
ABSTRACT 

BAKER, JORDAN LEE. Characterization and Fate of Ammonia from Poultry Operations: Their 

Emissions, Transport, and Deposition in the Chesapeake Bay. (Under the direction of Dr. Viney 

P. Aneja and Dr. S. Pal Arya). 

 

Poultry operations on the Maryland Eastern Shore contribute to approximately 99% of 

the total agricultural ammonia/nitrogen livestock emissions on the Delmarva peninsula.  

Emissions from poultry operations lead to the deposition of ammonia/nitrogen to the Chesapeake 

Bay causing detrimental environmental impacts as a result.  The goal of this study is to 

determine how much ammonia/nitrogen is being deposited to the Chesapeake Bay from poultry 

operations from the Maryland Eastern Shore.  Ammonia observations were taken from 23 sites 

across Maryland’s Eastern Shore to collect data for atmospheric transport and deposition model 

validation.  Sussex County, Delaware and counties in Virginia were omitted from this study due 

to a lack of data availability.  Based on the meteorology during the measurements, and using this 

data, a deposition velocity of 2.4 cm/s was selected via sensitivity analysis that is used to apply 

to an air quality model (AERMOD) simulation of 603 poultry facilities.  Using AERMOD, a 

domain approximately 134 km by 230 km was simulated with a resolution of 2 km by 2 km to 

determine the fate of ammonia/nitrogen emitted from these poultry facilities.  Emission factors 

from the U.S. Environmental Protection Agency in conjunction with Carnegie-Mellon University 

were used in the calculation of ammonia emission rate.  Realistic terrain heights and 

meteorology observations were used by utilizing the data processing available with AERMOD, 

AERMAP and AERMET.  A deposition velocity of 2.4 cm/s shows an overestimation of total 

deposition which is ~2 times the total emission.  Therefore, a deposition velocity (0.15 cm/s) 

from similar studies are used to find total ammonia/nitrogen deposition.  Using a deposition 

velocity of 0.15 cm/s, results from the AERMOD simulation show that approximately 



1,284±0.24 tonnes (1,415±0.22 US tons) of nitrogen is deposited to both the Chesapeake Bay 

and the Delmarva peninsula landmass due to ammonia/nitrogen release from poultry AFOs.  This 

is approximately 8.37% of the total emission from these facilities.  Of the total deposition, about 

397±0.01 tonnes of ammonia/nitrogen is deposited directly to the Chesapeake Bay with the 

remaining 886.5 tonnes being deposited to the Delmarva peninsula.  It is difficult, to accurately 

determine the indirect deposition to the Chesapeake Bay from poultry AFOs.  Meteorological 

conditions and deposition velocity affect deposition at a given time and can produce dramatic 

increases and decreases depending on atmospheric moisture, stability, and temperature.  A 

seasonal analysis was performed to find the season with the highest average ambient 

concentration and deposition.  Results show that spring is the season with the most deposition 

while winter is the season with the lowest.  Autumn is the season with the third highest 

deposition calculation and summer is the season with the second highest seasonal deposition.  It 

is important to note that modeled concentrations and deposition fluxes are calculated assuming 

that the same rate of ammonia/nitrogen is being emitted at all times.  It is determined that the 

majority of ammonia/nitrogen (and nitrogen associated) is being transported through waterways 

from the land mass to the Chesapeake Bay. 
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Chapter 1. Introduction 

1.1. Background 

According to the U.S. Environmental Protection Agency’s (EPA) Guidance for Federal 

Land Management in the Chesapeake Bay Watershed, agricultural activity (Figure 1) accounts 

for a large portion of the excess nitrogen and phosphorous causing an imbalance within the 

Chesapeake Bay (U.S. Environmental Protection Agency, 2010; Sheeder et al., 2002)).  The U.S. 

EPA’s total maximum daily load (TMDL) indicates that 44% of excess nitrogen and phosphorus 

deposited to the Bay is due to agricultural activity (U.S. Environmental Protection Agency, 

2014).  It is believed that within the Chesapeake Bay watershed, poultry operations account for 

two-thirds of the excess nitrogen and half of the excess phosphorous released from agricultural 

operations (National Research Council, 2003).  Increased nitrogen and phosphorous to the 

Chesapeake Bay can lead to adverse environmental impacts, and mainly eutrophication from 

surface algal blooms (Linker et al., 2013; Gilbert et al., 2001; Aneja et al., 2001; Battye et al., 

2017).  Of the intensive agricultural production on the Delmarva peninsula, Table 1 shows that 

poultry contribute more than 99% of the total atmospheric ammonia/nitrogen emission on the 

Delmarva Peninsula from animal waste.  The data in Table 1 shows ammonia/nitrogen emissions 

from counties on the Delmarva Peninsula.  Since data is provided on a county level, emission 

factors are applied to activity data from the counties shown only in Figure 2. 

To determine transport and deposition of emitted ammonia requires air quality modeling.  

Many processes act on emitted pollutants in the atmosphere and these processes are largely 

nonlinear.  Energy exchanges at the surface influence planetary boundary height and turbulence 

leading to mass changes and momentum exchanges carrying the pollutant varying distances 

(Arya, 1999).  Surface concentration modeling and deposition are analyzing impacts to sensitive 
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ecosystems such as the waterways.  Few studies before have attempted to quantify the emissions 

from a small sector of the Chesapeake Bay watershed.  Therefore, the objective of this study is to 

quantify the deposition of ammonia/nitrogen to the Chesapeake Bay and its surrounding bodies 

from only animal feeding operations (AFOs) located on the Maryland Eastern Shore (yellow 

region in Figure 2).  Ammonia/nitrogen is chosen for this study because ammonia/nitrogen is one 

of the largest emissions from AFOs due to animal waste and the inability of animals to digest the 

existing nitrogen in feed, resulting in deposition of ammonia-nitrogen which may exacerbate the 

nitrogen load in the Bay (Bittman & Mikkelsen, 2009). 

1.2. Emission Factors 

Emission factors were developed by Carnegie-Mellon University (CMU) with assistance 

from the U.S. EPA (emission factors are referred to as EPA/CMU emission factors) are specific 

to the chemical species of ammonia/nitrogen.  Each emission factor is broken into three 

categories that contribute to the total emission factor.  Confinement refers to the emission from 

animal residing inside of a AFO and emission from the waste produced within the contained 

area.  Storage refers to the emission of ammonia/nitrogen from the storage of the waste removed 

from the AFO.  Land application, as implied, is the emission of ammonia/nitrogen after waste is 

applied to a field as fertilizer.  The total emission factor is the sum of confinement, storage, and 

land application.  It is difficult to report emission factors for specific farms and areas, but we 

assume that each farm uses no waste management control such as alum and that the farm stores 

and applies waste in the vicinity of the original confinement area.  This allows us to apply the 

total emission factor for a single AFO.  These values and the total for selected agricultural 

species are provided in Table 2.  Emission factors from EPA/CMU are reported in units of kg 

NH3 per animal per month.  The total emission factor for poultry displayed and used in our study 
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is the addition of confinement, storage, and land application.  The number is then extrapolated to 

kg NH3 per animal per year as 0.200 kg NH3 animal
-1

 year
-1

. 

Previous research suggests that the emission factor can be as high as 0.789 kg NH3 per 

bird per year (Gates et al., 2005).  Others suggest the EPA/CMU emission factor is much higher 

than measurements which estimate an emission factor of approximately 0.035 kg NH3 per bird 

per year (Burns et al., 2007).  Given the high variability in animal population management 

practices, climate, and waste management control practices, our best estimate of an emission 

factor is to use U.S. EPA/CMU-suggested emission factors.  There will be high variability in any 

one area, but the EPA/CMU emission factor should provide an overall average of emission 

factors for any management practice.  This is important because the EPA/CMU model developed 

in 2004 is based on individual counties and waste management practices. 

1.3. Fate of Atmospheric Ammonia/Nitrogen 

At the Earth’s surface, NHx (= NH3 + NH4
+
) has a range of well understood, beneficial, 

and detrimental consequences for humans and the environment (Tomich et al., 2016; Battye et 

al., 2017).  For example, nitrogen fertilizers have had a beneficial effect on agriculture globally 

by increasing crop yields. However, the high loading of reactive nitrogen (reactive nitrogen 

includes all biologically active, chemically reactive, and radiatively active nitrogen compounds 

in the atmosphere and biosphere of the earth, in contrast to non-reactive gaseous N2) has led to 

deleterious effects on the environment, such as acidification of soils, forest decline, decreased 

visibility from increased aerosol production, and elevated nitrogen (both ammonia/nitrogen and 

oxides of nitrogen (NOx)) concentrations in ground and surface waters, possibly leading to 

enhanced eutrophication in downwind ecosystems (Asman, 1998; Aneja et al., 1998; Krupa, 

2003; Baek and Aneja 2004; Schlossberg, 2017). Thus, there is a need to study the NHx 
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deposition changes, spatial distribution, and transport of ammonia/nitrogen from agricultural 

sources (both crop and animal) to gain a better understanding of effective means to control or 

reduce excess amounts of ammonia/nitrogen and ammonium deposition.  

The fate of atmospheric ammonia/nitrogen depends on nearby moisture, vegetation, 

emission strength, temperature, wind velocity and other atmospheric species present.  One of the 

more well-understood mechanisms for the removal of atmospheric ammonia/nitrogen is in-cloud 

and below-cloud scavenging.  During the process of in-cloud scavenging, ammonia/nitrogen 

within the cloud can interact with cloud condensation nuclei (CCN).  Gaseous ammonia/nitrogen 

interacts with the liquid on the surface of CCN and is transformed into a dissolved gas; 

effectively removing the available atmospheric ammonia/nitrogen by diluting the gas to low 

levels (Jittra et al., 2015).  Below-cloud scavenging is a similar process in which the 

ammonia/nitrogen does not reach equilibrium with the raindrop before the drop begins 

descending to Earth during precipitation.  As the rain drop falls, ammonia/nitrogen is taken in by 

the raindrop and dissociation begins as in in-cloud scavenging, however, in this process the 

ammonia/nitrogen being scavenged is at a much lower atmospheric level, below the lifting 

condensation level (LCL) (Seinfeld & Pandis, 2016).  Ammonia/nitrogen’s high solubility and 

effective Henry’s Law constant make these processes much easier for the species to be removed, 

as compared to other atmospheric gases (Seinfeld & Pandis, 2016).  Any atmospheric 

ammonia/nitrogen that is not dry deposited or scavenged by raindrops is converted into 

atmospheric ammonium (Seinfeld & Pandis, 2016).  This is done through the interaction of 

gaseous ammonia/nitrogen with small water particles not large enough to effectively dissolve 

gaseous ammonia/nitrogen.  The conversion of ammonia/nitrogen to atmospheric ammonium is 

important because the ammonium aerosol has a much longer lifetime than ammonia/nitrogen and 
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is an alkaline species that is readily used in the process of PM2.5 formation, especially in the 

presence of sulfuric acid and nitric acid (Jacobson, 1999). 

Dry deposition is another process which is important to understand the fate of 

atmospheric ammonia/nitrogen.  Depending on an area’s temperature, humidity, and 

precipitation, dry deposition may be the largest contributor to nitrogen deposition from 

ammonia/nitrogen releases (Duyzer, 1994).  Dry deposition refers to the removal of atmospheric 

gases or particles without the presence of moisture in the atmosphere.  Given that 

ammonia/nitrogen is highly soluble, it is important to consider dry deposition to both vegetation 

and to water bodies.  Water bodies in which ammonia/nitrogen is deposited can cause dissolution 

of ammonia/nitrogen and lead to an additional nitrogen deposition mechanism (Larsen et al., 

2001).  With no natural surface resistance due to the solubility of the species, ammonia/nitrogen 

uptake by water bodies is efficient and is an important factor in areas where wetlands, rivers, 

lakes, or other large ocean bodies are present (Larsen et al., 2001).  This fact coupled with the 

concentration of emission sources on the Delmarva Peninsula makes dry deposition a vital topic 

of this study. 

The dry deposition flux (equation 4), Fd (µg/m
2
/s), is calculated as the product of the 

concentration, C(x,y,z) (µg/m
3
), and a deposition velocity, Vd (cm/s), computed at a reference 

height, zr (m).  The dry deposition flux is calculated on an hourly basis and summed to obtain the 

total flux for the user-specified period based on a user-defined land use type which is described 

as one of nine categories.  AERMOD allows users to select either urban land with no vegetation 

(1), agricultural land (2), rangeland (3), forest (4), suburban areas with mainly grassy areas (5), 

suburban areas with mainly forested land (6), bodies of water (7), barren land (desert) (8), and 

non-forested wetland (9) land-use types. 
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Dry deposition to areas with vegetation is important for ground water transport of 

nitrogen as well.  Deposition of ammonia/nitrogen to vegetation is more complicated with 

respect to water bodies because the framework of the resistance model is introduced.  When 

calculating or observing deposition to vegetation, atmospheric gases have several factors 

influencing their deposition fluxes.  These deposition fluxes are aerodynamic resistance, quasi-

laminar resistance, and surface resistance.  Aerodynamic resistance is the resistance of gases to 

transport from the atmosphere to the surface and is denoted as ra.  Once a gas molecule makes it 

to the surface for exchange, it must overcome a differentially turbulent layer that relies on 

molecular diffusion and surface (canopy) characteristics.  Quasi-laminar resistance is denoted as 

rb.  The surface resistance (rc) is determined by the surface to which the gas is depositing.  There 

are separate resistances that make up the surface resistance which include water resistance, 

ground resistance, and foliar resistance.  Typically, a vegetative canopy exists which involves 

additional complex resistances, but is usually referred to as the canopy resistance (Seinfeld & 

Pandis, 2016).   

In addition to the resistance model, the bi-directional flux of ammonia/nitrogen needs to 

be considered.  The bi-directional flux of ammonia/nitrogen suggests that when the stomatal 

compensation point of ammonia/nitrogen in the atmosphere is higher than the compensation 

point at the surface, ammonia/nitrogen will deposit to the surface of leaves whereas where the 

compensation point of the gas is higher at the leaf surface than in the atmosphere, the vegetation 

will emit ammonia/nitrogen (Pleim et al., 2013; Farquhar et al., 1980).  In the scope of this study, 

this could imply that the emission area is much larger than previously thought.  Large poultry 

facilities and high concentrations of ammonia/nitrogen will lead to transport of 

ammonia/nitrogen away from the facility as ammonia emitted from waste is ventilated from the 
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AFO to the environment.  This is done, primarily, by exhaust fans located on the end of the 

housing facility and windows/doors on the end and along the side of the structure.  Other factors 

such as ammonia/nitrogen diffusivity, temperature, moisture and stability will limit or exacerbate 

the transport distances away from poultry facilities (Arya, 1999).  

1.4. Previous Research 

1.4.1. Similar Studies 

This study builds off of an initial research project conducted on the Delmarva peninsula 

in 2004 by Siefert et al. (2013).  Siefert et al. uses inverse modeling to determine the emission 

strength of the initial poultry operation, while the model used in this study infers the original 

strength of the emission source from Maryland AFO population data and emission factors from 

CMU/EPA.  Previous studies such as O’Shaughnessy and Altmaier (2011) have used inverse 

modeling in this way with the American Meteorological Society (AMS)/United States 

Environmental Protection Agency (EPA) Regulatory Model (AERMOD).  Reports interested in 

the improvement of computer modeling such as the Airsheds and Watersheds III: A Shared 

Resources Workshop in November of 2000 note that emissions at the source are most important 

in improving computer model performance.  Inverse modeling is a way to do this, and while this 

study does not seek to improve emission data, it does attempt to validate samplers with regional 

deposition and concentration data, unlike many previous studies.  The objective of this study is 

to assume the initial strength with emission factors from the US EPA/CMU and simulate the 

concentration and deposition at a point downwind and later in time.  Unfortunately, due to the 

differences in emission strength, Siefert et al. (2013) and this study are too different to be 

compared. 



  8 

 

Overall, few studies have attempted to apply AERMOD to a regional scale simulation.  In 

addition to this, little has been done with AERMOD regarding atmospheric ammonia/nitrogen.  

Many applications associated with AERMOD are hydrogen sulfide emissions and dispersion of 

these pollutants in the vicinity of industrial practices both agricultural and manufacturing 

(O’Shaughnessy and Altmaier, 2011; Khoirunissa 2018).  Sutton et al. (1998) conducted a study 

utilizing AERMOD’s dispersion calculations in the United Kingdom (U. K.) to model 

ammonia/nitrogen in a rural landscape, locally.  This study found that AERMOD shows 

accuracy despite no inclusion of the bi-directional flux and land-cover data which would 

influence the transport distances.  Again, this study was performed locally and does not comment 

on AERMOD’s ability on a regional level. 

It is also important to keep in mind that the assumption of this study is that no waste 

management practice is used throughout the modeling domain and that the facilities are 

producing at maximum capacity at all times throughout the duration of the simulation.  This will 

provide an upper-limit scenario for nitrogen deposition and concentration values.  Limitations 

within this study limit the ability of the model to create temporal variations in emissions and no 

activity and sale data are available from the farms themselves. 

1.4.2. Dispersion Modeling 

AERMOD is a dispersion model currently supported by the US EPA.  It is similar to 

other dispersion models in that they are designed to model the transport of certain chemicals.  

Initially, the US Military began to experiment with dispersion modeling due to fear of chemical 

weapons (U.S. Environmental Protection Agency, 2013).  This led to scientists becoming aware 

of atmospheric dispersion and the first theories regarding atmospheric pollutant transport were 

developed by Taylor in 1922.  Vertical dispersion was later investigated and led to the Gaussian 
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plume dispersion equation that is the base of Gaussian plume models used today, including 

AERMOD (Arya, 1999). 

AERMOD uses steady-state plume modeling to calculate concentrations and depositions 

with the goal being to limit large errors in model output based on small changes from input 

parameters (U.S. Environmental Protection Agency, 2013).  The horizontal and vertical 

concentration distribution is assumed to be Gaussian in the stable boundary layer (SBL) and 

unlike many dispersion models, it is assumed to be a bi-Gaussian probability density function 

following statistical concentration distributions in the convective boundary layer (CBL) 

(Deardorf & Willis, 1985; Briggs, 1993).  The general form of AERMOD within both the SBL 

and the CBL is: 

 𝐶(𝑥, 𝑦, 𝑧) =  
𝑄

𝑢
𝑃𝑦(𝑦, 𝑥)𝑃𝑧(𝑧, 𝑥) (1) 

With C being the average concentration, Q being emission strength, u being average wind speed, 

and Py and Pz being the probability density function describing the concentration as a statistical 

expression away from the model centerline (Peters, 2015).  Divisions occur between the 

convective boundary layer and the transition between the two.  However, most time is spent in 

the CBL due to surface energy budgets and final concentrations, before several forms of 

dispersion equations describe plume dispersion, lateral dispersion, and natural centerline fade 

dispersion (U.S. Environmental Protection Agency, 2013).  While concentration calculations are 

forefront of the AERMOD formulation, deposition is the most important parameter discussed in 

this study.  Chamberlain (1953) describes the simple deposition model used in AERMOD’s 

formulation involving calculations of ground-level concentrations (GLC) with a continuous 

source: 

 𝐶0(𝑥, 𝑦, 0) =  
𝑄𝑥

𝜋𝜎𝑦𝜎𝑧𝑢
exp (−

𝑦2

2𝜎𝑦
2) exp (−

𝐻2

2𝜎𝑧
2) (2) 
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where Qx is the depleted source strength downwind at a distance of x and governed by the mass 

equation: 

 
𝜕𝑄𝑥

𝜕𝑥
=  − ∫ 𝐹𝑑(𝑥, 𝑦) 𝜕𝑦

∞

−∞
 (3) 

And the dry deposition flux: 

 𝐹𝑑(𝑥, 𝑦, 0) = 𝑣𝑑𝐶(𝑥, 𝑦, 0) (4) 

This is termed as a source-depletion model and is a linear relationship allowing deposition to be 

calculated from GLC calculations with previous determination of SBL contributions and CBL 

contributions within AERMOD calculations and a prescribed deposition velocity (vd) (Cimorelli 

et al., 2005). 

Several studies in the past have used AERMOD’s dispersion capabilities.  Many studies 

have modeled H2S emissions and dispersion using AERMOD.  Khoirunissa 2018 used 

AERMOD to find H2S emissions within geothermal emissions from power plants in Indonesia.  

AERMOD proved to perform well during long simulations and within 3 km of the source 

(Khoirunissa, 2018).  Other studies have used AERMOD to inverse model emission factors for 

better representation of emission from agricultural practices.  O’Shaughnessy and Altmaier, 2011 

found that AERMOD worked effectively when using inverse modeling, especially at distances of 

less than 6 km.  Other studies have used AERMOD at local scales, but no literature search during 

this review found AERMOD-related studies that incorporated areas larger than 50 km.  

Attempting to apply AERMOD to a regional application rather than a local application makes 

this study unique.  Other studies have successfully applied AERMOD to a local application of 

ammonia.  Bajwa et al. (2008) used AERMOD to determine deposition velocities under different 

seasons and stability conditions.  Deposition velocities were modeled on a local scale and found 

that total deposition occurred within 2,500 m of the source.  Thoebald et al. (2012) compared 
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AERMOD, Atmospheric Dispersion Modelling System (ADS), Local Atmospheric Dispersion 

and Deposition (LADD), and the Operational Priority Substances model (OPS-st) in terms of 

concentration within 1,000 m of a source.  Input processes were varied throughout the study 

which found that for area and volume sources, AERMOD and OPS-st predicted larger 

concentration which hold for a case study involving such studies.  Overall AERMOD, ADS, and 

OPS-st performed well as compared to an acceptability criteria.  Hanna et al. (2001) compared 

ADMS, AERMOD, and ISC3 at downwind distances of 10 to 20 km.  A total of 6 sites were 

used in the comparison.  AERMOD shows better performance at 3 of these 6 sites over ADMS 

and ISC3.  Hall et al. (2000) compared AERMOD, ADMS, and ISC in terms of local dispersion 

over complex terrain.  While no complex terrain exists in the work that follows, it is important to 

note that AERMOD’s dispersion calculations are one of many possibilities based on the model 

formulation, and that AERMOD, due to its advanced dispersion processes and advanced 

meteorological preprocessor (AERMET), shows good performance at local scales.   

Since AERMOD requires raw METAR data as meteorological input into the model, 

sources of atmospheric data are limited to National Weather Service ASOS stations.  Combined 

with the fact that meteorological conditions can vary substantially across a domain of 50 km, 

particularly when that domain covers a large water body and a coastal climate, some areas of the 

modeling domain will not be simulated using accurate meteorology.  However, this does not 

mean that the simulated data are not accurate.  Since the regional weather pattern is captured in 

the model, the simulation from AERMOD will give a general idea of the atmospheric conditions 

at all modeling receptors.  
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1.4.3. Deposition Velocities 

Schrader and Brummer (2014) have reviewed published deposition velocities for various 

land use types and found annual mean values ranging from 0.1 to 1.8 for semi-natural, 0.4 to 3.0 

for mixes forests, and 0.2 to 7.1 for agricultural sites.  Deposition velocities span more than an 

order of magnitude within and across land use types.  Phillips et al. (2004) conducted their study 

in an area similar to the Maryland Eastern Shore.  Phillips et al. (2004) is listed as a semi-natural 

site and is downwind of the North Carolina State University Research Farm in central North 

Carolina.  Measurements were not taken at the facility, but were taken downwind over turf grass.  

We did not take direct measurements at a CAFO, but several samplers were located downwind 

(~ 5km) of large facilities and in open grass fields.  Table 3 summarizes the findings of ammonia 

deposition velocities from several studies. 

In general, semi-natural sites have a relatively low deposition velocity with many ranging 

from about 0.6 – 1.8 centimeters per second (Bajwa et al., 2008; Benedict et al., 2013; Kirchner 

et al., 2005; Myles et al., 2011).  This varies based on area of study and time of year.  Most 

studies report deposition velocities during the fall season with some reporting annual means for 

comparison (Bajwa et al., 2008; Phillips et al., 2004; Neirynck et al., 2005; Neirynck et al., 2007; 

Myles et al., 2011).  Phillips measured a deposition velocity of 2.8 cm/s during the daytime 

during the fall.  Phillips et al. is an outlier when considering all of the semi-natural studies due to 

its proximity to farm operations near North Carolina State University.  Some studies were 

conducted in areas of mixed forests.  Surprisingly, these show very high deposition velocities.  In 

mixed forest biomes, Neirynck et al. conducted two separate studies in similar regions in 2005 

and 2007.  Deposition velocities were reported as 3.5 cm/s during the day in the summer and 2.4 

cm/s during the night in the summer, in 2005.  A similar study conducted in 2007 found a 
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deposition velocity of only 2.8 cm/s during the day in the summer.  This speaks to the high 

variability that is seen when measuring deposition velocity of ammonia/nitrogen even in the 

same region.  Stability, ground temperature, moisture, and other factors may limit or amplify 

deposition velocities. 

The final area of interest in the literature review is involved with agricultural soils.  In 

areas downwind of agricultural production, deposition velocities are expected to be lower than 

any other type of land types considered unless the measurements are taken downwind of the 

ammonia source or in areas of fertilized soils.  This is reflected in a study done by Myles et al. 

(2011) who reports a deposition velocity at 7.1 cm/s over a fertilized soil.  Other studies such as 

Baek et al. (2006) finds a deposition velocity of 6.3 cm/s within the downwind fetch of the 

ammonia source.  Studies with deposition velocities below 1 cm/s are likely located within a few 

hundred to 1,000 m of an ammonia source or in soils with a high ammonia concentration (Bajwa 

et al., 2008).  Theobald et al. (2012) found a deposition velocity of 0.15 cm/s in a study that 

compares local transport of ammonia within 1 km of a source using different dispersion models.  

Pleim et al. (2013) does provide some reasoning for this with more in-depth analysis provided by 

Cooter et al. (2010) for agricultural soils specifically.  The ammonia/nitrogen bi-directional flux 

can cause areas of low deposition velocities near ammonia/nitrogen sources.  High 

concentrations tend to increase the surface resistance which will decrease the effective dry 

deposition velocity and decrease the overall deposition to an area.  Therefore, a constant 

deposition velocity may not capture the extent of ammonia transport near areas of high 

concentration such as downwind of intensive animal operations.  This difference can be as high 

as a factor of 10 at the source and a factor of 2, 60 m downwind of the source (Jones et al., 

2007).  This would also explain why semi-natural and mixed forests have a higher deposition 
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velocity.  Furthermore, it would be an additional benefit to include variable deposition velocities 

based on land-use categories.  Within the model formulation, the user is allowed to define land-

use characteristics in relation to the source.  With a large quantity of modeled sources and 

unknown land-use characteristics of each individual site, the land-use is assumed for the entirety 

of the region.  Defining land-use at each site individually will improve the quality of modeled 

transport and provide more detailed surface characteristics that are used in the model output 

calculation. 
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Chapter 2. Methods 

2.1. Measurements 

The CEH ALPHA sampler (Figure 3) is a passive sampler for measuring NH3 in air.  The 

sampler uses a phosphorous acid coated filter, which serves to capture the ammonia/nitrogen for 

later analysis.  A white PTFE (Teflon) membrane protects the filter whilst allowing gaseous 

ammonia/nitrogen to diffuse through for capture.  The membrane is positioned facing 

downwards during sampling.  This prevents rainfall from adversely impacting the measurements.  

The membrane end of the sampler is sealed with a protective cap whilst not being exposed.  The 

passive sampling system consists of replicate ALPHA samplers attached to a shelter on a pole or 

post at about 2.0 m above ground, which for our situation, is approximately 6.5 feet (Figure 4).  

Replicate samplers are used in order to give a more reliable estimation of the air concentration of 

ammonia/nitrogen. All samplers are transported in sealed plastic containers for protection. 

Phosphorous acid is suitable as an absorbent for temperate climates and is used to coat 

the ALPHA membranes for all samplers during this measurement campaign.  Phosphorous acid 

is prepared prior to the day of use, but as close to the day of setup as possible.  The phosphorous 

acid coating solution is 50 mL with 52.0 grams of phosphorous acid dissolved in 100 mL of 

deionized water to create the solution.  Laboratory preparation of the coated filters continues 

with an 8-step process as the solution will be applied to the filter paper.  Step 1 involves the 

transfer of the coating solution to a small capped bottle.  Next, approximately 10 filters at a time 

are arranged on clean petri dishes.  Working as quickly as possible, 40 mL of solution is applied 

to the center of each filter.  After this, the petri dishes containing the filters is placed inside a 

desiccator.  Next, a vacuum pump is connected to the desiccator until each filter appears visibly 

dry after about 3 minutes.  The coated filters are then ready to be stored until deployment.  CEH 
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recommends that, for storage, each filter is stored inside of a small petri dish that is sealed and 

placed inside grip-seal bags and then stored in an airtight container. 

In addition to the monitors, 10 travel blanks and laboratory blanks (8 during trip 1, and 6 

during trip 2) were used during each trip for a total of 20 travel blanks and 14 laboratory blanks.  

Samplers were analyzed after each trip.  Unfortunately, 2 travel blanks were discarded during 

trip 2 due to handling errors in the field.  The analysis of the samplers is a straightforward 

process recommended by the supplier of the samplers.  Analysis is done with the assumptions 

under Fick’s Law which states that the diffusion path length is the distance from the mouth of the 

sampler to the reaction surface at the end of the tube which can be shortened by disturbances 

such as through the effect of turbulence. The total measured concentration is a function of this 

diffusion path length (L, m), the diffusivity of a pollutant (D; for NH3 = 2.09 x 10
-5

 m
2
 s

-1
 at 

10ºC), and the area of the sampler’s measuring surface (A, m
2
). 

 𝑉 =
𝐷𝐴𝑡

𝐿
 (𝑚−3) (5) 

From equation 5, the effective volume of the sampler is determined, and the final concentration 

(χ) is calculated based on the mass of the pollutant (me, µg) minus the mass of pollutant found to 

be in the travel/laboratory blanks (mb, µg). 

 𝜒 =
(𝑚𝑒 − 𝑚𝑏)

𝑉
 (𝜇𝑔 𝑚−3) (6) 

2.2. Modeling Procedures 

AERMOD had a distinct advantage over other dispersion models such as CMAQ and 

ISC3.  The CMAQ model does not allow for local scale calculation of concentrations and 

deposition.  CMAQ is required for 3D calculation in as small as ~1 km horizontal spatial 

resolution which requires a tremendous amount of computing power.  The inclusion of WRF 

meteorology leads to an additional increase in processing time and resources.  Additionally, 
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WRF-generated meteorology introduces the possibility of further error in the model which is 

difficult to quantify (Appel et al., 2014).  Using AERMOD allows us to increase the spatial 

resolution to as fine as 10 m, which is unprecedented in most air quality models.  Additionally, 

we are able to use real-world meteorological data with AERMOD which reduces model error and 

increases the confidence in the model. 

Limitations are introduced with AERMOD due to the spatial availability of 

meteorological data.  Since there is only one meteorological station in our model, this station is 

used for the entire Maryland Eastern Shore along with Delmarva Virginia and southwestern 

Delaware and is maintained by the National Weather Service (NWS).  From this station, wind 

speed, wind direction, temperature, dew point, and pressure are used to define surface parameters 

for use within AERMOD.  Additional limitations of AERMOD include a lack of 3D calculations.  

Ground level concentrations and deposition are the only calculations available within AERMOD 

outputs.  Having information on concentrations at a level just above ground-level would give us 

a more complete picture of ammonia/nitrogen scavenging and particulate matter (PM) formation, 

however, to an extent, wet deposition will give us the amount of ammonia/nitrogen converted to 

ammonium and used in PM formation (Walker et al., 2000).  Another source of limitation would 

be land-use data.  AERMOD does not allow us to distinguish areas of wetland, water, 

agricultural land, urban areas, and deciduous forest in a deposition post-calculation at individual 

receptors.  This can be done at each source in radial directions, but since the land type at each 

source location is unknown, the model is forced to view the entire domain as continuous 

agricultural land.  The density of this vegetation is determined by the seasonal classification 

defined by the user.  This seasonal classification is simply an assignment of 1 of 5 categories to 

each of the 12 months.  Classification 1, 2, 3, 4 and 5, are summer (lush), autumn (unharvested 
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crops), late autumn (harvested crops, frost, and sparse vegetation), winter (continuous snow 

cover), and transitional spring (partially green coverage).  Elevation data < 0 m gives the user 

information regarding areas of water. This limits our ability to calculate direct deposition to 

tributaries, water bodies, and wetlands and thus, calculated deposition in this study will be 

conservative. 

2.2.1. Input Data Processing 

 AERMOD provides a terrain pre-processor created by the US EPA for AERMOD called 

AERMAP.  This terrain preprocessor provides information for each receptor and source defined 

by UTM coordinates in the input file.  Elevation data is extracted from the United States 

Geological Service (USGS) and the National Elevation Dataset.  Within the terrain preprocessor, 

AERMAP calculates both elevation and flagged elevations to conform to hill heights for terrain 

that could cause issues within the main AERMOD simulation. 

 AERMOD also allows the user to process meteorology data from a single site in a 

program called AERMET.  This is a limitation in several capacities.  AERMOD does not allow 

the user to input multiple meteorology sources, which causes issues for covering a large domain.  

Localized meteorological effects such as sea-land breeze will not be calculated within the pre-

processor.  These are important mesoscale meteorological features that could have a localized 

effect on certain coastal locations.  Despite this limitation, synoptic scale weather patterns will 

certainly be captured by the model and are perhaps the most important meteorological feature for 

non-coastal locations which is where most of the sources reside.  AERMET requires raw 

METAR files which limits the selection of locations to those with automated ASOS/AWOS 

stations.  Upper air data is obtained from the nearest site located on Wallops Island in Accomack 

Co., Virginia. 
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 Emission rates from each AFO are determined using an appropriate emission factor for 

broilers as determined by CMU/EPA emission factors.  Table 2 provides the breakdown into 

confinement, storage, and land application components of the total emission factor.  The 

emission factor reported is an average over the lifetime of the activity type.  As the bird ages and 

grows larger, the bird emits more ammonia.  Conversely, chicks in their early growth stages emit 

very little.  An average emission factor applied to a full broiler facility continuously for a year is 

a major assumption in this project.  Using AFO population (activity) data from the USDA and 

facility specifications from the Maryland Department of the Environment (MDE), an emission 

rate for a ground-level area source (g m
-2

 s
-1

) is calculated.  Once this emission rate is calculated 

and applied to the model, AERMOD calculates deposition based on the initial parameters of the 

ground-level source.  Emissions are constant throughout the entire modeling period with no 

temporal variation.  It is possible to vary the emissions based on time, but no data regarding 

housing or “clean-out” periods was provided by MDE. 

 2.2.2. Single Facility 

 To better understand the deposition distances experienced on a local scale, a “single-

facility” simulation was performed.  The goal of this analysis is to quantify how far deposition 

can occur over a single year from a single facility’s emissions.  The facility selected for this 

study is a large facility with 14 houses and a flock capacity of 530,000 birds and it is assumed to 

be at full capacity year-round.  The emission factor is listed in Table 2.  The modeling domain is 

set with the center of the facility as the center of the domain.  On each side of the facility, 

receptors are programmed to extend 5,000 m east, 5,000 m west, 5,000 m north, and 5,000 m 

south with a resolution of 100 m.  Meteorology data from Salisbury, Maryland, during the year 

of 2017 is used as in the main simulation, described below.  The single facility is treated as three 
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sources and are defined as source clusters: east (containing 5 houses), central (containing 4 

houses), and west (containing 5 houses).  Google Earth is used to find the angle at which the 

houses are positioned for realistic simulations. 

2.2.3. Sensitivity Analysis 

Deposition velocities are manually input into the model and varied form 1.0 cm/s to 4.0 

cm/s to cover the range of possible deposition velocities in this study that would produce similar 

concentrations to the samplers.  This also takes into account our land-use category and soil type.  

Concentration and deposition are output from the model.  For the sensitivity analysis, we are 

primarily concerned with concentration data and its comparison to a total sampler concentration 

which is found by combining both periods of concentration data.  The model is only run for 28 

days during the sensitivity analysis and 365 days during the full-year deposition analysis.  The 

deposition analysis is done after finding an appropriate deposition velocity for the model which 

is included in the results below. 

Two comparison statistics were used in this study by reference form Irwin et al. (2013), 

Yu et al. (2006), and Zhang et al. (2006).  The first statistic used for evaluation is Mean 

Normalized Absolute Error (MNAE) and the second statistic used for evaluation was a simple 

Normalized Mean Bias (NMB) which is suggested by most scientists in evaluation of observed 

versus predicted values in model evaluation.  MNAE is a good metric for predictive and 

forecasting when involved in model metrics.  This along with NMB can be a good predictor of 

simulated values against measured values (Irwin, 2013).  One negative trait with MNAE is that it 

is normalized based on the observed value so this changes based on the measured value and 

makes it hard to compare between the error of each record (Yu et al., 2006).  Additionally, NMB 
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can be positive or negative which will more clearly indicate if there was an over- or under- 

prediction of the model. 

2.2.4. Main Simulation 

 The main simulation is set to cover the domain with an extent of 134 km by 230 km.  

Figure 5 shows this domain in full.  Initial resolution was set to 1 km x 1 km, however 

computational demands were too high, so a final resolution of 2 km x 2 km was used.  In 

addition to the high computational demands, post-processing files were on the order of 100s of 

gigabytes and this made opening and analyzing the files challenging.  A total of 603 AFOs were 

modeled using Maryland AFO data provided by the Maryland Department of the Environment 

and collected in a format for analysis by Chesapeake Bay Foundation.  As in the single facility, 

AFOs are assumed to be at full-capacity year-round. 

 Concentration is computed within the AERMOD program using the Gaussian plume 

equations and parameterizations of deposition.  Deposition is calculated in two separate ways.  

Dry deposition is calculated using dry deposition velocities analyzed from the sensitivity 

analysis.  Wet deposition is calculated using the Henry’s Law Constant and diffusivity of air 

determined by previous studies and those recommended by EPA in their regulatory user’s guide 

for AERMOD (Sander et al., 2015; Wesley et al., 2002).  This will introduce a notable amount of 

error as the solubility of ammonia/nitrogen will vary temporally based on meteorological 

conditions and land-use. 
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Chapter 3. Results 

3.1. Sampling Results 

Unlike model simulations, samplers were deployed in two periods.  The results were 

combined for model concentrations and are presented in Figure 6 and 7 as two separate periods.  

During the first period, ammonia concentration values ranged from 0.66 ppb to 4.75 ppb.  Table 

5 shows that spatial variability was high during the first trip with an average of 1.63 ppb and a 

standard deviation of 1.22 ppb.  This is believed to be due to localized sources over which we 

had no control.  Samplers 10-22 were placed in suburban/urban areas with high population 

density.  This will cause variations in sampled concentrations as an increase in sources due to the 

application of fertilizer to lawns and additional sources of nitrogen from pets.  Some marine and 

biogenic sources could be causing these high values as well.  Samplers 1-7 were located in more 

remote areas, but these were also close to the coast.  Meteorological factors such as sea breeze 

circulations, marine clouds, marine fog, and lower temperatures made areas near the coast and 

water bodies non-representative of a heavy agricultural area in terms of observed 

ammonia/nitrogen concentration.  While all of these samplers give a good representation of the 

environment on a localized scale, sampler 8 and sampler 9 were placed in an area of high broiler 

population density (Figure 5).  This leads us to believe that the results from these samplers will 

serve as the best litmus test in our sensitivity analysis due to the fact that the main source of 

measurable atmospheric ammonia is due primarily to the nearby broiler AFOs.  During trip 2, 

sampler 8 and sampler 9 had similar results with an observed ammonia concentration of 1.44 and 

1.26 ppb, respectively.  Spatial variability continued, but decreased, during the second interval 

measurement period with a mean sampler concentration of 1.37 ppb with a standard deviation of 

0.32 ppb (table 6).  Table 7 and 8 present the precision of samplers placed in the same area to 
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give confidence to the measurements.  Precipitation and stronger wind speeds led to lower 

concentrations as a tighter pressure gradient developed due to a tropical system that progressed 

just offshore.  Precipitation also increased as moisture associated with the system was advected 

into the area.  High solubility of ammonia leads to scavenging of ammonia from the environment 

in the presence of precipitation or activated cloud condensation nuclei (CCN) leading to lower 

concentrations.  Despite this, sampler 8 and 9, again, showed similar concentrations of 1.65 and 

1.63 ppb, respectively. 

3.2. Sensitivity Analysis Results 

Results of the sensitivity analysis are broken down into two statistical approaches, mean 

normalized absolute error (MNAE) (in Figure 8) and normalized mean bias (NMB) (in Figure 9).  

Figure 10 provides a visual representation of the relationship between modeled and observed 

concentrations when the sensitivity analysis is prescribed a deposition velocity of 1.0, 2.2, 2.4, 

and 2.6 cm s
-1

.  When looking at only the data points for sampler 8 and sampler 9, a deposition 

velocity of 2.4 cm/s shows that measured concentrations have a near 1:1 correlation with 

modeled concentrations.  This area is indicated by a blue box in Figure 10.  The remaining 20 

sites do not reside on the 1:1 line.  This pattern paradox may be explained because the sites 

located along the coast are upwind (during the measurement period) of the broiler AFOs of 

interest (Figure 11).  With a predominant wind direction from the southwest, the source of 

ammonia concentration at these sites is from the Chesapeake Bay and mainland Virginia.  

Samplers at these sites will not capture the influence of broiler AFOs.  However, these sites will 

represent the region’s baseline ammonia concentration.  Sampler 8 and 9 are the only 2 sites that 

will capture the influence of ammonia concentrations from broiler AFOs.  A more appropriate 

location for sampling locations would be in Sussex County, Delaware (Figure 2) if a future 
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sampling campaign was desired.  A plot of mean normalized absolute error is shown in Figure 8 

and represents the lack of accuracy in samplers other than sampler 8 and sampler 9.  This is 

likely due to the variability of localized sources in the region that are not included in the model 

and the influence of predominant wind direction, discussed above.  The second statistic to be 

employed in the analysis of modeled concentrations is normalized mean bias.  Figure 9 shows 

these results for each deposition velocity from 1.0 cm/s to 4.0 cm/s as suggested by a literature 

review of deposition velocities for semi-natural sites.  For this metric, sampler 8 and sampler 9 

were the only samplers considered.  As one would expect, low deposition velocities lead to a 

large overprediction in modeled concentrations.  A low deposition velocity leads to less 

deposition and higher ground level concentrations (GLC).  Alternatively, high deposition 

velocities lead to an underprediction of GLC as more deposition occurs.  A NMB of ~0 is seen 

for both a deposition velocity of 2.4 cm/s and 2.5 cm/s.  A deposition velocity of 2.4 cm/s has a 

slightly lower NMB and is supported by Phillips et al. (2004) listed in the introduction of this 

study.  MNAE also agrees with this conclusion. 

We explored the use of a lower deposition velocity when the initial results using a 

deposition velocity of 2.4 cm/s indicated that total deposition within the model domain was 

greater than total emissions from the sources within the domain.  From a mass balance 

standpoint, this result indicates that the model as parameterized with a deposition velocity of 2.4 

cm/s is depositing NH3 too rapidly. The result is inconsistent with literature which indicates that 

10% or less of emitted NH3 is deposited locally (500m – 1km) within the vicinity of animal 

production facilities (Walker et al., 2008; Fowler et al., 1998) and 15% or less of emissions 

deposition within a typical 12km x 12km model grid containing emissions from multiple animal 

production facilities (Dennis et al., 2010). The deposition velocity of 0.15 cm/s was chosen 
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because it reflects the lower end of the measured deposition velocities found in the literature 

(Schrader and Brummer et al., 2014), and therefore provides a lower end estimate of deposition 

to contrast with the deposition velocity of 2.4 cm/s, which likely represents the upper end. The 

lower deposition velocity of 0.15 cm/s is also more consistent with deposition velocities 

measured over agricultural land (median = 0.4 cm/s, Schrader and Brummer et al., 2014), which 

covers a large portion of the model domain. A deposition velocity of 2.4 cm/s would be more 

typical of coniferous forests, which are also found within the AERMOD model Domain. Finally, 

the deposition velocity of 0.15 cm/s has specifically been used in dispersion modeling of NH3 

deposition in the vicinity of animal production facilities (Theobald et al., 2012).  As a final note, 

ignoring bias in other aspects of the model, a comparison of 0.15 cm/s versus 2.4 cm/s likely 

brackets the range of deposition rates across the land use types found in the model domain. 

3.3. Main Simulation Results 

 3.3.1. Single Facility Results and Analysis 

 Annual averages were taken for a single facility in central Maryland Eastern Shore using 

a modeled deposition velocity of 2.4 cm/s.  For this single facility, multiple attributes were 

investigated to better understand deposition, concentration, and seasonality of atmospheric 

ammonia/nitrogen.  The main area of investigation is deposition distances from the poultry 

facility.  It is important to note that within this study, a deposition velocity of 2.4 cm/s is used as 

it performs well for a concentration sensitivity analysis.  The facility selected for this study was a 

very large facility and may not be representative of all poultry AFOs on the Delmarva Peninsula.  

Results show that for the average meteorological conditions on the Maryland Eastern Shore, and 

a deposition velocity of 2.4 cm/s, homes and businesses within 2.50 km of the source (in this 

case, a poultry AFO) will experience ammonia/nitrogen concentrations of 13.23 µg m
-3

 (19.0 
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ppb).  Under certain conditions, the concentration can be much higher and above the threshold 

for human detection (which is approximately 5,000 ppb) of ammonia/nitrogen.  While this has no 

known health effects, it is a significant nuisance for communities near poultry AFOs (National 

Research Council, 2003).  Concentrations quickly decline from this value to below 1.0 ppb 

beyond 2.50 km in either direction away from the source facility.  No receptors within 3 km of 

the source facility in either direction showed concentrations above 0.039 ppb. 

 Seasonality was also investigated in regards to concentration.  Concentrations were 

higher during the winter season due to AERMOD’s calculation of the PBL and steady emission 

rate.  Higher concentrations led to a larger area affected by impactful ammonia/nitrogen 

concentration.  During the winter season, the area affected by concentrations above 40 ppb 

extended 800 m west, 700 m south, 1,200 m north, and 1,200 m east.  This area is approximately 

3.80 square km.  The spring, summer, and fall season shows very little variation from the annual 

average.  Without variable emission rates, this result is expected when meteorological factors are 

the only consideration, but during the summer, poultry will produce more waste due to heat 

stress and energy usage (Redwine et al., 2002).  This will increase the available 

ammonia/nitrogen for emission.  This is not reflected in the model since variable emission rates 

are difficult to accurately model and no available data exists to precisely model an AFO’s 

residence time. 

 Approximately 91.4% of total deposition was found to occur within 2,000 m of an AFO 

source. This is a large proportion of the total deposition associated with a single AFO facility.  

Based on a deposition velocity of 2.4 cm/s, this is approximately 181% of the total emissions.  

Bajwa et al. (2008) found on average that approximately 9% of the total emissions from the 

source is deposited within 2,500 m of the source.  Figure 13 gives a summary of transport 
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distances as represented by annual average deposition flux to the surface while Figure 12 shows 

the total deposition of ammonia/nitrogen as a function of distance from the source.  Deposition 

fluxes decrease exponentially from the source as described by the Gaussian plume equation 

relating concentration and deposition described above in equations (2) and (4).  This is an 

expected result and a function of the model formulation.  It is important to note that the model 

does not incorporate the ammonia bi-directional flux.  The highest amount of deposition 

occurred at 300 m from the source where concentrations were at their highest.  This is 

corroborated by Theobald et al. (2012) which found that concentrations will decrease to 1 µg m
-3

 

or less at 1,000 m from a ground-level area source but will be at their maximum at distances of 

300 m or more from the source. 

 Total deposition within the single facility simulation was found to be 181% of the total 

emissions.  This result should not be possible when considering only sources from broiler AFOs 

because this implies that additional mass was created in the atmosphere or near the ground.  

However, according to the model formulation, available concentration is subject to deposition at 

a rate of the deposition velocity.  Since the sensitivity analysis found such a large deposition 

velocity, even low concentration plumes are readily deposited.  The reason for such a large 

deposition velocity found in the sensitivity analysis is due to sampler placement and the 

associated meteorology.  Samplers located along the Bay measured a concentration not due to 

the influence of broiler AFOs.  Sampler 8 and 9 did receive the ammonia concentration influence 

of broiler AFOs but also reported a concentration that only a deposition velocity of 2.4 cm/s 

could replicate.  It would be a subject of future work to find a deposition velocity using a 

sensitivity analysis based on more sampler locations that felt the influence of broiler AFOs. 
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 Because a deposition velocity of 2.4 cm/s leads to more total deposition that what is 

emitted, a deposition velocity more appropriate for the region, soil type, and model is used in the 

main simulation.  Previous studies of ammonia deposition using AERMOD show low deposition 

velocities are favorable for total deposition calculations.  A deposition velocity of 0.15 cm/s was 

used in the Theobald et al. (2012) work.  This will likely lead to higher concentrations downwind 

and less total deposition than is found in this study.  Downwind transport leads to an 

accumulation of maximum deposition distance of 300–500 m from a source.  Only 8.5% of 

ammonia/nitrogen deposits at greater than 2,000 m.  Dennis et al. (2010) used the Community 

Multi-scale Air Quality Model (CMAQ) to analyze transport distances of ammonia from CAFOs 

on a regional level.  The study finds that a single 12 kilometer grid cell can have an influence up 

to 180 to 380 km from the source depending on the dry deposition formulation used.  While this 

study contains multiple CAFOs, it also finds that 8-15% of the total emissions from a cluster of 

CAFO facilities deposits within the local grid cell.  This means that up to 15% of a CAFO’s 

emission will deposit within 12 km of the source.  Given that local deposition is a linear function 

of local ground-level concentration, deposition velocity in which deposition will equal emissions 

was found to be approximately around 1.4 cm/s.  This implies that a deposition below 1.4 cm/s 

must be used to find the appropriate fractional deposition which agrees with previous studies.  

The majority of emitted ammonia/nitrogen is turbulently diffused to negligible concentrations 

within the environment and some is scavenged by clouds or precipitation or chemically 

converted to particulate matter (PM) (Seinfield & Pandis, 2016).  Additional support to the 

application of a lower deposition velocity is based on the literature regrading measured 

deposition velocities.  Over agricultural soils, a lower deposition velocity is found to be more 

appropriate.  Given that other studies such as Hayashi et al. (2012), Katata et al. (2013), Benedict 
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et al. (2013), and Bajwa et al. (2008) have found that deposition velocities in agricultural soils is 

on the order of 0.1-1.0, a deposition velocity of 0.15 cm/s is realistic and justified. 

3.3.2. Concentration Results and Analysis 

Concentration results for a deposition velocity of 0.15 cm/s show an average 

ammonia/nitrogen concentration of 1.40 µg m
-3

 across the entire modeling domain.  As Figure 

14 shows, this is mostly over the Eastern Shore with a minimum in concentration over the 

Chesapeake Bay.  Figure 14 and Figures 16-19 provide concentration data which will be directly 

proportional to deposition data due to the linear relationship between deposition flux and 

concentration when prescribed a constant deposition velocity.  Figures 16-19 are seasonal 

deposition plots that show similar data during various seasons.  With low ammonia 

compensation points on the surface of the water and high resistances of ra, rb, and rc, the amount 

of ammonia/nitrogen reaching the Bay waters is likely higher than previously thought and is also 

depositing to the landmass or near other inland water bodies and subsequently feeding into the 

Chesapeake Bay.  Unfortunately, determining the deposition to rivers, streams, and tributaries 

would be very difficult without land-use satellite data.  Furthermore, understanding how this 

ammonia/nitrogen is transported within the transporting body itself is a separate issue as it is not 

advised to assume that all the nitrogen from ammonia/nitrogen is ultimately deposited within the 

Chesapeake Bay (Nus & Kenna, 2012).  Additionally, meteorological factors such as land-sea 

breeze would limit transport to the Bay in general.  Winds will blow perpendicular to the shore 

during the day where temperature gradients between the land and the water are appropriate (a 

common condition met in the area, but not measured in meteorology used in AERMOD 

simulations).  This would protect Bay waters during appropriate atmospheric conditions.  Winds 
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from the southwest will enhance this push away from the Bay waters as strong southwesterly 

winds advect ammonia concentrations toward southwestern Delaware (Figure 11). 

3.3.3. Deposition Results and Analysis 

 AERMOD reports average deposition fluxes for each receptor within the modeling 

domain.  Using a deposition velocity of 0.15 cm/s, Figure 15 provides annual average deposition 

flux (including both dry and wet deposition) over the course of a single year from AFOs on the 

Maryland Eastern Shore.  Deposition fluxes are calculated hourly and averaged over the entirety 

of the modeling period and reported as an average deposition flux.  A single deposition flux 

covers an area equal to the size of the model’s resolution of 2 km by 2 km.  Multiplying this area 

by the given deposition flux, which is expressed in units of grams per meter squared, will 

provide an estimate of the total deposition at a single point.  The sum of this is the total 

deposition to the modeling domain.  Average deposition fluxes show that throughout the year 

with meteorological observations and a deposition velocity of 0.15 cm/s, deposition over the 

modeling domain is calculated to be approximately 1,284 tonnes (1,415 US tons).  From only 

603 modeled sources, this is approximately 2.13 tonnes per AFO facility per year.  Overall 

emissions totaled to 15,345 tonnes (16,914 US tons).  Of the emitted ammonia/nitrogen, 8.37% 

deposited back to the domain.  Sensitivity analysis based on using a deposition velocity of 2.4 

cm/s, the fractional deposition was calculated as 181% (~27,774 tonnes per year).  Previous 

studies found this conclusion to be unreasonable.  Walker et al. (2008) found that about 10% of 

the emitted ammonia from a swine production facility deposited to the surface within about 500 

m of the source.  This fractional deposition at 2,500 m from the source peaked at around 13.5% 

of the total emissions.  Fowler et al. (1998) found that about 3-10% of the locally emitted 

ammonia will deposit back locally.   Additionally, Dennis et al. (2010) found that a fractional 
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deposition of around 8-15% of total emissions will occur within 12 km of a source facility.  

Additionally, Shen et al. (2016) conducted a deposition study related to dairy farms and found 

that approximately 8.1% of the emitted ammonia/nitrogen is deposited within 1 kilometer from a 

source area (single dairy facility).   

 Linker et al. (2013) conducted a study to estimate the total nitrogen delivered to the 

Chesapeake Bay based on various CMAQ scenarios.  The deposition of nitrogen was subdivided 

into regions that feed into the Chesapeake Bay watershed.  According to Linker et al. (2013), the 

total nitrogen delivered to the Bay from all sources is approximately 13.5 million kilograms of 

nitrogen (N) per year from the Maryland Eastern Shore, including the Delaware watershed.  

Assuming that all of the deposition within the model is deposited to the watershed and eventually 

transports/deposits to the Bay, AERMOD calculates 1.06 million kilograms of N per year from 

broiler operations on the Maryland Eastern Shore alone.  It is important to note that Linker et al. 

(2013) includes all known N sources as well as sources from the Chesapeake Bay watershed of 

Delaware. 

 Further analysis will provide estimates of deposition to both the land and the Chesapeake 

Bay waters.  This is done with average deposition rates rather than maximum deposition rates.  

Over the Chesapeake Bay, total deposition is approximately 397 tonnes (438 US tons) according 

to the AERMOD simulation where elevations were at or below 0 m.  Total deposition to the 

Maryland Eastern Shore is reported as 1,284 tonnes (1,415 US tons).  This indicates that about 

31% of the total deposition that occurs within the domain is depositing to the Chesapeake Bay 

waters directly.  Moreover, this has not accounted for the additional input from indirect 

deposition to rivers, streams, and groundwater which will likely transport to the Chesapeake Bay.  

It is important to note that all houses are assumed to be at capacity year-round with constant 
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emissions.  Emission factors also introduce error into the model as emission factors can vary 

based on waste management practice, weather, and poultry growth state.  It is also assumed that 

no emission reduction material is used to mitigate reactive nitrogen emissions such as aluminum 

sulfate. 

 Meteorological effects will have a significant impact on the deposition (both wet and dry) 

over the domain.  The most critical of these meteorological parameters affecting atmospheric 

dispersion and deposition is wind speed, wind direction, and stability (Arya, 1999).  Figure 11 

shows the wind direction and speed for the meteorology used in the main simulation.  A 

predominant wind from the southwest is seen approximately 6% of the time.  This will transport 

ammonia away from the bay and cause higher concentrations to exist over the terrestrial surface 

northeast of the concentration of sources.  The second most common wind speed is from the 

south east.  This wind speed again transports ammonia to the terrestrial body.  High stability in 

the evening will tend to increase concentrations at the surface and lead to more deposition at this 

time of day.  Unstable conditions will allow the plume to disperse effectively and lead to low 

concentrations. 

 3.3.4. Seasonal Results and Analysis 

 It is important to determine what season, if any, ammonia/nitrogen is deposited at a 

higher rate than other seasons (using a deposition velocity of 0.15 cm/s).  Understanding this 

shows preferential meteorological conditions in which ammonia/nitrogen deposits.  AERMOD 

calculated deposition flux linearly with concentration using equation 4 however, depletion rates 

do limit deposition.  Spring recorded the highest deposition total with a total of 366.6 tonnes 

(404.1 US tons) of emitted ammonia/nitrogen.  This is likely due to the combination of stable 

boundary layers in the early part of the season along with convective mixing associated with 
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high planetary boundary layer (PBL) heights later in the season, increasing turbulence near the 

ground associated with higher wind speeds, and a low moisture content during the late morning 

and afternoon early in the season.  Additional precipitation during the spring also allows for an 

increase in wet deposition.  Precipitation is also a sink of ammonia/nitrogen during the rainout 

and washout process (Seinfield & Pandis, 2016).  During the summer, deposition was also high 

with values reported at 319.7 tonnes (352.4 US tons).  Summer boundary layers increase in 

height and increase transport distances and during the evening, boundary layers will trap 

pollutants near the surface, limit dispersion, and increase deposition in areas of high 

concentration.  Unlike late spring and summer, winter temperatures will be lower and associated 

diffusion will be lower limiting transport distances of pollutants.  The autumn season recorded 

the third-highest deposition value with 308.7 tonnes (340.3 US tons).  Finally, the winter season 

was found to have the lowest deposition at 289.2 tonnes (318.8 US tons) of ammonia/nitrogen.  

During the summer, real-world deposition rates will increase due to an increase in emission rates, 

but this is a limitation with an emission factor approach and a modeled uniform emission rate.  

Temporal emissions are not included in this analysis.  Under the assumptions of this study, the 

houses are at full capacity year-round and emission rates will be static.  However, during the 

summer, animals consume more food and water leading to a higher emission of animal waste.  

Again, this is not accounted for in the model. 
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Chapter 4. Conclusions 

 This analysis is a combination of measurement and modeling.  AERMOD has been 

proven to be accurate in predicting concentrations when prescribing a deposition velocity to the 

model and validating with meteorology and sampling results.  However, when applying 

AERMOD to a regional scale, its abilities decrease as large deposition velocities have shown to 

give more deposition than is emitted from defined sources.  Therefore, AERMOD’s deposition 

capability decreases when applied to a regional scale.  Differences in modeled concentration and 

observed concentrations were on average around ±50% for samplers located large distances from 

the source regions.  AERMOD’s ability to predict concentration drastically improved when 

considering sampled concentrations near the center of the source cluster.  Figure 8 shows the 

mean bias applied to only samplers 8 and 9 and reports mean bias near 0.  This is a promising 

result when applying the model to localized areas.  Significantly higher mean biases in samplers 

at large distances from the source region are likely due to localized sources and the location of 

samplers being upwind of the largest cluster of broiler AFOs. 

 Direct annual deposition to the Chesapeake Bay is estimated to be around 397 tonnes 

(438 US tons).  This is about 30% of deposited ammonia/nitrogen from the Maryland Eastern 

Shore.  However, it is known that AERMOD is unable to calculate mesoscale meteorological 

features without being provided with appropriate weather data.  Location of weather data used 

for this study was limited to areas in the center of the peninsula.  In areas near the coast, sea 

breezes and other weather features of the marine environment will likely affect deposition 

calculations to the Bay.  During the daytime, winds blowing inland will likely limit deposition to 

the Bay, but some conditions such as marine instabilities during the fall and early winter could 

exist to significantly increase deposition to the Bay surface.  From this study, it is clear that 



  35 

 

direct deposition of ammonia/nitrogen to the Chesapeake Bay is less than indirect deposition to 

rivers and tributaries within the watershed. 

 A single facility analysis was performed using a deposition velocity of 2.4 cm/s; which 

was determined from a sensitivity analysis of measured concentrations in an attempt to 

determine transport distances of ammonia/nitrogen from broiler AFOs.  It was discovered that 

ammonia/nitrogen deposits approximately 91.4% within 2,000 m of the source.  The fractional 

deposition with respect to emissions was approximately 181% which is much larger than 

expected.  The reason for this overestimation is that a high deposition velocity determined from 

the sensitivity analysis was used to replicate concentrations at only 2 samplers.  Because 

unfavorable meteorology (wind direction/marine-influenced stability) provided background 

results at 21 of the 23 sites, the deposition velocity was appropriate locally for the site at sampler 

8 and 9, but the deposition velocity was unrepresentative of the region.  This issue was resolved 

by using a deposition velocity (0.15 cm/s) based on previous studies which were applied either in 

modeling practices or measured.   

 When using a deposition velocity of 0.15 cm/s, indirect deposition due only to broiler 

AFOs to the Chesapeake Bay remains unknown.  However, total deposition to the modeling 

domain is estimated to be around 1,284 tonnes (1,415 US tons).  Of the emitted 

ammonia/nitrogen, 8.37% deposited back to the domain (using a deposition velocity of 0.15 

cm/s).  This is an appropriate percentage of the total emission and fits with previous studies.  

With nearly 70% of the modeled deposition settling to the landmass, indirect deposition will 

clearly provide the largest proportion of deposition to the Chesapeake Bay from river transport.  

Unfortunately, AERMOD does not allow users to get a specific land-use data set to be used in 

the analysis phase of the output.  Additionally, vegetation is an important consideration of this 
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study.  Dense forests will likely limit direct deposition to the Bay by taking up ammonia that 

would otherwise deposit to the water surface.  These dense forests are near rivers and water 

bodies and may further limit deposition to the Chesapeake Bay. 

 From the analysis of seasonal deposition, it is determined that planetary boundary layer 

dynamics is the most important factor in determining modeled deposition flux along with wind 

speed and direction.  This is true given an environment of similar emission rates and constant 

population in poultry AFO facilities.  However, increased emission rates during the summer 

were not included in the AERMOD simulation and would be difficult to simulate given the 

current information on farm population and sales.  With temporally varying emission rates, 

summer would be the season with the highest deposition rate which is similar to studies of swine 

production (Bajwa et al., 2008; James et al., 2012).  With the current AERMOD simulation, 

increased PBL heights and turbulent flows from large surface energy fluxes result in higher 

concentrations and deposition fluxes during the summer. 

 Poultry AFOs were assumed to be at capacity during the duration of the model 

simulation.  This is not a realistic approach, since it is difficult to model the temporal emissions 

from a single facility for 603 separate facilities.  For future research, it is suggested that the 

simulation is run for a single growing cycle rather than an entire annual rotation.  Additionally, 

seasonal variation is an important issue to address.  Emission factors currently do not have a 

seasonal variation and it is important that the animal’s metabolism be included in an emission 

factor or weighting of said emission factor.  Regardless of whether realistic estimates of 

deposition to the Chesapeake Bay can be produced exactly in a model environment, an increase 

in emission will lead to an increase in deposition.  Therefore, it is increasingly important to 
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understand the effects of ammonia/nitrogen-nitrogen deposition as the Chesapeake Bay area 

continues to grow and construct new sources of ammonia emission. 
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Table 1.  Estimated Emissions using CMU Emission Factors, USDA Activity Data for 

CAFO/Commercial animal populations on the Delmarva Peninsula.  Data is used to calculate 

estimated emissions to show contribution of each animal to the overall ammonia/nitrogen 

emissions in the Delmarva region.  County-level data is used for CMU and USDA data and only 

the counties in the Delmarva region are used (results for the counties with yellow background in 

Figure 1). 

 

Animal 

Emission Factor 

(kg NH3 an
-1

 year
-1

) 

(CMU, 2004) 

Activity/Population* 

(2012) 

Estimated 

Emissions 

(kg NH3 year
-1

) 

Poultry 0.200 553,869,560 110,773,912 

Layers 0.558 10,692 5,966 

Dairy 19.176 12,661 242,787 

Beef 19.960 7,296 145,628 

Swine 9.982 428 4,272 

* Activity/Population is standing animal population at any given time. Inventory refers to the 

total animal population per year. 
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Table 2.  CMU Emission Factors subdivided into activity type.  Each activity type’s total 

emission factor has three contributing sources of emission including confinement, storage, and 

land application.  In many cases, the emission factor will vary based on waste management 

practice.  The most common management practice has been assumed in this case based on 

activity availability from CMU. 

 

Activity 

Type 

Confinement 

(kg NH3  

an
-1

 mo
-1

) 

Storage 

(kg NH3  

an
-1

 mo
-1

) 

Land 

Application 

(kg NH3 

an
-1

 mo
-1

) 

Total 

(kg NH3 

an
-1

 yr
-1

) 

Poultry 0.00832 0.001510 0.00680 0.200 

Layer 0.00945 0.031800 0.00529 0.558 

Dairy 0.68000 0.011000 0.90700 19.176 

Beef 0.94500 0.000378 0.71800 19.960 

Swine 0.22700 0.567000 0.03780 9.982 
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Table 3.  A summary of measured deposition velocities for selected studies (located in the 

reference column).  Deposition velocities based on studies in previous years.  Site indicates the 

area in which the measurements were taken.  Deposition velocities are measured at these sites 

and may vary based on method of measurement and regional sources of ammonia/nitrogen.  

Season/time indicate the season and time of day for which the experiment was intended. Many 

values included by Schrader and Brummer (2014). 

 

Reference Site 

Deposition 

Velocity 

(cm/s) 

Season / Time 

Bajwa et al. (2008) Semi-Natural 
0.8 Fall, Daytime 

0.6 Annual Mean 

Phillips et al. (2004) Semi-Natural (ag) 
2.8 Fall, Daytime 

1.7 Annual Mean 

Myles et al. (2011) Semi-Natural 1.8 Annual Mean 

Benedict et al. (2013) Semi-Natural 
1.2 

(0.1 – 2.3) 
Annual Mean (Range) 

Kirchner et al. (2005) Semi-Natural 
1.4 

(0.5 – 2.2) 
Annual Mean (Range) 

Neirynck et al. (2005) Mixed Forests 
3.5 Summertime, Daytime 

2.4 Summertime, Nighttime 

Neirynck et al. (2007) Mixed Forests 
2.8 Summer, Daytime 

3.0 Annual Mean 

Baek et al. (2006) Agriculture 6.3 Summer, Daytime 

Builtjes et al. (2011) Agriculture 1.6 Mean at Reference Height 

Hayashi et al. (2012) Agriculture 

0.6 Winter, Daytime 

0.2 Summer Crop, Daytime 

0.3 Annual Mean 

Katata et al. (2013) Agriculture 
0.2 – 1.0 

Crop Growth Period 

Averages 

0.6 Annual Mean 

Meyers et al. (2006) Agriculture 4.7 Summer, Daytime 

Myles et al. (2011) Agriculture 
7.1 Fall, Daytime 

2.2 Annual Mean 

  



  47 

 

Table 4. A summary of site characteristics describing nearby structures, trees, and potential 

ammonia/nitrogen sources. In the left column is the site number (note: #17 unused). The 

description simply defines the site as either Residential, Rural, Commercial, or Marine. This 

gives more detail as to what potential sources could exist. 

 

# Description Site Features 

1 Residential 
Trees surrounding sampler, 30 feet from structure, 

creek/inlet next to the sampler. 

2 Residential 
Open area approximately 20 feet from structure, no shade, 

standing water present. 

3 Rural 
Next to Bay, standing water present, compost storage 

nearby. 

4 Residential 
Approximately 40 feet from river, constant thermally forced 

breeze, removed from structures/trees. 

5 Residential 
Under canopy of trees surrounding site, garden next to site, 

no sun. 

6 Marine 
Next to Bay, constant thermally forced breeze, removed 

from structures/trees. 

7 Residential 
Surrounded by trees, next to the river, fire pit next to the 

sampler, no sun. 

8 Agricultural 
Next to a soybean field, about 15 feet from a structure, open 

area, mostly shaded. 

9 Agricultural 
Middle of a field, no obstructions, no obvious sources of 

ammonia/nitrogen. 

10 Commercial 
On patio where employees visit, non-natural ground, next to 

a small tree, no notable sources. 

11 Residential 
Sampler placed in an inactive garden, next to a fence, 

underneath a tree, no fertilizer used in garden. 

12 Residential 
Next to the road, next to a flower garden, water did 

contaminate sensor. 

13 Residential 
Open and away from structures, small trees nearby, lawn 

manicured. 

14 Residential 
Next to the water, tall grass around with no trees and no 

structures. 

15 Agricultural No obvious obstructions, no shade. 

16 Residential 
Sampler placed in large clearing near wolf statues, no 

obvious structures, lawn manicured. 

18 
Residential 

Shed nearby, no trees near sampler, approximately 40 feet 

from house. 19 

20 
Commercial 

Tall grass, swampy, standing estuary water observed each 

time we visited, vehicle traffic is likely nearby. 21 

22 Residential 
Away from trees, away from structures, near gravel road, 

we were notified that pet waste was a possibility. 

23 Agricultural 
Corner of a large grass field, next to a garden, possible farm 

traffic, no structures. 
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Table 5.  A summary of sampled ammonia mass and concentrations for Trip 1 (September 8, 

2017 – September 22, 2017).  The column on the left indicates the sampler number (#).  Column 

two indicates Sampler ID which is defined as either a laboratory blank (LB), travel blank (TB), 

or a sampler deployed in the field (number).  The mass is extracted and reported and then applied 

a conversion based on the effective volume of the sampler and the time of exposure in seconds.  

Concentration in parts per billion (ppb) is included in the last column with concentrations of 

samplers deployed in the field being the difference of the converted concentrations minus the 

average of the travel blank concentrations (0.162 ppb). 

 

# Sampler ID Sampler Date 
NH3 Mass 

(µg) 

NH3 Concentration 

(µg m-3) 

NH3 Concentration 

(ppb) 

1 LB 12-Sep-17 0.045 0.031 0.042 
2 LB 12-Sep-17 0.056 0.039 0.053 

3 LB 12-Sep-17 0.043 0.029 0.040 

4 LB 12-Sep-17 0.056 0.039 0.053 

5 LB 12-Sep-17 0.056 0.039 0.053 

6 LB 12-Sep-17 0.053 0.036 0.049 

7 LB 12-Sep-17 0.043 0.029 0.040 
8 LB 12-Sep-17 0.031 0.021 0.029 

22 1 26-Sep-17 0.875 0.600 0.656 

23 2 26-Sep-17 1.692 1.159 1.419 
24 3 26-Sep-17 1.633 1.119 1.365 

25 4 26-Sep-17 1.050 0.719 0.820 

26 5 26-Sep-17 1.944 1.332 1.656 
27 6 26-Sep-17 1.206 0.826 0.965 

28 7 26-Sep-17 4.861 3.331 4.382 

29 8 26-Sep-17 1.711 1.173 1.438 
30 9 26-Sep-17 1.517 1.039 1.256 

31 10 26-Sep-17 1.925 1.319 1.638 

32 11 26-Sep-17 2.139 1.466 1.838 
33 12 26-Sep-17 5.250 3.597 4.746 

34 13 26-Sep-17 1.342 0.919 1.092 

35 14 26-Sep-17 1.031 0.706 0.801 
40 15 26-Sep-17 3.306 2.265 2.928 

41 16 26-Sep-17 0.914 0.626 0.692 

42 17 26-Sep-17 1.167 0.799 0.929 
43 18 26-Sep-17 1.050 0.719 0.820 

44 19 26-Sep-17 0.914 0.626 0.692 

45 20 26-Sep-17 4.861 3.331 4.382 
46 21 26-Sep-17 1.283 0.879 1.038 

47 22 26-Sep-17 0.992 0.680 0.765 

48 23 26-Sep-17 1.536 1.053 1.274 
36 TB1 26-Sep-17 0.194 0.133 0.182 

37 TB2 26-Sep-17 0.169 0.116 0.158 

38 TB3 26-Sep-17 0.140 0.096 0.131 
39 TB4 26-Sep-17 0.138 0.095 0.129 

54 TB5 26-Sep-17 0.171 0.117 0.160 
55 TB6 26-Sep-17 0.253 0.173 0.236 

56 TB7 26-Sep-17 0.159 0.109 0.149 

57 TB8 26-Sep-17 0.214 0.147 0.200 
62 TB9 26-Sep-17 0.152 0.104 0.142 

63 TB10 26-Sep-17 0.144 0.099 0.135 

      

Stats (ppb) Lab Blanks Travel Blanks Deployed Samplers 

Mean 0.045 0.162 1.796 

STD 0.008 0.033 1.216 

Median 0.046 0.154 1.418 

Max 0.053 0.236 4.908 

Min 0.029 0.129 0.818 
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Table 6.  A summary of sampled ammonia mass and concentrations for Trip 2 (September 22, 

2017 – October 6, 2017).  The column on the left indicates the sampler number (#).  Column two 

indicates Sampler ID which is defined as either a laboratory blank (LB), travel blank (TB), or a 

sampler deployed in the field (number).  The mass is extracted and reported and then applied a 

conversion based on the effective volume of the sampler and the time of exposure in seconds.  

Concentration in parts per billion (ppb) is included in the last column with concentrations of 

samplers deployed in the field being the difference of the converted concentrations minus the 

average of the travel blank concentrations (0.114 ppb). 

 

# Sampler ID Sampler Date NH3 Mass 

(µg) 
NH3 Concentration 

(µg m-3) 
NH3 Concentration 

(ppb) 
95 LB 9-Oct-17 0.054 0.037 0.051 
96 LB 9-Oct-17 0.062 0.043 0.058 

97 LB 9-Oct-17 0.068 0.047 0.064 

98 LB 9-Oct-17 0.070 0.048 0.065 

99 LB 9-Oct-17 0.088 0.060 0.082 

100 LB 9-Oct-17 0.097 0.067 0.091 

64 1 9-Oct-17 0.894 0.613 0.722 
65 2 9-Oct-17 1.653 1.133 1.431 

66 3 9-Oct-17 1.381 0.946 1.177 

67 4 9-Oct-17 1.031 0.706 0.849 
68 5 9-Oct-17 1.517 1.039 1.304 

69 6 9-Oct-17 1.517 1.039 1.304 

70 7 9-Oct-17 1.478 1.013 1.267 
71 8 9-Oct-17 1.886 1.292 1.649 

72 9 9-Oct-17 1.867 1.279 1.631 

73 10 9-Oct-17 1.769 1.212 1.540 
74 11 9-Oct-17 1.944 1.332 1.704 

75 12 9-Oct-17 1.944 1.332 1.704 

76 13 9-Oct-17 1.478 1.013 1.267 
77 14 9-Oct-17 1.128 0.773 0.940 

82 15 9-Oct-17 2.139 1.466 1.886 

83 16 9-Oct-17 1.419 0.973 1.213 
84 17 9-Oct-17 1.342 0.919 1.140 

85 18 9-Oct-17 1.381 0.946 1.177 

86 19 9-Oct-17 1.322 0.906 1.122 
87 20 9-Oct-17 1.439 0.986 1.231 

88 21 9-Oct-17 1.944 1.332 1.704 

89 22 9-Oct-17 2.333 1.599 2.067 
90 23 9-Oct-17 1.614 1.106 1.395 

78 TB1 9-Oct-17 0.117 0.080 0.109 

79 TB2 9-Oct-17 0.119 0.081 0.111 
80 TB3 9-Oct-17 0.105 0.072 0.098 

81 TB4 9-Oct-17 0.113 0.077 0.105 

91 TB5 9-Oct-17 0.095 0.065 0.089 
92 TB6 9-Oct-17 0.159 0.109 0.149 

93 TB7 9-Oct-17 0.138 0.095 0.129 
94 TB8 9-Oct-17 0.128 0.088 0.120 

      

Stats (ppb) Lab Blanks Travel Blanks Deployed Samplers 

Mean 0.069 0.114 1.480 

STD 0.014 0.018 0.323 

Median 0.065 0.110 1.418 

Max 0.091 0.149 2.181 

Min 0.051 0.089 0.836 
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Table 7.  Summary of precision of duplicate samplers at site 18. Concentrations are provided for 

both Trip 1 from September 8, 2017 through September 22, 2017 and Trip 2 from September 22, 

2017 through October 6, 2017 in units of parts per billion (ppb).  Samplers 18A and 18B 

represent the samplers placed and site number corresponds to the listed site characteristics in 

table 4.  Percent error is given as a mean of measuring precision of the measurements in the same 

location. 

 

Duplicate Samplers at Site 18 Trip 1 (ppb) Trip 2 (ppb) 

18A (18) 0.982 1.291 

18B (19) 0.854 1.236 

% Error 13.9% 4.4% 
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Table 8.  Summary of precision of duplicate samplers at site 20. Concentrations are provided for 

both Trip 1 from September 8, 2017 through September 22, 2017 and Trip 2 from September 22, 

2017 through October 6, 2017 in units of parts per billion (ppb).  Samplers 20A and 20B 

represent the samplers placed and site number corresponds to the listed site characteristics in 

table 4.  Percent error is given as a mean of measuring precision of the measurements in the same 

location.  (Q?) represents a possible contamination and a outlier which increases percent error 

significantly. 

 

Duplicate Samplers at Site 20 Trip 1 (ppb) Trip 2 (ppb) 

20A (20) 4.544 (Q?) 1.345 

20B (21) 1.200 1.818 

% Error 116.4% 29.9% 
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Figure 1.  Breakdown of ammonia/nitrogen emissions (in percentage of total NH3-N Tg N yr
-1

) 

from various source categories throughout the United States as of 2000 (Source: Aneja et al., 

2001). 
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Figure 2.  Map of Maryland, Delaware, and Virginia counties on the Chesapeake Bay included 

in animal population and emission factor calculation.  Used as a reference for county-level 

emissions and calculation throughout the document. (Source: Teach Water Science, 2018). 

Counties shaded in yellow were the only counties used in the study due to a lack of available 

data. 
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Figure 3: Outline diagram of a single ALPHA Sampler with its components listed. 
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Figure 4. ALPHA sampler support on a metal post.  Pictured on the right is Jordan Baker 

placing an ALPHA sampler inside the housing.  The sampler is inverted with a Velcro strip on 

the opposite end of the opening.  There is another Velcro strip in the housing to which the 

ALPHA sampler attaches.  There is a cage that rotates to catch falling samplers on the underside 

of the housing.  There were no issues with samplers contacting the housing cage during the 

sampling campaign. 
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Figure 5.  Domain selected in AERMOD for the model simulation.  The extent of the model 

domain is covered by the borders of the edges of the figure.  Red locations are areas where 

samplers were placed.  Their number is listed next to the sampler indicator.  An inset is provided 

for an area near Denton and Easton, Maryland where multiple samplers were deployed.  White 

dots indicate areas where current poultry operations reside.  There are 720 sources overall with 

data provided by the MD DOA. The red star indicates the approximate location of KSBY which 

is also the station from which meteorology data was used. 
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Figure 6.  Sampler results shown (for various measurement sites with corresponding 

concentration) in units of parts per billion of ammonia/nitrogen (ppb).  Colors indicate relative 

strength of the concentration for Trip 1.  These are combined in the final concentration 

calculation in the analysis from AERMOD. 
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Figure 7.  Sampler results shown (for various measurement sites with corresponding 

concentration) with units of parts per billion of ammonia/nitrogen (ppb).  Colors indicate relative 

strength of the concentration for Trip 2.  These are combined in the final concentration 

calculation in the analysis from AERMOD. 
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Figure 8.  Mean Normalized Absolute Error (MNAE) with values of MNAE on the y-axis as it 

correlates with receptor on the x-axis.  Only deposition velocities of 2, 2.3, 2.4, 2.5, and 3 cm/s 

are considered in the MNAE calculation. 
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Figure 9.  Normalized Mean Bias over all deposition velocities considered during the sensitivity 

analysis portion of the study.  Sampler 8 and sampler 9 were the only samplers considered in the 

mean bias calculation due to other sampler’s large error.  Positive y-values indicate an 

overprediction of ammonia/nitrogen by the model while negative numbers indicate an 

underprediction by the model.  The smaller the error, the better the results and a lack of bias in 

the model. 
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Figure 10. Comparison of modeled concentration against observed concentrations in the sensitivity analysis. This plot includes all 

samplers in the model as well as the modeled concentration based on select deposition velocities.  The 1:1 ratio line is plotted in red to 

provide the line of best correlation. The blue box represents our area of interest and is the same for each graph. 
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Predominant Wind Speed & Direction for Salisbury, MD (KSBY) 

 
Figure 11. Wind rose for meteorology data used in all simulations associated with this study.  

The wind rose shows predominant wind speed and wind direction.  Wind direction is noted by 

the spokes extending from the center of the wind rose.  Wind speed is noted by the colors 

associated with each spoke in miles per hour (mph).  Meteorology data is from Salisbury-Ocean 

City regional airport (KSBY) during 2017. 
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Figure 12. Total deposition of ammonia/nitrogen as a function of distance from a source (for a 

deposition velocity 2.4 cm/s), for a single poultry facility.  On the y-axis, total deposition is 

indicated in units of grams.  On the x-axis is distance from source in units of meters.  A 

maximum of deposition is seen at 300 meters from the source. 
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Figure 13. Average Annual Deposition Flux as a Function of Distance from an AFO source (for 

a deposition velocity of 2.4 cm/s), for a single poultry facility. A maximum of deposition flux 

occurs at the source with an exponential decrease away from the source location.  At a distance 

of 2,500 m from the source, deposition flux becomes 2.8 g m
-2

 yr
-1

 and approaches 0 with little 

deposition occurring beyond 2,500 m away from the source.
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Figure 14.  Average ammonia/nitrogen concentration over the Delmarva Peninsula during the 

2017 year.  The maximum of ammonia/nitrogen concentration at this time is 239 µg m
-3

.  

Concentration is calculated using a deposition velocity of 0.15cm/s. 
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Figure 15.  Annual deposition of ammonia/nitrogen including both dry and wet forms of 

ammonia/nitrogen.  Units of the deposition results are in grams per meter squared.  Most areas 

where deposition fluxes are greater than 0.5 g m
-2

, are areas where CAFOs are located and a 

receptor is located in close proximity to the source. Deposition is calculated using a deposition 

velocity of 0.15 cm/s. 

  



   67 

 

 

Figure 16.  Average ammonia/nitrogen concentration over the Delmarva Peninsula during the 

winter.  The maximum of ammonia/nitrogen concentration at this time is 267 µg m
-3

 which 

makes this the highest average ammonia/nitrogen concertation throughout the year. Calculated 

with a deposition velocity of 0.15 cm/s. 
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Figure 17.  Average ammonia/nitrogen concentration over the Delmarva Peninsula during the 

spring season.  The maximum of ammonia/nitrogen concentration at this time is 199 µg m
-3

 

which makes this the lowest average ammonia/nitrogen concertation throughout the year. 

Calculated with a deposition velocity of 0.15 cm/s. 
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Figure 18.  Average ammonia/nitrogen concentration over the Delmarva Peninsula during the 

summer season.  The maximum of ammonia/nitrogen concentration at this time is 236 µg m
-3

 

which makes this the third highest average ammonia/nitrogen concertation throughout the year. 

Calculated with a deposition velocity of 0.15 cm/s. 
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Figure 19.  Average ammonia/nitrogen concentration over the Delmarva Peninsula during the 

fall season.  The maximum of ammonia/nitrogen concentration at this time is 254 µg m
-3

 which 

makes this the second highest average ammonia/nitrogen concertation throughout the year. 

Calculated with a deposition velocity of 0.15 cm/s. 
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Agricultural Ammonia/nitrogen Emissions on the Delmarva Peninsula: 

Transport and Deposition from a Poultry Concentrated Animal Feeding Operation 

 

Jordan Baker*, Viney P. Aneja, and S. S. Pal Arya 

North Carolina State University, Raleigh, NC 27695 

 
*
Corresponding Author: 

(919) 515-3690 Telephone    

(919) 513-8814 Fax 

jlbaker4@ncsu.edu 

 

Anthropogenic ammonia/nitrogen emission, especially from animal agriculture (i.e. concentrated 

animal feeding operations (CAFOs)) has become a major issue on the Delmarva Peninsula. The 

primary concern is deposition of nitrogen into tributaries that filter into the Chesapeake Bay 

leading to over enrichment and eutrophication of the ecosystem. In this area, excess nitrogen 

deposition from ammonia/nitrogen creates large algal blooms that deplete oxygen from the 

water.  This study seeks to analyze ammonia/nitrogen transport and deposition in the vicinity of a 

poultry-producing CAFO. Employing the EPA-developed air quality dispersion model, 

AERMOD, the study examines transport and deposition around a representative poultry CAFO 

in Wicomico County, MD for 2012.  On average, the highest ammonia/nitrogen concentrations 

occur during the summer. However some of the highest ammonia/nitrogen concentrations occur 

during the winter months within 50 m of the CAFO housing facility. An overall hourly-

maximum ammonia/nitrogen concentration 5,905µg m
-3

 (7.874 ppm) is calculated in the month 

of December during the morning hours.  It is believed that these high concentrations are due to 

shallow boundary layer conditions or thermal inversions in the lower troposphere.  Deposition is 

also calculated in the simulation using a deposition velocity for ammonia/nitrogen of 1.0 cm s
-1

 

for agricultural sites.  The simulation finds that total nitrogen deposition from a single CAFO is 

15.1 kg NH3-N per year.  There is evidence that a single poultry facility can have a large effect 

on both the environment and nearby residents.  Further model simulations suggest an inclusion 

of the bi-directional ammonia/nitrogen flux. 
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A-2: 2018 NC BREATHE Conference – Poster Abstract and Poster 

 

 

Can AERMOD Accurately Predict Ammonia/nitrogen Concentrations in Areas of Heavy 

Agricultural Production? 

 

Jordan Baker*, Viney P. Aneja, and S. S. Pal Arya 

North Carolina State University, Raleigh, NC 27695 

 
*
Corresponding Author: 

(919) 515-3690 Telephone    

(919) 513-8814 Fax 

jlbaker4@ncsu.edu 

 

Although ammonia/nitrogen is well understood, it is very difficult to model.  The reason for this 

is that local sources of NH3 are a significant determinant in the measured concentration at a 

given location.  Most dispersion models tend to fall short in accurately representing 

ammonia/nitrogen concentration because they cannot capture these localized sources.  However, 

if large sources of ammonia/nitrogen are near these localized sources, the smaller sources can be 

overwhelmed, increasing the predictability of ammonia/nitrogen concentrations.  Mirroring 

Eastern North Carolina’s hog industry, the Eastern Shore of Maryland is a national leader in 

poultry production and ammonia/nitrogen emissions.  Using Maryland AFO data, all poultry 

operations on the Maryland Eastern Shore were modeled using the AERMOD dispersion model 

and treated as sources for computational analysis at 23 locations of interest.  Meanwhile, 

samplers were placed for 28 days at these areas of interest to collect ground-based 

concentrations.  A sensitivity analysis was conducted to find a realistic value of 

ammonia/nitrogen deposition velocity (cm/s), beginning with a value of 1.0 and iterating by 0.1 

to a maximum of 4.0.  A deposition velocity of 2.4 cm/s gives a percent difference of about 1% 

at two sampling locations in the center of the Delmarva Peninsula.  These locations were 

surrounded by a large concentration of poultry CAFOs.  Where monitoring sites are near urban 

and marine sources, ammonia/nitrogen concentrations are much different.  Given these results, it 

is determined that AERMOD can accurately predict ammonia/nitrogen concentration in areas 

where prominent sources can be found.  There is a significant decrease in the model’s ability as 

you move away from the highest density of sources.  However, understanding that AERMOD 

has the ability to predict model concentrations and deposition can help us determine how much 

ammonia/nitrogen these poultry CAFOs are contributing to their local environment, and in some 

cases, their region. 
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