
ABSTRACT 

BATTYE, WILLIAM HOWARD. Satellite, Aircraft, and Ground Level Measurements to 
Characterize Ammonia Emissions from Agricultural Sources. (Under the direction of 
Dr. Viney P. Aneja). 
 

As carbon fueled the industrial revolution, nitrogen fertilizer has fueled the agricultural 

revolution. Humankind’s production of reactive nitrogen compounds, by the production of 

fertilizer and other processes, is five times higher than it was 60 years ago. Current worldwide 

anthropogenic production of reactive nitrogen is estimated at 190 Tg yr−1. The central estimate 

for natural production of reactive nitrogen in terrestrial ecosystems is 84 Tg yr−1, and the 

combined natural production from terrestrial and marine ecosystems is estimated at 240 Tg yr−1. 

Thus, the global human production of reactive nitrogen is more than double the best estimate for 

natural production in terrestrial ecosystems, and is approaching the combined worldwide 

production from land and oceans.  

A significant portion of the reactive nitrogen used in agriculture is lost to the environment 

through runoff, leaching, and volatilization of nitrogen compounds, including a large volume in 

the form of ammonia gas (NH3). NH3 emissions react with other pollutants in the atmosphere, 

and can contribute to elevated levels of fine particulate matter (PM2.5), which is associated with 

adverse human health effects. NH3 and its reaction products are also deposited from the 

atmosphere to terrestrial and marine ecosystems, fertilizing the landscape. This can affect species 

diversity and lead to eutrophication of aquatic ecosystems. Atmospheric chemistry models such 

as the Community Multiscale Air Quality (CMAQ) model are used to analyze the impact of NH3 

emissions on air pollution, and the deposition of NH3 and its reaction products to terrestrial and 

aquatic ecosystems.  



In the current research, CMAQ predictions for NH3 are evaluated using ground based 

measurements, in situ aircraft measurements, and satellite based measurements. Two detailed 

case study analyses were performed, drawing on measurements in Northeast Colorado, and in 

North Carolina. Both of these areas include regions of high NH3 emissions in proximity to 

sensitive ecosystems. 

The Colorado case study used measurements gathered in the DISCOVER-AQ Colorado 

field campaign in July and August 2014. In situ aircraft measurements of atmospheric NH3 

suggest that the CMAQ model underestimated the NH3 concentration in Northeastern Colorado 

by 63%. Ground-level monitors and satellite measurements gave similar results. The 

underestimation of NH3 was not accompanied by an underestimation of particulate NH4
+, which 

is affected by other factors including acid availability, removal rate, and gas-particle partition.  

In the North Carolina case study, based on initial model testing, a lower-end estimate was 

developed for NH3 emissions from emissions from swine operations, resulting in the lowering of 

statewide NH3 emissions by an average of 42%. Even with the downward adjustment of NH3 

emissions, the model overpredicted atmospheric NH3 by an average of 60% when compared with 

hourly measurements in Clinton, NC, in the vicinity of the densest NH3 emissions. The average 

concentration measured by the monitor was 6.6 ppbv for July 2011, while the average predicted 

by the model was 10.5 ppbv. However, the model underpredicted wet deposition of NH4
+ by 17-

22%. The combination of an overestimation of NH3 and underestimation of wet and dry 

deposition suggests that the overstatement in NH3 may be partially attributable to an 

underestimation of wet and dry deposition in North Carolina.  

Results for both Colorado and North Carolina indicate that further improvement of the 

emission inventories and modeling approaches are required to reduce the bias in NH3 modeling 



predictions. This process must take into account the diversity of the inventory in different regions 

of the country. Satellite measurements provide a valuable tool for evaluating the broad spatial 

patterns of NH3 emissions and transport.  
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Introduction 

Just as carbon fueled the Industrial Revolution, nitrogen has fueled an Agricultural 

Revolution. The use of synthetic nitrogen fertilizers and the cultivation of nitrogen-fixing crops 

both expanded exponentially during the last century, with most of the increase occurring after 

1960 (Battye et al, 2017; Erisman et al, 2008). As a result, the current flux of reactive, or fixed, 

nitrogen compounds to the biosphere due to human activities is roughly equivalent to the total 

flux of reactive nitrogen from all natural sources, both on land masses and in the world’s oceans. 

Reactive nitrogen compounds are distinguished from non-reactive nitrogen (N2) gas in the 

atmosphere. These include all nitrogen compounds which are biologically active, chemically 

reactive, and radiatively active in the Earth’s atmosphere and biosphere.* Microbes which 

convert atmospheric N2 into reactive nitrogen compounds are termed nitrogen-fixing, and plants 

which live in symbiosis with these microbes are termed nitrogen-fixing plants. 

Natural fluxes of reactive nitrogen are subject to very large uncertainties, but 

anthropogenic production of reactive nitrogen has increased almost five-fold in the last half-

century, and this rapid increase in anthropogenic reactive nitrogen has removed any uncertainty 

on the relative importance of anthropogenic fluxes to the natural budget. The increased use of 

nitrogen has been critical for increased crop yields and protein production needed to keep pace 

                                                 
 
 
 
 
* Reactive nitrogen includes inorganic chemically reduced nitrogen compounds such as ammonia (NH3) 
and ionic ammonium (NH4

+); inorganic chemically oxidized nitrogen compounds such as nitrogen oxides 
(NOX), nitric acid (HNO3), nitrate ion (NO3

−), and nitrous oxide (N2O); and organic nitrogen compounds 
such as urea, amino acids, and proteins. 
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with the growing world population. However, similar to carbon, the release of reactive nitrogen 

into the natural environment is linked to adverse consequences at local, regional, and global 

scales. Anthropogenic contributions of reactive nitrogen continue to grow relative to the natural 

budget, with uncertain consequences.  

In the U.S., emissions of ammonia (NH3) constitute a large anthropogenic source of 

reactive nitrogen which is essentially unregulated. These emissions emanate primarily from 

agricultural sources (Aneja et al., 2009). Because of the diffuse nature of NH3 emissions, there is 

no smokestack plume that can be seen. Atmospheric chemistry models are needed to assess the 

impacts of NH3 emissions on the atmosphere, and the deposition of emissions to terrestrial and 

aquatic ecosystems. Such modeling studies are also critical to demonstrating the potential 

benefits of measures taken to control NH3 emissions. However, the NH3 emissions estimates 

used in these modeling efforts are subject to considerable uncertainties (Battye et al, 2003).  

Extensive data on NH3 concentrations in the atmosphere have become available in the 

last decade, including ground-based measurements, satellite-based measurements, and in situ 

aircraft measurements. This current study aims to use these measurements to validate predictions 

of NH3 in ambient models and to improve the ability to track emissions of NH3. A particular aim 

is to identify methods for making use of satellite measurements of atmospheric NH3 in air quality 

modeling efforts. 
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1.1. Is Nitrogen the Next Carbon? 

Almost 50 years ago, C. C. Delwiche (1970) wrote in Scientific American “Of all man's 

recent interventions in the cycles of nature the industrial fixation of nitrogen far exceeds all the 

others in magnitude.” Since then, the climate change impacts of human contributions to the 

carbon cycle have come under intense scrutiny and debate (IPCC, 2014). Meanwhile 

anthropogenic production of reactive nitrogen has continued to increase. The increased 

production of reactive nitrogen is associated with adverse environmental consequences. As in the 

case carbon dioxide (CO2), some impacts of reactive nitrogen are difficult to measure on a short 

timescale. Reactive nitrogen also has a place in the agricultural revolution which is analogous to 

the role of carbon in the industrial revolution. This leads us to ask the question: is the 

anthropogenic augmentation of the nitrogen cycle growing to a point where it may have adverse 

environmental consequences on a global scale, and where the critical role of reactive nitrogen in 

the agricultural system will make it very difficult to mitigate these consequences? Or “Is nitrogen 

the next carbon?” (Battye et al, 2017) 

1.1.1. Trends in Human Nitrogen Use 

Nitrogen-rich manure has been used to fertilize crops for millennia – long before the 

discovery of nitrogen as a distinct chemical element (Columella, 70). The role of nitrogen as a 

crop nutrient was explored scientifically in the 1800s (Boussingault, 1856), and a market 

developed for nitrogen-rich deposits of mineralized guano from South America and the South 

Figure 1-1. Is nitrogen 
the next carbon? 
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Pacific islands, reaching about 1 Tg N y-1 by 1900 (Cushman, 2013). Though small by today’s 

standards, the trade in nitrogen fertilizer was a main object of contention in the 1879 War of the 

Pacific, between nascent South American nations (Ortega, 1984). Industrial processes for fixing 

nitrogen, especially the Haber-Bosch process, greatly expanded the availability of nitrogen-based 

fertilizers in the early 1900s (Smil, 2001). Nevertheless, use of synthetic fertilizers did not 

become routine until the mid-twentieth century. In the U.S., less than 40% of farms reported the 

use of any synthetic fertilizer in 1939, but more than 60% reported the use of chemical fertilizer 

in 1954 (Hurley et al, 1954). 

As shown in Figure 1-2, synthetic nitrogen fertilizer usage grew to about 12 Tg N y-1 in 

1960, more than a 10-fold increase over mineral nitrogen fertilizer usage prior to the 

commercialization of the Haber-Bosch process (1911). Since 1960, synthetic nitrogen fertilizer 

use has grown almost another 10-fold to 110 Tg N y-1 in 2013. Initially, this growth occurred in 

the U.S. and Europe. Consumption in these regions levelled off in about 1990, and the growth 

since then has occurred primarily in Asia (IFA, 2016).  

The last half of the 20th century also saw large increases in the cultivation of nitrogen-

fixing crops, especially soybeans. Figure 1-3 shows the increase in reactive nitrogen as a result 

of this trend. The trend lines in Figure 1-3 were computed by combining nitrogen fixation rates 

from Herridge et al (2008) with statistics on historical crop cultivation and production (FAO, 

2015a). Soybeans have been cultivated in Asia for at least 1000 years, but after the nitrogen-

fixing capabilities of the crop were recognized, cultivation in other parts of the world grew 

rapidly. World soybean production increased by more than a factor of 3 between 1910 and 1960 

(Shurtleff and Aoyagi, 2004); with production in the U.S. exceeding Asian production by 1955 

(FAO, 2015a). Since 1960, world production of soybeans has increased by a factor of 10, with 
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Figure 1-2. Global increase in the use of synthetic 
and mined nitrogen fertilizer since 1910. 
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Figure 1-3. Global increase in reactive nitrogen 
produced by nitrogen-fixing crops since 1960. 
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the largest share of new production occurring in South America. Soybeans are often grown in 

rotation with other crops, such as corn. This crop rotation serves to increase the amount of 

nitrogen available and to break the cycles of crop pests. 

Cultivation of other legumes (e.g. peas, beans, lentils and peanuts) has increased by a 

factor of about 2.6 since 1960. Total global nitrogen fixation in croplands is estimated at about 

43 Tg N y-1, with a range from 30 to 51 Tg N y-1 based on the ranges of nitrogen fixation yields 

(Herridge et al, 2008). This estimate includes soybeans, other beans and legumes, and 

inadvertent nitrogen fixation by cyanobacteria associated with the cultivation of rice, sugar, and 

other crops. The estimate for croplands does not include legumes in pasturelands or savannas 

used for grazing. However, nitrogen fixation in these ecosystems may also be increased by 

anthropogenic activities. 

Populations of animals raised for food have also increased in recent decades. Figure 1-4 

shows the estimated increase in the amount of reactive nitrogen in animal wastes as a result of 

increased animal populations since 1960. The trend lines were computed by combining animal 

population statistics (FAO, 2015b) with standard estimates of waste nitrogen content (IPCC, 

2006). Animals convert only a fraction of the nitrogen in their feed to meat protein or milk 

protein for human consumption (U.S. EPA, 2011). Much of the balance is excreted in the form of 

urea and other nitrogen compounds in the animal waste, which is generally applied to crops to 

provide nitrogen fertilizer. 

 A substantial portion of the nitrogen from animal waste and synthetic fertilizer is lost to 

the surrounding environment, through runoff, leaching to groundwater, and emissions of NH3, 

nitrogen oxides (NOX), and other nitrogen compounds (Galloway and Cowling, 2002; Conant et 

al, 2013). NOX emissions from combustion sources also constitute a source of reactive nitrogen. 
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Figure 1-4. Global increase in reactive nitrogen 
present in animal wastes since 1960. 
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These emissions increased from ~5.8 Tg N y-1 in 1910 to ~38 Tg N y-1 in 2010. Figure 1-5 shows 

trends in estimated annual global NOX emissions since 1900. The figure also shows trends in 

global NH3 emissions from agricultural activities, and projected future emissions of NOX and 

NH3 under the potential range of representative concentration pathways used in climate change 

projections (UN, 2010). Since the 1990s, NOX emission sources have been subject to pollution 

controls in the U.S. and Europe, resulting in substantial emission reductions. Emissions continue 

to increase in the developing world, especially China, but these are projected to decline in the 

coming decades (UN, 2010). NH3 emissions are projected to continue increasing.  

Figure 1-6 summarizes the combined trajectory of anthropogenic production of reactive 

nitrogen since 1900, with contributions from synthetic fertilizer, increased cultivation of 

nitrogen-fixing crops, and increased emissions of NOX. The total of these three sources for 2014 

is 190 Tg N y-1, with a plausible range from 160 to 210 Tg N y-1. Nitrogen compounds in animal 

waste are not included in this total, since they do not represent a new addition of biologically 

available nitrogen to the environment. Rather, the nitrogen in animal waste is derived from plant 

proteins consumed by the animals. However, losses of N gases and runoff of animal waste 

components are important pathways for the release of nitrogen compounds from farms to the 

surrounding environment. Therefore, the increased animal populations also affect the nitrogen 

cycle. 

Figure 1-6 compares the trend in anthropogenic reactive nitrogen with the trajectory of 

CO2 (Boden et al, 2013; IEA, 2017). The CO2 curve shows a sharp upward inflection in the mid-

1940s. The nitrogen curve lags the CO2 curve by 10 to 15 years, showing an upward inflection 

about 1960. The trends for anthropogenic nitrogen and CO2 in the last half of the 20th century are 

similar. While reported global CO2 emissions have not shown an increase since about 2013, the 
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Figure 1-5. Historic trends and projected future 
global emissions of NH3 and NOX from 1900 to 2050. 
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Figure 1-6. Trend in anthropogenic nitrogen compounds since 1900 
compared with the trend in anthropogenic CO2 emissions. 
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use of nitrogen fertilizers and the cultivation of nitrogen-fixing crops are expected to continue to 

increase in most future scenarios (Bouwman et al, 2013a; Winiwarter et al, 2013, IEA, 2017). 

1.1.2. Human Impacts on the Nitrogen Cycle  

Figure 1-7 illustrates the natural nitrogen cycle, showing how anthropogenic inputs of 

nitrogen compounds contribute to this cycle. Nitrogen-fixing bacteria convert nitrogen gas (N2) 

to biologically available nitrogen compounds, which are in turn taken up by plants and 

incorporated into proteins and other essential molecules. Nitrogen compounds in decomposing 

plant matter and animal waste are released as ammonium (NH4
+), which is oxidized by bacteria, 

producing nitrate ion (NO3
–), which is consumed by other bacteria that perform denitrification. 

The denitrification reaction completes the cycle by producing N2 gas, but also produces some 

gaseous nitrous oxide (N2O) and nitric oxide (NO).  

Both the use of synthetic nitrogen fertilizer and the anthropogenic cultivation of nitrogen-

fixing crops increase the overall mass of biologically available nitrogen compounds. This 

nitrogen is intended to remain within the farm system, ultimately for the production of food for 

humans or for animals raised to feed humans. However, a substantial portion of the reactive 

nitrogen (~70%) escapes to the surrounding environment (Galloway and Cowling, 2002). 

Fertilizers and residues from nitrogen-fixing crops, and deposited nitrates all ultimately increase 

the amount of nitrate processed by denitrifying bacteria, both on farmlands and in surrounding 

ecosystems.  

The magnitudes of fluxes in the natural nitrogen cycle are subject to considerable 

uncertainty, as stated colorfully in the title of a 1980 paper by Burris: “The global nitrogen 

budget – science or séance?” (Burris, 1980). Galloway et al (2004) gave a global estimate of 

120 Tg N y-1 for biological nitrogen fixation in terrestrial ecosystems under pre-industrial 
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Figure 1-7. The nitrogen cycle. 

Note: Anthropogenic inputs are denoted by orange arrows. 
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conditions based on a compilation of nitrogen fixation fluxes from various ecosystems. Using 

nitrogen-isotope abundances, Vitousek et al (2013) obtained a considerably lower pre-industrial 

estimate of 58 Tg N y-1 for terrestrial nitrogen fixation, with a possible range from 40 to 100 Tg 

N y-1. This lower estimate is adopted by Fowler et al (2013). Cleveland et al (2013) estimate 

natural nitrogen fixation in terrestrial ecosystems at 127 Tg N y-1, based on biogeochemical 

modeling of the contributions of different terrestrial ecosystems. 

Estimates of nitrogen fixation in marine ecosystems range from 121 Tg N y-1 to 177 Tg 

N y-1 (Groβkopf et al, 2012; Jickells et al, 2017). Lightning strikes are estimated to account for 

an additional 5.4 Tg N y-1 on a global basis (Galloway et al, 2004). Combining these estimates 

with the range of values for terrestrial ecosystems, we estimate the global rate for production of 

reactive nitrogen at 166 to 302 Tg N y-1 under pre-industrial conditions. Using central estimates 

for terrestrial nitrogen fixation and marine ecosystems, the overall global pre-industrial nitrogen 

fixation rate would be about 240 Tg N y-1. Table 1-1 summarizes estimates of anthropogenic and 

natural fluxes of reactive nitrogen. 

Even considering the uncertainty in the magnitude of fluxes in the nitrogen cycle, 

anthropogenic sources of reactive nitrogen represent a significant perturbation to the terrestrial 

nitrogen cycle and to the global nitrogen cycle as a whole. Figure 1-8 shows that the 

anthropogenic nitrogen contribution would have surpassed the lower end estimate of pre-

industrial nitrogen fixation in terrestrial ecosystems by 1960; and would have surpassed the 

upper end estimate for terrestrial ecosystems by about 1980. (The trend for the anthropogenic 

nitrogen contribution includes synthetic fertilizer, cultivation of nitrogen-fixing crops, and NOX 

emissions from fossil fuel combustion.) Based on the central estimates given in Table 1-1, the 

current anthropogenic contribution accounts for about 70% of total production of reactive   
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  Sources (Tg N y-1) 
Range (for 

present 
values) 

  

  1910 1960 Present References 
Sources           

Anthropogenic       

Synthetic or mined fertilizers 1 12 110  a,b,c 
N-fixing crops      

Soybeans 0.4 1.5 25  d,e,f 
Other beans and legumes    2.9 7.5  e,f  
Other  7.4 10  e,f  

Total N-fixation  12 43 30 - 51  

NOX  from combustion 2.5 15 38  g  
Total anthropogenic ~4 39 190 160 - 210  

Natural       

Terrestrial N-fixation   84 40 - 127 h,i,j 
Rock weathering   14 11 - 18 k 
Lightning   5.4  h 
Marine N-fixation   150 121 - 177 h,l 
Total natural sources   250 166 - 310  

Total sources   440   

Sinks           
Denitrification       

Agricultural soils    22 - 87 m 
Total terrestrial   130 58 - 175 n,o 
Fresh water and groundwater   120 39 - 216 o 
Marine   150 107 - 331 n,o,p  

Total denitrification   400 210 - 720  
Other sinks      

Terrestrial & soil biomass change   9 9 q 
Marine sediments   13 10 - 16 h,q 

Total sinks     420 220 - 745   
aCushman, 2013. 
bIFA, 2016. 
cSmil, 2001. 
dShurtleff & Aoyagi, 2004. 
eFAO, 2015.  
fHerridge et al, 2008. 

gUN, 2010. 
hGalloway et al, 2004. 
iVitousek et al, 2013. 
jCleveland et al, 2013. 
kHoulton et al, 2018. 
lGroβkopf et al, 2012. 
 

mHofstra et al, 2005. 
nSeitzinger et al, 2006. 
oEugster, 2012 
pDeVries et al, 2013a. 
qSchlesinger & Bernhardt (2013) 

  

Table 1-1. Fluxes of reactive nitrogen 
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Figure 1-8. Trend in the anthropogenic contribution of 
new fixed nitrogen relative to the estimated ranges of 
global nitrogen fixation under pre-industrial conditions. 
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Figure 1-9. Growth in anthropogenic nitrogen fixation over the last 100 years. Natural nitrogen 
fixation includes both terrestrial environments and the oceans. 
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nitrogen in terrestrial ecosystems. The anthropogenic contribution is close to our best estimate of 

overall global nitrogen fixation under pre-industrial conditions (240 Tg N y-1), and is increasing 

across the uncertainty bar for the global estimate. This suggests that the anthropogenic inputs 

may now account for about half of the total reactive nitrogen flux on Earth. Figure 1-9 illuatrates 

the growth of the anthropogenic reactive nitrogen in relation to the natural budget over the past 

century. 

Anthropogenic reactive nitrogen produces multiple impacts at local, regional, and global 

scales. Emissions of NH3 and NOX contribute to the formation of fine particulate matter (PM2.5), 

which is associated with various adverse human health impacts, including premature death 

(Kwok et al, 2013; Pope et al, 2009; Lelieveld et al, 2017). PM2.5 can also contribute to visibility 

impairment and regional haze (Wang et al, 2012). 

Reactive nitrogen fertilizes terrestrial and aquatic ecosystems, which can affect species 

diversity and can lead to eutrophication of aquatic ecosystems (Jones et al, 2013; Paerl et al, 

1988; U.S. EPA, 2007). Deposition of reactive nitrogen can also contribute to soil acidification 

(Lu et al, 2014). The use of synthetic nitrogen in agricultural operations has been associated with 

the depletion of other soil nutrients in agricultural systems. In India, crop yields have leveled off 

despite increases in the use of synthetic nitrogen fertilizer (IPC, 2008).  

Reactive nitrogen compounds can leach into ground water, contaminating drinking water 

supplies (UNEP, 2007, Tomich et al, 2016). Increased levels of nitrate have been detected in the 

Pacific Ocean (Kim et al, 2014). A portion of reactive nitrogen processed by soil and aquatic 

microbes is also converted to N2O, which reenters the atmosphere. N2O is a long-lived absorber 

of infrared radiation, with a climate change potential approximately 300 times that of CO2 
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(IPCC, 2014). Nitrous oxide is also associated with the depletion of stratospheric ozone 

(Ravishankara et al. 2009). 

The impacts of reactive nitrogen on the environment have different time scales. Elevated 

levels of PM2.5 may persist for only a few days, but may also be chronic. Impacts on 

groundwater, the oceans, and climate have much longer time scales. The lifetime of N2O in the 

atmosphere is estimated at 121 years (IPCC, 2014).  

1.1.3. Fate of Anthropogenic Nitrogen 

Most of anthropogenic augmentation of reactive nitrogen is believed to be removed 

ultimately by denitrification, producing nitrogen gas (N2) and N2O. Some of this denitrification 

occurs in agricultural soils, with estimates of global flux ranging from 22 to 87 Tg N y-1 (Hofstra 

and Bouwman, 2005). Denitrification in agricultural soils has the effect of reducing the release of 

reactive nitrogen to surrounding ecosystems. However, this is indicative of an inefficiency of 

nitrogen use, and also results in the production of N2O. 

Estimates of the sinks for reactive nitrogen are also subject to considerable uncertainty. 

Recent estimates of global denitrification flux range from 58 to 175 Tg N y-1 for terrestrial 

ecosystems (Bouwman et al, 2013b; Seitzinger et al, 2006),  39 to 216 Tg N y-1 for freshwater 

and groundwater, and 107 to 331 Tg N y-1 for marine ecosystems (Jickells et al, 2017; Eugster et 

al, 2012; DeVries et al, 2013a). Combining these estimates gives a total global flux of 210 to 

720 Tg N y-1. If we combine the estimates for natural and anthropogenic nitrogen fixation, the 

range of estimates for total nitrogen fixation extends from 326 Tg N y-1 (160 anthropogenic + 

166 natural) to 520 Tg N y-1 (210 anthropogenic + 310 natural). The range of estimates for the 

denitrification flux extends from below the lower-end estimate for total global nitrogen fixation 
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to above the upper-end estimate. Thus, the global denitrification flux may or may not be large 

enough to balance global nitrogen fixation (Table 1-1). 

Seitzinger et al (2006) estimate that about 40% of land-based reactive nitrogen is 

denitrified in soils, while 35% is denitrified in freshwater or groundwater, and 25% is denitrified 

in estuaries and oceans. The total global denitrification flux is estimated at 600 Tg N y-1, 58% 

from the oceans, 20% from freshwater and groundwater, and 22% from soils. This global 

denitrification flux would be sufficient to balance the rate of nitrogen fixation, including the 

anthropogenic increment. However, both nitrogen fixation and denitrification fluxes are subject 

to large uncertainties. Even if the sources and sinks of reactive nitrogen are in balance on a 

global basis, there are imbalances on local and regional scales which lead to adverse 

environmental impacts.  

Sgouridis and Ullah (2015) found that natural and semi-natural terrestrial ecosystems 

denitrified about half of the reactive nitrogen deposited to them. Similarly, Houlton and Bai 

(2009) estimate that denitrification accounts for about one third of the flux of reactive nitrogen 

from natural terrestrial ecosystems. This finding is compatible with the estimates of Seitzinger et 

al (2006), which indicate a residual flux of reactive nitrogen from terrestrial to marine 

ecosystems. Jickells et al (2017) estimate the flux of reactive nitrogen from terrestrial systems to 

the oceans at 73 Tg N y-1. Some of the anthropogenic increment of reactive nitrogen may be 

accumulating in terrestrial biomass and soils. This increment has been estimated at 9 Tg N y-1 

(Schlesinger, 2009). Sgourdis and Ullah (2015) further suggest that this should alert us to the 

threat of chronic nitrogen saturation within terrestrial systems receiving nitrogen deposition.  

Eugster and Gruber (2012) carried out inverse modeling of both nitrogen fixation and 

denitrification rates in the oceans, and estimated that the overall nitrogen cycle in the ocean is 
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balanced to within 3 Tg N y-1, with a possible range from -38 to +40 Tg N y-1. In addition to 

nitrogen fixation and denitrification, this balance calculation includes loss to sediments. 

An additional 10-16 Tg N y-1 may be sequestered in ocean sediments (Galloway et al, 

2004; Schlesinger and Bernhardt, 2013). Based on the ranges of reactive nitrogen inputs to the 

oceans (Table 1-1 and Seitzinger et al, 2006), between 18 and 45% of this sequestered nitrogen 

would derive from anthropogenic sources. The rates of accumulation of nitrogen in ocean 

sediments and in soils are subject to large uncertainties. Nor can these be corroborated by mass 

balance, because of the large uncertainties in global flux terms. It is not known whether these 

sinks might represent a significant build-up of reactive nitrogen over time, which could result in 

increased emissions of N2O in the future. 

Duce et al (2008) highlight the importance of atmospheric deposition of reactive nitrogen 

in the oceans. Although isotopic studies in the Atlantic have found that the importance of the 

anthropogenic contribution may be less than that of ocean sources (Altieri et al, 2016), studies in 

the Pacific have suggested that atmospheric deposition has caused an increase in nitrogen 

concentration there (Kim et al, 2014; Kim et al, 2011). 

Many terrestrial, freshwater, and marine ecosystems are historically nitrogen limited 

(Elser et al, 2007) Thus, export of reactive nitrogen from farmlands to these ecosystems can 

adversely affect biodiversity (DeVries et al, 2013b; Zaehle et al, 2011). It is possible that the 

deposition of reactive nitrogen to forested ecosystems may increase the sequestration of carbon 

in soils and biomass (Pinder et al, 2013). However, the deposition of reactive nitrogen in natural 

ecosystems also enhances production of N2O as a byproduct of microbial denitrification 

reactions. The climate change impacts of the increased N2O may offset the impacts of carbon 

sequestration (Zaehle et al, 2011; Butterbach-Bahl et al, 2011). 
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Ice core analyses provide a record of the increase in the atmospheric concentration of 

N2O (Bullister, 2015), and in the long range transport of reactive nitrogen in the form of NO3
-

(Hastings et al, 2009). Figure 1-10 compares trends for N2O and NO3
- with trends measured for 

CO2 (Etheridge et al, 1996; WMO, 2016). (Trend lines are smoothed by averaging over 5-years.) 

The increases in ice-core concentrations of CO2 and N2O are believed to reflect trends in the 

global concentrations of these gases, since they are well-mixed in the atmosphere. The ice core 

measurements of NO3
- (in Greenland) are believed to be related to an increase in regional 

transport of NO3
-. This increase corresponds with a change in the isotopic composition of nitrate-

N in the ice cores, reflected by a reduction in the abundance of nitrogen-15 relative to 

nitrogen-14 [δ15N].The change in isotopic composition may be indicative of an increased 

contribution of agricultural sources (Felix and Eliot, 2013). However, the fractionation of 

nitrogen isotopes is complex, and the samples from Greenland ice cores may be open to different 

interpretations (Hastings et al, 2009).  

There is growing recognition of the impact of anthropogenically produced nitrogen 

compounds on the nitrogen cycle (Gruber and Galloway, 2008; Fowler et al, 2015; Sutton et al, 

2011; U.S. EPA, 2011). Researchers have used the concept of planetary boundaries to evaluate 

the magnitudes of human impacts which allow the sustainable maintenance and development of 

human society (DeVries et al, 2013b; Rockstrom et al, 2009). Within this construct, the 

planetary boundary for the anthropogenic contribution to total reactive nitrogen is estimated at 

62-82 Tg N y-1, based on the risk of eutrophication of terrestrial and aquatic ecosystems (Steffen 

et al, 2015). This threshold was exceeded in the 1970s, and the current anthropogenic 

contribution is approximately 153 Tg N y-1. 
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Figure 1-10. Trends in CO2, N2O, NO3
-, and isotopic composition of NO3

- as reflected in ice 
cores. 
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1.1.4. Future Prospects 

Regulatory and voluntary measures have been adopted to address some components of 

the nitrogen stream. In the United States, livestock production facilities are required to obtain 

permits under the Clean Water Act in order to ensure that the surface waters surrounding the 

operations are not negatively impacted by animal waste. In implementing this permit system, 

states have identified Best Management Practices (BMPs) for the management of animal waste 

and for the use of synthetic nitrogen fertilizers.  

Nitrogen-use efficiency has increased in the U.S. and Europe in recent years. Although 

the trend in nitrogen fertilizer usage in developed nations has been flat since the 1990s, 

agricultural production continues to increase. This suggests that increases in nitrogen-use 

efficiency can abate or perhaps reverse the worldwide increase in nitrogen fertilizer use (Zhang, 

2015). Changes in dietary habits and food wastage can also help reduce the need for synthetic 

nitrogen fertilizers. 

NOX emissions from combustion sources have been the target of pollution controls in 

order to mitigate acid rain and smog in the U.S. These controls have produced a 50% reduction 

in nationwide NOX emissions since 1996 (U.S. EPA, 2017). Total deposition of inorganic 

nitrogen has declined by 19 to 32% since the 1980s (Burns et al, 2011). This demonstrates that 

NOX emissions can be reduced without preventing economic growth. 

Unfortunately, there is no integrated regulatory approach for control of reactive nitrogen 

compounds (Aneja et al, 2008, 2009). In particular, agricultural emissions of reactive nitrogen 

compounds to the atmosphere are not regulated in the U.S. Because of its contribution to the 

formation of PM2.5, individual states can regulate NH3 as part of their approaches to meeting 

PM2.5 standards. However, the U.S. has not adopted a national program for NH3 emissions. NH3 
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is the largest volume air pollutant for which no national or regional control program has been 

developed. Some European nations have adopted control measures for NH3, which have 

produced significant reductions in emissions from agriculture (Erisman et al, 2008). A 

combination of best management practices and engineered solutions for the management of 

animal waste and for the use of synthetic nitrogen fertilizers can reduce releases of NH3 and 

other reactive nitrogen compounds to the natural environment (Galloway et al, 2008; Erisman et 

al, 2015).   

Human-induced changes to the global nitrogen cycle bear a number of similarities to our 

changes in the global carbon cycle. Fixed N and fossil C have provided great benefits to the 

human standard of living. The increased use of nitrogen has been critical for increased crop 

yields and protein production to keep pace with the growing world population. Like the burning 

of fossil carbon, increased fixation of nitrogen can have adverse environmental consequences at 

local, regional, and global scales. In addition, our use of fossil carbon and synthetically reactive 

nitrogen have both grown exponentially in the past 150 years. Anthropogenic production of 

reactive nitrogen has grown in relation to natural sources, so that the anthropogenic increment is 

nearly as great as the best estimate of the total natural nitrogen fixation in terrestrial and marine 

environments.  

Some measures for reducing CO2 emissions will reduce releases of reactive nitrogen, and 

vice versa. For instance, renewable energy sources generally will reduce fuel consumption, 

thereby reducing NOX emissions. Switching from coal to natural gas also reduces both CO2 and 

NOX emissions. Thus improvements in nitrogen-use efficiency would reduce CO2 emissions as 

well as releases of reactive nitrogen. 
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There are also important differences pertaining to human impacts on the carbon and 

nitrogen cycles. A significant fraction of anthropogenic CO2 emissions has been taken up by the 

oceans. In contrast, nitrogen fixation and denitrification are roughly in balance. Although some 

reactive nitrogen may be accumulating in soils and in ocean sediments, the fraction is much 

smaller than the fraction of carbon taken up by the oceans. This could mean that the nitrogen 

cycle could possibly recover more quickly from anthropogenic perturbation than the carbon 

cycle if releases of reactive nitrogen are mitigated. However, demands for increased nitrogen 

usage will continue as world population and agricultural production continue to rise. Thus, 

reducing the demands for reactive nitrogen may prove to be more difficult than reducing 

emissions of CO2.  

The impacts of anthropogenic perturbations on the reactive nitrogen cycle are still mainly 

local and regional. Current estimates indicate that global nitrification fixation is balanced by 

denitrification, although these budget calculations are subject to large uncertainties. Thus, the 

large increase in anthropogenic production may be balanced by increased denitrification. 

Nevertheless, if anthropogenic production continues to increase, denitrification processes may 

not continue to offset the increased production. Continued increases in reactive nitrogen 

production could may accelerate species diversity impacts and N2O production.  

Similar to CO2 from fossil fuels, anthropogenic releases of reactive nitrogen to the 

environment have increased dramatically in the last century, with adverse impacts at local, 

regional, and global scales. As with carbon, public awareness of the impact of reactive nitrogen 

is also increasing. We anticipate that reactive nitrogen may be similar to the situation with 

carbon in another respect. The environmental impacts of anthropogenic reactive nitrogen may 

become more difficult to rectify as time passes. In the case of carbon, we are accumulating a 
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burden of CO2 that will impact the atmosphere far into the future (IPCC, 2014). In the case of 

reactive nitrogen, anthropogenic contributions continue to grow in relation to the natural budget, 

with uncertain consequences. “Is nitrogen the next carbon?” is a thought provoking question. 

Mitigating both carbon and nitrogen is a grand challenge. 

1.2. Need for Improved Means of Tracking NH3 Emissions  

Emissions of NH3 represent a large source of reactive nitrogen which is essentially 

unregulated in the U.S. There is currently no broad air pollution control program for NH3 

emissions in the U.S. comparable to the program for NOX. States can adopt control measures for 

NH3 as part of their State Implementation Plans (SIPs) to attain the NAAQS for PM2.5. However, 

current SIPs for PM2.5 focus on direct emissions of PM2.5, and emissions of other precursors – 

SO2, NOX, and organic compounds. In the U.S., NH3 is the largest volume air pollutant for which 

no national or regional control program has been developed. In addition, wet deposition of NH4
+ 

has increased in much of the U.S. by ~22% in the last 20 years (Li et al, 2016).  

The lack of regulatory attention for NH3 emissions is understandable. Although the 

adverse impacts of NH3 emissions are significant, they are also subtle, so that the effect of any 

given source can be difficult to ascertain. For instance, NH3 alone cannot produce elevated 

concentrations of PM2.5; it must react with sulfates and nitrates in the atmosphere. The 

concentration of NH3 necessary to contribute to an exceedance of the NAAQS for PM2.5 is less 

than 10 ppbv, while the odor threshold for NH3 is 2.6 ppmv, or 2,600 ppbv (Smeets et al, 2006, 

tested using guidelines by the European Committee for Standardization). Thus, an amount of 

NH3 which is imperceptible to human senses can contribute to an exceedance of the PM2.5 

standard. Similarly, the impacts of NH3 deposition on eutrophication or species diversity are also 

difficult to separate from the impacts of other factors. 
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Atmospheric chemistry models such as the Community Multiscale Air Quality (CMAQ) 

model (Byun and Schere, 2006) are used to simulate the reactions of NH3 and other precursors to 

form PM2.5. CMAQ can also simulate the deposition of NH3 and NH4
+ to terrestrial and aquatic 

ecosystems. This type of modeling analysis is essential in evaluating the impacts of NH3 

emissions and the potential benefits of NH3 controls. However, CMAQ modeling of NH3 and 

NH4
+ in PM2.5 is subject to considerable uncertainty. Validation studies of NH3 emissions 

estimates in CMAQ have focused on secondary indicators such as wet deposition of NH4
+ ions, 

and the concentration of NH4
+ in PM2.5 (Gilliland et al., 2006, Kelly et al., 2014). 

An important source of uncertainty for NH3 modeling is the inventory of emissions used 

in CMAQ (Battye et al, 2003). Agricultural sources account for approximately 90% of 

atmospheric NH3 emissions in the U.S. (Aneja et al., 2009). These emissions emanate primarily 

from animal waste management and synthetic nitrogen fertilizer application (Battye et al., 2002). 

NH3 emissions estimates are calculated by applying emission factors and emission models to the 

agricultural census (U.S. EPA, 2009). These emissions are allocated to different times of the year 

and to geographic modeling grids using temporal and spatial allocation factors, which add to the 

uncertainty of model emissions estimates. 

1.3. Data and Methods 

The availability of data on atmospheric NH3 has increased substantially in recent years. 

These data include in situ aircraft measurements, ground level concentration measurements, and 

satellite-based estimates of atmospheric NH3 based on infrared absorption. Aircraft measurement 

programs provide rich datasets for the analysis of air pollution through the vertical profile of the 

atmosphere. However, any given measurement campaign must necessarily be restricted in its 

duration and geographical scope. The network of ground level monitors for NH3 is also sparse. 
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Satellite retrievals of NH3 are of particular interest, because they provide spatial coverage and 

resolution superior to the ground-based measurement network. This current study aims to make 

use of all of these types of measurements to evaluate the handling of NH3 in the NAQFC air 

quality model, and to identify potential improvements to emissions estimates for NH3 in the U.S.  

1.3.1. Air Quality Model 

This work is being carried out in collaboration with the U.S. National Oceanic and 

Atmospheric Administration (NOAA) Air Resources Laboratory, which is responsible for 

forecasting elevated levels of air pollution within the National Air Quality Forecast Capability 

(NAQFC) (Tang et al., 2015). NOAA uses the Community Multiscale Air Quality (CMAQ) 

model version 5.0.2 to predict air pollutant concentrations for the continental U.S. (Byun and 

Schere, 2006, CMAS 2016). Meteorological predictions to drive the air quality model are 

generated using the Weather Research and Forecasting Advance Research WRF (WRF-ARW) 

regional meteorological model. The horizontal resolution of both models is 12 km, with 42 

vertical layers with a domain top at 50 hectopascals (hPa). The height of the lowest vertical layer 

was 8 meters above the ground. Aerosol chemistry is based on the AERO5 module of CMAQ 

version 4.7.1 (Binkowski and Shankar, 1995), and dry deposition computed for NH3 is based on 

the M3Dry module (Mathur et al., 2005). The configuration of the CMAQ and WRF-ARW 

models within the NAQFC is described in more detail in Tang et al. (2015). Air pollutant 

emissions for the NAQFC are derived from the National Emissions Inventory (NEI), prepared 

every three years by the U.S. Environmental Protection Agency (U.S. EPA). 

CMAQ includes an optional bidirectional surface exchange model for NH3 (Cooter et al. 

2012; Bash et al. 2013; Pleim et al. 2013). This model allows for the potential evaporation of 

NH3 to the air from vegetated landscapes, offsetting the NH3 deposition flux and resulting in 
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higher atmospheric concentrations of NH3. In testing of the bidirectional flux model, predicted 

atmospheric NH3 concentrations were 10% higher, on average, than previous predictions with 

the unidirectional deposition flux approach (Cooter et al. 2012; Bash et al. 2013). This difference 

was larger in areas with denser NH3 emissions. The current research includes a mixture of 

analyses with and without the bidirectional NH3 exchange option. 

1.3.2. Ground Level Measurement Networks for NH3 Vapor and NH4+ in Airborne Particulate 
Matter  

The Ammonia Monitoring Network (AMoN) has recently become a source of data on 

long-term NH3 gas concentrations across the U.S. (NADP 2014) which can be used to evaluate 

CMAQ NH3 predictions. The density of AMoN sites has been somewhat limited, but is 

improving – from 55 sites nationwide in 2011 to about 100 sites in 2015. AMoN monitors use 

passive diffusion collectors which are changed every two weeks. The detection limit of the 

AMoN passive sampler is approximately 0.16 ppbv for samples collected over a two-week 

period, with an accuracy of +41% (Puchalski et al, 2011) and an average bias of −9% compared 

with an annular denuder system (Puchalski et al, 2015). Many AMoN sites are collocated with 

Clean Air Status and Trends Network (CASTNET) sites which analyze the concentration of 

NH4
+ and other ionic species in airborne particulate matter. CASTNET measurements for NH4

+ 

have a precision of ±20% (AMEC, 2013; U.S. EPA, 2018a). 

NAQFC CMAQ NH3 predictions are compared with these passive sampler 

measurements. NH3 concentration results were extracted for the grid cells surrounding each 

monitor location, in the lowermost model layer. The model grid cell results were interpolated to 

the monitor location sites and averaged for the passive sampler measurement periods. The rate of 

conversion of gaseous NH3 to particulate NH4
+ is a potential source of discrepancy between the 
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modeled and measured NH3 concentrations. Therefore, we also compare modeled and measured 

values for particulate NH4
+, and for NHX, the sum of gaseous NH3 and particulate NH4

+. 

1.3.3. Local and Regional Measurements with Ground-Based and Aircraft-Based Continuous 
Monitors 

Continuous measurements of NH3 vapor have been made as part of locally- and 

regionally-targeted studies. In addition, some intensive field measurement campaigns have 

included continuous aircraft-based measurements of gaseous NH3, particulate NH4
+, and other 

pollutants as the aircraft flies over the target region. In the current research, we used these 

aircraft-based continuous monitoring results for a study of model performance in Northeastern 

Colorado, and ground-based continuous monitoring results for a study of North Carolina. These 

measurements are described in detail in the Data and Methods sections of Chapters 2 and 3. 

1.3.4. Satellite Measurements 

This research also draws on estimates of atmospheric NH3 from three satellite 

measurement systems. These three systems are the Tropospheric Emission Sounder (TES) on the 

Aura satellite, the Atmospheric Infrared Sounder (AIRS) on the Aqua satellite, and the Infrared 

Atmospheric Sounding Interferometer (IASI) on the MetOp satellite. Table 1-2 summarizes the 

differences between these satellite measurements. In each case, NH3 concentrations are retrieved 

from the spectrum of infrared radiation measured above the atmosphere (at an altitude of 702 to 

817 km). The retrieval algorithms rely on the change in infrared intensity across a number of 

specific wavelength bands covering absorption bands for NH3 (Shephard et al, 2012; Warner et 

al, 2016; Van Damme et al, 2017; and Whitburn et al, 2015). 

Retrievals are available for historic NH3 concentrations starting in 2003 for AIRS, 2004 

for TES, and 2008 for IASI. Another system, the Cross-track Infrared Sounder (CrIS), was   
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  TES IASI AIRS 
Dates of NH3 retrievals 2004 – present 2008 – 2016 2002 – 2015 

Time of satellite passage ~1:30 pm ~10 am ~1:30 pm 

Retrieval frequency for a 
given location 

16 days ~1 day ~2 days 

Footprint or spatial 
resolution 

5 km x 8 km ~(12 km)2 (45 km)2 

Spectral frequencies used 
(cm-1) 

960–970 800–1200 860–875, 928–932, 
965–967 

Spectral resolution ~0.5 cm-1 ~0.5 cm-1 ~0.1 cm-1 

Parameters retrieved Ground level 
concentration 

Total column 
loading 

Concentration at 
918 hPa 

Vertical profile 
  

Total column      

Method Optimal estimation Neural network Optimal estimation 
a priori from 
GEOS-CHEM 

No a priori 
assumption 

a priori from 
GEOS-CHEM 

 

  

Table 1-2. Comparison of satellite measurements for NH3 
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launched in 2011 on the Suomi NPP satellite. NH3 retrievals for this system have not yet been 

made publicly available, but may become available in the near future (Shephard and Cady-

Pereira, 2015). CrIS will provide temporal and spatial resolution similar to AIRS and IASI, with 

an improved spectral resolution and the potential for improved accuracy. 

In each case, a forward radiative transfer model (RTM) is used to compute the expected 

intensity of radiation in the selected bands at the top of the atmosphere. The RTM requires input 

information on the atmospheric density, relative humidity and concentrations of other trace 

gases. For the TES and AIRS retrievals, an a priori assumption is made for the concentration of 

NH3. The retrieval for NH3 is carried out after retrievals for temperature and other trace gases. 

The concentration profile of NH3 is computed to minimize the error between the spectrum 

predicted by the RTM and the spectrum actually measured by the satellite. This results in an 

estimate of the concentration of NH3 for the region sensed by the satellite. In the current study, 

only those measurements which pass quality assurance checks were used. 

The estimated concentration of NH3 is affected by and may tend to be biased toward the a 

priori assumption made for NH3. In addition, the satellite is seeing an absorption by the entire 

atmospheric column. Although the retrieval algorithm is used to estimate the vertical distribution 

of NH3, this vertical distribution is also subject to uncertainties and is affected by the a priori 

assumption. The IASI retrieval is the only case where no a priori assumption is made for NH3. 

1.3.5 Model-to-Measurement Comparisons 

Prediction accuracy for the NAQFC CMAQ model is quantified by computing the 

normalized mean bias (NMB), and the ratio of the average measured concentration to the 

average model prediction (Ro/m): 
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𝑁𝑁𝑁𝑁𝑁𝑁 =
∑ [𝐶𝐶𝑚𝑚𝑚𝑚𝑚𝑚(𝑖𝑖) − 𝐶𝐶𝑚𝑚𝑜𝑜𝑜𝑜(𝑖𝑖)]𝑁𝑁
𝑖𝑖=1

∑ 𝐶𝐶𝑚𝑚𝑜𝑜𝑜𝑜(𝑖𝑖)𝑁𝑁
𝑖𝑖=1

  

 
and: 

𝑅𝑅𝑚𝑚/𝑚𝑚 =
∑ 𝐶𝐶𝑚𝑚𝑜𝑜𝑜𝑜(𝑖𝑖)𝑁𝑁
𝑖𝑖=1

∑ 𝐶𝐶𝑚𝑚𝑚𝑚𝑚𝑚(𝑖𝑖)𝑁𝑁
𝑖𝑖=1

 

where Cmod(i) and Cobs(i) are, respectively, the model prediction and the observed concentration 

at a given location and time, and N is the number of observations. Ro/m and NMB are related to 

one another as follows: 

𝑁𝑁𝑁𝑁𝑁𝑁 =
1

𝑅𝑅𝑚𝑚/𝑚𝑚
− 1 

The Pearson correlation coefficient (r) and the concordance correlation coefficient (𝜌𝜌c) 

are used to evaluate correlation of the measured concentrations with predicted concentrations. 

The concordance correlation coefficient is also known as the reproducibility index, and gives a 

more rigorous test of whether modeled values predict observed values (Lin, 1989, 1992). 

1.4. Objectives 

The objectives of this research are: 

1) To evaluate the performance of the NAQFC CMAQ model for predicting atmospheric 
concentrations of NH3 using available measurement data from aircraft and ground based 
monitors. 
 

2) To evaluate the potential for using satellite retrievals of NH3 to test model simulations. 
 

3) To use the CMAQ, coupled with satellite retrievals and other measurement data, to 
identify potential improvements in the emission inventory for NH3, including the spatial 
and temporal allocation of emissions. 
 

4) To assess trends in atmospheric NH3 concentrations over the past decade. 
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Evaluation of Model Predictions in 
Northeastern Colorado 

A detailed local analysis was carried out using measurements gathered in the 

DISCOVER-AQ Colorado field campaign and the concurrent Front Range Air Pollution and 

Photochemistry Experiment (FRAPPE) to test performance of the NAQFC CMAQ modeling 

framework for predicting NH3. The DISCOVER-AQ Colorado field campaign and the FRAPPE 

campaign were was carried out from July 17 through August 10, 2014 in the Front Range of the 

Rocky Mountains in Northeast Colorado (Battye et al, 2016). These included in-situ aircraft 

measurements, ground-based measurements, and satellite measurements. Figure 2-1 shows the 

locations of the aircraft flights, ground level monitors, and the swath of satellite measurements.  

2.1. Data and methods 

2.1.1. Air Quality Model 

This work is being carried out in collaboration with the U.S. National Oceanic and 

Atmospheric Administration (NOAA) Air Resources Laboratory, which is responsible for 

forecasting elevated levels of air pollution within the National Air Quality Forecast Capability 

(NAQFC) (Tang et al., 2015). NOAA uses the Community Multiscale Air Quality (CMAQ) 

model version 5.0.2 was used to predict air pollutant concentrations for the continental U.S. 

(Byun and Schere, 2006, CMAS 2016).  

Meteorological predictions to drive the NAQFC CMAQ model are generated using the 

Weather Research and Forecasting Advance Research WRF (WRF-ARW) regional 

meteorological model.  
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Figure 2-1. Domain of the DISCOVER-AQ Colorado measurement campaign, showing flight 
paths for low level in situ aircraft measurements, locations of ground level monitors, and the 
path for TES satellite measurements. 
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The horizontal resolution of both models is 12 km, with 42 vertical layers with a domain top at 

50 hPa. More vertical layers are used below 1 km. The height of the lowest vertical layer is 

8 meters above the ground within the DISCOVER-AQ domain. The configuration of the CMAQ 

and WRF-ARW models within the NAQFC is described in more detail in Tang et al. (2015).  

Air pollutant emissions for the NAQFC are derived from the U.S. National Emissions 

Inventory (NEI). At the time of the Colorado field study, the 2005 NEI was being used, with 

several major updates as described in Tong et al (2015). For NH3, the NEI provides county-level 

estimates of annual emissions. These annual emissions estimates are allocated the 12-km model 

grid and to hourly values using the Sparse Matrix Operator Kernel Emissions (SMOKE) system 

(Vukovich and Pierce, 2002). Aerosol chemistry is based on the AERO5 module of CMAQ 

version 4.7.1 (Binkowski and Shankar, 1995), and dry deposition computed for NH3 is based on 

the M3Dry module (Mathur et al., 2005). 

2.1.2. Aircraft Measurements 

We compared NAQFC CMAQ model predictions of gaseous NH3 with measurements 

made in flight by a Lockheed P3B Orion aircraft operated by the National Aeronautics and Space 

Administration (NASA). The rate of conversion of gaseous NH3 particulate NH4
+ is a potential 

source of discrepancy between the modeled and measured NH3 concentrations. Therefore, we 

also compared modeled and measured values for the sum of gaseous NH3 and particulate NH4
+, 

NHX. The aircraft measurements were made at elevations ranging from ground level to 5 km 

above ground level, and included upward spirals, downward spirals, and transect flights in the 

Front Range of the Rocky Mountains, around Denver, Boulder, Fort Collins, and Greeley, 

Colorado.  
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The measured values of NH3 and NH4
+ were obtained from the DISCOVER-AQ 

Colorado field campaign archive. P3B aircraft measurements of NH3 and NH4
+ are described in 

detail in Müller et al. (2014) and Sun et al. (2015). Ambient air was directed to an array of 

instruments located on-board the aircraft. NH3 was measured using a proton transfer reaction 

time-of-flight mass spectrometer (PTR-MS). NH3 concentrations were measured every 10 s; and 

1-minute averages were also computed. The 1-minute averages were used for model-to-

measurement comparisons.  

The PTR-MS measurement system for NH3 was evaluated in a previous DISCOVER-AQ 

campaign in the San Joaquin Valley of California (Sun et al., 2015). The PTR-MS system was 

found to have a measurement accuracy of ±35% and a 1σ measurement precision of 5.5–

6.5 ppbv at 1 s time resolution, or 0.75 ppbv for a 1-minute average. This variability results in a 

low signal-to-noise ratio, especially for NH3 in the free troposphere, where concentrations are 

below 1 ppbv. In order to reduce the impact of this low measurement precision, our comparisons 

of aircraft data with model predictions focus on measurements made at altitudes below 1,000 m 

above ground level, as measured by radar. 

Concentrations of NH4
+ aerosol, and other soluble aerosols were measured by a Particle-

into-Liquid-Sampler followed by ion chromatography (PILS-IC). The NH4
+ concentration was 

recorded every minute. In side-by-side comparisons, the NASA PILS-IC system showed good 

correlation with filter measurements, giving a slope of ~0.93, intercept of ~0.24 µg m-3, and 

r-value of 0.94. Precision for calculated at ~0.4 µg m-3. (Orsini et al, 2003). 

As air pollutant concentrations were recorded, the location, altitude, speed, bearing, and 

angle of ascent or descent were recorded using data from the aircraft navigation system and 

global positioning system (GPS). The height above ground level was also measured using radar. 
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NAQFC model predictions of NH3 and NH4
+ were extracted for comparison with for each 

1-minute average aircraft measurement. The NAQFC model prediction at a given measurement 

location and time is computed by 4-dimensional interpolation across space and time, using the 

model grid cells surrounding the measurement point at the appropriate model layer height. 

2.1.3 Satellite Measurements 

NAQFC model predictions were also compared with NH3 concentrations retrieved from 

infrared spectra gathered by the TES instrument on the Aura satellite. TES performed 5 transect 

measurements over the DISCOVER-AQ study domain between July 29 and August 14, 2014. 

These were all daytime passes, between 1:00 and 1:30 PM local standard time. 

The NH3 retrievals rely on the change in intensity of infrared radiation across a number 

of specific wavelength bands which are chosen to cover a sharp feature in the NH3 infrared 

absorption spectrum (940–970 cm-1). A forward radiative transfer model (RTM) is used to 

compute the expected intensity of radiation in the selected bands at the top of the atmosphere. 

The RTM requires input information on the atmospheric density, relative humidity and 

concentrations of other trace gases, as well as an a priori assumption on the concentration of 

NH3. The retrieval for NH3 is carried out after retrievals for temperature and other trace gases. 

The assumed concentration profile of NH3 is varied to minimize the error between the spectrum 

predicted by the RTM and the spectrum actually measured by the satellite. This results in an 

estimate of the concentration of NH3 for the region sensed by the satellite. (Shephard et al, 

2012). In the current study, only those measurements which passed TES quality assurance 

checks were used (Species Retrieval Quality = 1). 

The estimated concentration of NH3 is affected by and may tend to be biased toward the a 

priori assumption made for NH3. In addition, the satellite is seeing an absorption by the entire 
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atmospheric column. Although the retrieval algorithm is used to estimate the vertical distribution 

of NH3, this vertical distribution is also subject to uncertainties and is affected by the a priori 

assumption. 

2.2. Results and Discussion 

2.2.2. Comparison of Model Predictions with in Situ Aircraft Measurements 

Table 2-1 summarizes the results of the comparison of in situ aircraft measurements with 

model predictions for of NH3, NH4
+ in PM2.5 and NHX. For each measurement location, the 

corresponding NAQFC model prediction was interpolated based on the surrounding grid cells at 

the appropriate model layer heights. The concentration pairs were then compared directly, 

without any adjustment for altitude. The aircraft measurements were carried out during the day, 

and our comparisons were restricted to measurements taken below 1000 m in altitude. Therefore, 

these measurements are generally within the well-mixed planetary boundary layer (Arya, 1999). 

The average measured NH3 concentration was 6.1 ppbv (3.9 µg/m3), with a standard deviation of 

6.9 ppbv (4.2 µg/m3) and a maximum measured value of 90.0 ppbv (53.1 µg/m3). In comparison, 

the average model prediction at the locations and times corresponding to these measurements 

was 2.2 ppbv (1.4 µg/m3). The standard deviation of the model prediction was 1.6 ppbv 

(1.4 µg/m3) and the maximum model prediction was 15.3 ppbv NH3 (9.1 µg/m3). The average 

measured concentration of NH3 was a factor of 2.7 higher than the average of model predictions 

at the sample locations. This corresponds to a normalized mean bias for NH3 of –63%. 

The average measured concentration of particulate NH4
+ was 0.29 µg/m3, which reflects 

an average conversion of 7% of NH3 to NH4
+. The average model prediction was 0.34 µg/m3, 

corresponding to an average conversion of 23%. The ratio of the average measured concentration 

on particulate NH4
+ to the average model prediction was 0.85, corresponding to a normalized  
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NH3 

(ppbv) 
NH3 

(µg/m3) 
NH4 

(µg/m3) 
NHX 

(µg/m3) 
Measured concentrations     

Average  6.1 3.9 0.29 4.2 
Standard deviation  6.9 4.2 0.38 4.6 
Maximum  90.0 53.1 2.05 53.3 

Model predictions     
Average 2.2 1.4 0.34 1.7 
Standard deviation 1.6 1.0 0.20 1.1 
Maximum  15.3 9.1 1.46 9.2 

Comparison statistics     
Normalized mean bias -63% 18% -60% 
Ratio of average measured value 

to average modeled value 2.7 0.85 2.5 

Correlation coefficient (r) 0.52 0.37 0.54 
Concordance correl. coeff. (ρc) 0.16 0.29 0.17 
Number of observations 2,372 1,700 1,637 

 

Table 2-1. Comparison of ground-based measurements with model predictions for 
NH3.  
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mean bias of +18%. Thus, the underestimation of gaseous NH3 was not accompanied by an 

underestimation of particulate NH4
+. However, the relative magnitude of predicted NH3 gas and 

particulate NH4
+ suggests that the formation of NH4

+ was not limited by availability of NH3. 

The results of a comparison for NHX (the combination of NH3 vapor and particulate 

NH4
+) are similar to the results for gaseous NH3 alone. The average measured concentration of 

NHX is a factor of 2.5 higher than the average of corresponding model predictions, and the 

normalized mean bias is an under-prediction of 60%. These values are slightly lower than the 

values for NH3 vapor alone.  

Figure 2-2a plots the measured concentrations of NH3, on the y-axis, against model 

predictions on the x-axis. Figures 2-2b and 2-2c provide similar plots for NH4
+ and NHX, 

respectively. Each measurement is plotted as a point. Two lines are also included in each plot. 

The dotted lines show a 1:1 slope, where points would have fallen if the measurements and 

model predictions were in complete agreement (measured = modeled). The dashed lines show 

the 1:1 slope displaced by the NMB. 

The graphs in Figure 2-2 show substantial scatter for all three pollutants. In all three 

cases, high measured values can occur where model predictions are low, and vice versa. For both 

NH3 and NHX, the majority of measurements fall above the prediction line (measured = 

modeled). For NH4
+, the measurements fall evenly on both sides of the line.  

Figure 2-3 compares a histogram of the measured NH3 concentration with a histogram of 

the modeled NH3 concentration. The figure illustrates that the distribution of model predictions 

falls off much more swiftly than the distribution of measured concentrations. However, the 

structure of the two profiles is similar. Figure 5.1-3 shows that the model does not produce the 

full range of values found in the measured data set at the high end. The 98th percentile of  
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Figure 2-2. Aircraft in situ measurements of NH3 (a), NH4
+ (b), and NHX (c), plotted against 

model predictions.  
 
 
 

NOTE: Each measurement is plotted 
as a point. Dotted lines show a 1:1 
slope, where points would have fallen 
if the measurements and model 
predictions were in complete 
agreement (measured = modeled). 
Dashed lines show the 1:1 slope 
displaced by the NMB. 
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Figure 2-3. Histogram of aircraft measurements compared with histogram of 
model predictions at the corresponding times and locations. 
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measured values was 23 ppbv while the 98th percentile level of corresponding modeled values 

was 6 ppbv. However, Figure 2-2a shows that the underestimation in not restricted to the high 

end, but affects the full range of NH3 concentrations.  

In order to identify spatial patterns in the model prediction error, NMB and Ro/m were 

computed using the in situ aircraft measurements within each 12-km modeling grid. Figure 2-4 

presents the results of this analysis. In the figure, a background raster (in blue) shows the average 

NAQFC CMAQ prediction during the DISCOVER-AQ campaign. Round icons indicate the ratio 

of the average measured concentration to the average model prediction (Ro/m). The largest 

differences between modeled and measured NH3 were around Greeley, in Weld County.  

Over 1,300 cattle operations are located in Weld County (USDA, 2014), including two 

feedlots which are among the largest in the U.S. (CSU, 2016). The inventory of cattle in Weld 

County is over 500,000, the 3rd largest cattle population of any U.S. county (USDA, 2014). The 

concentration of cattle operations in the Greeley area resulted in model predictions of NH3 which 

were higher than those in the rest of the modeling region. Measured NH3 in the Greeley area 

were a factor of 3 to 4.3 higher than the model predictions. Similar ratios of measured-to-

modeled NH3 were found near Denver; however the magnitude of both modeled and measured 

NH3 concentrations were lower than in the area around Greeley. 

Each of the icons for Ro/m in Figure 2-4 represents multiple measurements (85 on 

average), with the icon at the Northeastern of the loop near Greeley representing 113 

measurements. Nevertheless, these measurements are localized along the path of the aircraft. 

Thus, it is possible that the measurements are affected by local hotspots of NH3, so that the large 

values of Ro/m may apply to only a fraction of the modeling grid.  
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Figure 2-4. Spatial variation of model prediction error from in situ aircraft 
measurements. 
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In summary, the average concentration of NH3 measured by in situ aircraft sampling was 

a factor of 2.7 higher than the average of model predictions at the sample locations. However, 

the underestimation of gaseous NH3 was not accompanied by an underestimation of particulate 

NH4
+. The under prediction of NH3 was more pronounced in an area around Greeley with high 

NH3 emissions. In addition, the highest concentrations of NH3 predicted by the model were 

considerably lower than the highest measurements.  

2.2.2. Model Predictions Compared with Ground Level Passive Measurements 

Table 2-2 and Figure 2-5 summarize the results of the comparison of measured 

concentrations with model predictions for 3 passive NH3 samplers operated under the AMoN 

network. One of the AMoN sites is located in Fort Collins, Colorado, with the Rocky Mountains 

to the west and an agricultural region to the east. The remaining three AMoN sites are in remote 

areas, including two in the Rocky Mountain National Park. In each comparison between the 

model and a ground-level measurement, we computed the average model prediction for the entire 

duration of the ground-level measurement (14 days). Thus, the measurement and the model 

prediction were compared on the same basis, from the standpoint of averaging time. 

The average measured NH3 concentration for the AMoN all ground-level passive 

monitors was 3.3 ppbv (2.0 µg/m3), with a standard deviation of 3.8 ppbv (2.3 µg/m3) and a 

maximum measured value of 11.6 ppbv (6.8 µg/m3). In comparison, the average model 

prediction at the locations and times corresponding to these measurements was 1.1 ppbv 

(1.3 µg/m3). The standard deviation of the model prediction was 0.7 ppbv (0.8 µg/m3) and the 

maximum model prediction was 3.5 ppbv NH3 (2.1 µg/m3). The average measured concentration 

of NH3 was a factor of 3.0 higher than the average of the corresponding model predictions. The 
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NH3 concentration 

 ppbv µg/m3 
Measured concentrations   

Average  3.3 2.0 
Standard deviation  3.8 2.3 
Maximum  11.6 6.8 

Model predictions   
Average  1.1 0.7 
Standard deviation 1.3 0.8 
Maximum 3.5 2.1 

Comparison statistics   
Normalized mean bias -67% 
Ratio of average measured value 

to average modeled value 3.0 

Correlation coefficient (r) 0.97 
Concordance correl. coeff. (ρc) 0.45 
Number of observations 8 

 

Table 2-2. Comparison of ground-based measurements 
with model predictions for NH3. 
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Figure 2-5. Ground-level measurements of 
NH3 plotted against model predictions. 
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normalized mean bias (NMB) for NH3 was an under-prediction of 67%. This bolsters the result 

for in situ aircraft measurements, discussed above. 

2.2.3. Model Predictions Compared with Satellite Retrievals 

Table 2-3 and Figure 2-6 compare NAQFC CMAQ model predictions with NH3 

concentration estimates retrieved from TES satellite spectroscopic measurements. Three separate 

comparisons were made: one using the estimated total atmospheric column loading, the second 

using the estimated concentration in the lowest layer of the atmosphere, and the third using the 

estimated concentration at an altitude of 1740 m above ground level (AGL). This is the altitude 

where the averaging kernel indicates that the retrieved concentration from the satellite 

measurement is most sensitive to the actual atmospheric concentration. The NMB for the model 

prediction of total column loading (−76%, Ro/m = 4.2) is somewhat more negative than the NMB 

for the comparisons with aircraft data and ground level monitoring data. The model prediction 

for the lowest layer of the atmosphere has a less negative NMB (−33%, Ro/m = 1.5) than the 

prediction for total column loading, or than the comparisons with aircraft and ground level 

monitor data. The average TES retrieval for the lowest layer of the atmosphere is also lower than 

concentrations measured in the same region by aircraft (Table 2.1). The NMB of the model 

prediction at 1740 m AGL (−53%, Ro/m = 2.1) is midway between the results for the total column 

loading and the ground level concentration. Model predictions for this altitude also give a better 

correlation with the satellite retrieval (r = 0.52) than the ground level concentration (r = 0.09) or 

the total column loading (r = 0.11).  

The NMB from the satellite data analysis is subject to considerable uncertainty, as 

highlighted by the variability among the different satellite metrics for NH3 (Table 2-3). However, 
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Total 
atmospheric 

column 
loading 
(mg/m2) 

 
Concentration in 

the lowest 
atmospheric layer 

Concentration 
at the regional 

averaging 
kernel peak 

(ppbv) ppbv µg/m3 
Measured concentrations     

Average  2.0 3.0 1.8 0.83 
Standard deviation  2.9 4.5 2.7 1.1 
Maximum  14.9 21.8 12.9 4.5 

Model predictions     
Average  0.5 2.0 1.2 0.39 
Standard deviation  0.4 2.1 1.3 0.54 
Maximum  1.5 9.2 5.4 2.6 

Comparison statistics     
Normalized mean bias -76% -33% -53% 
Ratio of average measured value 

to average modeled value 4.2 1.5 2.1 

Correlation coefficient (r) 0.11 0.09 0.52 
Concordance correl. coeff. (ρc) 0.02 0.07 0.39 
Number of observations 65 65 65 

 

Table 2-3. Comparison of TES retrievals with model predictions for NH3. 
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Figure 2-6.TES NH3 retrievals plotted against model 
predictions. 
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the satellite results for NH3 are in agreement with the aircraft and ground-level results discussed 

above. 

2.2.4. Satellite Retrievals Compared with Aircraft Measurements 

The TES satellite swath was not aligned with aircraft spiral measurements; however, a 

number of aircraft flight paths crossed the satellite swath close to the time of satellite passage. 

We identified 46 in situ observations which occurred within an hour of a TES satellite pass, and 

within 15 km of the center of the satellite swath. These in situ measurements were compared 

with the TES NH3 retrievals for the atmospheric layer corresponding to the aircraft elevation. 

Table 2-4 and Figure 2-7 summarize the results of this comparison. The average of aircraft 

measurements overlapping the TES track was 2.9 ppbv, with a standard deviation of 2.4 ppbv, 

and a maximum value of 8.1 ppbv. The average of TES retrievals corresponding to these 

measurement locations was 2.8 ppbv, with a standard deviation of 2.5 ppbv, and a maximum 

value of 6.6 ppbv. Thus, the normalized mean bias of the TES retrieval with respect to the in situ 

measurement was only –1%. The correlation coefficient (r) and concordance correlation 

coefficient between the TES retrieval and the aircraft measurement are both 0.78. thus, the TES 

results exhibit good correlation with the aircraft measurements. 

2.2.5. Analysis of Model Bias in Relation to Previous Studies and the NH3 Emissions 
Inventory 

Gilliland et al (2006) performed inverse modeling in order to evaluate the emissions 

inventory for NH3 for the U.S. Measurements of NH4
+ in precipitation were used with a 2001 

CMAQ simulation for the continental U.S. Annual emissions estimates were found to be 

reasonable on average, but inverse modeling results indicated that the NH3 emissions inventory 

was too high in winter and too low in summer. On a domain-wide basis, the posterior NH3 
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  NH3 (ppbv) 
In situ aircraft measurements  

Average  2.9 
Standard deviation  2.4 
Maximum  8.1 

TES retrievals   
Average  2.8 
Standard deviation  2.5 
Maximum  6.6 

Comparison statistics  
Normalized mean bias of TES 

retrieval -1% 

Ratio of average measured value to 
average TES retrieval 1.01 

Correlation coefficient (r) 0.78 
Concordance correl. coeff. (ρc) 0.78 
Number of observations 46 

 

Table 2-4. Comparison of in situ aircraft measurements 
with TES retrievals for NH3. 
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Figure 2-7. Aircraft in situ measurements of 
NH3 plotted against TES satellite retrievals. 
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emissions inventory for the July-August timeframe was 17% higher than the prior inventory. 

Smaller-scale analyses of the data suggested that the error may have been higher in the western 

U.S., however these results were unstable due to low precipitation rates. 

Butler et al (2014) evaluated CMAQ predictions in Susquehanna River Watershed of 

New York and Pennsylvania using ambient concentration measurements conducted in 2008 and 

2009. The model estimates were lower than measured values by 8% to 60%. 

Kelly et al (2014) evaluated CMAQ predictions in the San Joaquin Valley of California 

using measurements from the measurement campaign for “California Research at the Nexus of 

Air Quality and Climate Change” (CalNex) in May and June of 2010. The study analyzed 

multiple pollutants, including NH4
+ and NH3. The model performed well for NH4

+. NH3 was 

over-predicted in some urban areas; however, this was attributed to errors in prediction of the 

mixing layer behavior. The model under-predicted NH3 in agricultural regions. In addition, 

model predictions did not capture the large variations in measured NH3.  

Zhu et al (2013) performed inverse modeling of ambient NH3 in the Continental U.S. 

using TES satellite data in conjunction with the GEOS-Chem model. TES data were assimilated 

for April, July, and October of 2006 through 2009. AMoN data were used to evaluate the inverse 

modeling results. The study found that the initial NH3 emissions inventory appeared to be an 

underestimate, especially in the Western U.S. 

The current study found that the NAQFC CMAQ model underestimated the NH3 

concentration in Northeastern Colorado in July and August of 2014 by a factor of ~2.7 

(NMB = −63%). This difference is larger than the differences found by Gilliland et al (2006) and 

Butler et al (2014). However, these studies differed from the current study in important ways. 

The Gilliland study used deposition measurements to evaluate CMAQ predictions; and the Butler 
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study focused on a region of low NH3 concentration. The findings of the current study are 

comparable to the findings of Kelly et al (2014) for an agricultural region in California. Both the 

current study and the Kelly study included regions with intensive agriculture. A European study 

using CMAQ as part of the CALIOPE-EU modeling system also found that NH3 concentrations 

were underestimated in the summer months (Pay et al, 2012).  

Measured and modeled concentrations of NH4
+ were much lower than the measured 

concentration of NH3. Therefore, any differences in the conversion of NH3 to NH4
+ would be too 

small to account for the underestimation of NH3. Rather, the model error for NH3 is believed to 

result from either the NH3 emissions inventory, or to the rate of NH3 deposition. The NAQFC 

modeling framework used in the current study did not include a recently-developed bidirectional 

flux algorithm for NH3 between the bottom layer of the model and the surface. (Cooter et al. 

2012; Bash et al. 2013; Pleim et al. 2013). Testing of the bidirectional flux model has predicted 

NH3 concentrations 10% higher, on average, than previous predictions with the unidirectional 

deposition flux approach (Cooter et al. 2012; Bash et al. 2013). Thus, we would not expect the 

incorporation of bidirectional flux, by itself, to correct the underestimation of NH3 for the 

DISCOVER-AQ domain. 

As illustrated in Figure 2-4, the model bias varies across the DISCOVER-AQ domain, 

with larger differences in the neighborhood of Greeley and Denver. The Greeley area is a region 

of intensive agriculture, with high levels of NH3 emissions in the 2005 NEI. Thus, NAQFC 

CMAQ model predictions of NH3 in this area are higher than the surrounding region. However, 

results of the model-to-measurement comparison indicate that emissions in the Greeley region 

may have been still higher than the levels reflected in the inventory. 
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The current study also uses NH3 emissions estimates from the 2005 NEI, which have 

recently been updated in the 2011 NEI. However, the change in estimated NH3 emissions from 

the 2005 NEI to the 2011 NEI was only an increase of 10% within the DISCOVER-AQ 

Colorado domain (U.S. EPA, 2009 and 2015). Long term NH3 monitoring trends at the Fort 

Collins AMoN site also do not show an increase in measured NH3 concentrations over this 

period. Figure 2-8 shows that measured concentrations in 2014 at Fort Collins fall within the 

range of concentrations measured for the preceding 7 years.  

On the timescale of the summer measurement campaign, errors in the emissions 

inventory can arise not only from the overall emission factors, but also from the seasonal 

allocation of emissions. However, the increase in the measured NH3 concentration at Fort Collins 

is less than the increase in NH3 emissions in the modeling domain, based on the seasonal factors 

used in the NEI. The measured NH3 concentration during the monitoring campaign was 1.44 

times the annual average concentration at the Fort Collins site in the calendar year 2014. Based 

on seasonal allocation factors used in the NEI for NH3, emissions used in July and August are 

1.8 times the annual average. Thus, the underestimation in NH3 for the campaign is not believed 

to result from errors in seasonal allocation. 

2.3. Summary and Conclusions 

This chapter describes an evaluation of the NOAA NAQFC predictions of NH3 and NH4
+ 

using a number of different data sources. The primary data source is a large set of aircraft-based 

in situ measurements from the DISCOVER‐AQ Colorado campaign. In addition, data were 

obtained from the ground-based AMoN network, a ground-based study carried out by CSU in 

concert with the DISCOVER-AQ campaign, and the satellite-based TES instrument. The 

NAQFC model underestimated Northeastern Colorado NH3 concentrations during the July and  
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Figure 2-8. Seasonal pattern of NH3 vapor at the Fort Collins AMoN site in 2014 
compared with NH3 vapor in previous years. 
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August of 2014 by a factor of ~2.7 when compared to aircraft emissions measurements. Similar 

results were observed for the AMoN, CSU, and TES datasets, with the model underestimating 

NH3 by 1.5 to 4.2 times. However, the underestimation of gaseous NH3 was not accompanied by 

an underestimation of particulate NH4
+.  

The model error for NH3 is believed to result from either the NH3 emissions inventory, or 

to the rate of NH3 deposition. The NAQFC modeling framework did not include a recently-

developed bidirectional flux algorithm for NH3. Although the bidirectional flux algorithm could 

be expected to raise NH3 concentrations in the summer months, the magnitude of this increase is 

not believed to be sufficient to overcome the underestimation of NH3 which was found in this 

study.  

The underestimation of NH3 varied across the study domain, with the highest errors 

occurring in a region of intensive agriculture near Greeley, and in the vicinity of Denver. 

Seasonal patterns measured at an AMoN site in the region suggest that the underestimation of 

NH3 is not due to the seasonal allocation of emissions, but to the overall annual emissions 

estimate.  
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Evaluation of Model Predictions in North Carolina  

3.1. Introduction 

Ammonia (NH3) in the atmosphere contributes to the formation of airborne fine 

particulate matter (PM2.5), which is associated with a number of adverse human health effects, 

including aggravated asthma, irregular heartbeat, and premature death (Pope et al., 2009). 

Ammonium compounds, including ammonium sulfates [NH4HSO4 and (NH4)2SO4] and 

ammonium nitrate (NH4NO3), make up a large fraction of PM2.5 (Kwok et al., 2013). NH3 can be 

important in the nucleation of new particles (Holmes, 2007; Herb et al., 2011). NH3 also 

contributes to a cascade of other environmental impacts. NH3 and NH4
+ in the atmosphere are 

deposited through both wet and dry processes to terrestrial and aquatic ecosystems, leading to 

increase levels of biologically available nitrogen, termed reactive nitrogen, in these ecosystems. 

This can lead to eutrophication of aquatic ecosystems, and losses of species diversity (Jones, 

2013; Paerl, 1988; and U.S. EPA SAB, 2007). A portion of the NH3 and NH4
+ is also converted 

to gaseous nitrous oxide (N2O) by soil and aquatic microorganisms. This N2O reenters the 

atmosphere and absorbs infrared radiation, with a climate change potential approximately 250 

times that of CO2 (IPCC, 2014). N2O also contributes to stratospheric ozone depletion (Revell et 

al, 2015). 

The National Oceanic and Atmospheric Administration (NOAA) models the emission, 

transport, reaction, and deposition of NH3 and its reaction products within the framework of the 

U.S. National Air Quality Forecast Capability (NAQFC). The NAQFC uses the Community 

Multiscale Air Quality (CMAQ) model (Byun and Schere, 2006), with emission inputs from the 

U.S. Environmental Protection Agency (U.S. EPA), Environment and Climate Change Canada 
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(ECCC), and Mexico (Pan et al., 2014; Tong et al., 2015). The bulk of NH3 emissions to the 

atmosphere in the U.S. emanate from agricultural operations, primarily animal waste 

management and synthetic nitrogen fertilizer application (Aneja et al., 2009). The magnitude and 

distribution of agricultural NH3 emissions are subject to considerable uncertainty (Battye et al., 

2003). Emission rates are calculated using emission models coupled with animal population data 

from the agricultural census (McQuilling and Adams, 2015). Emissions are dependent on waste 

handling and fertilizer application techniques, and on voluntary measures implemented to 

prevent losses of surplus reactive nitrogen to the environment. Limited information is available 

the implementation of such measures. Emission-generating activities are also allotted to different 

times of the year and to geographic modeling grids using temporal and spatial allocation factors, 

which add to the uncertainty of model emissions estimates (U.S. EPA, 2015).  

The U.S. EPA has recently developed a bidirectional surface exchange model for NH3 

over agricultural land and natural ecosystems (Cooter et al. 2012; Bash et al. 2013; Pleim et al. 

2013). This model allows for the potential vaporization of NH3 to the air from vegetated 

landscapes, offsetting the NH3 deposition flux and resulting in higher atmospheric concentrations 

of NH3. In testing of the bidirectional flux model, predicted atmospheric NH3 concentrations 

were 10% higher, on average, than previous predictions with the unidirectional deposition flux 

approach (Cooter et al. 2012; Bash et al. 2013). This difference is larger in areas with denser 

NH3 emissions. NOAA is in the process of incorporating the bidirectional NH3 flux model into 

the NAQFC.  

Methods are needed to evaluate the capability of NAQFC model to predict NH3 and to 

identify potential improvements to NH3 emissions estimates and prediction methods. Such 

improvements would also help to improve predictions of reactive nitrogen deposition and PM2.5 
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concentrations in the atmosphere. Some previous validation studies of NH3 predictions in 

CMAQ have used secondary indicators such as wet deposition of NH4
+ ions, and the 

concentration of NH4
+ in PM2.5 (Gilliland et al., 2006, Kelly et al., 2014). The Ammonia 

Monitoring Network (AMoN) has recently become a source of data on long-term NH3 gas 

concentrations across the U.S. (NADP, 2018) which can be used to evaluate NAQFC model NH3 

predictions. However, the density of AMoN sites is limited, with only 55 sites nationwide in 

2011, being expanded to about 100 sites in 2015. In addition, the network measures two-week 

average NH3 concentrations and, therefore, does not provide information on short term 

variations. Recent satellite infrared spectrometry measurements offer the opportunity to provide 

an additional source of atmospheric NH3 concentration data. Satellites can provide spatial 

coverage and resolution superior to the ground-based measurement network. 

This current study evaluates NAQFC model predictions of atmospheric NH3 in North 

Carolina (NC), with a particular focus on Eastern North Carolina. This is a region of high NH3 

emissions due to a concentration of Confined Animal Feeding Operations (CAFO) for swine and 

poultry production. In fact, Sampson and Duplin counties in eastern North Carolina were 

estimated to have the highest rates of atmospheric NH3 emissions (per land area) of all U.S. 

counties in the 2011 and 2014 NEI (U.S. EPA, 2015, 2018b). The North Carolina Department of 

Environmental Quality (NCDEQ) made hourly measurements of atmospheric NH3 at three sites 

in North Carolina (Shendrikar et al, 2006). The longest operating site, at the Clinton Crop 

Research Center in Sampson County, operated from 2004 to 2015. The NCDEQ also maintains a 

permit database showing the locations of animal waste treatment lagoons. This information 

provides a unique opportunity to evaluate model performance towards potential improvement of 

spatial allocation used in the NEI for NH3 emissions. 
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In the current study, the NAQFC model is implemented in two separate runs for the 

month of July 2011. The first run was a test run using the standard 2011 NEI modeling platform 

and including the bidirectional flux option of CMAQ. In the second run, the spatial allocation of 

NH3 emissions within counties was upgraded based on actual CAFO locations from the NCDEQ 

permit database. Additional modifications were made for the second run based on the findings of 

the test run, which showed a significant overprediction of atmospheric NH3 and a spike in NH3 

in the early evening. Because of the overprediction in the initial test run, the bidirectional flux 

option was not used in the second run. In addition, a revised emissions inventory was developed 

for North Carolina using a lower end estimate of NH3 from swine operations. Finally, a small 

revision was made to the hourly allocation of NH3 emissions.  

Predictions from both the test run and the final model evaluation run are compared with 

several sets of atmospheric measurements: hourly concentrations of atmospheric NH3 from the 

Clinton monitor, biweekly average atmospheric NH3 concentrations measured at three AMoN 

sites in North Carolina, atmospheric concentrations of NH4
+ in particulate matter at monitors 

collocated with the AMoN sites, and total atmospheric column loadings of NH3 retrieved from 

measurements by the Infrared Atmospheric Sounding Interferometer (IASI) on the MetOp 

satellite (Whitburn et al, 2015). Predictions of NH4
+ deposition from the second (adjusted) model 

run are also compared with measured deposition at eight sites. Figure 3-1 shows the locations of 

the different monitoring sites used in this case study. The figure also highlights the location of 

Sampson and Duplin counties, which have the densest concentration of NH3 emissions as in the 

2011 NEI.  
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Figure 3-1. North Carolina case study domain, showing locations of measurement sites. 
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This study is the first use of hourly NH3 vapor concentrations from the Clinton monitor in 

Sampson County to evaluate predictions by the NAQFC model. This evaluation provides new 

information on the performance of the model for reproducing diurnal patterns of NH3 

concentration. In addition, this study shows the impacts of using improved spatial information 

which is available for NH3 emission sources in North Carolina and many other states.  

3.2. Methods and Data 

3.2.1 Air quality model  

CMAQ model version 5.1 (Appel et al., 2017) was used to predict air pollutant 

concentrations and deposition for the continental U.S. in July 2011. The configuration of the 

CMAQ model within the NAQFC is described in more detail in Tang et al. (2017; 2015). 

Meteorological predictions to drive the air quality model were generated using the Weather 

Research and Forecasting Advance Research WRF (WRF-ARW) regional meteorological model, 

version 3.4.1, with the ACM2 planetary boundary layer scheme. The horizontal resolution of 

both models is 12 km, with 42 vertical layers with a domain top at 50 hPa (about 20.5 km). The 

height of the lowest vertical layer was 8.3 meters above the ground in the North Carolina 

domain. The gaseous chemistry is based on Carbon Bond 2005 e51 (CB05e51) chemical 

mechanism (Appel et al., 2017) and aerosol chemistry is based on the AERO6 module of CMAQ 

version 5.1.  

The initial test model run included the bidirectional surface exchange model for NH3 

(Cooter et al. 2012; Bash et al. 2013; Pleim et al. 2013). The bidirectional flux option was not 

used in the final evaluation model run. In this run, dry deposition computed for NH3 is based on 

the M3Dry module (Mathur et al., 2005). 
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3.2.2. Emissions inventories  

Air pollutant emissions for the initial test model run were taken from the 2011 U.S. NEI 

Emissions Modeling Platform (U.S. EPA, 2016). For NH3, the NEI modeling platform is based 

on county-level estimates of annual emissions. Animal waste emissions, which account for the 

bulk of NH3 emissions, are derived using county level animal populations compiled in the 

Census of Agriculture (U.S. EPA, 2015). County level emissions are allocated to 12-km 

modeling grids based on the distribution of farm land. In the 2011 modeling platform, annual 

emissions estimates are converted to hourly values using monthly and diurnal temporal 

allocation factors to prepare hourly model-ready emission input.  

In the final model evaluation run, information compiled by the NCDEQ on the location 

of CAFOs was also used to improve on the spatial allocation of NH3 emissions. We retained the 

county level emission values, which are based on animal census data. Within each county, NH3 

emissions from swine were reallocated to 12-km modeling grids using the locations and 

capacities of swine CAFOs. Information for these calculations was obtained from the NCDEQ 

CAFO lagoon permit list, which gives the location of each swine CAFO and the number of 

animals the facility is permitted to house. This location and capacity information was used to 

determine the number of animals permitted to be housed in each modeling grid. Grid-level 

emissions for swine were then computed as follows: 

𝐸𝐸𝑔𝑔𝑁𝑁 =  � 𝐸𝐸𝐶𝐶𝑇𝑇 ×
𝑃𝑃𝑔𝑔𝐶𝐶
𝑃𝑃𝐶𝐶𝑇𝑇

 

𝐶𝐶
 

 
where Eg

N is the new emissions estimate for grid g, Σc refers to the summation over all counties 

in which any portion of grid g is located, EC
T is the total emissions estimate for county C, Pg

C is 
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the permitted population of swine the portion of grid g located within county C, and PC
T is the 

total permitted population of swine in county C. 

Figure 3-2 shows the location of waste lagoons in the state, and Figure 3-3 shows the 

impact of the revised spatial allocation on the gridded emissions inventory for NH3. Figure 3-4 

shows the spatial distribution of emissions for the revised emissions inventory. The impact of the 

change in spatial allocation is particularly significant in the neighborhood of the Clinton 

measurement site. Based on the distribution of CAFOs in Sampson County, the revised spatial 

allocation method resulted in a 41% reduction in NH3 emission density for the model grid 

containing the Clinton monitor. 

The second model also run used a lower end estimate was used for emissions from swine 

feeding operations in the state. This lower end emissions estimate was developed based on 

published error ranges for the NH3 emissions model used in the NEI (McQuilling and Adams, 

2015). The normalized mean error of the model is reported at 28% for swine housing and 61% 

for waste handling. This yields an average normalized mean error of 55% (weighted by the 

relative emission rates for housing and waste handling). For the current study, NH3 emissions 

from swine operations in North Carolina were lowered by 55%, resulting in a 42% reduction in 

overall statewide NH3 emissions.  

The emissions inventory was also revised to adjust the diurnal NH3 emission profile, 

prompted by the diurnal pattern shown by the base case inventory run. The model predicted a 

dramatic increase in atmospheric NH3 in the early evening for rural areas with high NH3 

emissions. The high concentration also persisted through the night, resulting in higher average 

atmospheric NH3 concentrations at night than during the day. This result disagrees with the 

hourly measurements from the Clinton monitor, which gives higher atmospheric NH3  
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Figure 3-2. Location of CAFO waste handling lagoons based on state permits. 
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Figure 3-3. Changes in grid level NH3 emissions as a result of the improved spatial allocation 
process. 
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Figure 3-4. Gridded NH3 emissions after revised spatial allocation and CAFO emissions 
adjustment. 
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Figure 3-5. Change to hourly allocation of emission, implemented to avoid 
a concentration spike at the collapse of the mixed boundary layer. 
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concentrations during daytime (Figure 3-5, top graph). The evening peak appeared to be the 

result of a mismatch between the diurnal emission pattern and the height of the atmospheric 

mixed layer. In the NEI temporal allocation, emissions peak at about 1 p.m and then taper off 

gradually until about 8 p.m. (Figure 3-5, bottom graph). For the revised inventory, we adjusted 

the hourly temporal allocation factors so that emissions would fall to their evening levels at 

6 p.m. (Figure 3-5, bottom graph). 

3.2.3. Ground Measurements 

Hourly atmospheric NH3 concentrations were obtained from a continuous monitoring 

system operated by the NCDEQ at the Clinton Crop Research Station (DCNEQ, 2016; 

Shendrikar, 2006) between 2004 and 2015. The NCDEQ monitor used a Thermo Scientific 

Model 17i Ammonia Analyzer. The detection limit of the Thermo Scientific instrument is 

1 ppbv, and the precision is 0.4 ppbv (Thermo.2014). The NCDEQ monitors underwent 

automated calibration on an average frequency of about once every 36 hours. Following the 

calibration process, concentrations were frequently unstable for about 4 to 5 hours. Therefore, 

the NCDEQ NH3 data were filtered so that results were not used for the first 5 hours after 

calibration. In order to avoid any bias which could be introduced by filtering out more data 

during any given part of the day, monitored concentrations comparisons were calculated 

separately for each hour of the day, by averaging hour-1 for all days, etc. The hourly results were 

then averaged to produce the final concentration result. 

Longer term average atmospheric NH3 concentrations were also obtained from three 

AMoN sites in North Carolina. AMoN monitors use passive diffusion collectors, changed every 

two weeks (NADP, 2018). The detection limit of the AMoN passive sampler is approximately 

0.16 ppbv with an estimated accuracy of +41% (Puchalski et al, 2011), and an average bias of 
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−9% in relation to an annual denuder system (Puchalski et al, 2015). The AMoN sites are 

collocated with Clean Air Status and Trends Network (CASTNET) sites which analyze the 

concentration of NH4
+ and other ionic species in airborne particulate matter with a precision of 

±20% (AMEC, 2013; U.S. EPA, 2018a). 

3.2.4. Satellite Measurements 

We compare NAQFC predictions with daytime retrievals of total atmospheric column 

NH3 which have been published for the IASI instrument on the Metop-A satellite (Whitburn et 

al, 2015). The satellite makes daily passes over the region, and uses a cross-track scanning 

system to collect infrared spectra for numerous pixels on each pass. The footprint of a 

measurement ranges from 12 km by 12 km at nadir, up to 20 by 39 km at the edge of the swath. 

Whitburn et al (2015) retrieve NH3 column loadings from the spectra using a neural network 

algorithm, which also computes the relative error for each measurement. This IASI retrieval 

algorithm differs from retrieval algorithms for other satellite systems in that it does not require 

an a priori assumption for the NH3 loading.  

We interpolated the NAQFC prediction of NH3 column loading at the location of each 

available IASI measurement and at the time that the measurement was made. The timing of the 

IASI measurements in North Carolina during the July 2011 study period ranged from 8:40 to 

11:00 a.m. local standard time. In accordance with recommendations of the IASI algorithm 

developers, the analysis was restricted to IASI retrievals with relative errors less than 100 

percent. 

3.2.5. Deposition Measurements 

The National Trends Network (NTN) for precipitation chemistry includes 8 sites that 

were operating in North Carolina in 2011. These sites measure rainfall amounts and 
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concentrations of ionic species, including NH4
+. The detection limit for NH4

+ is 0.006 mg L−1 

and the average difference between replicate measurements of NH4
+ was 2% for the 

concentration range measured at the North Carolina sites (Dombek, 2012). NAQFC predictions 

of wet NH4
+ deposition are compared with NTN measurements for the July 2011 timeframe.  

Dry deposition measurements for NH3 gas are limited. Phillips et al (2004) measured the 

vertical gradient of NH3 vapor in order to determine dry deposition fluxes in 2002 at the Finley 

Farm site in central North Carolina, downwind of a research hog CAFO. We compare these with 

NAQFC model predictions of dry deposition with the summer measurements made at Findley 

Farm.   

3.2.6. Model to Measurement Comparisons  

Prediction accuracy for the NAQFC CMAQ model was quantified by computing the 

normalized mean bias (NMB): 

 

𝑁𝑁𝑁𝑁𝑁𝑁 =
∑ [𝐶𝐶𝑚𝑚𝑚𝑚𝑚𝑚(𝑖𝑖) − 𝐶𝐶𝑚𝑚𝑜𝑜𝑜𝑜(𝑖𝑖)]𝑁𝑁
𝑖𝑖=1

∑ 𝐶𝐶𝑚𝑚𝑜𝑜𝑜𝑜(𝑖𝑖)𝑁𝑁
𝑖𝑖=1

  

 

Where: NMB is the normalized mean bias, Cmod(i) and Cobs(i) are, respectively, the model 

prediction and the observed concentration at a given location and time, and N is the number of 

observations. 

3.3. Results and Discussion 

3.3.1. Impact of the Bidirectional Flux Model on the Diurnal Pattern of NH3 Vapor 

Figure 3-6 shows the diurnal profile of atmospheric NH3 from the final model run 

alongside the diurnal profile of measured average concentrations at the Clinton site during July   
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Figure 3-6. Measured diurnal pattern at the Clinton monitor site compared with model 
predictions using the revised emissions inventory. 
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2011. The measured diurnal profile at Clinton is similar to measured profiles in other rural areas, 

which show a relatively flat NH3 concentration profile, or a moderate increase in the daytime 

(Walker et al, 2006; Saylor et al, 2010; Tevlin et el, 2017). A comparison of Figure 3-6 with 

Figure 3-6 illustrates a substantial improvement in the diurnal performance of the NAQFC model 

in the second run. The second model run, like the measured profile at the Clinton site shows a 

moderate increase in the mid-afternoon, whereas the first model run showed a pronounced peak 

in the evening. However, the improvement between the first and second model run was not 

caused by the adjusted temporal emission profile. Rather, the change resulted from not using the 

bidirectional flux model in the second model run. This was determined by comparing the results 

of the first and second model runs in other areas of the continental U.S. where we had made no 

changes to the NH3 emissions inventory. Figure 3-7 shows the hourly pattern of atmospheric 

NH3 predicted by the NAQFC model with and without the bidirectional flux model for a swine 

producing region of Iowa. The figure also shows the location of the Iowa site relative to the 

North Carolina domain. 

3.3.2. Model Predictions Compared with Ground Level Air Pollution Measurements  

Table 3-1 compares predicted ground level-atmospheric NH3 concentrations from the two 

NAQFC model runs with measured concentrations at the continuous monitoring site in Clinton, 

and at the three North Carolina AMoN sites. The initial test run with the unadjusted NEI 

overpredicted NH3 vapor at the Clinton site by more than 500% on average, and by more than a 

factor of 10 at night. The second run produced a pronounced improvement in the nighttime 

prediction of NH3 vapor. The revised inventory also reduced the overprediction at Clinton during 

the day. This improvement is partially due to the improved spatial allocation and partially due to 

the reduction in emissions in the revised model run.   
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Figure 3-7.Comparison between hourly predictions with 
and without bi-directional flux, for a location where no 
changes were made to the emissions inventory. 
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Table 3-1. NCDEQ and AMoN measurements of NH3 gas compared with model predictions. 

Monitor site and 
location 

Time-
frame 

Measurement 
(ppbv)a 

Model with original emissions 
inventory and bidirectional flux 

Model with revised emissions 
inventory and without 

bidirectional flux 

Prediction 
(ppbv)a 

Mean 
bias 

(ppbv) 

Normaliz
ed mean 
bias (%) 

Prediction 
(ppbv)a 

Mean 
bias 

(ppbv) 

Normalized 
mean bias 

(%) 
Clinton Research 
Station (NC95), 
35.0258N, 78.2783W 

Day 9.0 ± 6.6 24.6 ± 22.1 15.6 173 15.7 ± 8.9 6.7 74 
Night 4.1 ± 2.7 58.0 ± 34.8 53.9 1300 5.3 ± 5.5 1.2 27 
Average 6.6 ± 5.8 41.3 ± 32.5 34.8 528 10.5 ± 9.2 3.9 60 

Beaufort AMoN site 
(NC06), 34.8846N, 
76.6207W 

Note b 1.3 ± 0.2 0.8 ± 0.9 -0.5 -40 0.2 ± 0.3 -1.1 -81 

Candor AMoN site 
(NC26), 35.2632N, 
79.8365W 

Note b 0.8 ± 0.9 4.0 ± 3.1 3.2 395 1.2 ± 1.0 0.4 54 

Coweeta AMoN site 
(NC25), 35.0605N, 
83.4305W 

Note b 0.4 ± 0.1 0.8 ± 0.7 0.4 71 0.3 ± 0.6 -0.1 -35 

a Average with standard deviation. 
b Two 14-day sampling periods: July 5-19, and July 19-Aug 5. 
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The final model evaluation run overpredicted atmospheric NH3 at the Clinton site by an 

average of 3.9 ppbv, about 60%. Figure 3-6 shows that the diurnal profile of atmospheric NH3 

predicted by the model is similar to the diurnal profile measured at the Clinton site during July 

2011. Figure 3-8 shows temporal variations in predicted and measured NH3 vapor concentrations 

at the Clinton site on an hourly timescale and on a daily timescale during the July 2011 modeling 

episode. The figure illustrates that the NH3 concentration is subject to considerable variability, 

not only on a diurnal basis, but also day to day. The variability predicted by the model is similar 

to the measured variability, although daily peaks predicted by the model are not aligned with 

measured peaks. This is understandable, in that the model incorporates variations caused by 

meteorological parameters but does not incorporate information on the timing of animal waste 

handling operations. Animal wastes are periodically distributed to fields using high pressure 

sprays which can result in emissions of NH3. However, information on the timing of this 

operation is not compiled for the inventory. 

The three AMoN monitors are more distant from the region of dense CAFO emissions 

than the Clinton site. Table 3-1 shows that atmospheric NH3 concentrations at the three North 

Carolina AMoN sites were 1.3 ppbv or less. Model biases for these monitors were also small, 

with the exception of the first model run for the Candor site, where the model overpredicted NH3 

by 3.2 ppbv or 395%.  

The second model run reduced the bias at the Candor site to 0.4 ppbv or 54%. The second 

model run underpredicted NH3 at Beaufort by 1.1 ppbv or 81%. Beaufort is located close to the 

ocean, and NH3 emissions from the ocean could be contributing a small increase in NH3 at the 

monitor (Paulot et al, 2015). Ocean emissions are not included in the emissions inventory. The 

underestimation of NH3 in Beaufort could be the result of an underestimation of NH3 emissions 
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Figure 3-8. Temporal variations in predicted (with revised 
inventory) and measured NH3 concentrations at the Clinton 
monitoring site. 
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from chemical fertilizer near the site, because the monitor site is adjacent to a large farm which 

alternates between growing corn and soybeans. Synthetic nitrogen fertilizer is used in the spring 

months when corn is cultivated (in odd-numbered years), resulting in high measured atmospheric 

concentrations of NH3 at the monitor – up to 70 ppbv on a two week average (see Figure 3-9). 

The spike in NH3 is attenuated by July, but enhanced levels of nitrogen in the soil could still 

produce elevated concentrations on the scale of 1 ppbv. The bidirectional model as, implemented 

by Cooter et al (2012), gives an improved treatment of emissions from fertilized crops; however, 

the model does not currently reflect crop management practices at the model grid scale. 

Although the model is implemented at the grid scale, inputs on crop management practices are 

characterized at a larger scale of 10,000 km2, or about 8 × 8 model grids (Cooter et al, 2012). 

Table 3-2 compares predicted levels of airborne particulate NH4
+ with corresponding 

measurements from CASTNET monitors collocated with the AMoN sites, and at another site in 

Western North Carolina (Cranberry). The table shows that the first model run overpredicted 

particulate NH4
+ at all sites. The second model run improved predictions of NH4

+ at all sites. All 

of these errors for the second run were small in absolute terms; the largest difference was an 

overprediction of 0.4 µg m−3 in Beaufort.  

3.3.3. Model Predictions Compared with Satellite Retrievals 

Satellite retrievals provide an opportunity to evaluate model performance at reproducing 

regional patterns in NH3 emissions. Figure 3-10 shows the spatial pattern atmospheric column 

NH3 loading based on IASI retrievals for July 2011. In the figure, IASI retrievals are expressed 

as mg m−2. This refers to the total mass of NH3 above a given area of land. The grid network is 

the same as the NAQFC modeling grid. However, each grid value in the figure is actually an 
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Figure 3-9. NH3 from associated with fertilizer application for a two-year 
crop rotation at a large farm adjacent to the Beaufort AMON site. 
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Table 3-2. CASTNET measurements of NH4+ in fine particulate matter compared with model predictions. 

Monitor site and 
location  

Measurement 
(µg m−3) a,b 

Model with original emissions 
inventory and bidirectional flux 

Model with revised emissions 
inventory and without 

bidirectional flux 

Prediction 
(µg m−3) a 

Mean bias 
(µg m−3) 

Normalized 
mean bias 

(%) 
Prediction 
(µg m−3) a 

Mean bias 
(µg m−3) 

Normalized 
mean bias 

(%) 
Beaufort (BFT142), 
34.8846N, 76.6207W 

0.6 ± 0.3 2.6 ± 3.4 2.0 360 1.0 ± 0.7 0.4 80 

Candor (CND125), 
35.2632N, 79.8365W 

1.3 ± 0.4 2.3 ± 1.7 1.0 76 1.5 ± 0.9 0.2 15 

Coweeta (COW137), 
35.0605N, 83.4305W 

1.1 ± 0.2 2.5 ± 1.8 1.4 129 1.0 ± 0.6 -0.1 -9 

Cranberry (PNF126), 
36.1054N, 82.045W 

1.3 ± 0.3 1.8 ± 1.2 0.5 34 1.1 ± 0.7 -0.2 -20 
a Average and standard deviation.  
b Five one-week averages from June 28 through August 2. 
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Figure 3-10. Spatial pattern of total atmospheric NH3 loading based on average IASI retrievals 
for July 2011. 
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average of the retrievals for itself and its eight neighbors. This is done in order to increase the 

number of observations incorporated into each value.  

Table 3-3 compares average IASI retrievals of total column NH3 loading for different 

geographic regions of the modeling domain with NAQFC predictions using the two emission 

inventory versions. Model-to-measurement comparisons are made for Sampson and Duplin 

counties, which have the highest swine population density, as well as for the eastern and western 

portions of North Carolina and the adjacent coastal waters. In the first model run, the NAQFC 

model overpredicted NH3 column loading in all of the land regions. The second model run 

resulted in improved agreement for all of the land regions.  

For both inventories, the NAQFC model underpredicted the NH3 loading in the offshore 

waters. This is most likely the result of fires which occurred in the coastal forests in late June and 

early July. The bulk of these emissions occurred prior to the initiation of the model run (U.S. 

EPA, 2017), and were not included in the initial conditions of the run. Figure 3-10 includes the 

locations of these fires, based on the satellite-based burn area measurement database from the 

Moderate Resolution Imaging Spectroradiometer (MODIS) (Boschetti et al, 2009). The figure 

also shows 24-hour forward wind trajectories at the time of the fires (Stein et al, 2015; Rolph et 

al, 2017).  

3.3.4. Model Predictions Compared with Deposition Measurements 

Table 3-4 compares NAQFC model predictions of wet NH4
+ deposition using the revised 

emissions inventory with measured wet deposition at eight NTN sites across North Carolina. The 

table compares predictions and measurements of rainfall NH4
+ concentrations, rainfall amounts 

and deposition rates. Figure 3-11 maps the differences between predicted and measured rainfall 

concentration and deposition. In general, the model underpredicted rainfall NH4
+ concentrations
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Table 3-3. IASI retrievals of NH3 in the total atmospheric column compared with model predictions. 

Region 

IASI daytime retrievals 

 Model prediction - original 
emissions inventory 

 Model prediction - revised emissions 
inventory 

Average 
(mg m−2)a 

Standard 
deviation 
(mg m−2) 

Number 
of obser-
vations 

Average 
(mg m−2) 

Standard 
deviation 
(mg/m−2) 

Mean 
bias 

(mg m−2) 

Normal-
ized mean 
bias (%) 

Average 
(mg m−2) 

Standard 
deviation 
(mg m−2) 

Mean 
bias 

(mg m−2) 

Normal-
ized mean 
bias (%) 

Sampson and 
Duplin counties 3.0 1.5 59 6.3 2.5 3.3 112 3.4 1.4 0.4 14 

Eastern NC 1.2 2.8 488 2.1 2.4 1.2 72 1.0 1.3 -0.2 -22 
Western NC 0.3 2.2 520 0.7 0.8 0.4 102 0.3 0.4 0.06 -21 
Coastal waters 0.9 3.0 141 0.4 0.8 -0.5 -52 0.2 0.3 -0.7 -80 
a In this table, IASI retrievals are expressed as mg m−2. This refers to the total mass of NH3 above a given area of land. 
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Table 3-4. NTN measurements of wet deposition compared with model predictions. 

Monitor site and 
location 

Rainfall NH4
+ concentration Rainfall amount Total deposition 

Measured 
(mg L−1) 

Modeled 
(mg L−1) 

Model 
bias 
(%) 

Meas-
ured 
(cm) 

Model 
(cm) 

Model 
bias 
(%) 

Meas-
ured  

(kg ha−1) 

Model 
(kg 

ha−1) 

Model 
bias 
(%) 

Clinton Research 
Station (NC35), 
35.0258N, 78.2783W 

0.70 + 
0.45 

0.55 + 
0.13 -22 7.0 7.4 6 0.49 0.41 -17 

Beaufort (NC06), 
34.8846N, 76.6207W 

0.29 + 
0.41 

0.19 + 
0.06 -37 5.7 17.0 197 0.17 0.32 89 

Lewiston (NC03), 
36.1325N, 77.1708W 

0.49 + 
0.36 

0.32 + 
0.06 -35 13.8 10.0 -27 0.68 0.32 -53 

Hofmann Forest 
(NC29), 34.825N, 
77.3228W 

0.52 + 
0.48 

0.39 + 
0.17 -24 17.2 13.0 -25 0.89 0.51 -43 

Finley Farm (NC41), 
35.7288N, 78.6802W 

0.48 + 
0.13 

0.26 + 
0.02 -45 6.8 7.6 13 0.32 0.20 -38 

Jordan Creek 
(NC36), 34.9705N, 
79.5281W 

0.37 + 
0.13 

0.27 + 
0.08 -26 9.8 5.6 -43 0.36 0.15 -58 

Piedmont Research 
Station (NC34), 
35.697N, 80.6225W 

0.31 + 
0.16 

0.23 + 
0.18 -25 19.4 10.2 -48 0.60 0.23 -61 

Mt. Mitchell (NC45), 
35.7353N, 82.2861W 

0.27 + 
0.11 

0.27 + 
0.14 0 23.6 15.1 -36 0.64 0.41 -36 
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Figure 3-11. Spatial patterns of bias in rainfall NH4+ concentration and mass deposition for the 
second model run. 
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by up to 45%, and (with the exception of the Beaufort site) underpredicted the monthly wet NH4
+ 

deposition by up to 61%. Model predictions of rainfall were mixed, ranging from a 48% 

underprediction to almost a 200% overprediction, at the Beaufort site. At the Beaufort site, 

rainfall NH4
+ concentration was underpredicted by 37%, but this was offset by an almost 200% 

overprediction in rainfall volume, resulted in an overprediction of monthly NH4
+ wet deposition 

by 89%. Model predictions for the Clinton Crop Research Station, in the region of highest 

emission density, are closest to the observed results, with a bias of -22% for the NH4
+ rainfall 

concentration and -17% for the monthly wet NH4
+ deposition.  

Table 3-5 shows atmospheric NH3 concentrations, dry NH3 deposition fluxes, and dry 

NH3 velocities measured by Phillips et al (2004) at Finley Farm in the summer of 2002. The 

table compares these values to model predictions for the Finley Farm location in July 2011. 

Because emissions and meteorological conditions would not be identical in the two years, the 

model predictions of NH3 concentration and dry deposition flux would not be expected to 

directly match measured results for these parameters. The dry NH3 deposition velocity could be 

expected to be comparable. (The dry deposition velocity is the ratio of NH3 deposition flux to the 

atmospheric concentration.) However, it must also be noted that the model deposition velocity 

reflects a grid-wide average while the measurement reflects only a point in the grid. The area 

around Finley Farm includes a mix of forest land and suburban land. As Table 3-5 shows, model 

predictions of NH3 concentration and dry deposition flux in July 2011 were both lower than the 

measurements in 2002. At night, percentage differences between predicted and measured 

concentration and dry deposition flux were comparable (predictions 74% and 76% lower than 

measurements for concentration and deposition). Thus, the predicted nighttime dry deposition   
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Table 3-5. Model predictions of dry deposition compared measurements for the Findley 
Farm site in 2002. 

  

Concentration (ppbv) 
Deposition flux  

(µg m−2 s−1) 
Deposition velocity  

(cm s−1) 

Phillips Model 
Bias 
(%) Phillips Model 

Bias 
(%) Phillips Model 

Bias 
(%) 

Day 6.8 ± 
6.8 

1.4 ± 
1.2 -80 0.185 0.017 ± 

0.008 -91 3.9 ± 
2.8 

1.7 ± 
7.2 -57 

Night 4.0 ± 
3.5 

1.0 ± 
0.9 -74 0.021 0.005 ± 

0.004 -76 0.76 ± 
1.7 

0.7 ± 
1.2 -8 

Average 5.4 1.2 ± 
1.0 -77 0.110 0.011 -90 3.0 1.3 ± 

5.6 -56 
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velocity was similar to the measurement. However, the predicted daytime dry deposition velocity 

was much lower than the daytime dry deposition velocity measured in 2002. 

3.3.5. Analysis of Model Bias in Relation to Previous Studies 

Gilliland et al (2006) conducted a CMAQ inverse modeling analysis using wet NH4
+ 

deposition measurements to evaluate the 2001 U.S. EPA emission inventory of NH3 for the 

continental U.S. This study found that annual emissions estimates were found to be reasonable 

on average, but that the emissions inventory was about 17% too low in the July-August 

timeframe. Zhu et al (2013) carried out inverse modeling with the GEOS-Chem model using 

satellite retrievals of ambient NH3 from the Tropospheric Emission Spectrometer (TES) on the 

Aura satellite and ground level AMoN measurements between 2006 and 2009 for the Continental 

U.S. The study found that the emissions inventory for NH3 appeared to be an underestimate, 

especially in the Western U.S. 

Butler et al (2014) found that CMAQ predictions of atmospheric NH3 were 8% to 60% 

lower than measured values for the Susquehanna River Watershed of New York and 

Pennsylvania in 2008 and 2009. Kelly et al (2014) evaluated CMAQ predictions of NH3 vapor 

and NH4
+ in airborne particulate matter as part of the California Research at the Nexus of Air 

Quality and Climate Change (CalNex) campaign in May and June of 2010. Predictions of NH4
+ 

were close to measured values, however the model under-predicted NH3 in agricultural regions 

and did not capture the large variations in measured NH3.  

Using aircraft-based measurements, ground level measurements, and TES satellite 

retrievals Battye et al (2016) found that the NAQFC model under-predicted atmospheric NH3 by 

33% to 76% in an agricultural region of Northeast Colorado in the summer of 2014, although 

predictions of particulate NH4
+ were close to measured values. Bray et al (2017) found that the 
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NAQFC model under-predicted atmospheric NH3 by 58% for the San Juaquin Valley of 

California in the summer of 2010. 

In general, the previous studies cited above have shown underprediction of NH3 in for 

agricultural regions in the summer. This current study differs, showing an overprediction of both 

NH3 vapor and NH4
+ in particulate matter at most monitors. This is perhaps owing to the 

underprediction of wet and dry deposition in the current modeling effort. NH4
+ wet deposition 

was underpredicted at most monitors, and dry deposition of NH3 is lower than previous 

measurements (although not concurrent with model predictions). 

3.3. Summary and conclusions 

An initial test model run using the standard 2011 NEI and the bidirectional flux model 

overpredicted atmospheric NH3 vapor in July 2011 by more than 500% at the Clinton continuous 

monitoring site. This site is located in Sampson County, in a region of dense NH3 emissions from 

swine operations. The test run also overpredicted NH3 vapor as well as the concentration of NH4
+ 

in airborne particulate matter at two AMoN sites in Central and Western North Carolina. At a 

third site in Eastern North Carolina (Beaufort), the model made a small underprediction of NH3 

(less than 1 ppbv in absolute terms), while still overpredicting NH4
+ in particulate matter. The 

Clinton monitor provided hourly measurements of NH3 vapor, which indicated that the diurnal 

profile predicted by the first model run was essentially inverted from the profile observed by the 

monitor.  

A revised model run was implemented for July 2011 without the bidirectional flux model. 

In addition, because the initial model run using the standard 2011 NEI significantly 

overpredicted NH3, the second run used a lower end estimate of NH3 emissions from swine 

operations. Even with a 42% downward adjustment of NH3 emissions from CAFOs in the study 
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region, the NAQFC CMAQ model overpredicted atmospheric NH3 in July 2011 by 60% at the 

Clinton continuous monitoring site. The average concentration measured by the monitor was 

6.6 ppbv, while the average predicted by the model was 10.5 ppbv. The second model run also 

made use of state permit information to improve the spatial allocation of NH3 emissions from 

CAFOs. This change resulted in a demonstrable reduction of model bias at the Clinton site. This 

spatial allocation modification reduced emissions by 41% in the model grid containing the 

Clinton monitor. Therefore, model bias without the spatial adjustment could be expected to be up 

to 41% higher than the current overprediction. 

This current study is the first to use hourly NH3 concentrations from the Clinton monitor 

to evaluate ground level predictions by the NAQFC model, providing new information on the 

performance of the model for reproducing the diurnal pattern of NH3 concentration. Previous 

studies have used passive monitors with a temporal resolution of at least one week. For the 

second model run without bidirectional flux, the diurnal pattern predicted by the model was 

similar to the diurnal pattern measured by the continuous monitor, with both showing elevated 

concentrations in the mid-afternoon and lower concentrations at night. 

Three AMoN sites are located in regions of North Carolina which are somewhat removed 

from zone of dense CAFO emissions. Atmospheric NH3 concentrations at these sites were 1.3 

ppbv or less; and concentrations of particulate NH4
+ were 1.3 µg m−3 or less. Model errors with 

respect to these measurements were small in absolute magnitude. The largest differences were at 

Beaufort, near the seacoast, where the model underpredicted atmospheric NH3 by 1.1 ppbv and 

overpredicted particulate NH4
+ by 0.4 µg m−3. The underprediction of NH3 may be attributable to 

the location of the Beaufort monitor in close proximity to a fertilized corn field. Total column 
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concentrations of NH3 predicted by the model for North Carolina were in good agreement with 

daytime IASI satellite retrievals.  

The model underpredicted wet deposition of NH4
+ and dry deposition of NH3. The 

concentration of NH4
+ in rainfall was underpredicted by 22% at Clinton and up to 45% at Finley 

Farm in Central North Carolina. The model underpredicted monthly wet deposition NH4
+ by 

17% at Clinton, and by up to 61% at the Piedmont Research Station in Central North Carolina. 

The predicted daytime dry NH3 deposition velocity was 57% less than that measured by Phillips 

et al in 2002, and the overall dry NH3 deposition velocity was 56% less than that measured by 

Phillips et al (2004). The overestimation of NH3 may be partially attributable to and 

underestimation of wet and dry deposition in North Carolina. 
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Discussion of Satellite Retrievals and NH3 Emissions 

4.1. Satellite Retrievals 

One goal of this research was to assess the feasibility of using satellite measurements to 

improve the emissions inventory for agricultural sources of NH3. In the current research, 

measurements of atmospheric NH3 have been used from three satellite-based instruments: the 

Tropospheric Emission Sounder (TES) on the Aura satellite, the Atmospheric Infrared Sounder 

(AIRS) on the Aqua satellite, and the Infrared Atmospheric Sounding Interferometer (IASI) on 

the MetOp satellite (Shephard et al, 2012; Warner et al, 2016; and Whitburn et al, 2015). The 

features of these instruments are discussed in Section 1.3.4, and compared in Table 1-2. A fourth 

system, the Cross-track Infrared Sounder (CrIS) on the Suomi NPP satellite and the Joint Polar 

Satellite System-1 (JPSS-1), was launched more recently, and is also being used to measure 

atmospheric NH3 (Shephard and Cady-Pereira, 2015).  

Because of their broad coverage, the AIRS, IASI, and CrIS satellite systems offer the 

prospect of measurement data that can be used to fill in the gaps between ground-based monitors. 

In addition, satellite retrievals can be used to identify regions where it might be beneficial to site 

new monitors. TES provides more detailed information on the vertical profile of NH3, but gives 

much less spatial resolution than AIRS, IASI, or CrIS, and has a longer interval between 

measurements. All satellite retrievals of NH3 are subject to considerable variability and 

uncertainty. As with ground-based systems, the uncertainty of satellite retrievals can be 

improved by combining multiple measurements. This aggregation can be achieved by spatial and 

temporal averaging. However, NH3 concentrations are also subject to considerable spatial and 

temporal variability. 
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4.1.1. Spatial and Temporal Aggregation 

The North Carolina case study (Chapter 3) showed that information such as permit data 

can be used to make improvements at the scale of the modeling grid. Aircraft measurements in 

the Northeast Colorado case study (Chapter 2) showed the atmospheric NH3 is subject to 

significant variations at the scale of the model grid and below. The spatial resolution of satellite 

measurements is the same as or coarser than the model grid resolution – 12 km in the case of 

IASI and 45 km in the case of AIRS. Therefore, it is desirable to retain as much spatial resolution 

as possible comparisons between satellite measurements and the model. 

Each of the satellite instruments makes both daytime and nighttime measurements. For a 

given region, these measurements are separated by about 12 hours. The frequency of coverage 

for a given region is daily for IASI, and every other day for AIRS. However, local cloudiness 

and other weather conditions may prevent measurements on any particular day. Because the flux 

of infrared radiation from the Earth is higher during the daytime than at night, the daytime 

measurements generally have a lower uncertainty than the nighttime measurements. The ground-

based continuous monitor used in the North Carolina case study (Chapter 3), shows a consistent 

diurnal pattern, with the NH3 concentration peaking between 10 a.m. and 3 p.m. local standard 

time (Figures 3-4 and 3-6). The daytime passages of AIRS and IASI both fall within this time 

period. Because of the diurnal pattern in NH3 concentration, and the difference in the level of 

uncertainty between daytime and nighttime satellite measurements, the daytime and nighttime 

retrievals should be aggregated separately.  

The temporal resolution of the CMAQ model is nominally one hour. In practice, 

however, the emissions inventory does not provide this level of resolution. Although the 

inventory gives hourly estimates of NH3 emissions, these must be viewed as best estimates of the 
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expected emission rate at a given hour of the day, over the course of the month or season. 

Information is not available on the timing of operations such as waste handling or waste 

distribution, which can produce short-term increases in emissions on an hourly or daily scale. 

However, monthly and seasonal changes in NH3 emissions are incorporated into the emissions 

inventory using tools such as the Environmental Policy Integrated Climate (EPIC) model (Cooter 

et al, 2012). Thus, satellite measurements of NH3 can be aggregated for periods of up to about a 

month for the purposes of evaluating emissions estimates within the current emissions inventory 

framework. 

Weather conditions may limit the number of satellite measurements available over the 

course of a month for a given location. Therefore, it may be beneficial to aggregate 

measurements for a given month over multiple years. Although long term interannual trends 

have been measured (Warner et al, 2017), interannual differences in the U.S. are smaller than 

seasonal differences. This is illustrated by results at the Beaufort, North Carolina monitor, shown 

in Figure 3-7. Nevertheless, it must be noted that aggregation over multiple years will mask the 

effects of long term trends, as well as shorter term interannual factors such as crop rotation. 

AIRS for NH3 have been published in an aggregated format, with daytime retrievals 

averaged for each month at a spatial resolution of 1 degree latitude by 1 degree longitude 

(Warner et al, 2017). Figure 4-1 shows an example of AIRS results available for July 2011. The 

figure is a combination of NH3 concentration retrievals at 918 hPa for and at 840 hPa for higher 

elevation regions. No retrievals are generated for elevations greater than about 1500 m. in  
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Figure 4-1. AIRS NH3 retrievals for July 2011. 
Source: http://atmos.umd.edu/~juying/projects.html 

http://atmos.umd.edu/%7Ejuying/projects.html
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addition, weather conditions prevented the calculation of atmospheric NH3 in many locations for 

July 2011. For comparison, Figure 4-2 shows the spatial pattern of NH3 emissions for the month 

of July in the 2011 NEI. 

Figure 4-3 gives an aggregation of daytime IASI retrievals for July 2011 at a spatial 

resolution of 1 degree by 1 degree. An average of 102 observations was available per latitude-

longitude grid cell. For comparison, Figure 4-4 shows IASI retrievals aggregated for the month 

of July over multiple years with a finer spatial resolution of 12 km grids. In order to achieve this 

finer spatial resolution, July data are combined from 2008 through 2015. The figure shows only 

those grid cells with five or more observations. An average of 14 observations was available per 

12 km grid cell. 

4.1.2. Evaluation of Satellite Data  

Satellite retrieval algorithms for NH3 have been validated using in situ data from 

intensive aircraft measurement campaigns (Sun et al, 2015; Warner et al, 2016), but aircraft 

studies are necessarily restricted in their geographic coverage and duration. Broader scale and 

independent validations of satellite measurements are desirable. The Colorado case study 

(Chapter 2) provided an opportunity to evaluate TES retrievals, since the study area was targeted 

for intensive satellite measurements to correspond with a broad program of aircraft 

measurements during the DISCOVER-AQ campaign. TES retrievals also give vertically resolved 

information on atmospheric NH3, allowing a direct comparison with aircraft measurements at a 

given altitude. The TES results were compared with overlapping aircraft measurements in 

Chapter 2 (Table 2-4 and Figure 2-7). The two datasets showed reasonable agreement, with a 

correlation coefficient of 0.78, or r2 of 0.61. 
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Figure 4-2. Spatial density of NH3 emissions for July in the 2011 NEI. 
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Figure 4-3. IASI NH3 retrievals for July 2011 aggregated to 1 degree latitude by 1 degree 
longitude. 
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Figure 4-4. IASI NH3 retrievals for July aggregated across multiple years (2008-2015) at a 
spatial resolution of 12 km. 
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In principle, the continuous NH3 monitoring data used in the North Carolina case study 

(Chapter 3) appears to be another possible source of data for evaluating satellite measurements. 

The continuous monitor in Clinton, North Carolina measured hourly concentrations of NH3 over 

an 8-year period from 2008 to 2015. Unfortunately, large spatial variations in the vicinity of the 

Clinton monitor complicated efforts to analyze the relation between measurements at the monitor 

and retrievals from the satellite. However, model biases computed using IASI satellite retrievals 

were consistent with model bias values computed based on the Clinton monitor.  

4.2. Agricultural NH3 Emissions Inventory  

The U.S. National Emissions Inventory (NEI) for the agricultural sector is continuously 

evolving. The U.S. EPA compiles the NEI every three years. At this writing the 2014 emissions 

inventory has been developed in draft form (version 2), and the latest final inventory is the 2011 

NEI. NAQFC modeling for the Colorado case study in Chapter 2 was based on the 2008 NEI. 

The North Carolina case study in Chapter 3 used the 2011 NEI, and a modified version of the 

2011 NEI.  

Methodologies for calculating agricultural NH3 emissions are changing for the 2014 NEI, 

as the U.S. EPA is moving to more refined emissions models for both animal wastes and 

nitrogen fertilizers (McQuilling and Adams, 2015; Cooter et al, 2012). Therefore, the evaluation 

and validation of the emissions inventory must be an ongoing process. This process must also 

take into account the diversity of the inventory. In different regions of the country, the NH3 

inventory is dominated by different sources, as shown in Figure 4-5. The figure identifies the 

types of domestic livestock which account for the largest share of emissions in different regions 

of the continental U.S., based on the 2011 NEI. It must also be noted that the NEI does not 

provide separate estimates for all categories of livestock included in the Census of Agriculture. 
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Figure 4-5. Dominant sources of NH3 emissions by region, as estimated in the 2011 NEI. 
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For instance, the inventory does not currently differentiate between cattle in feedlots and cattle in 

pasture. Nor does the inventory provide separate calculations for turkey production, which 

represents a growing industry in some regions. 

Appendix A gives results of a screening comparison of NAQFC model results with 

AMoN measurements and satellite-based measurements for the continental U.S. in July 2011. 

Because of the long averaging time of AMoN measurements and the variability of satellite-based 

measurements, the one-month model run was not sufficient to provide a definitive evaluation of 

model results or emissions inputs. In the absence of focused short-term measurements, such as 

those used in the Colorado and North Carolina case studies, a longer simulation period or 

multiple simulation periods would be required. 

4.3. Spatial and Temporal Variations  

Both the Colorado and North Carolina case studies showed large variations in the 

concentration of atmospheric NH3 at scales smaller than the 12-km modeling grid size. Both of 

the case studies regions include large concentrations of CAFOs which may account for these 

spatial and temporal variations. For instance, in North Carolina, animal wastes are periodically 

distributed to fields using high pressure sprays which can produce localized emissions of NH3. 

Figure 4-6 shows the variation in NH3 column loading over North Carolina for a single 

day in 2015. The North Carolina monitors in Clinton and Kinston showed changes exceeding 

75 ppbv of NH3 in the span of an hour. In Colorado, aircraft measurements show variations of up 

to 75 ppbv of NH3 within a distance of 6 km. The large spatial variations in NH3, coupled with 

the treatment of NH3 emissions as an area source, complicate our ability to validate the model for 

NH3. This is because any flaw in the spatial allocation process will cause a bias at any fixed 

monitoring location.  
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Figure 4-6. Spatial variations in total column NH3 measured by IASI on a single day. 
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NH3 is not the final endpoint of a typical CMAQ simulation; rather, it is an intermediate 

parameter in the calculation of PM2.5 concentrations and deposition rates for reactive nitrogen 

and acid gases. Therefore, the accuracy of atmospheric NH3 predictions may be viewed as less 

important than the accuracy of these other endpoints. However, variations in NH3 on a scale 

smaller than the model grid size (generally 12 km) or the model time resolution (hourly for 

emissions) may adversely affect the accuracy of the model for simulating reactions where rates 

are nonlinear with respect to the NH3 concentration. 
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Summary and Conclusions 

5.1. Impacts on the Nitrogen Cycle 

Despite large uncertainties of the natural N fluxes at the global scale, the rapid growth of 

anthropogenic production now makes it unquestionably dominant relative to the total of natural 

sources. Most of the growth in anthropogenic nitrogen emission has occurred in the last 

50 years.  This is a significant perturbation of a global geochemical cycle in a relatively short 

period of time. Regulatory and voluntary measures have been adopted to address some 

components of the nitrogen stream. Nitrogen-use efficiency has increased in the U.S. and Europe 

in recent years. This suggests that increases in nitrogen-use efficiency can abate or perhaps 

reverse the worldwide increase in nitrogen fertilizer use. Unfortunately, there is no integrated 

regulatory approach for control of reactive nitrogen compounds. In particular, agricultural 

emissions of reactive nitrogen compounds to the atmosphere are not regulated in the U.S.  

Human-induced changes to the global nitrogen cycle bear a number of similarities to our 

changes in the global carbon cycle. Fixed N and fossil C have provided great benefits to the 

human standard of living. The increased use of nitrogen has been critical for increased crop 

yields and protein production to keep pace with the growing world population. Like the burning 

of fossil carbon, increased fixation of nitrogen can have adverse environmental consequences at 

local, regional, and global scales. In addition, our use of fossil carbon and synthetically reactive 

nitrogen have both grown exponentially in the past 150 years. Anthropogenic production of 

reactive nitrogen has grown in relation to natural sources, so that the anthropogenic increment is 

nearly as great as the best estimate of the total natural nitrogen fixation in terrestrial and marine 
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environments. Demands for increased nitrogen usage will continue as world population and 

agricultural production continue to rise. Thus, reducing the demands for reactive nitrogen may 

prove to be more difficult than reducing emissions of CO2.  

The impacts of anthropogenic perturbations on the reactive nitrogen cycle are still mainly 

local, regional and global. Current estimates indicate that global nitrogen fixation is balanced by 

denitrification, although these budget calculations are subject to large uncertainties. Thus, the 

large increase in anthropogenic production may be balanced by increased denitrification. 

Nevertheless, if anthropogenic production continues to increase, denitrification processes may 

not continue to offset the increased production. Continued increases in reactive nitrogen 

production could accelerate species diversity impacts and N2O production. As with carbon, 

public awareness of the impact of reactive nitrogen is also increasing. In the case of reactive 

nitrogen, anthropogenic contributions continue to grow in relation to the natural budget, with 

uncertain consequences. Mitigating both carbon and nitrogen is a grand challenge. 

5.2. NH3 Modeling 

Emissions of NH3 represent a large source of reactive nitrogen which is essentially 

unregulated in the U.S. There is currently no broad air pollution control program for NH3 

emissions in the U.S. comparable to the program for NOX. The lack of regulatory attention for 

NH3 emissions is understandable. The bulk of NH3 emissions to the atmosphere in the U.S. 

emanate from agricultural operations, primarily animal waste management and synthetic 

nitrogen fertilizer application. Although the adverse impacts of NH3 emissions are significant, 

they are also subtle, so that the effect of any given source can be difficult to ascertain. NH3 can 

contribute to elevated levels of PM2.5 even though the level of NH3 is well below the perceptible 
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odor threshold. Similarly, the impacts of NH3 deposition on eutrophication or species diversity 

are also difficult to separate from the impacts of other factors. 

Atmospheric chemistry models such as the Community Multiscale Air Quality (CMAQ) 

model are used to simulate the reactions of NH3 and other precursors to form PM2.5, and to 

simulate the deposition of NH3 and NH4
+ to terrestrial and aquatic ecosystems. This type of 

modeling analysis is essential in evaluating the impacts of NH3 emissions and the potential 

benefits of NH3 controls. The U.S. National Oceanic and Atmospheric Administration (NOAA) 

uses the CMAQ model to forecast elevated levels of air pollution within the National Air Quality 

Forecast Capability (NAQFC). Methods are needed to evaluate the capability of NAQFC model 

to predict NH3 within the NAQFC, and to identify potential improvements to NH3 emissions 

estimates and prediction methods. The current research uses ground based measurements, in situ 

aircraft measurements, and satellite based measurements of NH3 to evaluate and improve the 

handling of atmospheric models. Two detailed case study analyses were performed in 

collaboration with NOAA, drawing on detailed measurements for Northeast Colorado and North 

Carolina. 

The Colorado case study used measurements gathered in the DISCOVER-AQ Colorado 

field campaign and the concurrent Front Range Air Pollution and Photochemistry Experiment 

(FRAPPE) in July and August 2014. In situ aircraft measurements of atmospheric NH3 suggest 

that the NAQFC CMAQ model underestimated the NH3 concentration in Northeastern Colorado 

by 63%. Comparisons with ground-level measurements and satellite based measurements give 

similar results. Measurements at two Ammonia Monitoring Network (AMoN) sites in the region 

indicate that the NAQFC model underestimated atmospheric NH3 by 67%. Concentration 
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retrievals from the Tropospheric Emissions Spectrometer (TES) on the Aura satellite indicate 

that the model underestimated atmospheric NH3 by 33% to 76%.  

The underestimation of NH3 was not accompanied by an underestimation of particulate 

NH4
+, which is affected by other factors including acid availability, removal rate, and gas-

particle partition. The average modeled concentration of NH4
+ was 18% higher than the average 

measured concentration. The underestimation of NH3 varied across the study domain, with the 

highest errors occurring in a region of intensive agriculture near Greeley, and in the vicinity of 

Denver. Seasonal patterns measured at an Ammonia Monitoring Network (AMoN) site in the 

region suggest that the underestimation of NH3 is not due to the seasonal allocation of emissions, 

but to the overall annual emissions estimate. 

In the North Carolina case study, a state-maintained permit database for Confined Animal 

Feeding Operations (CAFOs) in North Carolina was used to improve the spatial allocation of 

NH3 emissions. In addition, based on initial model testing, a lower-end estimate was developed 

for NH3 emissions from emissions from swine operations, resulting in the lowering of statewide 

NH3 emissions by an average of 42%. Even with the downward adjustment of CAFO NH3 

emissions, the NAQFC model overpredicted atmospheric NH3 by an average of 60% when 

compared with hourly measurements in Clinton, NC. The average concentration measured by the 

monitor was 6.6 ppbv for July 2011, while the average predicted by the model was 10.5 ppbv. 

The monitoring site is located in Sampson County, in a region of dense NH3 emissions from 

swine operations. The other available ground level measurements are more distant from the 

region of dense CAFO emissions. Atmospheric NH3 concentrations at the three North Carolina 

AMoN sites were 1.3 ppbv or less; and concentrations of particulate NH4
+ were 1.3 µg m−3 or 

less. Model errors with respect to these measurements were small in absolute magnitude. Model 
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predictions were in good agreement with daytime retrievals of the total atmospheric column NH3 

concentration from the Infrared Atmospheric Sounding Interferometer (IASI) on the MetOp 

satellite. 

The model bias at the Clinton site was reduced by the use of CAFO permit information to 

improve the spatial allocation of NH3 emissions. This spatial allocation modification reduced 

emissions by 41% in the model grid containing the Clinton monitor. Therefore, model bias 

without the spatial adjustment could be expected to be up to 41% higher than the current 

overprediction (60%). 

This North Carolina case study is the first to use hourly NH3 concentrations from the 

Clinton monitor to evaluate predictions by the NAQFC model, providing new information on the 

performance of the model for reproducing the diurnal pattern of NH3 concentration. The diurnal 

pattern of predicted by the model was similar to the diurnal pattern measured by the continuous 

monitor, with both showing elevated concentrations in the mid-afternoon and lower 

concentrations at night.  

The model underpredicted wet deposition of NH4
+ by 17-22% based on rainfall 

concentration measurements at the Clinton National Trends Network (NTN) site. Wet deposition 

was also underpredicted at most other NTN sites across the state. In addition, the model 

predictions of dry NH3 deposition were lower than literature reports. The combination of an 

overestimation of NH3 and underestimation of wet and dry deposition suggests that the 

overstatement in NH3 may result from a failure of the model to properly simulate NH3 removal 

processes in North Carolina.  

Results for both Colorado and North Carolina indicate that further improvement of the 

emission inventories and modeling approaches are required to reduce the bias in NAQFC NH3 
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modeling predictions. Methodologies for calculating agricultural NH3 emissions are changing for 

the 2014 NEI, as the U.S. EPA is moving to more refined emissions models for both animal 

wastes and nitrogen fertilizers. Therefore, the evaluation and validation of the emissions 

inventory must be an ongoing process. This process must also take into account the diversity of 

the inventory in different regions of the country. It must also be noted that the NEI does not 

provide separate estimates for all categories of livestock included in the Census of Agriculture. 

For instance, the inventory does not currently differentiate between cattle in feedlots and cattle in 

pasture. 

Results for both case studies also show considerable variability of NH3 concentrations at 

scales smaller than a 12-km modeling grid. This may adversely affect the accuracy of the model 

for simulating reactions where rates are nonlinear with respect to the NH3 concentration. The 

spatial variability also makes it difficult to relate measurements from any particular fixed 

monitor to NH3 concentrations on broader scales. Satellite measurements provide a valuable tool 

for evaluating the broad spatial patterns of NH3 emissions and transport. 
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Abstract 

Just as carbon fueled the Industrial Revolution, nitrogen has fueled an Agricultural 

Revolution. The use of synthetic nitrogen fertilizers and the cultivation of nitrogen-fixing crops 

both expanded exponentially during the last century, with most of the increase occurring after 

1960. As a result, the current flux of reactive, or fixed, nitrogen compounds to the biosphere due 

to human activities is roughly equivalent to the total flux of fixed nitrogen from all natural 

sources, both on land masses and in the world’s oceans. Natural fluxes of fixed nitrogen are 

subject to very large uncertainties, but anthropogenic production of reactive nitrogen has 

increased almost five-fold in the last half-century, and this rapid increase in anthropogenic fixed 

nitrogen has removed any uncertainty on the relative importance of anthropogenic fluxes to the 

natural budget. The increased use of nitrogen has been critical for increased crop yields and 

protein production needed to keep pace with the growing world population. However, similar to 

carbon, the release of fixed nitrogen into the natural environment is linked to adverse 

consequences at local, regional, and global scales. Anthropogenic contributions of fixed nitrogen 

continue to grow relative to the natural budget, with uncertain consequences. 
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B.1. Introduction 

Ammonia (NH3) gas in the atmosphere contributes to the formation of airborne fine 

particulate matter (PM2.5), which is associated with adverse health effects. Atmospheric NH3 also 

deposits into terrestrial and aquatic ecosystems, potentially contributing to eutrophication and 

impacts on species diversity. The U.S. National Oceanic and Atmospheric Administration 

(NOAA) is responsible for forecasting elevated levels of PM2.5 within the framework of National 

Air Quality Forecast Capability (NAQFC), and these forecasts require reliable estimates of 

precursor NH3 concentrations. The Community Multiscale Air Quality (CMAQ) model is used to 

simulate emissions of NH3, atmospheric transport, and conversion of NH3 to PM2.5. CMAQ is 

also used to calculate the deposition of NH3 and other nitrogen compounds to sensitive 

ecosystems. However, emission, transport, and deposition processes for NH3 are subject to 

considerable uncertainty.  

The objective of the current research is to design a framework for using satellite-based 

measurements improve CMAQ predictions of NH3. We also use ground-based measurements to 
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test the validity of satellite observations and to evaluate model performance. Ultimately, we 

expect refined predictions of NH3 to result in improved predictions of PM2.5 and nitrogen 

deposition.  

B.2. Background 

Agricultural sources account for about 90% of atmospheric NH3 emissions in the U.S. 

Emissions emanate primarily from animal waste management and synthetic nitrogen fertilizer 

application. Other sources include chemical and petroleum processes, wastewater treatment, 

forest fires, and the use of NH3 in control systems for reducing NOX emissions such as selective 

catalytic reduction (SCR). Emissions estimates for NH3 are subject to considerable uncertainty, 

and prior model-to-monitor comparisons suggest emissions may be underestimated in some 

regions of the U.S. 

B.3. Methods and Data 

B.3.1. Modeling 

CMAQ version 5.0.2 was used for air quality modeling. Meteorological inputs are 

derived from the Nonhydrostatic Multiscale Model on B-grid (NMMB). The modeling domain is 

the continental U.S. and the time period simulated was July 2011. Model grid horizontal 

resolution is 12 km, and 42 vertical layers are used, starting with a lowest layer 8 m above 

ground level. The vertical domain top is 50 hPa. The AERO5 model is used for aerosol 

chemistry, and deposition is based on the M3Dry module.  

NH3 emissions are derived from the U.S. Environmental Protection Agency (EPA) 2011 

National Emissions Inventory (NEI). The NEI estimates emissions at the county level based on 

daily meteorological conditions. County-level emissions are allocated to the CMAQ grid using 

the Sparse Matrix Kernel Emissions (SMOKE). SMOKE diurnal allocation factors were also 
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used to generate hourly emissions estimates. The NAQFC CMAQ modeling framework does not 

yet incorporate bi-directional flux of NH3 from crops treated with chemical fertilizer. 

B.3.2. Ground-level Measurements  

The Ammonia Monitoring Network (AMoN) measures concentrations of atmospheric 

NH3 on a 2-week average basis using passive diffusion samplers. We obtained data from 48 

AMoN sampling locations active in July 2011. We also obtained data on the mass of ammonium 

ions (NH4
+) in the particle phase chemically-speciated PM2.5 monitors located near the AMoN 

sites. The Clean Air Status and Trends Network (CASTNet) includes 27 sites located within 12 

km of AMoN sites active in 2012. The Interagency Monitoring network for Protected Visual 

Environments (IMPROVE) includes another 20 monitors within 12 km of AMoN sites. 

B.3.3. Satellite-Derived NH3 Measurements 

We obtained daytime measurements of atmospheric NH3 during July 2011 from two 

satellite platforms. The Tropospheric Emission Spectrometer (TES) on the Aura satellite makes 

measurements over the continental U.S. between 1:00 and 3:00 pm local time. The Atmospheric 

Science Data Center at the NASA Langley Research Center publishes TES retrievals of the total 

atmospheric column loading of NH3 and the vertical profile of atmospheric NH3 concentrations 

(Shepherd et al, 2011). These retrievals also include estimates of the degrees of freedom for 

signal (DOFS). We use TES retrievals with DOFS greater than or equal to 0.5, or a thermal 

contrast of greater than or equal to 7 K. 

The Infrared Atmospheric Sounding Interferometer (IASI) on the MetOp satellite makes 

measurements over the continental U.S. between 9:40 and 10:20 am local time. The Atmospheric 

Spectroscopy group of the Université Libre de Bruxelles, Belgium has retrieved total 

atmospheric column loadings of NH3 from IASI measurements (Whitburn et al, 2015). These 
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retrievals also include estimates of the measurement error. We use IASI retrievals where the 

relative error is less than 100% or the absolute error is less than 1.4 mg/m2 (5×10-15 

molecules/cm2) 

The IASI instrument scans a broader angle than the TES instrument, and takes more 

measurements in a given satellite pass. For the month of July 2011, 209 TES retrievals were 

available meeting the screening criteria, while 58,341 IASI retrievals were available.  

For each satellite retrieval, we compute a corresponding model value for NH3 by 

interpolating from the four surrounding model grids and the two nearest time steps.  

B.3.4. Model-to-Monitor Comparisons 

Normalized mean bias (NMB) of model predictions is computed as follows: 

 

where Cmod(i) and Cobs(i) are, respectively, the model prediction and the observed concentration 

at a given location and time, and N is the number of observations. 

B.4. Results and Discussion 

Figure B-1 plots ground level measurements of NH3 from the AMoN network against 

model predictions. Figure B-2 plots ground level measurements of particulate NH4+ from the 

CASTNet and IMPROVE networks against model predictions. Figures B-3 and B-4, 

respectively, plot TES and IASI retrievals of total column NH3 against model predictions.   
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Figure B-2. NH4
+ measurements (IMPROVE and 

CASTNET) vs. model predictions. 

Figure B-1. Ground level NH3 measurements (AMON) compared 
with model predictions. 
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Figure B-3. TES satellite retrievals of 
total column NH3 plotted against 
model predictions. 

Figure B-4. IASI retrievals of total column 
NH3 plotted against model predictions. 
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Each point represents an average over a 120 km x 120 km region.)All of the measurement 

data sets are subject to significant variability, and there is low correlation between model 

predictions and particular corresponding measurements. Model evaluation results also differ 

somewhat for the measurement data sets. Comparisons with AMoN and IASI show an average 

negative bias of about 18% (underprediction). Comparisons with TES indicate a larger negative 

average bias. Some of this bias may stem from errors in predicting short-term concentrations at 

the time of satellite passage. 

Model prediction bias is subject to spatial variation at large and small scales. Figure B-5 

plots spatial variations in model bias as indicated by AMoN and TES comparisons. The figure 

maps the average difference between measured and modeled concentrations at the surface for all 

observations in July 2011. (As noted above, TES retrievals estimate the vertical profile of NH3, 

including the concentration at the surface). The model-measurement differences are 

superimposed against a background layer showing the modeled concentration. 

Figure B-6 maps spatial variations in the average difference between measured and 

modeled total column concentrations of NH3. In order to analyze regional patterns, IASI 

observations were averaged to a spatial resolution of 120 km x 120 km (10 x 10 CMAQ 

modeling grids). Figure 6 plots the spatially averaged model-measurement differences, 

superimposed against a background layer showing the modeled column loading. 

As Figures B-5 and B-6 show, results of the regional comparisons vary among the three 

measurement datasets. However, all three datasets suggest that the model may be 

underpredicting atmospheric NH3 in the Midwest and in the Central Valley of California, and 

overpredicting NH3 in parts of the Southeast U.S. 
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Figure B-5. Spatial variation in model prediction error based on AMON measurements 
and TES retrievals of surface concentrations over a background of model predictions. 

 

Figure B-6. Spatial variation in model prediction error based on IASI retrievals of 
total column concentration over a background of model predictions.  

Note: Each icon represents at least 31 observations, and an average of 108 
observations. 
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Differences between modeled and measured concentrations may stem from uncertainties 

in the NH3 emissions inventory, spatial and temporal allocation methods used in the inventory, 

model deposition processes, or other model processes. A recently developed bidirectional flux 

algorithm for NH3 could be expected to raise NH3 concentrations in the summer months, thereby 

ameliorating some underprediction. However, it must also be noted that model bias estimates are 

subject to considerable uncertainty because of large variabilities associated with all of the 

measurement data sets. 
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Abstract 

Ammonia (NH3) gas in the atmosphere contributes to the formation of airborne fine 

particulate matter (PM2.5), which is linked to adverse health effects. Atmospheric NH3 also 

deposits into terrestrial and aquatic ecosystems, potentially contributing to eutrophication and 

impacts on species diversity. The U.S. National Oceanic and Atmospheric Administration 

(NOAA) is responsible for forecasting elevated levels of PM2.5 within the framework of National 

Air Quality Forecast Capability (NAQFC), and these forecasts require reliable estimates of 

precursor NH3 concentrations. The Community Multiscale Air Quality (CMAQ) model is used to 

simulate atmospheric emissions and transport and conversion of NH3 to PM2.5; however, 

emissions and transport processes for NH3 are subject to considerable uncertainty. The objective 

of the current research is to design a framework for using satellite-based measurements improve 

CMAQ predictions of NH3. 
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Measurements of NH3 by the Tropospheric Emission Spectrometer (TES) on the Aura 

satellite were compiled for the continental U.S. over the entire operational period of the 

instrument (2004 through the present). These were compared with available ground-based 

measurements from the Ammonia Monitoring Network (AMoN) and other sources. Both of 

these data sets were to evaluate CMAQ NH3 predictions for a one-month case study period – 

July 2011. For the TES comparisons, model predictions were compared with satellite retrievals 

of ground level concentrations, total column concentrations, and concentrations at the altitude of 

maximum satellite sensitivity. Model biases were computed, and regional patterns in bias were 

evaluated using cluster analysis. 

Correlation between model predictions and measurements is poor, indicating that there is 

a need to improve CMAQ predictions. Model biases are subject to considerable spatial variation, 

with notable underprediction in parts of the West and Midwest and overprediction in the 

Southeast. Additional longer-term analysis is needed to determine if these patterns of bias are 

persistent, and to develop corrective mechanisms. 
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Abstract 

Ammonia (NH3) gas in the atmosphere contributes to the formation of airborne fine 

particulate matter (PM2.5). Atmospheric NH3 also deposits into terrestrial and aquatic 

ecosystems, leading to an increase in the level of biologically available nitrogen in those 

reservoirs. The U.S. National Oceanic and Atmospheric Administration (NOAA) is responsible 

for forecasting elevated levels of air pollution within the National Air Quality Forecast 

Capability (NAQFC). NOAA uses the Community Multiscale Air Quality (CMAQ) model 

version 5.0.2 to simulate atmospheric emissions and transport and conversion of NH3 to PM2.5.  

The current research uses measurements gathered in the DISCOVER-AQ Colorado field 

campaign and the concurrent Front Range Air Pollution and Photochemistry Experiment 

(FRAPPE) to test performance of the NAQFC CMAQ modeling framework for predicting NH3. 

The DISCOVER-AQ and FRAPPE field campaigns were carried out in July and August 2014 in 

Northeast Colorado. Model predictions are compared with measurements of NH3 gas 
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concentrations and the NH4
+ component of fine particulate matter concentrations measured 

directly by the aircraft in flight. We also compare CMAQ predictions with NH3 measurements 

from ground-based monitors within the DISCOVER-AQ Colorado geographic domain, and from 

the Tropospheric Emission Spectrometer (TES) on the Aura satellite.  

In situ aircraft measurements carried out in July and August of 2014 suggest that the 

NAQFC CMAQ model underestimated the NH3 concentration in Northeastern Colorado by a 

factor of 2.7 (NMB = –63%). Ground-level monitors also produced a similar result. Average 

satellite-retrieved NH3 levels also exceeded model predictions by a factor of 1.5 to 4.2 

(NMB = -33 to -76%). The underestimation of NH3 vapor did not, however, cause an 

underestimation of particulate NH4
+, which is further controlled by factors including acid 

availability, removal rate, and gas-particle partition. The average measured concentration of 

NH4
+ was close to the average predication (NMB = +18%).  

Seasonal patterns measured at an AMoN site in the region suggest that the 

underestimation of NH3 is not due to the seasonal allocation of emissions, but to the overall 

annual emissions estimate. The underestimation of NH3 varied across the study domain, with the 

highest errors occurring in a region of intensive agriculture near Greeley, Colorado, and in the 

vicinity of Denver. The CMAQ framework did not include a recently developed bidirectional 

flux algorithm for NH3, which has shown to considerably improve NH3 modeling in agricultural 

regions. The bidirectional flux algorithm, however, is not expected to obtain the magnitude of 

this increase sufficient to overcome the underestimation of NH3 found in this study. Our results 

suggest that further improvement of the emission inventories and modeling approaches are 

required to reduce the bias in NAQFC NH3 modeling predictions. 
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