yielded 676 deposition values or 52 values per site. However, 

due to the exclusion protocol, 351 aggregated deposition values remained viable, or 51.9% of 

data retrieved were able to be used for analysis. 

Performance statistics frequently used in air quality model evaluations are defined in Table 3 

(Chen et al., 2008). A two-tier approach for model performance evaluation of PM was proposed 

by Boylan and Russell (2006). Although different performance goals and criteria are needed for 

different species, seasons, and parts of the country, the two-tier goal and criteria were used as 

guidance for evaluating the usefulness of AIRPACT-4 in total wet-N deposition forecasting. The 

first tier, the model performance criteria, reflects the level of accuracy considered acceptable for 

regulatory applications (Boylan and Russell, 2006). The second is the model performance goal 

which is more restrictive than performance criteria and reflects the level of accuracy considered 



 

197 

the best a model can achieve (Boylan and Russell, 2006). Fractional bias and error bound the 

maximum bias and error by giving equal weight to underestimations and overestimations. The 

use of fractional bias and error as opposed to mean normalized measures allows for relaxed 

performance criteria and goals at lower concentrations, which in turn accounts for higher 

uncertainties at these levels. As such, fractional bias and error were used to evaluate wet N 

deposition forecast performance, because they are the least biased and most useful of available 

performance metrics (Boylan, 2004a). 

CAFO ammonia emissions and wet/dry-N deposition 

Six CAFOs were identified within the AIRPACT-4 domain for the entire 52 week period from 

July 2, 2013 – July 1, 2014. The three CAFOs located in Oregon (OR) were spread throughout 

the state and are labeled as OR (A), OR (B), and OR (C). The three Washington (WA) CAFOs 

were less spread out, and were labeled as WA (A), WA (B), and WA (C) to differentiate their 

emissions and deposition results. The NH3 emissions and N deposition extractions for each of the 

identified CAFO locations were encompassed by a 21 cell x 21 cell mask. Each cell in the mask 

was 4 km x 4 km. Thus, the entire mask was 84 km x 84 km or 7,056 km
2
. The CAFO resided in 

the center cell within the extracted mask of NH3 emissions and for both wet and dry N 

deposition. The AIRPACT-4 system treats the majority of OR livestock operations, beef feedlots 

and dairies, as point sources entering the model through a point source file allowing for the cell 

level (4 km x 4 km) NH3 emission value of a CAFO to be isolated from the nonpoint source cells 

surrounding the CAFO (Washington Department of Ecology, personal communication). The 

Rumburg (2006) WSU dairy module incorporates NH3 emissions from housing, manure storage, 

and manure processing for WA dairies. As such, NH3 estimates are available for individual 

dairies in both states through specific input parameters provided by the respective state agencies. 
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As a result, dairies in WA are spatially treated as point sources, although their NH3 emissions 

were incorporated into AIRPACT-4 from a nonpoint source file. The NH3 emissions from beef 

cattle feedyards in WA are processed as part of the anthropogenic inventory in AIRPACT-4 

(Chen et al., 2008) despite not being site specific for WA. Nonpoint sources, as is the case for 

beef feedyards in WA, are treated as county-level total emissions allocated to agricultural lands 

as defined by the 2012 USDA NASS Census of Agriculture (USDA, 2014). As a result, there are 

major differences in how CAFO emissions are treated in Oregon versus Washington within the 

AIRPACT system.  A key question in this analysis is how these differences affect the model 

emissions and corresponding deposition for each selected CAFO in each state.  

For analytical purposes, the hourly modeled NH3 emissions were summed to weekly moles-NH3 

per second per 4 km x 4 km cell value. The 52 weekly extractions for each cell were summed to 

create an annual NH3 emission rate. The 441 cells in each WA CAFO emissions mask were also 

summed for analyses. To compare modeled NH3 emissions to CAFO NH3 emissions literature, 

the extracted data were converted to a mass flux, kg-NH3/yr for each cell. First, each cell in the 

mask was converted to moles-NH3/wk.  

3 60seconds 60minutes 3
* *

second 1minute 1

moles NH moles NH

hour week

  
 

 
    (Eq. 4) 

The values in each cell were then converted to a mass flux using the molecular weight of 

ammonia (17.031 g-NH3/mole-NH3).  

3 3 3

3 3

0.017031 .822
* *

1 1

kg NH Nmoles NH kg NH N

year mole NH NH year

     
   

  
    (Eq. 5) 
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The masks of N deposition (kg-N/ha) were compared to the NH3-N emission mask for the same 

CAFO to determine how well atmospheric reactive nitrogen (Nr) sources, transformations, and 

sinks were captured by AIRPACT-4. The monthly wet and dry deposition masks were summed 

to a single annual mask for both wet and dry deposition.  

The CAFO NH3 emissions were converted to four seasonal totals for winter (Dec, Jan, Feb), 

spring (Mar, Apr, May), summer (June, July, Aug), and fall (Sept, Oct, Nov), and to annual 

values using the summation of the NH3 emission mask for each location. 

RESULTS AND DISCUSSION 

AIRPACT-4 Performance 

Agreement with NTN 

The aggregated weekly wet N deposition forecast performance statistics are summarized in Table 

4. Overall, AIRPACT-4 under-predicted wet N deposition compared to NTN observed data, with 

a mean bias (MB) of -0.007 kg-N/ha and a mean error of 0.021 kg-N/ha. More importantly, for 

the aggregated weekly wet-N deposition, AIRPACT-4 achieved an overall fractional bias (FB) of 

-25% and fractional error (FE) of 71%. Currently no model performance goals or criteria have 

been outlined for wet deposition. However, ozone and PM performance goals and criteria used 

by U.S. EPA exist and are defined in Table 5 (Boylan, 2004b). If these performance goals are 

used as guidance and applied to wet deposition, the AIRPACT-4 weekly wet-N deposition FB 

was within the PM model performance goal of ± 30%. The FE, however, was outside the goal for 

PM model performance, but met the criteria PM model performance of ≤75%. Thus, AIRPACT-

4 predictions of wet-N deposition performed reasonably well based on the model performance 

goal and criteria used for PM.  
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Figure 3 shows a summary of the weekly aggregated observed and modeled wet-N deposition 

across all 13 sites. The AIRPACT-4 mean and quartiles were lower than observed values, 

indicating under-prediction of wet-N deposition compared to observed values. The majority of 

observed wet-N-depositions were small fluxes (≤0.05 kg-N/ha). Figure 4 shows the ratio of 

predicted to measured wet-N deposition versus the corresponding top 50% and bottom 50% of 

ranked observed wet-N deposition values for July 2, 2013 to July 1, 2014. AIRPACT-4 under-

predicted the top 50% of observed wet-N deposition (≥0.024 kg-N/ha), but better predicted 

smaller wet-N deposition fluxes (≤0.024 kg-N/ha) despite larger outliers. A clearer depiction of 

AIPRACT-4 under-prediction of wet-N deposition at high fluxes is visible in the Q-Q plot (Fig. 

5). Under-prediction at higher observed wet-N deposition likely stemmed from errors in spatial 

and temporal NH3 emissions, lack of accounting for bi-directional NH3, and lack of lightening 

generated NO (Appel et al., 2011). Although lightening generated NO is of greater concern in the 

eastern U.S. than the western U.S., issues with NH3 emissions inventory are of greater concern in 

the west (Appel et al., 2011). The inclusion of bi-directional NH3 in atmospheric models reduced 

model bias by a factor of three, from -19% to -6%, for annual NH4
+
 wet deposition (Appel et al., 

2011). Thus, if accounted for in AIRPACT-4, bi-directional NH3 might reduce the current under-

prediction. 

AIRPACT-4 seasonal wet-NO3, NH4
+
, and Inorganic-N (NO3 and NH4

+
) deposition performance 

results are similar to the weekly and annual wet-N deposition. Williams (personal 

communication) determined the FB for wet-NO3 deposition ranged from -15% (fall) to -3% 

(winter) while wet-NH4
+
 deposition FB ranged from 3% (spring) to 36% (winter). Also, annual 

wet inorganic-N deposition had a negative bias for 2013 (FB=-51%) and 2014 (FB=-21%) 

reflecting the larger under-predictions in NO3 (Williams, personal communication). A regression 



 

201 

analysis performed by Williams (personal communication) revealed AIRPACT-4 better 

predicted annual wet-NO3 deposition (r
2
=0.69) than NH4

+
 (r

2
=0.14) deposition. In contrast, an 

evaluation of the CMAQ v4.7 modeling suite outside of AIRPACT-4, found that NH4
+
 wet N 

deposition was under-predicted in every season with the largest under-prediction in winter 

(NMB=-37.1%; Appel et al., 2011). 

The annual comparisons of modeled and observed wet-N deposition on a per site basis are 

depicted in Figure 6. Five of the 13 sites resided close to the 1:1 line, each with p-value >0.01 for 

weekly wet-N deposition (OR18, OR09, OR97, WA21, and WA14) suggesting predictions for 

these sites were not significantly different from observed wet-N deposition values. For observed 

wet-N deposition ≥1.05 kg-N/ha site predictions began to vary from the1:1 line, illustrating 

AIRPACT-4’s forecasting of higher wet total-N deposition values were more variable than at 

lower observed wet-N depositions. 

Table 6 summarizes the site specific weekly wet-nitrogen deposition forecast performance 

statistics. Based on PM model performance goals and criteria (Boylan, 2004b), the WA14 site 

demonstrated the best model performance with a FB of -5% and an FE of 49%. Similarly, the FB 

for both OR97 and WA21 met the more stringent ozone model performance standard and FE met 

the PM model performance criteria. In contrast, poor model agreement was found for sites ID03, 

ID11, and WA24.  Model performance for each of these three sites fell outside the FB and FE 

conditions needed to meet the PM model performance criteria. These findings highlight the 

variability in AIRPACT-4 forecasting of wet N-deposition which could result from 

meteorological inputs or emissions inputs. The precipitation forecasting from the WRF in 

AIRPACT-4 agreed well with FB of 9% and 7% for 2013 and 2014 respectively. Also, 88% of 
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the variability in precipitation was accounted for by AIRPACT-4 (Williams, personal 

communication). Thus, the variability in AIRPACT-4 wet-N deposition results from the 

emissions input component of the modeling system. 

Oregon CAFO Results 

NH3 Emissions 

Based on emissions (kg-NH3 yr
-1

) from each cell for each OR CAFO, it was evident each was 

considered a point source of NH3 emissions in AIRPACT-4 (Fig. 7). The masks for the OR 

CAFOs showed very few isolated high magnitude emissions with most cells reported as a value 

of zero. The OR (A) CAFO had the largest NH3 emissions among the three identified CAFOs, 

3,113 Mg-NH3-N for July 2, 2103 – July 1, 2014. This was not surprising given the animal 

populations accounted for within the 16 km
2
. The OR (C) CAFO was modeled as emitting 111 

Mg-NH3-N for the year from July 2, 2013 – July 1, 2014 while OR (B) was modeled as emitting 

46 Mg-NH3-N. Thirty-six kilometers south of OR (B), but still within the mask was a large 

unidentified NH3 source (47 Mg-NH3-N). AIRPACT-4 uses temporal profiles from SMOKE to 

distribute emissions across months of the year and hours of the day. As such, within AIRPACT-4 

the percentages of the annual NH3 emissions value reported by state agencies are allocated to 

each month. The three OR CAFOs all displayed the same seasonality with peak June – July NH3 

emissions (Fig. 8). 

Total N-Deposition 

Table 7 summarizes the annual N deposition and NH3 emissions from the three OR CAFOs. In 

this case, more total N was deposited within the mask immediately surrounding the CAFO than 

N emitted as NH3 except in the mask surrounding the largest CAFO, OR (A). Staebler et al. 
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(2009) noted that 50 to 80% of emitted NH3 left the surface layer vertically in an 8 km x 8 km x 

135 m volume of atmosphere. Due to rapid gas-to-particle conversion of NH3 to secondary 

inorganic aerosols and the lifetime of PM2.5 of several days, NH3 can travel up to 2,400 km away 

from its source (Koziel et al., 2006). Staebler et al. (2009) also found 10 to 35% of emitted NH3 

left the N-S-E-W boundaries of the volume of atmosphere. Dry deposition within the cell 

accounted for 6 to 12% of NH3 emitted. The 71% of OR (A) emitted NH3 that was deposited as 

dry N within the mask is greater than the range of dry deposition related to NH3 emissions found 

by Staebler et al. (2009). However, the masks in this study are 110x greater in area than the cell 

used in Staebler et al. (2009). As such, it was expected that a greater percentage of emitted NH3 

would be deposited in the OR deposition masks. 

Due to the heavy precipitation and cooler weather during the winter and spring months in the 

PNW it was expected that wet deposition would be more prevalent than dry. However, this was 

only the case for the spring (MAM) for OR (B). The total N deposition for OR (A) was highest 

in the spring (MAM), but lowest in the winter (DJF; Table 8).The total N deposition for OR (B) 

was highest in the fall (SON) and lowest in the summer (JJA; Table 9). The total N deposition 

for OR (C) was highest in the summer and lowest in the winter (Table 10). Dry N deposition for 

all sites during all seasons was higher than corresponding wet N deposition, except in the spring 

(MAM) for OR (B).  

To further understand the impact of CAFO NH3 point sources on their surroundings, surface 

contours of N deposition were developed to visualize the directionality of N transport within the 

mask. The surface contours show that the highest dry N deposition was found within the cell in 

which the NH3 point source was located (Fig. 9). These modeled results were similar to field 
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measurements by McGinn et al. (2003) in which dry N deposition rates were highest (23 to 84 

mg-NHx-N/m
2
/d or 0.84 – 0.307 Mg-NHx/ha

/
yr) adjacent to the CAFO and a 38 to 76% 

reduction in dry NHx deposition rates were measured 200 m downwind of the CAFO. For OR 

(B), the modeled N deposition particularly wet N deposition, largely occurred northeast and 

south of the CAFO. The southern deposition was a result of the other unidentified NH3 emission 

source, but the northeast deposition gradient was likely a result of meteorological conditions 

within that grid. For OR (C) the modeled N-deposition occurred southwest of the CAFO. For OR 

(A) the modeled N deposition was highest east of the CAFO. 

Washington CAFO Results 

NH3 Emissions 

Although the majority of CAFOs in OR were modeled as point sources, the localized NH3 

emissions were still dispersed throughout the cell in which the CAFO resided. In WA however, 

NH3 emissions from CAFOs were modeled through a nonpoint source file. The temporal profile 

was similar across WA CAFOs, but differed from that used to model OR CAFOs, because of the 

inventory input method (Fig. 10). In WA, CAFOs or the modeled sum of all nonpoint sources 

had peak NH3 emissions occurring in August – September, and a spring burst in March – April. 

The magnitude of NH3 emissions from the masks surrounding WA CAFOs were less variable 

than the three OR CAFOs.  

The mask of WA (C) had a similar magnitude of NH3 emissions to the cell of OR (A), but 

different temporal pattern due to model input source format (Fig. 11). The annual NH3 emissions 

for OR (A) cell was 3,113 Mg-NH3-N and for the WA (C) mask was 3,294 Mg-NH3-N. The 

mask of WA (C) contained multiple CAFOs, two of which were involved in these forecast 
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results. The cell of OR (A) also encompassed multiple cattle production operations. The mask of 

NH3 emissions forecasted for WA (C) should emit significantly more NH3 than the cell 

emissions forecasted for OR (A), because the WA (C) mask encompasses multiple CAFOs and 

NH3 emissions from other anthropogenic and biogenic nonpoint sources (i.e. crop fertilization). 

One possible reason this did not occur was that the mask of WA (C) crossed two counties. The 

CAFOs in WA were nonpoint source files and annual NH3 emissions for an entire county were 

allocated to agriculture lands within the county. AIRPACT-4 may have spread the NH3 

emissions to other parts of each county not captured within the N deposition masks.  

Total N-Deposition 

The WA CAFOs had a high percentage of NH3-N being unaccounted for in local N deposition. 

(Table 11). Overall, 28 to 46% of AIRPACT-4 NH3 emissions were unaccounted for by 

deposition within the mask. Across seasons, the masks of the three WA CAFOs deposited the 

greatest percentage of N during the winter months. However, the amount of N deposition for the 

three WA CAFOs was lowest in the winter. The N deposition for the WA (A) and (C) CAFO 

was highest in the summer (Table 12 and 14). The N deposition for the WA (B) CAFO was 

highest in the fall (Table 13). The increase in percent N deposited noticed during winter was 

associated with lower modeled NH3 emissions rather than the result of increased N deposition 

values.  

Similar to OR CAFOs, the majority of N deposition from the mask of WA CAFOs was modeled 

as dry N deposition. However, unlike the OR model results, dry N deposition was not localized 

to the known CAFO vicinity. Figure 12 shows the spatial distribution of both wet and dry N 

deposition for July 2, 2013 – July 1, 2014. For WA (A) it was expected to find higher N 
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deposition in the center of the mask and slightly southeast of center based on the location of 

nearby CAFOs. However, dry-N deposition in the WA (A) mask was highest in the south, and 

southwest and wet-N deposition was highest further southeast than expected. The WA (B) CAFO 

had higher dry-N deposition near the center of the mask, but the expected high deposition values 

southwest of center, due to the location of several other CAFOs, were absent. The highest dry-N 

deposition for WA (C) was southwest of center while the highest wet N deposition was southeast 

of center. The wet N deposition values for all WA CAFO masks were slightly lower than that of 

the OR masks. Table 15 summarizes the peak and means of wet and dry modeled N deposition 

for the cells within the six CAFO deposition masks. Deposition contours were a result of taking 

into account all modeled point and nonpoint emission sources. However, the NH3 emissions 

depicted for OR were only from point sources and neglected any influence of NH3 nonpoint 

source emissions. Alternatively, the NH3 emissions depicted for WA were only from nonpoint 

sources which would have neglected any NH3 point source emissions within the mask. If NH3 

emissions for both OR and WA were reflective of all point and nonpoint sources, modeled NH3 

emissions can be expected to increase resulting in a greater amount of unaccounted for NH3-N 

within the masks. Also, if NH3 emissions were reflective of all NH3 emission sources within the 

mask it may provide more details about the variance in spatial distribution between wet and dry 

N deposition contours. 

 

CONCLUSIONS 

The overall objectives of this study were first, to evaluate AIRPACT-4 prediction of wet-N 

deposition and second to investigate total (wet and dry) N deposition in the vicinity of PNW 
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CAFOs. The first objective was accomplished by comparison to NTN observed wet-N deposition 

values. The performance evaluation showed that AIRPACT-4 under-predicts wet-N deposition, 

especially at higher observed values. However, the overall performance for wet deposition was 

reasonably good with a FB of -25%. AIRPACT-4 NH3 emissions and N deposition forecasts 

were used to achieve the second objective. The results of the CAFO N-cycling investigation 

objective demonstrate that the source type of NH3 emissions input to the modeling system 

impacts N deposition mapping. Whether NH3 emissions sources are input into AIRPACT-4 as 

point or nonpoint sources impacts the magnitude and, spatial and temporal predictions of N 

deposition. The NH3 emissions source type impacts dry-N deposition more than wet-N 

deposition forecasts, because dry N deposition occurs in close proximity to NH3 emission 

sources (McGinn et al., 2003). The modeling of dry N deposition in AIRPACT-4 relied heavily 

on known location of large NH3 sources and the discrepancy in N deposition prediction of 

AIRPACT-4 around large NH3 sources was a result of inadequate point source information. 

Without the ability to input local NH3 emission sources decision-makers lack the tools needed to 

make relevant ecosystem management decisions to mitigate the occurrence of biodiversity loss 

through acidification and eutrophication due to N deposition. Together the wet N deposition 

forecast performance and CAFO N deposition results warrant further research on sources of N 

deposition prediction biases as well as appropriate NH3 emissions source allocation. 
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TABLES 

Table 1. Summary of characteristics for the thirteen National Acid Deposition Program (NADP) National Trends Network (NTN) 

site within the AIRPACT-4 modeling system domain used for wet nitrogen deposition evaluation. 

Site 

ID 
Site Name Latitude Longitude Elevation 

(m) 
2013 

Precipitation 

(cm) 

2014 

Precipitation 

(cm) 
ID02 Priest River Experimental Forest 48.3518 -116.8397 726 72 92 
ID03 Craters of the Moon National Monument 43.4605 -113.5551 1807 18 30 
ID11 Reynolds Creek 43.2049 -116.7500 1200 27 33 
OR09 Silver Lake Ranger Station 43.1190 -121.0590 1338 15 28 
OR10 H.J. Andrews Experimental Forest 44.2118 -122.2560 443 153 288 
OR18 Starkey Experimental Forest 45.2247 -118.5130 1254 58 73 
OR97 Hyslop Farm 44.6348 -123.1900 69 58 107 
WA14 Olympic NP 47.8597 -123.9325 182 267 405 
WA19 North Cascades NP 48.5403 -121.4460 124 205 273 
WA21 La Grande 46.8353 -122.2867 617 98 121 
WA24 Palouse Conservation Farm 46.7606 -117.1847 766 45 58 
WA98 Columbia River Gorge 45.5694 -122.2100 233 141 174 
WA99 Mount Rainier National Park-Tahoma Woods 46.7582 -122.1243 424 130 181 
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Table 2. Summary of the eleven nitrogen species used in AIRPACT-4 modeling system wet 

nitrogen deposition and their nitrogen contribution to total wet nitrogen deposition.  

Species
a

 Molecular Mass (g/mole) %Nitrogen 

Gas 

  NH3 17.031 82.24 

NO2 46.005 30.45 

NO 30.006 46.68 

NO3 62.004 22.59 

N2O5 108.009 25.94 

HNO3 63.012 22.23 

HONO 47.013 29.79 

RNO3 133.0 10.53 

PAN 121.048 11.57 

Aerosol  

  ANH4 18.039 77.65 

ANO3 62.004 22.59 
a

NO (Nitric Oxide), NO2 (Nitrite), NO3 (Nitrate), N2O5 (Dinitrogen pentoxide), HONO 

(Nitrous Acid), HNO3 (Nitric Acid), RNO3 (Alkyl Nitrate), PAN (Peroxyacyl Nitrate), 

ANH4 (aerosol ammonium; ∑ I, j, k modes), ANO3 (aerosol nitrate; ∑ I, j, k modes), NH3 

(ammonia)
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Table 3. Definitions of standard performance statistics used to evaluate air quality modeling 

systems. 

Statistic Calculation 

Number of Paired Data Points 
N 

Mean Bias (MB) 

 

Mean Error (ME) 

 

Predicted Mean 

 

Measured Mean 

 

Fractional Bias (%) 

 

Fractional Error (%) 

 
Mi – Predicted deposition, Oi – Measured deposition 
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Table 4. Summary of AIRPACT-4 forecast performance statistics for aggregated weekly total wet-nitrogen deposition 

from the 13 National Trends Network sites in the AIRPACT-4 domain for July 2, 2013 – July 1, 2014. 

Parameter NTN Observed AIRPACT-4 Modeled 

Number of “weekly” values 649 663 

Number of “weekly” non-zero values 370 602 

Max (kg-N/ha/week) 0.2688 0.201 

Min (kg-N/ha/week) 0.00096 5.21E-35 

Mean (kg-N/ha/week) 0.035 0.023 

Mean Bias (MB; kg-N/ha/week) -0.0069 

Mean Error (ME; kg-N/ha/week) 0.0213 

Fractional Bias (FB) -25% 

Fractional Error (FE) 71% 

T-Statistic 0.00051 

N 351 

Percent of Total 2013 – 2014 Weeks 52% 
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Table 5. Frequently used model performance goals and criteria for air quality forecast systems. Adapted from Adelman et al. 

(2014). 

Comment Fractional Bias (FB) Fractional Error (FE) 

Ozone model performance goal. (U.S. EPA, 2001) ≤±15% ≤35% 

Particulate Matter (PM) performance Goal. Considered good model 

performance for PM. (Boylan and Russell, 2006) 
≤±30% ≤50% 

Particulate Matter (PM) performance Criteria. Considered average 

model performance for PM. (Boylan and Russell, 2006) 
≤±60% ≤75% 

AIRPACT-4 Wet Nitrogen Deposition Results -25% 71% 
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Table 6. Summary of AIRPACT-4 forecast performance statistics for the thirteen National Trends Network (NTN) sites 

within the AIRPACT-4 domain on a site specific weekly wet nitrogen deposition for July 2, 2013–July 1, 2014.  

NTN 
Site 

MB
a,1 

ME
b,1 FB

c FE
d T-Stat Predicted 

Mean, 

kg-N ha
-1

 

Observed 

Mean, 

kg-N ha
-1

 

N
e 

OR10 0.008 0.012 23% 53% 0.005 0.030 0.023 34 

WA98 0.027 0.033 27% 41% . 0.002 0.067 0.057 25 

ID03 -0.019 0.019 -99% 105% 0.00006 0.007 0.030 23 

OR97 0.0001 0.014 -12% 61% 0.97 0.018 0.026 27 

WA21 -0.003 0.020 11% 67% 0.61 0.024 0.028 37 

WA19 -0.011 0.024 -34% 68% 0.082 0.041 0.050 25 

WA14 -0.003 0.011 -5% 49% 0.36 0.020 0.026 28 

WA24 -0.030 0.031 -80% 89% 0.00001 0.020 0.051 31 

ID02 -0.019 0.024 -56% 71% 0.0002 0.020 0.045 23 

ID11 -0.061 0.061 -136% 136% 0.002 0.005 0.064 22 

OR09 -0.004 0.007 -55% 96% 0.10 0.004 0.009 13 

OR18 -0.006 0.008 -35% 61% 0.02 0.013 0.016 31 

WA99 0.014 0.020 46% 64% 0.002 0.032 0.026 32 

a Mean Bias, 
b
 Mean Error, 

c
 Fractional Bias, 

d
 Fractional Error, 

e
 Number of Comparisons 

1kg-N ha
-1 
week

-1 
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Table 7. Summary of AIRPACT-4 modeled 21 cell x 21 cell mask of annual total nitrogen deposition and NH3-N emitted from 

the three Oregon concentrated animal feeding operations (CAFOs) for July 2, 2013 – July 1, 2014. 

 OR (A) OR (B) OR (C) 

Dry N Deposition (Mg-N) 2,637 918 614 

Wet N Deposition (Mg-N) 334 703 208 
Total-N Deposition (Mg-N) 2,970 1,622 822 

NH3 Emissions (Mg NH3-N)
a 3,738 118 112 

Total Percent Deposited
b 79% -- -- 

a
 NH3–N emissions are for the summation of all cells in the 21 cell x 21 cell mask. 

b
 [(Total-N deposition in mask)/(NH3-N emissions from mask)]*100. 
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Table 8. Summary of AIRPACT-4 modeled 21 cell x 21 cell mask of seasonal total nitrogen deposition and NH3-N emitted from 

the OR (A) concentrated animal feeding operation for July 2, 2013 – July 1, 2014. 

 OR (A) 

 Summer (JJA) Fall  (SON) Winter (DJF) Spring (MAM) Annual 

Dry Deposition (Mg-N) 744 676 436 781 2,637 

Wet Deposition (Mg-N) 79 104 69 81 334 
Total Deposition (Mg-N) 823 780 506 862 2,970 
NH3 Emissions (Mg NH3-N)

a 
1,265 841 672 959 3,738 

Total Percent Deposited
b 65% 93% 75% 90% 79% 

a
 NH3–N emissions are for the summation of all cells in the 21 cell x 21 cell mask. 

b
 [(Total-N deposition in mask)/(NH3–N emissions from mask)]*100. 
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Table 9. Summary of AIRPACT-4 modeled 21 cell x 21 cell mask of seasonal total nitrogen deposition and NH3-N emitted from 

the OR (B) concentrated animal feeding operation for July 2, 2013 – July 1, 2014. 

 OR (B) 

 Summer (JJA) Fall  (SON) Winter (DJF) Spring (MAM) Annual 

Dry Deposition (Mg-N) 183 302 233 200 918 

Wet Deposition (Mg-N) 60 186 203 255 703 
Total Deposition (Mg-N) 243 488 436 455 1,622 
NH3 Emissions (Mg NH3-N)

a 
40 26 20 30 118 

Total Percent Deposited
b -- -- -- -- -- 

a
 NH3–N emissions are for the summation of all cells in the 21 cell x 21 cell mask. 

b
 [(Total-N deposition in mask)/(NH3–N emissions from mask)]*100.
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Table 10. Summary of AIRPACT-4 modeled 21 cell x 21 cell mask of seasonal total nitrogen deposition and NH3-N emitted from 

the OR (C) concentrated animal feeding operation for July 2, 2013 – July 1, 2014. 

 OR (C) 

 Summer (JJA) Fall  (SON) Winter (DJF) Spring (MAM) Annual 

Dry Deposition (Mg-N) 204 135 89 187 614 

Wet Deposition (Mg-N) 68 47 30 63 208 
Total Deposition (Mg-N) 271 182 119 250 822 
NH3 Emissions (Mg NH3-N)

a 
38 25 20 29 112 

Total Percent Deposited
b -- -- -- -- -- 

a
 NH3–N emissions are for the summation of all cells in the 21 cell x 21 cell mask. 

b
 [(Total-N deposition in mask)/(NH3–N emissions from mask)]*100.
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Table 11. Summary of AIRPACT-4 Modeled 21 cell x 21 cell mask of annual total nitrogen deposition and NH3-N 

emitted from the three Washington concentrated animal feeding operations for July 2, 2013 – July 1, 2014. 

 WA (A) WA (B) WA (C) 

Dry Deposition (Mg-N) 1,883 1,677 1,910 
Wet Deposition (Mg-N) 307 263 327 
Total Deposition (Mg-N) 2,189 1,940 2,238 
NH3 Emissions (Mg NH3-N)

a 3,031 3,574 3,294 
Total Percent Deposited

b 72% 54% 68% 

a
 NH3–N emissions are for the summation of all cells in the 21 cell x 21 cell mask. 

b
 [(Total-N deposition in mask)/(NH3–N emissions from mask)]*100.
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Table 12. Summary of AIRPACT-4 modeled 21 cell x 21 cell mask of seasonal total nitrogen deposition and NH3-N emitted 

from the Washington (A) concentrated animal feeding operation for July 2, 2013 – July 1, 2014. 

 WA (A) 

 Summer (JJA) Fall (SON) Winter (DJF) Spring (MAM) Annual 

Dry Deposition (Mg-N) 625 554 250 454 1,883 
Wet Deposition (Mg-N) 54 100 71 81 307 
Total Deposition (Mg-N) 679 654 321 535 2,189 
NH3 Emissions (Mg NH3-N)

a 922 863 382 863 3,031 
Total Percent Deposited

b 74% 76% 84% 62% 72% 
a
 NH3–N emissions are for the summation of all cells in the 21 cell x 21 cell mask. 

b
 [(Total-N deposition in mask)/(NH3–N emissions from mask)]*100.
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Table 13. Summary of AIRPACT-4 modeled 21 cell x 21 cell mask of seasonal total nitrogen deposition and NH3-N emitted from 

the Washington (B) concentrated animal feeding operation for July 2, 2013 – July 1, 2014. 

 WA (B) 

 Summer (JJA) Fall  (SON) Winter (DJF) Spring (MAM) Annual 

Dry Deposition (Mg-N) 507 509 240 420 1,677 
Wet Deposition (Mg-N) 49 104 46 64 263 
Total Deposition (Mg-N) 557 613 286 485 1,940 
NH3 Emissions (Mg NH3-N)

a 1,092 1,015 449 1,018 3,574 
Total Percent Deposited

b 51% 60% 64% 48% 54% 
a
 NH3–N emissions are for the summation of all cells in the 21 cell x 21 cell mask. 

b
 [(Total-N deposition in mask)/(NH3–N emissions from mask)]*100.
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Table 14. Summary of AIRPACT-4 Modeled 21 cell x 21 cell mask of seasonal total nitrogen deposition and NH3-N emitted from 

the Washington (C) concentrated animal feeding operation for July 2, 2013 – July 1, 2014. 

 WA (C) 

 Summer (JJA) Fall  (SON) Winter (DJF) Spring (MAM) Annual 

Dry Deposition (Mg-N) 636 562 240 473 1,910 

Wet Deposition (Mg-N) 54 103 74 96 327 
Total Deposition (Mg-N) 690 665 314 569 2,238 
NH3 Emissions (Mg NH3-N)

a 
996 953 399 946 3,294 

Total Percent Deposited
b 69% 70% 79% 60% 68% 

a
 NH3–N emissions are for the summation of all cells in the 21 cell x 21 cell mask. 

b
 [(Total-N deposition in mask)/(NH3–N emissions from mask)]*100.
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Table 15. Summary of the peak and means of modeled wet and dry N deposition for the 4 km x 4 km cells within the six 

concentration animal feeding operations (WA (A), WA (B), WA (C), OR (A), OR (B), and OR (C)) deposition masks for July 2, 

2013 – July 1, 2014. 

 Peak N Deposition from a cell in mask  
kg-N yr

-1

 
Mean N Deposition across cells in mask  

kg-N yr
-1

 

 Wet Dry Wet Dry 

WA (A) 
1,165 8,459 695 4,270 

WA (B) 
827 5,627 597 3,803 

WA (C) 
1,195 7,269 742 4,332 

OR (A) 
1,271 179,344 756 5,979 

OR (B) 
2,680 8,035 1,595 2,082 

OR (C) 
1,385 5,488 471 1,393 

 

 



 

 

2
3
0
 

FIGURES 

 

Figure 1. Air Indicator Report for Public Access and Community Tracking v.4 (AIRPACT-4) modeling system operating 

components (Information from Chen, 2007; figure credit Serena Chung).
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Figure 2. Defining the AIRPACT-4 modeling system grid level processing (Vaughan and 

Chung, 2015).

 For each grid cell volume, air quality is solved by calculating changes in air chemistry 

from the beginning of a time step (t=0) until the end of that step (t=1) accounting for the 

contribution of several different factors for each chemical and particulate of concern:  

 

• Emissions of fresh pollutant into the cell volume 

• Creation and destruction of molecules by chemical reactions 

• Growth or shrinkage of particles by physical and chemical reactions 

• Transport into and out of the cell across N, S, E and W cell walls by wind 

• Transport across top and bottom walls (cell floor and ceiling) by vertical mixing 

• Removal by deposition to land or water surfaces or by precipitation 
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Figure 3. Summary of weekly total wet nitrogen deposition and observed weekly total wet 

nitrogen deposition for July 2, 2013 to July 1, 2014 performance metrics. The x in boxes depict 

mean values. The line in boxes show median values, boxes outline the 25
th
 and 75

th
 percentile 

values and whiskers extend to 1.5 times the interquartile range.
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Figure 4. Log ratio of AIRPACT-4 predicted to National Trends Network measured weekly total 

wet nitrogen deposition versus the bottom 50% of measured values (A) and the top 50% of 

measured values (B) for during July 2, 2013 to July 1, 2014. Perfect agreement (solid line). 

Factor of two bounds (dashed lines).
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Figure 5. Observed ranked weekly total wet nitrogen deposition versus AIRPACT-4 modeled 

ranked weekly total wet nitrogen deposition for July 2, 2013 to July 1, 2014 aggregated from all 

13 National Trend Network sites. Perfect agreement (dashed line).
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Figure 6. AIRPACT-4 annual wet total-nitrogen deposition versus National Trends Network 

observed annual wet inorganic-nitrogen deposition for July 2, 2013 to July 1, 2014. AIRPACT-4 

and observed values are the sum of weekly values. Solid line (1:1 line). Dashed line (y = 0.8128x 

+ 0.2841; R
2
 = 0.2081). Dot – dashed lines (2:1 line and 1:2 line).
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Figure 7. AIRPACT-4 modeled NH3–N emissions per 4 km x 4 km cell for July 2, 2013 to July 

1, 2014 within the Oregon concentrated animal feeding operation (CAFO) within a 21 cell x 21 

cell mask. At the center of each mask: (A) CAFO OR (A), (B) CAFO OR (B), and (C) CAFO 

OR (C).
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Figure 8. AIRPACT-4 modeled NH3–N emission temporal profile for the three Oregon 

concentrated animal feeding operations (CAFOs) for July 2, 2013 to July 1, 2014 with peak 

emissions in June/July. A – OR (A), B- OR (B), and C- OR (C).
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Figure 9. AIRPACT-4 modeled annual wet nitrogen deposition (top) and dry nitrogen deposition 

(bottom) in kg-N ha
-1

 for the 21 cell x 21 cell mask surrounding OR (A), OR (B), and OR (C) 

concentrated animal feeding operations (CAFOs).



 

239 

 

Figure 10. AIRPACT-4 modeled NH3–N emission temporal profile for three Washington 

concentrated animal feeding operations (CAFOs) for July 2, 2013 to July 1, 2014 with peak 

emissions in August/September. A- WA (A), B- WA (B), and C- WA (C).
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Figure 11. AIRPACT-4 modeled temporal profile comparison of the 4km x 4km NH3–N 

emission cell for the OR (A) concentrated animal feeding operation (CAFO) (solid line) versus 

NH3–N emission mask for WA (C) CAFO (dashed line).
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Figure 12. AIRPACT-4 modeled annual wet nitrogen deposition (top) and dry nitrogen 

deposition (bottom) in kg-N ha
-1

 for the 21 cell x 21 cell mask surrounding the WA (A), WA (B), 

and WA (C) concentrated animal feeding operations (CAFOs). 
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CHAPTER 5  

SCIENTIFIC KNOWLEDGE IN POLICY DEVELOPMENT 
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INTRODUCTION  

Research Question (RQ): What is the role of scientific knowledge as a network resource in 

policy development? 

Policy development is affected by a variety of organized actors (Adam and Kriesi, 2007) and 

“these actors have to rely on institutionalized venues like policy related committees…[in order 

to] minimize informational costs and maximize the credibility [of information] they obtain” 

(Leifeld and Schneider, 2012). Policy development proceeds from the mobilization of actors and 

resources to the adoption/ratification of a policy (Bredenhoff-Bijlsma, 2010). Within this context 

scholars use a set of heuristics to describe the progression of policy-making, but remain careful 

to note the dynamic/iterative nature of the policy-making process. These ‘stages’ are identified as 

moving through 1) problem identification, 2) alternatives and solutions generation, 3) 

adoption/ratification, 4) policy implementation, and 5) policy evaluation (Anderson, 1974; 

Ripley, 1985). Similarly, the four organizing functions in which “policy-making might be 

analytically ordered and empirically captured [are:] 1) problem definition, 2) prioritization, 3) 

resource mobilization, and 4) evaluation” (Carlsson, 2000). Network analyses try to identify the 

stakeholders involved in the policy-making process around specified boundaries or timeline of an 

issue (Laumann, Marsden, and Prensky, 1989). The relationships among actors within a policy 

network are also central to understanding policy-making (Coleman and Skogstad, 1995; Marsh 

and Rhodes, 1992). 

 

The role of scientific knowledge as a resource in policy development is contingent upon 

recognizing a dynamic set of stages. Scientific knowledge is not static, but dynamic and 

evolving. As a network resource scientific knowledge is not conserved. Scientific knowledge can 
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be utilized as a resource throughout the progression of policy development, but its use may differ 

across contexts. For instance, the use of scientific knowledge was identified in the framing of a 

policy problem, the analysis of alternative means and solutions, and the design of policy (Simon, 

1957; Van de Riet, 2003). The objective of this work was to assess whether the availability of 

scientific knowledge as a network resource impacts ‘who talks to whom about what’ or which 

stakeholders are involved in policy development of Federal regulations. 

 

The objective was operationalized by addressing two questions, rq1 and rq2. Literature on 

uncertainty and policy development under uncertainty are used as a primer for rq1. Literature 

pertaining to policy networks, scientific knowledge as a network resource, and social and policy 

network analyses are used to make the case for rq2. 

 

Scientific uncertainty and policy development under uncertainty 

rq1: Are the mercury and fracking case studies on opposite sides of the continuum of scientific 

uncertainty? 

This work focuses on the presence of scientific uncertainty and its potential impact on the 

structure of a policy network. Scientists continue to study the manifestation and perception of 

uncertainty. This research spans multiple disciplines and each of these fields can be applied to 

uncertainty as it pertains to decision- and policy-making. For instance, decision theory 

(Kahneman and Tversky, 1979) and framing research (Kahneman and Tversky, 1984) focus on 

how individuals or groups make decisions in or perceptually frame uncertain situations. Network 

theorists evaluate interactions of actors in uncertain situations (Koppenjan and Klijn, 2004). 

Also, communication scholars assess perceptions of risk (hazard + outrage) and risk-related 
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behaviors in the face of unknown outcomes (Slovic, 1996; Loewenstein et al. 2001; Covello and 

Sandman, 2001).  

Moreover, science attempts to objectively provide a mechanism to define societal problems, 

create solutions, and evaluate the success of such interventions. The lack of understanding of a 

whole system may result in ineffective solutions or even adverse consequences. Therefore, an 

emphasis has been placed on reducing uncertainty and, for uncertainty that cannot be reduced, an 

assessment of the level of uncertainty. In analyzing uncertainty, the general steps put forward are 

identification, reduction, assessment, and communication of uncertainty (Bredenhoff-Bijlsma, 

2010). Bredenhoff-Bijlsma (2010) also asserts that scientific uncertainty is classified “along 

three dimensions: location, level, and nature of uncertainty”. The location dimension refers to the 

source of uncertainty; that is, does uncertainty stem from measurement error, modeling error, or 

some unknown. The level dimension of uncertainty refers to a range or continuum of uncertainty 

from ‘shallow’ to ‘recognized ignorance’. This work uses the continuum of uncertainty as the 

basis for exploring the availability of scientific knowledge and how it influences the progression 

of policy development. The nature dimension of uncertainty refers to perceptions of handling 

uncertainty (i.e. epistemic oriented, variability oriented, or ambiguity oriented). Somewhere 

within the continuum of scientific uncertainty resides the position of consensus within the 

scientific community. The degree, or level, of uncertainty surrounding an issue is important as it 

helps to define the role scientific knowledge may play in the policy-making process. 

 

This work examined two case studies, one centered on the hazards of mercury from coal-fired 

power plants and the other on the potential hazards of hydraulic fracturing (fracking). Both case 

studies are argued as having U.S. energy security and environmental policy relevance and that 
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they contrast degrees of scientific uncertainty. In the case of the mercury hazard, it is 

hypothesized that consensus exists within the scientific community on the sources, transport 

media, and human and environmental impacts (Ferner and Langford, 1999; Satoh, 2000; 

Goldman and Shannon, 2001; Clarkson and Magos, 2006). However, the relatively new shale 

bed natural gas hydraulic fracturing taking place is surrounded by competing scientific findings 

that create a “dueling-PhDs” effect for laypersons (Sandman, 1993). As such, the peer review 

literature related to each of the two case studies was used to assess the hypothesis that the 

mercury and fracking case studies were on opposite sides of the continuum of scientific 

uncertainty.  

Policy networks, scientific knowledge as a network resource, and network analyses 

rq2: Does the availability of scientific knowledge impact which stakeholders are involved in the 

policy-making process? 

In public policy it is standard to treat ideas as resources that actors possess (Morris, 2010). It is 

also widely accepted that politics are resource dependent (Carpenter, 2002; Moffitt, 2010), which 

happens to be exemplified under cases of uncertainty. In the face of uncertainty, regulatory 

agencies maximize reputation and minimize risk by relying on external ‘expert’ information 

(Carpenter, 2002). Technical information is an important resource to mitigate complexity and 

uncertainty. It makes sense then, that through the sharing of scientific knowledge, and 

subsequent mitigation of uncertainty, relationships are formed (Heclo, 1978). 

 

If scientific knowledge is realized as a tool, a means to speak ‘truth’ to ‘power’ (Wildavsky, 

1979), then in the absence of scientific knowledge decision-makers face cautionary or 

investigatory decision-making domains depending on the level of social and political consensus 
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(Gambino et al., 2014). In the cautionary domain policy formation is moving quicker than 

scientific knowledge generation and in the investigatory domain divergent policy and social 

values accompany high scientific uncertainty. In a policy context scientific uncertainty is viewed 

“as the absence of complete and shared understanding of the system subject to policy 

development” (Brugnach et al., 2008). In the face of scientific uncertainty or realized ignorance 

policy development is said to cease (Bredenhoff-Bijlsma, 2010). Although policy development 

can and does continue under scientific uncertainty it should cease if the goal is to mitigate 

scientific uncertainty and increase more informed decision-making. Alternatively, under 

uncertainty, policy development may continue functioning under the concepts of ‘bounded 

rationality’ (Simon, 1999) and incremental decision-making (Lindblom, 1959). Moreover, 

scientific uncertainty itself may even be used as a means to halt further policy development, or as 

evidence to develop more stringent policies to create safe guards otherwise known as “the 

precautionary principle” (Epstein, 1980). In each of these instances scientific knowledge is a 

resource used within a network of actors focused on policy development. 

 

It is also important to understand the interaction of actors in policy development (Scharpf, 1997). 

Network theorists see the interactions among actors as central to the development of policy 

(Crozier and Friedbar, 1980; Rhodes, 1981; and Kickert et al., 1997). Policy networks are the 

interactions of actors engaged in policy development. The concept of a policy network emerged 

from a number of social science fields of inquiry; mainly, policy subsystems or sub-governments 

(Freeman and Stevens, 1987), iron triangles (Ripely and Franklin, 1981), policy communities 

(Richardson and Jordan, 1979), issue networks (Heclo, 1978), and epistemic communities (Haas, 

1992). Each of these fields has a focus on the linking of policy actors within the frame of policy 
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development. Yet, they vary in who forms links and why links form. Policy network modeling 

draws its historic roots from concepts such as interorganizational theory and the study of public 

policy agenda setting (Aldrich, 1979; Dowding, 1995). Policy Network Analysis (PNA) also has 

roots in the fields of social network analysis (Scott, 2000), network society (Castells, 2000), 

actor centered networks (Callon, Law, and Ripp, 1986), and cross-cultural analysis (Linn, 1999). 

Furthermore, not all policy network analyses are used for the same purpose. The real world 

application of the policy network concept falls into three approaches according to Adam and 

Kriesi (2007), which thoroughly describe the dichotomy in the uses of the policy network 

concept and its theoretical roots. Briefly, the concept is applied as a specific form of governance, 

for typologies of network structure in a policy subsystem, and for formal network analyses 

(Adam and Kriesi, 2007). Furthermore, researchers turn to PNAs as tools for different reasons 

and to achieve different goals. Policy network analyses can be used to describe governments at 

work, applied as theories for analyzing government policy-making, and as a prescription in 

public management reform (Rhodes, 2006).  

 

One of the major descriptive uses of PNA is in researching sub-governments (Ripley and 

Franklin, 1981). Lowi (1964) observed and characterized sub-government relationships as a 

triangular nature comprising a central government agency, the congressional committee, and an 

interest group. Freeman and Stevens (1987) used this characterization to coin the term “iron 

triangle”; in this case the iron triangle sub-government excludes interests other than its own. In 

instances of concentrated power (iron triangles) policy change moves very slowly or not at all 

(Baumgartner and Jones, 1993; Adam and Kriesi, 2007), with little opportunity for influence 

from outside actors. The emergence of a broader participation of actors was also noticed within 
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the policy sub-system field. Within issue networks (Heclo, 1978) actors come together around a 

particular issue of interest. Yet, coalitions (Sabatier, 1988) are based on actors’ core beliefs. Both 

issue networks and coalitions are proposed as means to study the interaction and influence of 

actors on the public policy-making process. 

 

Standard procedures exist for the formal analysis of network structures as long as it is recognized 

that networks are composed of a system of actors (Wassermann and Faust, 1999; Adam and 

Kriesi, 2007). The PNA is an operationalization used to identify the structure of actor 

interactions and process links of policy sub-systems. The PNA assumes case studies are detailed 

descriptions of actors’ participation in events throughout a policy-making process (Serdult and 

Hirschi, 2004). It is these routine, standardized, patterns of interaction between policy actors that 

become policy networks (Rhodes, 2006). The processes inherent to policy-making are 

understood to be a linking of events containing the components to build the resulting structure. 

Actor participation in events and the links connecting one event in the policy-making process to 

the next create a procedure for the construction of a policy network based on the decision-

making process (Serdult and Hirschi, 2004).  

 

Networks can vary based on the type of connection, or tie between actors (Figure 1. Borgatti, 

Brass, and Halgin, 2014). For instance, state ties have continuity over time like similarities 

and/or social relations. Whereas event ties are discrete, one time occasions like interactions 

and/or flows. State ties provide conditions or opportunities for event ties, while event ties can 

cause changes in state ties (Borgatti, Brass, and Halgin, 2014). Network researchers have come 

to understand that network actors can share more than one type of tie. A further distinction 
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occurs through observation of strong versus weak ties (Granovetter, 1973, 1983). Tie strength 

between a set of network actors can be measured as affect, reciprocity, and/or intensity of 

relationship/communication. In other words, “tie strength” results from the amount of time in 

contact among other variables (Granovetter, 1973). The frequency of interaction/communication 

is a suitable empirical indicator of “tie strength” (Friedkin, 1980). Thus, there is merit that ties 

between actors equate to an information transaction between those actors (Mische and White, 

1998). 

 

Policy networks are viewed as resource dependent organizations. Each network actor deploys 

resources of which information may be one. In the power-dependent theory variations in the 

distribution of resources are said to explain differences in policy outcomes and differences 

between networks (Emerson, 1962). Rational-choice is another theory used to explain network 

behavior where the links between actors are seen as “communication channels [used] for the 

exchange of information, expertise, trust, and other policy resources” (Scharpf, 1997; emphasis 

added). Under these theoretical constructs policy can be viewed as “the outcome of the 

interactions of resourceful and boundedly-rational actors” (Scharpf, 1997). Moreover, “the more 

central an organization in either the communication or the support network, the higher its 

reputation for being influential.” (Thatcher, 1998). Influence or power within policy debates can 

explain policy outcomes (Knoke et al., 1996) and by using PNAs the policy debate can be 

structurally depicted. 

 

The PNA is a tool used to investigate “how actors achieve desired policies and/or how actors’ 

roles in network influence outcome” (Morris, 2010). Attempts to answer “what type of network 
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emerges under what conditions with what policy outcomes” (Rhodes, 2006) have either 

compared multiple policy sectors within a country (Considine, 2002) or one policy sector across 

multiple countries (Marsh, 1998). This work chose a combination of the above approaches by 

focusing on one policy sector in one country.  

 

King and Cotterill (2007) found that both social network analysis (SNA) and semi-structured 

interview methodologies informed and reiterated each other. Moreover, King and Cotterill 

(2007) described SNA as a useful, yet underutilized method for studying partnerships, with 

qualitative information data as a means to enrich SNA with explanations. Although the 

quantitative approach of SNA was justified, applying SNA to public policy research lacked 

procedures to generate case studies. Thus, Serdult and Hirschi (2004) developed a reliable and 

valid tool for policy network comparison which focuses on an actor’s participation in the 

decision-making process. The tool was adapted in order to determine whether the availability of 

scientific knowledge impacted which stakeholders were involved in the public policy-making 

process and at what ‘stage’. Thus, by looking at the interactions of actors within two 

conditionally different levels of scientific uncertainty a new perspective was provided for 

understanding the policy process; specifically with regard to how technical knowledge is used 

and when.  
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MATERIALS AND METHODS  

rq1: Are the mercury and fracking case studies on opposite sides of the continuum of scientific 

uncertainty? 

Literature Key Word Searches 

Mercury from coal-fired power plants operationalization: 

1. Used “all databases” in Web of Science online 

2. Searched “coal-fired” and “mercury” from “1990 to 2014” 

3. Refined search document type to “articles” and “reviews” 

Created citation report on 9-18-2014 

Natural gas hydraulic fracturing operationalization: 

1. Used “all databases” in Web of Science online 

2. Searched “fracking” from “1990 to 2014” 

3. Refined search document type to “articles” and “reviews” 

Created citation report on 9-18-2014 

rq2: Does the availability of scientific knowledge impact which stakeholders are involved in the 

policy-making process? 

The PNA in this work was based on the idea that structural relations can be built (visualized) 

from process. The scope of this work focused solely on a set of events in the decision-making 

process. The policy-making process of each case study was visualized in an Actor-Process-Event 

Scheme (APES) in which political actors interact by their shared event participation and process 

linkages (institutional linkages) (Serdult and Hirschi, 2004). The APES visualization tool was 

used because “every process, or sequence of linked events, contains information necessary to 

derive an underlying structure” (Serdult and Hirschi, 2004). Process as structure is not a new 
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concept, rather comes from SNA concepts of affiliation network literature (Wasserman and 

Faust, 1994) and actor-event network literature (Jansen, 2003). 

Event Selection Methodology 

Mercury Case Study 

The EPA Mercury Study Report for Congress in 1997, was an “assessment of the magnitude of 

U.S. mercury emissions by source, the health and environmental implications of those emissions, 

and the availability and cost of control technologies” (USEPA, 1997). This report was the 

beginning of a continuous stream of events, which are defined by congressional and public 

hearings, review groups and expert panels regarding proposed regulations initiated by 

congressional committees and federal agencies (Table 1).    

 

The EPA mercury website chronicles the history of proposed regulations (USEPA, 2012).  Using 

this website, the chronological order of proposed regulations was determined.  Internet search 

engines and the U.S. Government Printing Office (GPO) web site (U.S. GPO, [accessed 2012]) 

were used to find reports, studies and hearing transcripts for the listed events.  

 

Using the online information thirty-seven events were selected for this mercury case study based 

on relevance to coal-fired power plant regulations and the ability to identify participants. The 

first event in the timeline was the mercury study report to Congress in December 1997 and the 

last was a congressional committee public hearing on July 26, 2011. Prior to the report to 

Congress, events were difficult to locate or participants were not identifiable. All events 

specifically pertained to mercury regulations and had multiple actors, which contributed to 
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changes in or elimination of proposed regulations. For the purpose of this paper, actor is defined 

as a nationally recognized entity or a combination of individuals representing similar entities. 

The reasoning for combining individuals into one actor designation is explained in the Actor 

Selection Methodology section.   

Hydraulic Fracturing (Fracking) Case Study 

After examining the federal legislative history in reference to fracking, Congressional hearings 

were chosen as the forum platform for fracking policy-making events, because they listed 

participants and focused on the regulatory discussion. The source for transcripts was the U.S. 

GPO [accessed 2012]. Using the U.S. GPO search engine, congressional hearings were selected 

using the search words: energy policy act 2005, hydraulic fracturing, and fracking.   

 

This search combination resulted in forty documents, which included House and Senate hearings 

and reports. The list was pared to nineteen events by eliminating reports, Appropriations 

Committee hearings and a few hearings where fracking was only mentioned in passing (Table 2). 

For hearings involving multiple action items, the focus was solely on the actors participating in 

the hydraulic fracturing discussion section of the hearing. 

Actor Selection Methodology 

For both the mercury (Table 3) and fracking (Table 4) policy networks, actors were determined 

by reading the information found using the event methodology to observe which individuals or 

groups were present at congressional and public hearings, provided documentation for 

congressional and public hearings, or were participants in review groups and expert panels. 

Although formal responses to proposed regulations through petitions or law suits were used to 
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identify participants, public comment submissions regarding proposed regulations were not 

included, because they were considered informal communications. The actors were entered into a 

spreadsheet corresponding to the event or events in which they were participants.  Actors who 

organized or led the event were highlighted.    

 

After all individuals and groups were entered, the following criteria were established to define 

which actors played a role in the proposed environmental regulations.   

 Environmental advocacy groups needed to be nationally or regionally based.  State or 

local advocacy groups were eliminated.   

 State level environmental and health agencies were combined into one actor designation.   

 State level attorneys general were combined into one designation.   

 Experts from higher education institutions were combined into an Academic Researcher 

category.  The stance of the expert was not taken into account.  However, if the expert 

was being paid to represent an association or industry they were placed within that actor 

designation.   

 If a company spoke as a member of a national institute or association, the company is 

treated as the institution or association.   

 Congress non-committee members, regardless of party affiliation, were combined into 

one actor designation. 

 Resource extraction companies were combined into their respective area of focus of 

natural gas, coal and other renewable, and utilities. 

 Groups and individuals mentioned in only one event were eliminated unless they led or 

hosted the event.  
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The U.S. EPA actor designation was more complex to analyze. The U.S. EPA employs both 

bureaucrats and scientific researchers. However, for this analysis, when the U.S. EPA hosted an 

event the process link described below led to a higher connectedness within the network. Thus, 

individual actors within the U.S. EPA were not distinguished; rather, it was viewed as a whole 

organization. 

Actor-Process-Event selection to Policy Network 

Using the data collected based on the actor and event selection methodology two matrices were 

developed to formulate the final policy network for each case study. Matrix A was the ‘actor 

participation’ component used to build the policy network.  Actors were listed alphabetically 

creating rows, while in chronological order the event timeline created the spreadsheet columns. 

Spreadsheet cells were assigned a value of one (1) if the actor participated in the specified event 

or cells were assigned a value of zero (0) if the actor was absent from the associated event. The 

actor-event spreadsheet was imported into UCINET 6, a software package used for the analysis 

of social network data (Borgatti, Everett, and Freeman, 2002). UCINET 6 converted the 

spreadsheet into an actor-actor adjacency matrix highlighting joint event participation between 

different actors. The diagonals were transformed to zero (0), because identical actor interactions 

held no meaning. 

 

Matrix B was the ‘process link’ component used to build the policy network. Process links are 

the link between actors in-charge of one event to actors in-charge of the next event in the policy 

timeline. Actors were listed alphabetically as both rows and columns (actor-actor) in a 

spreadsheet. Spreadsheet cells contained the total number of process links from row-actor to 

column-actor. 
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In order to adequately represent the stakeholders integral to a policy decision-making network 

Matrix A and Matrix B were weighted equally. That is, the role of process linking (Matrix B) 

was reflected by multiplying the matrices rather than summing them as described by Serdült and 

Hirschi (2004).  Both matrices were recoded to transform all zero (0) values to values of (1) to 

avoid multiplication errors. Four matrices resulted; Matrix A, Matrix B, Matrix A Recoded, and 

Matrix B Recoded.  Data loss of entries was avoided by performing the following operations: 1) 

Matrix A x Matrix B Recoded, 2) Matrix B x Matrix A Recoded.  The two product matrices were 

averaged into one adjacency matrix which represented our respective policy networks. 

 

The final averaged matrix for each case was exported to NodeXL (Smith et al., 2010) for 

visualization. The free and open source software package for Microsoft Excel©, NodeXL, is 

used for network analysis and visualization. NodeXL used the one-mode matrix to create a list of 

vertices and edges. The adjacency matrix is a symmetric matrix compiling information on 

bonded ties or co-membership. Any kind of social relation in which, A is tied to B, B must be 

logically tied to A. This co-membership or symmetric data is the case for most institutionalized 

or role relations (Scott, 2000). A sociogram was graphed from the adjacency matrix using the 

spring-loaded Harel-Koren Fast Multiscale (Koren and Harel, 2004) to visualize the interactions 

of actors, or policy network. Annealing the network data led to nodes that were more strongly 

tied to or co-participated with one another becoming closer in proximity within the network 

sociogram than nodes that were weakly tied. The sizes of the nodes were adjusted to relate to 

their degree measure (the extent to which actors send or receive direct ties or number of ties 

incident to it). That is, larger nodes had higher degree centrality or more interaction/participation 
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compared to network counterparts. Tie widths were applied to be indicative of the weight of 

connection between two nodes. A clustering coefficient algorithm grouped nodes by how close 

the node and its neighbors were to being a clique. In other words nodes within a clique/group had 

a high network density among themselves. 

RESULTS AND DISCUSSION  

A substantial body of peer-reviewed literature focused on coal-fired power plants as evidenced 

by bibliometric data in Figure 2. Whereas, the scientific knowledge in the investigation of 

pollutant presence and affect surrounding fracking was scarce within the peer-reviewed literature 

(Figure 3). The bibliometric data is evidence that the mercury and fracking case studies were on 

opposite sides of the continuum of scientific uncertainty with more scientific discovery in the 

mercury case study, to date.  

 

Policy networks are understood as descriptions/visualizations of relations between political 

actors within a policy domain (Serdult and Hirschi, 2004). Therefore, by joining the data on 

actors’ event participation with the data on process linkages between actors the decision-making 

process was able to be analyzed as a policy network. The two case studies centered on the policy 

debate surrounding mercury and fracking hazards. The fourteen years spanning the mercury 

policy network yielded thirty-seven events, fifty-nine actors, and 1567 total ties within its policy 

network (Figure 4). The fracking policy network had nineteen events, twenty-two actors, and 218 

total ties over six years (Figure 5). The longer timeframe of the mercury case study may have 

impacted the number of stakeholders within the network as a result of more events. Still, the 

difference or variety of stakeholders was found to be less a result of the number of venues/events 

and more indicative of the level of scientific knowledge or stage of policy-making. Within this 
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work the ‘maturity’ of a policy network corresponded to the ‘stage’ of policy development. The 

maturity of a network can, and this work argues did, come from mitigation of uncertainty; more 

specifically, the mitigation of scientific uncertainty. 

Relation ties 

The more frequently actors had contact with one another the greater the amount of information 

shared as evidenced by Friedkin (1980) and Mische and White (1998). Edge weighting was used 

to visualize the contact between actors and by varying the width of each edge (tie) to correspond 

to the number of interactions. In the mercury network the highest edge weight was between the 

Senate Committee on Environment and Public Works (E & PW) and the US Environmental 

Protection Agency (EPA; Table 5). A close second was the tie between EPA and State Level 

Environmental and Health Agencies. A series of relations found themselves just below the edge 

weight values above; those were the ties between EPA and the Edison Electric Institute (EEI), 

EPA and Academic Researchers, and between the Committee on Energy and Commerce (E & C) 

and EPA. The greatest amount of information shared (based on strength of tie) was between E & 

PW and EPA. The EPA was also in close communication with State Level Environmental and 

Health Agencies. The third strongest among edge weights and ties were research organizations 

(EEI) and research individuals (Academic Researchers) in contact with EPA, albeit a lower value 

from that of the first and second weights. These relationships are indicative of scientific 

knowledge being utilized as a consulting role during the policy design or the implementation of 

policy. In the fracking network the highest edge weights were between the Senate Committee on 

Environment and Natural Resources (E & NR) and Congresspersons not associated with the 

Congressional committee holding the hearing (Non-Mem) as well as between Non-Mem and 

Academic Researchers (Table 6). The second highest edge weights were between the U.S. 
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Department of Energy (DOE) and Non-Mem, E & NR and Academic Researchers, as well as E 

& NR and Oil & Gas companies, Oil & Gas and Non-Mem, and E & NR and Academic 

Researchers. The Oil & Gas and DOE connection was lower than the edge weight measures 

above, but still the third highest edge weight. In fact, if the groupings are disregarded the center 

of the entire fracking network resembles the iron-triangle sub-government of Lowi (1964), 

Ripley and Franklin (1981), and Freeman and Stevens (1987). The Oil & Gas companies 

represent the interest group, U.S. DOE represents the central government agency, and the Senate 

Committee on Energy and Natural Resources represents the congressional committee. Our 

finding that the strongest connections were shared between E & NR, Non-Mem, and Academic 

Researchers indicates they shared a large amount of information with one another in the Fracking 

network. 

Governmental access hypothesis 

The governmental access hypothesis (Carpenter et al., 2004) suggests that decision-makers 

(defined here as Congressional actors) actively acquire technical information. The measures of 

degree, betweenness, and eigenvector centrality were used to determine if decision-makers were 

actively acquiring technical information. The degree measure of a node is the number of ties 

associated with that node. Betweenness centrality equates to the number of shortest paths passing 

through a node from all nodes in a network to all other nodes (Freeman, 1977). Eigenvector 

centrality assigns relative scores to nodes in the network on the basis that ties to high-scoring 

nodes contribute greater than ties to low-scoring nodes. The higher the degree value, the more 

connected the actor was across the entire network and the more actively engaged they were in 

information sharing. In the mercury network, State Level Environmental and Health Agencies 

had the highest degree measure (Table 7). This result is difficult to interpret, because the 
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combining of state agencies into one category may have skewed the results to a misleading 

measure of high connections. In any case, EPA had the second highest degree value just below 

State Level Environmental and Health Agencies. The next grouping of well-connected actors 

consisted of EEI, Clean Air Task Force (CATF), National Resources Defense Council (NRDC), 

American Lung Association (ALA), and American Academy of Pediatrics (AAP). The National 

Environmental Trust, Northeast States for Clean Air Use Management (NESCAUM), and 

Academic Researchers had the same degree value. The highest ranked Congressional decision-

making body (E & PW) in the mercury network was ranked below 18 other actors in the 

network. In the mercury network decision-makers were found to be less connected, as evidenced 

by the ranking of degree values. These findings reject the governmental access hypothesis for 

this case study. Instead, the degree value evidence suggests the mercury case study was either in 

the policy adoption or implementation stage of the policy-making process. The two highest 

betweenness centrality measures were EPA and State Level Environmental and Health Agencies. 

Interestingly, the EEI, Academic Researchers, and E & PW were among the top five highest 

betweenness centrality measures. This is indicative of Academic Researchers holding a bridging 

role within the mercury network, which is discussed in detail later. The top five eigenvector 

centrality measures were among EPA, State Level Environmental and Health Agencies, EEI, 

CATF, NRDC, and ALA. The high degree measures and now, the high eigenvector centrality 

measures for medical associations and environmental NGOs may be indicative of their 

confidence advocating as a result of greater certainty in scientific knowledge. In the fracking 

network, both Non-Mem and E & NR shared the highest degree values (Table 8). Similarly, both 

E & NR and Non-Mem had the highest values for betweenness and eigenvector centrality 

measures. As such, decision-makers were the most central actor in the fracking network and the 
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most connected among other actors which confirmed the governmental access hypothesis. Thus, 

in the fracking network decision-makers were actively acquiring technical information, a practice 

resembling the activities of the problem definition stage of policy development. 

Structural Placement of Academic Researchers 

The structural placement and frequency of communication of the most prominent actor wielding 

scientific knowledge, Academic Researchers, was assessed to determine the role of scientific 

knowledge in the respective policy networks. The placement of Academic Researchers was 

assessed through centrality measures, connectedness (frequency across network) through 

measure of degree, and strength of ties (frequency of interaction with another actor) given by 

edge weights. In the mercury network Academic Researchers had strong ties (high edge weights) 

with both EPA and State Level Environmental and Health Agencies. They were moderately 

connected compared to other actors within the network as evidenced by degree value. More 

importantly, Academic Researchers in the mercury network had a higher betweenness centrality 

measure compared to its eigenvector centrality measure. These measures confirmed that 

Academic Researchers in the mercury network were in a brokering/advisory role rather than a 

central, influential role. The use of scientific knowledge in an advising capacity suggests that the 

mercury network was a mature network closer to an adoption or implementation stage than a 

discovery stage. In the fracking network Academic Researchers had high edge weights with 

Non-Mem and E & NR. Academic Researchers ranked fourth highest in the network for degree, 

betweenness, and eigenvector centrality. The structural placement of Academic Researchers in 

concert with the findings on frequency of interaction, connectedness, centrality, and the 

governmental access hypothesis provides evidence that the stage of policy development or the 

maturity of the policy debate was in its infancy. The infancy of the policy debate illustrates that 
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the fracking network, at the time of analysis, was in the problem definition stage of policy 

development. 

Network Closure (grouping) 

The presence of network closure (group formation) leads to facilitation of trust, reputation, and 

cooperation (McAllister et al., 2009). NodeXL forms groups by clustering using the Clauset-

Newman-Moore cluster algorithm (Clauset et al., 2004).  The mercury network had distinct 

groups present. One group consisted of EPA, EEI, State Level Environmental and Health 

Agencies, etc. and had 462 ties within the group in which the majority of interactions were 

coming to or from the EPA and the State Level Environmental and Health Agencies. The second 

group consisted of NRDC, AAP, CATF, National Environmental Trust, etc. and had 368 ties 

within the group. Group 1 and group 2 shared 541 ties. The third group was centered on the 

Academic Researchers with only 26 ties within the group. However, the third group, mainly due 

to Academic Researchers, had 92 ties with group 1 and 78 ties with group 2. In the fracking 

network two groups were established. One group consisted of Academic Researchers, Non-Mem, 

E & NR, DOE, etc. and had 81 ties within the group. The second group consisted of Oil & Gas, 

EPA, USGS, etc. and had 60 ties within the group. Across groups there were 77 ties connecting 

actors from different groups. 

Role of Academic Researchers 

To maintain a clear distinction between scientific knowledge (a network resource) and academic 

researcher (a network actor) the rationalist versus post-modernist debate was left out of 

discussion of results. However, scientific knowledge was acknowledged as an ‘objective’ 

resource from the onset of this work, but the social construct of actors wielding scientific 
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knowledge as a resource was also acknowledged. Group formation and structural placement of 

the Academic Researcher were both used as evidence of the maturity of a network. In the 

mercury network Academic Researchers were in an advisory role at this point in policy 

development. Whereas, at the time of analysis, Academic Researchers played a critical role in 

concert with Congressional committees and Non-committee member Congresspersons in the 

fracking network. The advisory role in the mercury network mimics the joint fact-finding 

framework (Ehrmann, 1999) in which formal scientists sit outside the arena for stakeholder 

dialogue and only participate when responding to questions. At the same time, the advisory role 

could also be a result of policy development progressing passed both problem definition and 

means and solutions stages and entering either the adoption or implementation stage in which 

case scientific knowledge is spread throughout the network and less concentrated in the hands of 

Academic Researchers. Or, the advisory role could be a combination of the two in that scientific 

knowledge was already gathered to define the problem and potential solutions and at this stage of 

policy-making Academic Researchers (scientific knowledge) were consulted for designing 

evaluation measures once implemented. Whereas, the high level of scientific uncertainty in the 

fracking network due to the low availability of scientific knowledge resulted in a concentration 

of knowledge in the hands of technical experts, or Academic Researchers. 

Geodesic distance, graph density, and modularity 

A comparison of graph metrics between the mercury and fracking policy networks provided 

evidence on how scientific knowledge uncertainty impacted the structure of a network (Tables 9 

and 10). “Geodesic distance measured the number of relations in the shortest possible connection 

between two actors in a network (Hanneman and Riddle, 2005).” Lower distances equated to 

more direct relationships/connections between two actors. “Graph density is a ratio or percentage 
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comparing the number of ties in the network with the maximum number of ties available if all 

nodes were connected to each other (Hanneman and Riddle, 2005).” The density measurement 

was used to determine the speed at which information transverses our networks and the levels of 

social capital or social constraint (Hanneman and Riddle, 2005). 

 

Both the maximum and average geodesic distances within the fracking network were lower than 

that of the mercury network. The shorter geodesic measurements of the fracking network 

corresponded to lower transactional costs, leading to “faster” interaction/communication 

(Hanneman and Riddle, 2005). Lower transactional costs might be reflective of a policy network 

at the on-set of policy development and of network actors seeking to gather as much scientific 

knowledge as possible to define a problem. Consequently, the lower geodesic distance could also 

merely be a result of fewer stakeholders present within the fracking network. However, as 

evidenced by centrality measures, fewer stakeholders (no medical association and few NGOs) 

were a result of the stage (problem definition, in the Fracking case study) rather than the number 

of events analyzed.  

 

The graph density measurements of the mercury and fracking networks led to similar findings 

and conclusions as the geodesic distance metric. There was less constraint in the fracking 

network (more dense) which would be expected during a time of information gathering versus a 

network having faced a great deal of bargaining and compromise during development of Federal 

regulations (mercury network). 
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Betweenness and Eigenvector Centrality 

Betweenness and eigenvector centrality measures were used to identify which actors held the 

most powerful and influential position in the network structure (Luthe et al., 2012). The ‘power’ 

of an actor was measured using betweenness centrality while the ‘influence’ of an actor was 

measured using eigenvector centrality (Freeman, 1977). Betweenness centrality accounts for how 

often an actor acts as a bridge as the shortest path between two other network actors (Freeman, 

1977). Betweenness centrality can be thought of as testing the repercussions for the connectivity 

across the whole network if a particular stakeholder/actor was no longer present in the network 

(McAllister et al., 2013). If an actor within the network is among many of the shortest paths 

between other actors that actor is said to have a larger betweenness centrality than actors that do 

not. Eigenvector centrality was based on the notion that being connected to more connected 

actors contributes to the measure of importance of an actor. In this work, eigenvector centrality 

was used to “measure the degree to which an [actor] (was) likely to be the source and sink (i.e. 

repository) of resources” (McAllister et al., 2013). Technical and scientific information were 

defined as a network resource for analytical purposes, but coding protocols were not used to 

formally determine whether information was scientific in origin. As resources underwent 

distribution across the network it was important to know which actor acquired the greatest 

amount of that resource, as well as which actor(s) were the greatest source of the distributed 

resource (McAllister et al., 2009). In the mercury policy network the three highest ranked actors 

for eigenvector centrality measures were State Level Environmental and Health Agencies, EPA, 

and EEI. The eigenvector ranking of these actors indicates their importance and their role as 

sources and repositories of technical information. In the fracking policy network the four highest 

ranked actors for eigenvector centrality measures were Non-mem, E & NR, Oil & Gas, and 
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Academic Researchers. Again, the eigenvector ranking of these network actors is indicative of 

their importance and role as a source and repository of scientific information. 

 

In the mercury case study, Academic Researchers, E & PW, and DOE had higher betweenness 

centrality measures compared to their eigenvector centrality measures which highlighted their 

bridging roles within the network (Figure 6). Therefore, in the mercury network, Academic 

Researchers, E & PW, and DOE were not the actors that acquired the most resources, but were 

the network actors distributing the most resources. McAllister et al. (2013) found that the 

‘Australian Department of Climate Change and Energy Efficiency’ and the ‘Queensland Climate 

Change Centre of Excellence’ held similar roles in their climate change policy planning network. 

There was a lack of any substantial bridging roles in the fracking network. No network actor had 

a higher betweenness centrality measure relative to its eigenvector centrality measure in the 

fracking policy network (Figure 7). This could relate to the smaller size of the fracking network 

compared to the mercury network or it could be a result of the concentrated power of the iron 

triangle with little opportunity for influence from outside actors. 

 

In the mercury network ALA was the only actor having a higher eigenvector centrality measure 

compared to its betweenness centrality measure, which highlighted its important roles in 

important parts of the network. In the fracking network, the USGS and State Businesses had 

higher eigenvector centrality measures relative to their betweenness centrality measures. These 

findings suggest that USGS found itself among important parts of the network.  
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Medical Associations 

The ALA, Physicians for Social Responsibility, AAP, American Medical Association, American 

Public Health Association, and American Thoracic Society all found their way into the mercury 

policy network despite the stringent standards discussed for NGOs; they needed to be national 

entities and present at more than more event. The strong presence of actors representing medical 

associations was a result of the greater level of scientific certainty and technical information 

available. The scientific knowledge of the hazards of mercury date as far back as the 1950s 

during the Minimata Bay incidents in Japan where neurological symptoms in humans were 

directly linked to mercury exposure from consumption of fish caught in the bay (Japanese 

Ministry of the Environ., 2002). The scientific consensus on sources and effects of the hazards of 

mercury allowed the medical associations to join the policy dialogue on regulations of mercury 

emission from coal-fired electric utilities. The regulations were aimed at coal-fired utilities, 

because they are the largest source of mercury emissions in the United States (USEPA, 2006). 

The fracking policy network did not have any actors representing medical associations.  

 

Non-Governmental Organizations 

The presence of increased NGO representation in the mercury network could have multiple 

factors. The mercury network had more opportunities for NGO’s to participate in the dialogues, 

37 events versus 19 events in the fracking network. However, the number of possible events did 

not fully explain why environmental NGOs such as Earthjustice and Sierra Club, which were 

both in the mercury policy network were not present in the fracking network (both eliminated by 

filtering), while NRDC was active in both networks. The NGOs were well represented in the 

mercury policy network, both from a business perspective and an environmental group 
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perspective. In the fracking policy network, however, environmental NGOs were almost absent. 

Before filtering out actors who were only represented once, there were some local or regional 

NGOs present when a hearing dealt with a particular geographical region. In the final networks, 

only the NRDC was represented in both case studies. The maturity of the issue as well as 

scientific certainty or uncertainty of the cases likely played a larger role than number of events. 

Policy outcome 

The presence or absence of medical associations and NGOs from the center of a policy network 

may be a useful indicator of the final policy outcome for environmental or health policy debates. 

Centrality in a network is an important determinant of 1) power and influence (Laumann and 

Pappi, 1976) and 2) transmission of information (Weissman, 1988).The network centrality and 

connectedness (by eigenvector and degree measures) of CATF, NRDC, ALA, National 

Environmental Trust, AAP, and Sierra Club, along with their publicly stated policy positions, 

and the policy outcome of the mercury case study (enactment of MACTS), confirmed the theory 

that “actors who occupy a central position in an information exchange network maintain policy 

positions closer to the final policy outcome (Leifeld and Schneider, 2012)”. 

Mitigation of scientific uncertainty 

As uncertainty is mitigated, medical associations and environmental NGOs may become more 

actively involved in the public policy-making process surrounding the fracking hazard. One of 

the major differences between the two case studies was the completion and availability of EPA 

scientific research and assessments. The EPA Mercury Study Report to Congress was completed 

in 1997, which verified the potential of deleterious health effects from mercury exposure and 

supported the need for regulations minimizing mercury emissions. This report likely provided 
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the scientific backing needed for medical and environmental advocacy groups to become fully 

entrenched in the advocacy for mercury regulations. 

 

The scientific uncertainty on fracking hazards led the U.S. House of Representatives 

Appropriations Conference Committee to request EPA’s Study of Hydraulic Fracturing and Its 

Potential Impact on Drinking Water Resources (USEPA [accessed 2012]). The final report was 

scheduled to be released in December, 2014.  If and when the report is released the findings are 

expected to change the structure of the fracking policy network, because of the new scientific 

knowledge available as a resource. 

CONCLUSIONS 

This paper provided evidence that scientific knowledge was a network resource and that the 

availability of scientific knowledge as a network resource impacted which stakeholders were 

involved in the policy development of Federal regulations. The Policy Network Analysis (PNA) 

of two case studies, one with a high level of scientific uncertainty (fracking) and one with a low 

level of scientific uncertainty (mercury), showed that policy network structures were different. 

The use of scientific knowledge differed across contexts. Scientific knowledge was largely used 

to define problems, as evidenced by the network location of scientific ‘experts’ when policy 

developed in the face of high scientific uncertainty.  

 

The results of this work established a means to indicate the maturity of a policy debate (i.e. 

determine the stage of policy-making). Under instances of high scientific uncertainty ‘experts’ 

are more central in the policy network than in instances of consensus in the scientific 

community. The network location (centrality) of actors considered to be technical/scientific 



 

271 

experts can be used as one indication of the stage of policy-making of a particular policy issue. 

Similarly, characterizing who ‘experts’ are in most frequent contact with (tie strength) enhances 

the robustness of indication. The presence, absence, and/or centrality of non-governmental 

groups can also be indicative of the stage of policy development, particularly for environmental 

and health policy debates. When taken together, a new method to assess policy development 

maturity was demonstrated. 

 

Furthermore, with the delay of the EPA Fracking Report to Congress a foundation exists to 

observe if and how the fracking network changes once the EPA issues the report. This will be an 

interesting test of the sensitivity of the PNA tool. Understanding the sensitivity of PNA and 

having a means to evaluate the stage of the policy-making process are integral to advancing 

public policy research. An ability to ‘know’ the policy development stage would allow on-

lookers and stakeholders to directly use limited resources in order to assert influence.  
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 TABLES 

Table 1. Forums relating to mercury policy in the United States 

Event Meeting Dates Host Representation 

(attendance) 

(1) Mercury Study Report to Congress 1997 U.S. Environmental 

Protection Agency 

Report 

(2) Mercury Research Strategy September 2000  U.S. Environmental 

Protection Agency 

Report 

(3) MACT Working Group April 1st 2001  U.S. Environmental 
Protection Agency 

Report 

(4) Clean Power Act Senate Hearing July 26, 2001  

October 4 - 5, 

2001  

November 1, 

2001  

November 15, 

2001  

January 29, 2002  

June 12, 2002  

Senate Committee on 

Environment and Public 

Works 

Hearing minutes 

(5) Control of Mercury Emissions from 

Coal-fired Utility Boiler 

March 21, 2002  U.S. Environmental 

Protection Agency 

Report 

(6) FDA FAC on Methylmercury in 

Seafood 

July 23 – 25, 

2002  

Food and Drug 

Administration 

Meeting minutes 

(7) Clear Skies Act of 2003 Senate 

Hearing 

April 8, 2003  

May 8. 2003  

June 5, 2003  

Committee on Environment 

and Public Works 

Hearing minutes 

(8) Clear Skies Act of 2003 House 

hearing 

July 8, 2003  Committee on Energy and 

Commerce 

Hearing minutes 

(9) Climate History and the Science 

Underlying Fate, Transport, and Health 

Effects of Mercury Emissions Senate 

Hearing 

July 23, 2003  Committee on Environment 

and Public Works 

Hearing minutes 

(10) Clean Air Mercury Rule Proposal 

Public Hearing Comments 

March 2004  U.S. Environmental 

Protection Agency 

Record of 

comments 

(11) Conference on Mercury April 2004  U.S. Environmental 

Protection Agency and  

U.S. Department of Health 

and Human Services 

Report 

(12) Clean Air Interstate Rule initial 

Public Hearing 

June 3, 2004 U.S. Environmental 

Protection Agency 

Hearing minutes 

(13) Clear Skies Act of 2005 Senate 

Hearing 

January 26, 2005  

February 2, 2005  

Committee on Environment 

and Public Works 

Hearing minutes 
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Table 1. (Continued)    

Event Meeting 

Dates 

Host Representation 

(attendance) 

(14) Clear Skies Initiative House of 

Representatives Hearing 

May 26, 2005  Committee on Energy and 

Commerce 

Hearing minutes 

(15) Proposed FIP for CAIR & Proposed 

Response to NC section 126 petition 

September 14 

– 15, 2005 

U.S. Environmental 

Protection Agency 

Agenda 

(16) CAMR Final Rule Petition Letter October 21, 
2005  

U.S. Environmental 
Protection Agency 

Record of petition 

(17) CAIR Reconsideration Petition November 22, 

2005  

U.S. Environmental 

Protection Agency 

Record of petitions 

(18) CAMR Federal Plan Public Hearing January 18, 

2007  

U.S. Environmental 

Protection Agency 

Agenda 

(19) Notice of Denial of Petition for 

Reconsideration of CAIR FIPs & 

Response to NC 126 Petition Denial 

June 22, 2007  U.S. Environmental 

Protection Agency 

Federal Register 

(20) Mercury Export Ban Act of 2007 

House of Representatives Hearing 

June 22, 2007  House of Representatives 

Committee on Energy and 

Commerce 

Hearing minutes 

(21) CAMR Judicial Repeal February 8, 
2008  

State Government U.S. Court of 
Appeals Ruling 

(22) Mercury Export Ban Act of 2007 

Senate Hearing 

July 31, 2008  Senate Committee on 

Environment and Public 

Works 

Hearing minutes 

(23) D.C. Circuit Court of Appeals 

remanded CAIR without vacatur 

December 23, 

2008  

State Government U.S. Court of 

Appeals Ruling 

(24) The American Energy Initiative, 

Part 3: Transparency in Regulatory 

Analysis of Impacts on the Nation Act of 

2011 House of Representatives Hearing 

April 7, 2011 House of Representatives 

Committee on Energy and 

Commerce 

Hearing minutes 

(25) Proposed Utility MACT or Mercury 
Air & Toxics Standards Public Hearing 

in Chicago 

May 24, 2011  U.S. Environmental 
Protection Agency 

Meeting agenda 

(26) Proposed Utility MACT or Mercury 

Air & Toxics Standards Public Hearing 

in Philadelphia 

May 24, 2011  U.S. Environmental 

Protection Agency 

Meeting agenda 

(27) Proposed Utility MACT or Mercury 

Air & Toxics Standards Public Hearing 

in Atlanta 

May 26, 2011  U.S. Environmental 

Protection Agency 

Meeting agenda 

(28) Mercury Review Panel June 15 – 17, 

2011  

U.S. Environmental 

Protection Agency 

Report 

(29) Lights Out: How EPA Regulations 

Threaten Affordable Power and Job 
Creation H.R. Hearing 

July 26, 2011  House of Representatives 

Committee on Oversight 
and Government Reform 

Hearing minutes 
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Table 2. Forums relating to fracking policy in the United States 

Event Meeting 

Dates 

Host Representation 

(attendance) 

(1) 109
th

 U.S. Congress.  Senate.  Committee on 
Energy and Natural Resources - Implementation of 

the Provisions of the Energy Policy Act of 2005 

June 27, 

July 11, and 

July 17, 

2006 

Committee on 

Energy and Natural 

Resources  

Hearing report 

(2) 110
th

 U.S. Congress.  House of Representatives.  
Committee on Science and Technology - Research to 

Improve Water-Use Efficiency and Conservations: 

Technologies and Practices. 

October 30, 

2007 

Committee on 

Science and 
Technology 

Hearing report 

(3) 110
th

 U.S. Congress.  House of Representatives.  
Committee on Oversight and Government Reform - 

Oil and Gas Development: Exemptions from Health 

and Environmental Protections. 

October 31, 

2007 

Committee on 

Oversight and 

Government Reform 

Hearing report 

(4) 111
th

 U.S. Congress.  House of Representatives.  

Committee on Natural Resources - Unconventional 
Fuels, Part I: Shale Gas Potential. 

June 4, 

2009 

Committee on 

Natural Resources 

Hearing report 

(5) 111
th

 U.S. Congress.  House of Representatives.  

Committee on Small Business - Subcommittee Field 

Hearing on the Impact of Energy Policy on Small 

Business 

August 25, 

2009 

Committee on Small 

Business 

Hearing report 

(6)111
th

 U.S. Congress.  Senate. Committee on 
Energy and Natural Resources - Natural Gas 

October 28, 

2009 

Committee on 

Energy and Natural 
Resources 

Hearing report 

(7) 111
th

 U.S. Congress.  House of Representatives. 

Subcommittee of the Committee on Appropriations, 

Interior, Environment, and Related Agencies 

Appropriations for 2011. 

March 3, 

2011 

Committee on 

Natural Resources 

Hearing report 

(8) 112
th

 U.S. Congress.  House of Representatives.  
Oversight Hearing before the Subcommittee on 

Energy and Mineral Resources of the Committee on 

Natural Resources - Spending Priorities and Missions 

of the U.S. Geological Survey and the President’s FY 

2012 Budget Proposal 

March 9, 

2011 Committee on Natural 

Resources, 

Subcommittee on 

Energy and Mineral 

Resources 

Hearing report 

(9) 112
th

 U.S. Congress.  House of Representatives.  
Oversight Hearing before the Committee on Natural 

Resources - Harnessing American Resources to 

Create Jobs & Address Rising Gasoline Prices: 

Domestic Resources and Economic Impacts. 

March 17, 

2011 

Committee on 

Natural Resources 

Hearing report 
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Table 2. (Continued)    

Event Meeting 

Dates 

Host Representation 

(attendance) 

(10) 112
th

 U.S. Congress.  House of Representatives.  
Oversight Hearing before the Subcommittee on Energy 

and Mineral Resources of the Committee on Natural 

Resources - Effect of President’s FY 2012 Budget and 

Legislative Proposals for the Bureau of Land 

Management and the U.S. Forest Service’s Energy and 

Minerals Programs on Private Sector Job Creation, 

Domestic Energy and Minerals Production, and Deficit 

Reduction. 

April 5, 

2011 

Natural Resources, 

Subcommittee on 

Energy and Mineral 

Resources 

Hearing report 

(11) 112
th

 U.S. Congress.  Senate.  Hearing Before the 
Committee on Energy and Natural Resources - Clean 

Energy Deployment Administration. 

May 3, 

2011 

Committee on 

Energy and Natural 

Resources 

Hearing report 

(12) 112
th

 U.S. Congress.  Senate.  Hearing Before the 

Committee on Energy and Natural Resources - New 
Developments in Upstream Oil and Gas Technologies.  

May 10, 

2011 

Committee on 

Energy and Natural 

Resources 

Hearing report 

(13) 112
th

 U.S. Congress.  House of Representatives.  

Hearing Before the Committee on Science , Space and 

Technology - Review of Hydraulic Fracturing 

Technology and Practices. 

May 11, 

2011 

Committee on 

Science, Space, and 

Technology 

Hearing report 

(14) 112
th

 U.S. Congress.  Senate.  Hearing before the 
Committee on Energy and Natural Resources - Oil and 

Gas Development.  

May 17, 
2011 

Committee on 
Energy and Natural 

Resources 

Hearing report 

(15) 112
th

 U.S. Congress.  Senate.  Hearing before the 
Committee on Energy and Natural Resources - Natural 

Gas. 

July 19, 

2011 

Committee on 

Energy and Natural 

Resources 

Hearing report 

(16) 112
th

 U.S. Congress.  House of Representatives.  

Hearing before the Subcommittee on Agriculture, 

Energy and Trade of the Committee on Small Business 

- Are Excessive Energy Regulations and Policies 
limiting Energy Independence, Killing Jobs and 

Increasing Prices for Consumers? 

September 

19, 2011 

Committee on Small 

Business, 

Subcommittee on 

Agriculture, Energy 

and Trade  

Hearing report 

(17) 112
th

 U.S. Congress.  Senate.  Hearing before the 

Committee on Energy and Natural Resources - Shale 

Gas and Water Impacts. 

October 

20, 2011 

Committee on 

Energy and Natural 

Resources, 

Subcommittee on 

Water and Power 

Hearing report 

(18) 112
th

 U.S. Congress.  Senate.  Hearing before the 
Committee on Energy and Natural Resources - 

Liquefied Natural Gas.  

November 

8, 2011 

Committee on 

Energy and Natural 

Resources 

 

(19) 112
th

 U.S. Congress.  Senate.  Hearing before the 

Committee on Energy and Natural Resources - 

Marcellus Shale Gas.  

November 

14, 2011 

Committee on 

Energy and Natural 

Resources 
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Table 3. Participants in mercury network 

Policy Actor (organizational level) Acronym 

Medical groups  

American Academy of Pediatrics AAP 

American Lung Association ALA 

American Medical Association AMA 

American Public Health Association APHA 
American Thoracic Society ATS 

Physicians for Social Responsibility PSR 

Non-government sector  

Clean Air Council  

Clean Air Task Force (CATF)  

Earthjustice  

Environmental Defense Fund  

National Environmental Trust  

National Parks Conservation Association NPCA 

National Wildlife Federation  

Natural Resources Defense Council NRDC 
Sierra Club  

Southern Alliance for Clean Energy SACE 

Union of Concerned Scientists UCS 

Renewable energy groups  

Business Council for Sustainable Energy BCSE 

Clean Energy Group  

Electric Reliability Coordinating Council ERCC 

Fossil Fuels/Energy Groups  

American Public Power Association APPA 

Anthracite Region Independent Power Producers Association ARIPPA 

Edison Electric Institute EEI 

Electrical Power Research Institute EPRI 
Energy and Environmental Analysis Inc. EEA 

Florida Association of Electric Utilities FAEU 

National Mining Association NMA 

Northern Indiana Public Services Corporation  

Ohio Coal Association  

Tennessee Valley Authority TVA 

United Mine Workers of America UMWA 

Federal government  

Committee on Energy and Commerce  

Committee on Environmental and Public Works  

Committee on Oversight and Government Reform  
Department of Energy U.S. DOE 

Department of Health and Human Services U.S. HHS 

Environmental Protection Agency U.S. EPA 

Food and Drug Administration  U.S. FDA 

National Oceanic and Atmospheric Association NOAA 

Ozone Transport Commission  OTC 
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Table 3. (Continued)  

Policy Actor (organizational level) Acronym 

Government non-Federal  

Environmental Council of State  

Independent Tribes  

National Association of Clean Air Agencies NACAA 

National Conference of State Legislatures NCSL 

Northeast States for Clean Air Use Management NESCAUM 
State attorney generals  

State level environmental and health agencies  

Utility Air Regulatory Group UARG 

Industrial non-energy  

American Chemistry Council ACC 

American Forest and Paper Association AF & PA 

The Chlorine Institute Incorporated CII 

Institute of Clean Air Companies  ICAC 

National Association of Manufacturers NAM 

Researchers  

Academic researchers  

US Public Interest Research Group U.S. PIRG 

Law firms  

Latham and Watkins  
Southern Environmental Law Center SELC 

Non-affiliated interest groups  

League of Women Voters LWV 

Religious groups  
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Table 4. Participants in fracking network 

Policy Actor (organizational level) Acronym 

Non-government sector  

Trout Unlimited Trout 

Natural Resources Defense Council NRDC 

Wilderness Society  

Fossil Fuels/Energy Groups  

Oil and gas companies Oil & Gas 

Utilities (oil and/or electric) Utilities 
Federal government  

Bureau of Land Management US BLM 

Committee on Energy and Natural Resources E & NR 

Committee on Natural Resources NR 

Committee on Natural Resources; sub. Energy and Mineral Resources E & MR 

Committee on Oversight and Government Reform Oversight 

Committee on Small Business Small Bus 

Committee on Space, Science, and Technology SS&T 

Congress non-committee members Non-mem 

Department of Agriculture USDA 

Department of Energy US DOE 
Department of the Interior Salazar 

 Environmental Protection Agency US EPA 

Geological Survey USGS 

Government non-Federal  

State agencies on business State Bus 

State environmental and health agencies State E & H 

Industrial non-energy  

The Dow Chemical Company DOW 

Researchers  

Academic researchers  
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Table 5. Mercury network top five edge weights. 

Actor 1 Actor 2 Edge Weight 
Committee on Environment and Public Works U.S. EPA 16 
U.S. EPA Committee on Environment and Public Works 12 
State Level Environment and Health Agencies U.S. EPA 10 
U.S. EPA State Level Environment and Health Agencies 10 
U.S. EPA EEI 6 
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Table 6. Fracking network top five edge weights. 

Actor 1 Actor 2 Edge Weight 
E & NR Non-mem 4 
Non-mem E & NR 4 
Non-mem Academic Researchers 4 
Academic Researchers Non-mem 4 
US DOE E & NR 3 
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Table 7. Mercury network top thirty ranked actors by degree with corresponding betweenness 

centrality measure. 

Actor Degree Betweenness 

Centrality 
State Level Environment and Health 

Agencies 55 133.077 
U.S. EPA 54 143.113 
EEI 49 84.780 
CATF 45 32.474 
NRDC 44 31.439 
ALA 43 24.175 
AAP 42 40.124 
National Environmental Trust 41 21.285 
NESCAUM 41 24.755 
Academic Researchers 41 54.288 
Sierra Club 38 13.900 
U.S. PIRG 38 15.837 
PSR 38 23.158 
SACE 37 12.091 
Religious Groups 36 9.513 
National Wildlife Federation 36 9.180 
UCS 36 11.279 
NACAA 36 13.353 
Committee on Environment and Public Works 36 52.141 
ATS 34 6.049 
NPCA 34 9.053 
LWV 33 7.540 
Committee on Energy and Commerce 32 12.749 
APHA 31 13.796 
UMWA 31 11.963 
State Attorney Generals 31 15.460 
Earthjustice 30 6.514 
U.S. DOE 30 42.233 
ICAC 29 3.521 
Environmental Defense Fund 28 3.348 
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Table 8. Fracking network all actors ranked by degree measure with corresponding betweenness 

centrality measure. 

Actor Degree Betweenness 

Centrality 
Non-mem 19 24.095 
E & NR 19 26.002 
Oil & Gas 18 21.170 
Academic Researchers 16 14.243 
USGS 12 4.245 
US DOE 12 4.742 
US EPA 12 6.042 
E & MR 11 4.800 
State E&H 10 2.000 
Trout 9 1.435 
Oversight 9 2.318 
US BLM 9 2.719 
State Bus 8 0.536 
NRDC 8 2.317 
USDA 7 0.635 
Utilities 7 0.167 
NR 7 0.893 
Wilderness Society 7 0.750 
DOW 6 0.125 
Small Bus 6 0.518 
SS&T 5 0.000 
Salazar 5 0.250 
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Table 9. Mercury network graph metrics 

Graph Metric Value 

Graph Type Undirected 

    

Vertices 59 

    

Unique Edges 1 

Edges With Duplicates 1566 

Total Edges 1567 

    

Self-Loops 0 

    

Reciprocated Vertex Pair Ratio Not Applicable 

Reciprocated Edge Ratio Not Applicable 

    

Connected Components 1 

Single-Vertex Connected Components 0 

Maximum Vertices in a Connected Component 59 

Maximum Edges in a Connected Component 1567 

    

Maximum Geodesic Distance (Diameter) 3 

Average Geodesic Distance 1.525424 

    

Graph Density 0.458211572 

Modularity 0.163293 

    

NodeXL Version 1.0.1.335 
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Table 10. Fracking network graph metrics
 

Graph Metric Value 

Graph Type Undirected 

    

Vertices 22 

    

Unique Edges 4 

Edges With Duplicates 214 

Total Edges 218 

    

Self-Loops 0 

    

Reciprocated Vertex Pair Ratio Not Applicable 

Reciprocated Edge Ratio Not Applicable 

    

Connected Components 1 

Single-Vertex Connected Components 0 

Maximum Vertices in a Connected Component 22 

Maximum Edges in a Connected Component 218 

    

Maximum Geodesic Distance (Diameter) 2 

Average Geodesic Distance 1.450413 

    

Graph Density 0.480519481 

Modularity 0.199594 

    

NodeXL Version 1.0.1.335 
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FIGURES 

 

Figure 1. Types of ties adapted from Borgatti, Brass, and Halgin (2014).  
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Figure 2. Web of Science search results for articles and reviews in mercury case study.  
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Figure 3. Web of Science search results for articles and reviews in fracking case study.
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Figure 4. Mercury policy network using NodeXL.
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Figure 5. Fracking policy network using NodeXL.
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Figure 6. Mercury network betweenness and Eigenvector centrality measure histogram.  
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Figure 7. Fracking network betweenness and Eigenvector centrality measure histogram. 
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CHAPTER 6 

CONCLUSIONS  
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The goal of this project was to examine sources, transformation, and sinks of reactive nitrogen 

(Nr) associated with concentrated animal feeding operations (CAFOs) within the Pacific 

Northwest. An additional objective was to understand the current and historic roles of scientific 

knowledge in public policy-making. The cycling of Nr is a wicked problem, in that scientific 

knowledge is incomplete, political values differ with regard to solutions, unknown long-term 

impacts are likely, and a high degree of complexity surrounds the issue (Rittel and Webber, 

1974). The role of scientific knowledge in policy development surrounding wicked problems like 

Nr cycling depends on the degree of scientific certainty and consensus of values (Gambino et al., 

2014).  

One of the greatest challenges associated with understanding Nr in a CAFO includes measuring 

fluxes of ammonia (NH3; NRC, 2003). The difficulty of making real-time flux measurements of 

because of the slowed instrument response times of a sticky substance such as NH3 has limited 

our knowledge of CAFO Nr transformations, has made investigation of mitigation strategies 

challenging and has limited the scientific information needed to make sound policy decisions 

(Sutton et al., 1998; Whitehead et al., 2008; Sakirkin et al., 2011). To address that limitation, the 

first objective of this project was to develop a system that would couple the continuous NH3 

measurement of cavity ring-down spectroscopy (CRDS) with a micrometeorological method like 

the flux gradient method (FG) to estimate NH3 flux in real-time. The system needed to be able to 

measure a large flux footprint of a beef feedlot because the pen sampling area can range from 

2700 m
2
 for a single pen to 350,000 m

2
 for an entire feedlot. The system was required to have a 

measurement sensitivity ranging between 1 ppbv to 10 ppm NH3 molar mixing ratios for high 

values from in pen sampling to near ambient levels up and downwind of feedlots. Feedlots are 

sources of dust especially in dry regions and during summer months which is why the system 
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had to be able to handle rugged field conditions like persistent dust. The system needed to 

operate continuously without needing manual equipment replacement.  

The FG-CRDS system developed from this work is capable of operating in the surface boundary 

layer. The ability to operate in the surface boundary layer is advantageous because non-

uniformity exists within the pen NH3 source canopy. Like most micrometeorological sampling 

techniques, the FG-CRDS is superior to flux chamber methods because it avoids disturbing the 

surface being sampled and captures a larger flux footprint. The CRDS analyzer was evaluated 

between 3 ppbv-NH3 to 10 ppbv-NH3 and the coupled system used <2.5µm filters to inhibit dust 

infiltration. Furthermore, because there is no NH3 saturation point with the FG-CRDS system, no 

in-field equipment replacement protocol is needed which in turn allows for continuous, unaltered 

sampling. The creation of the FG-CRDS system moves the field forward because it avoids post 

sampling wet-chemistry allowing for real-time capabilities because of the fast-response CRDS 

analyzer. One unique aspect of the FG-CRDS system is the simultaneous flux measurements of 

sensible and latent heat flux and CO2 flux. These added flux estimates are used in calculating the 

eddy diffusivity constant, but also provide a means to evaluate the direction of heat and 

concentration gradients. While the continuous, real-time coupled gradient technique is not yet 

perfected, it compared well to the proven denuder-based relaxed eddy accumulation 

micrometeorological technique when measuring and estimating NH3 fluxes in the field. 

Models are used to examine how well the current knowledge of biological, atmospheric, and 

aquatic systems explains the variability noticed in these systems (Lucas, 1964). The modeling 

and prediction of ecosystem function is often the bridge between observed measurements and 

policy outcomes (Wong et al., 2015). Chemical transport models (CTMs), such as the 
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community multiscale air quality (CMAQ) modeling system, are approximations of complex 

phenomena (U.S. EPA, 2007). Observational data, from in-field measurements like those 

gathered using the FG-CRDS system, are used as the basis for construction and evaluation of 

CTMs. Yet, in-field studies and monitoring sites are often too resource intensive to be 

maintained indefinitely (Sutton et al., 1998). Therefore, modeling systems like AIRPACT-4 are 

able to run in a forecast mode (Vaughan et al., 2004; Chen et al., 2008). The forecast mode helps 

to fill in knowledge gaps using available observational data. Model forecasts can be used to 

guide decisions about air quality and how to protect both human and ecosystem health. In 

particular, forecasts of N deposition are used in critical loading decisions. Furthermore, in the 

PNW, forecasts have been used to show CAFO impacts on air quality (Fenn et al., 2003; Gomez-

Moreno et al., 2010). 

Little is known about the ability of AIRPACT-4 to accurately simulate N-deposition in the 

Pacific Northwest (PNW). However, deposition forecasts are only as good as the emissions data 

input into the modeling system (Sutton et al., 1998). In the case of CAFOs, emission factors (EF) 

fail to account for the effects of animal diet, age, air and surface temperature, time of year, and 

geographic region (Sakirkin et al., 2011; Hristov et al., 2011). Furthermore, data are inputted as 

either a point source with a known location, as Oregon does for most CAFOs, or as a nonpoint 

source with emissions spread over an area of land, as done in Washington for most CAFOs. 

Therefore, the objectives of this work were to evaluate the ability of AIRPACT-4 to predict total 

wet N deposition and to use AIRPACT-4 forecasts to investigate the N deposition surrounding 

CAFO NH3 sources in the PNW. 
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AIRPACT-4 under-predicted wet total-N deposition forecasts for the PNW, especially at higher 

observed values. Using a negatively biased wet N deposition model, like AIRPACT-4, for 

managing N loading may lead to decisions that result in exceeding the targeted critical N loads 

for that region. Forecasting of Nr deposition is also contingent upon knowledge of source 

location. The magnitude, spatial, and temporal predictions of total-N deposition from AIRPACT-

4 was reflective of whether the NH3 emissions locations were known (point source-OR) or 

unknown (nonpoint source-WA). The difference in AIRPACT-4 N-deposition prediction around 

large NH3 sources was partly a result of incomplete point source information. This work 

indicates that without the ability to input local NH3 emission sources, decision-makers lack the 

tools needed to make relevant ecosystem management decisions about N-deposition. 

Scientific knowledge, like flux estimates of NH3, is not static, but dynamic. Similarly, the role of 

scientific knowledge as a resource in policy development is not conserved, but used by many 

stakeholders at different times along the stage-oriented heuristic of the policy making process. 

One argument for the use of scientific knowledge in policy-making is for expert knowledge to 

define the problem, set a legislative agenda, and design policies aimed at solving the problem. To 

investigate the role of scientific knowledge in modern day environmental policy development 

two case studies, one centered on the hazards of mercury from coal-fired power plants and the 

other on the potential hazards of hydraulic fracturing (fracking) were examined. An adaption of a 

reliable and valid tool for policy network comparison which focused on an actor’s participation 

in the decision-making process (Serdult and Hirschi, 2004) was used to determine whether the 

availability of scientific knowledge impacted which stakeholders were involved in the public 

policy-making process and at what ‘stage’. 
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We found that the availability of scientific knowledge as a network resource impacts which 

stakeholders are involved in policy development of Federal regulations. In cases of low scientific 

uncertainty (i.e. mercury hazards), technical experts were closely tied to governmental agencies, 

but resided outside the central communication network. In this case of mercury where there is 

well-established scientific knowledge, technical experts played an advisory role similar to the 

joint fact-finding model of Ehrmann (1999). Also, within a case of accepted scientific knowledge 

non-governmental organization (NGOs) like medical associations and environmental groups 

were highly involved in the policy development process and were among those in the central 

communication network. Conversely, in cases of high scientific uncertainty like hydraulic 

fracturing hazards, technical experts were closely tied to Congress (U.S. Federal decision-

making body) and were a part of the central communication network. Within the fracking case 

where there is uncertainty in the scientific knowledge, NGOs were largely absent from the policy 

development process and those who were present resided on the peripheral of the policy 

network.  

As a result of the policy network analysis (PNA), we established a means to indicate the maturity 

of a policy debate (i.e. determine the stage of policy-making). Under instances of high scientific 

uncertainty we found ‘experts’ to be more central in the policy network than in instances of 

consensus in the scientific community. The network location (centrality) of actors considered to 

be technical/scientific experts can be used as one indication of the stage of policy-making of a 

particular policy issue. Similarly, characterizing who ‘experts’ are in most frequent contact with 

(tie strength) enhances the robustness of indication. The presence, absence, and/or centrality of 

non-governmental groups can also be indicative of the stage of policy development, particularly 
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for environmental and health policy debates. When taken together, we established a new means 

to assess policy development maturity. 

Based on our work, the opportunity exists for a sensitivity test of the PNA tool with regard to if 

and how the fracking network changes once the U.S. EPA issues the Fracking Report to 

Congress. Understanding the sensitivity of PNA and having a means to evaluate the stage of the 

policy-making process are integral to advancing public policy research. An ability to ‘know’ the 

policy development stage would allow on-lookers and stakeholders to more directly use limited 

resources in order to assert influence. 

Together these findings highlight that the current NH3 emissions input methods lead to a PNW 

forecast model that is unable to map the fate of NH3. The lack of site specific NH3 emissions 

data negatively in WA impacts AIRPACT-4s ability to create useable simulations or forecasts 

for policy development purposes. As such, the CAFO NH3 emissions inventory for the PNW is 

characteristic of a higher degree of scientific uncertainty and resembles the policy development 

scenario noticed within the fracking policy network. The high degree of scientific uncertainty 

and low degree of political and social value consensus surrounding CAFO NH3 in the PNW 

suggest an investigatory role of science (Gambino et al., 2014). That is, more research on the 

emissions, transportation, and fates of CAFO NH3 is needed prior to decision-making. 
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