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The purpose of this research is to investigate the dispersion of ammonia (NH3)
from three Concentrated Animal Feeding Operations (CAFOs) in western Kentucky, as
well as to investigate the Weather Research and Forecasting – Chemistry (WRF-Chem)
model’s sensitivity response to initial NH3 concentrations under both wet conditions
(significant precipitation) and dry conditions (no precipitation). As expected, pollutant
concentrations generally were significantly higher near their points of origin and generally
declined away from the sources. Contrary to expectations, ammonia tended to rise through
the planetary boundary layer (PBL) regardless of atmospheric conditions. Results showed
modeled NH3 pollution levels at the surface generally to be higher under wet conditions. A
GIS-based analysis method was developed to investigate model sensitivity to initial NH3
concentrations. Using this method, it was found that WRF-Chem exhibits an exponential
relation between initial NH3 concentration and the final amount of NH3 produced by the
model.
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Chapter 1
Introduction
The attention given by the scientific community and mass media in recent years to
air quality and public health has brought these issues into the public eye more than ever
before. Air pollution is a serious issue in modern society and impacts human health as well
as both animal and plant life (Romieu et al., 1996; Pope et al., 2002; Pope and Dockery
2006; Bell et al., 2007; Lin et al., 2011; Sheppard et al., 2011). Air pollution also affects
the radiation budget and precipitation patterns (Aneja et al., 2003; Chapman et al., 2009;
Zhao et al., 2012). Atmospheric pollutants are produced via a wide variety of sources and
processes, both natural and artificial. These conditions demand an improved ability to
forecast for air quality in areas where public health is already at risk or may soon become
at risk. Despite legislative attempts to control pollution of the atmosphere, it remains
necessary to devote a certain amount of resources for monitoring and predicting pollution
in the troposphere. Regulations need to be modified continually to suit current populations,
industries, and economies, while still supporting a healthy outdoor environment suitable
for human, animal, and plant life.
The purpose of this research is to investigate the dispersion of ammonia (NH3)
from point sources under both dry and wet conditions. The goal is to yield a better
understanding of pollutant transport from point sources, as well as of the relationship
between precipitation and NH3 concentrations in the atmosphere (i.e., whether NH3
“washes out” in the presence of precipitation – a process formally known as precipitation
scavenging). The research also involves determining the area surrounding Concentrated
Animal Feeding Operations (CAFOs), for which federal Occupational Safety and Health
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Administration (OSHA) and National Institute for Occupational Safety and Health
(NIOSH) standards for NH3 exposure are exceeded, if at all. Another benefit of this
research is that it should result in a clearer understanding of the Weather Research and
Forecasting-Chemistry (WRF-Chem) model output sensitivity to initial NH3 concentration
levels, as this should enable improved air-quality forecasting capabilities. In addition, the
possibility of the Planetary Boundary Layer (PBL) blocking vertical transport of NH3 also
is investigated.
This research uses the WRF-Chem model to simulate dispersion of NH3 from three
separate point sources – in this case, CAFOs – in simulations of a 24-hour dry case (no
precipitation) and a 24-hour wet case (significant precipitation). Note that all references to
ppm (parts per million) actually refer to ppmv (parts per million volumetric), as the
Environmental Protection Agency (EPA, 2003) uses ppm to designate ppmv. Model
sensitivity tests are made for several initial concentrations of NH3, including an extreme
case where the maximum recorded NH3 concentration of 5.0 ppm (El Amrani, 2012) was
used as input for the investigated locations. The model results are analyzed to determine
their quantity and extent in all three spatial dimensions with respect to time.
The first hypothesis tested here is that the NH3 concentration will remain near to its
point of origin, just as oxides of nitrogen (NOx) tend to be deposited near to their point of
origin (Stefanova et al., 2014). The second hypothesis is that NH3 will “wash out” of the
atmosphere via precipitation scavenging, much like sulfur dioxide (SO2), as shown by
Winchester (2015). The third hypothesis is that when the PBL is shallow (a characteristic
indicating laminar flow and a lack of vertical motion) it prevents NH3 from entering the
free atmosphere, but does not prevent NH3 from entering the free atmosphere during times
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when the PBL is deep (a characteristic indicating turbulent flow and significant vertical
motion). This is referred to as “PBL blocking.”
This study is significant because of its establishment of a theoretical maximum area
where NH3 from CAFOs can be considered hazardous to human health. This should prove
useful to rural healthcare providers and could aid them in allocation of resources for airpollution-related health issues. This research can also help to specify an acceptable level of
NH3 emissions, where OSHA regulations and NIOSH air-quality recommendations are not
broken or exceeded. Therefore, the results of this research could also be used by
environmental regulatory agencies, such as OSHA and the EPA, to help create regulations
suitable for both economic and environmental interests. A second significance is the
development of visual products and conceptual boundary layer pollutant dispersion
forecasting principles useful for local air-quality forecasting. These products and
principles have the potential to aid in making air-quality forecasts understandable to the
general public. With increasing global population and economic activities, accurate and
easily understandable air-quality forecasts are also needed to minimize impacts on human
health. Research that can help pave the way for these improved forecasts of pollution is
critical in order to help ensure a healthy population in the future.
This thesis contains a statement and explanation of the research questions, a
literature review, discussion of the project's research methodology, and the results of the
simulations. Included in the methods are descriptions of the extent of the study area, data,
and experimental set-up. Results are then analyzed and discussed and conclusions are
drawn based on the findings.
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Chapter 2
Background
2.1. Air Quality
One of the first major air-quality crises of the 20th century was the “Great Smog of
‘52” that occurred in London, U.K., from December 5th to December 9th, 1952. The
number of fatalities estimated to be caused directly by the polluted conditions was between
3,000 and 12,000 (Bell et al., 2004). The extreme nature of this event led to the United
Kingdom’s Clean Air Act of 1956. In the United States, the city of Los Angeles found
itself fighting a persistent air-pollution problem related to the components of automotive
exhaust (Haagen-Smit, 1952) during and after WWII, which became a catalyst for the
passage of the United States’ own Clean Air Act in 1963. In 1970, the Clean Air Act was
amended to allow for the creation of the Environmental Protection agency (EPA), which
was given the power to set National Ambient Air Quality Standards (NAAQS). The current
NAAQS regulations apply to carbon monoxide (CO), lead (Pb), nitrogen dioxide (NO2),
ozone (O3), particulate matter (PM), and sulfur dioxide (SO2) (Table 2.1) (EPA, 2006).
Recently, it has been found that sources of air pollution include not only industry
and transportation but agriculture as well. Aneja et al. (2006) acknowledged that industrial
farming practices, particularly Concentrated Animal Feeding Operations (CAFOs), were
producing significant pollution in EPA-regulated categories such as sulfur-based gases,
oxides of nitrogen, and particulate matter – as well as categories unregulated by the EPA,
such as NH3 and greenhouse gases (Table 2.1).
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Table 2.1. EPA air quality regulations.
Pollutant Primary/
Secondary

Averaging
Time

Level

Form
Not to be exceeded more
than once per year
Not to be exceeded more
than once per year

Carbon
monoxide Primary
(CO)

8 hours

9.0 ppm

1 hour

35.0 ppm

Lead (Pb) Primary and
Secondary

Rolling 3
0.15 micrograms/m3 Not to be exceeded
month period
98th percentile of 1-hour
daily maximum
1 hour
0.010 ppm
concentrations, averaged
over 3 years
1 year
0.053 ppm
Annual Mean

Nitrogen
dioxide
(NO2)

Primary
Primary and
Secondary

Ozone
(O3)

Primary and
secondary

8 hours

Primary

1 year

Particulate Secondary
matter
(PM2.5)
Primary and
secondary
Particulate Primary and
matter
secondary
(PM10)
Sulfur
dioxide
(SO2)

1 year
24 hours

Annual fourth-highest
daily maximum 8-hour
concentration averaged
over 3 years
3
12 .0 micrograms/m Annual mean, averaged
over 3 years
3
15.0 micrograms/m Annual mean, averaged
over 3 years
3
35 micrograms/m
98th percentile, averaged
over 3 years
0.070 ppm

24 hours

150 micrograms/m3

Primary

1 hour

0.075 ppm

Secondary

3 hours

0.5 ppm

Source: Adapted from the EPA (2006).
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Not to be exceeded more
than once per year on
average over 3 years
99th percentile of 1-hour
daily maximum
concentrations, averaged
over 3 years
Not to be exceeded more
than once per year

2.2. CAFOs
A CAFO is defined as a livestock operation where the stock are confined for at
least 45 days per calendar year, no grazing material is maintained, and a certain number of
animals are raised (EPA, 2012). The number of animals necessary for a livestock operation
to qualify as a large or medium CAFO varies according to the species, and is shown in
Table 2.2.

Table 2.2. CAFO Livestock Number Requirements. Small CAFOs are those that are too
small to be considered medium.
Species
Number For
Number For
Medium CAFO
Large CAFO
Mature dairy cows, whether milked or dry
200 – 699
700
Veal calves
300 – 999
1,000
Cattle, other than mature dairy cows or veal
300 – 999
1,000
calves
(Cattle includes but is not limited to heifers,
steers, bulls and cow/calf pairs)
Swine, each weighing 55 pounds or more
750 – 2,499
2,500
Swine, each weighing less than 55 pounds
3000 – 9,999
10,000
Horses
150 – 499
500
Sheep or lambs
3,000 – 9,999
10,000
Turkeys
16,500 – 54,999
55,000
Laying hens or broilers, if the AFO uses a liquid- 9,000 – 29,999
30,000
manure handling system
Chickens (other than laying hens), if the AFO
37,500 – 124,999 125,000
uses other than a liquid-manure
handling system
Laying hens, if the AFO uses other than a liquid- 25,000 – 81,999
82,000
manure handling system
Ducks, if the AFO uses other than a liquid-manure 10,000 – 29,999
30,000
handling system
Ducks, if AFO uses liquid-manure handling
1,500 – 4,999
5,000
Source: Adapted from the EPA (2012).
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Poultry operations are commonly located in the southeastern U.S., cattle operations
are concentrated in the upper Midwest and the Great Plains, and hog operations are almost
exclusively located in the upper Midwest (Harun and Ogneva-Himmelberger, 2013).
CAFOs are an efficient means of producing meat, dairy, and poultry products, but they are
also a source of a variety of pollutants. The major pollutants from CAFOs, as shown in
Table 2.3., are ammonia (NH3), hydrogen sulfide (H2S), methane (CH4), and particulate
matter (PM10, PM2.5) (Hribar, 2010). As ammonia is the focus of this study, it is discussed
separately in Section III. Brief discussions on the latter three are provided in the following
subsections. Note that the health risks associated with these emissions include chronic
respiratory problems, chemical burns, and even death.
Table 2.3. Typical pollutants found in air surrounding CAFOs.
CAFO
Source
Emissions

Traits

Health Risks

Ammonia

Formed when microbes
decompose undigested
organic nitrogen
compounds in manure

Colorless, sharp
pungent odor

Respiratory irritant,
chemical burns to the
respiratory tract,
skin, and eyes, severe
cough, chronic lung disease

Hydrogen
sulfide

Anaerobic bacterial
Odor of rotten eggs
decomposition of protein
and other sulfur containing
organic matter

Methane

Microbial degradation
of organic matter under
anaerobic conditions

Particulate Feed, bedding materials,
matter
dry manure, unpaved
soil surfaces, animal
dander, poultry feathers

Inflammation of the moist
membranes of eye and
respiratory tract, olfactory
neuron loss, death

Colorless, odorless, No health risks. Is a
highly flammable greenhouse gas and
contributes to climate
change.
Comprised of fecal
matter, feed
materials, pollen,
bacteria, fungi,
skin cells, silicates

Source: Hribar (2010).
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Chronic bronchitis, chronic
respiratory symptoms,
declines in lung function,
organic dust toxic syndrome

2.2.1. Hydrogen Sulfide
According to Merchant et al. (2002), sudden Hydrogen Sulfide (H2S) exposure
above 500 ppm has resulted in at least 19 deaths. It is heavier than air and tends to collect
in low-lying areas. It is poisonous to humans, and functions in a manner similar to cyanide
and carbon monoxide (Lindenmann et al., 2010).
2.2.2. Methane
Although odorless and not harmful to humans, methane (CH4) is flammable and is
a major greenhouse gas. CH4 is the second most significant contributor to anthropogenic
global temperature increase (Lassey, 2007). One of its major sources is livestock, along
with wetlands, fossil-fuels, and other sources (Kirschke et al., 2013). It has been estimated
that CH4 contributions could represent slightly less than two percent of global temperature
increase over the next 50 to 100 years (Johnson and Johnson, 1995).
2.2.3. Particulate Matter
Particulate Matter (PM10, PM2.5) are microscopic particles up to 10 μm in diameter.
Much research has been done that has linked PM2.5 air pollution to respiratory conditions
and mortality rates (Romieu et al., 1996; Pope et al., 2002; Pope and Dockery, 2006; Lin et
al., 2011; Hribar, 2010). According to Pope and Dockery (2006), high amounts of PM2.5,
have been tied to a plethora of cardiopulmonary conditions. One of the most widely
known examples of air-quality issues related to PM2.5 occurred in 2008, in anticipation of
the Beijing Summer Olympic Games. The Chinese government took action to improve the
air quality prior to and during the games, when many studies were carried out relating
public health to air quality. One of these studies found that exposure to black carbon and
PM2.5 triggered respiratory inflammation in children (Lin et al., 2011). In the United
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States, Pope et al. (2002) found that persistent exposure to high levels of PM2.5 is strongly
correlated with long-term cardiopulmonary system-related mortality and can be loosely
linked to the incidence of lung cancer. In another study, researchers found that an increase
of 10 μg m-3 in the weekly mean PM2.5 concentration resulted in a 21% increase in
respiratory illness in children between five and seven years old (Romieu et al., 1996). It
has even been found that prenatal exposure to air pollution may be linked to low birth
weight (Bell et al., 2007).
2.3. Ammonia
NH3 (Ammonia) is one of the major precursors of particulates in the atmosphere,
which include PM10 and PM2.5. These pollutants are precipitated by acid-base reactions
and often serve as CCN. NH3 can also be found in a particulate form. Atmospheric
ammonia concentrations surrounding CAFOs have been measured between 0.1 to 5.0 ppm,
with most observations tending toward the lower end of the observational range (Wu et al.,
2008; El Amrani, 2012). Sources of NH3 include livestock manure (Denmead et al., 1974;
Asman et al., 1998), fertilizer and seawater (Asman et al., 1998), and coal-fired
powerplants (Yerramilli et al., 2011). In addition to the unpleasant smell (Blanes-Vidal et
al., 2012), ammonia affects human health negatively, as previously discussed, and is
considered by OSHA to be an immediate danger to life and health at 300 ppm (CDC,
2007).
As future climate changes may result in aerosols not being moved away from the
U.S. Midwest as efficiently as they are currently (Pye et al., 2009), it is possible that future
ammonia emissions may result in an untenable air-quality situation in the central and
northeastern United States. This is especially true because, although NH3 concentrations
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decrease rapidly within the first 2 km distance from their sources (Asman et al., 1998),
there are many sources every few kilometers in the rural Midwest, particularly sources of
ammonia from the application of fertilizer and manure to crop fields. Additionally, NH3 is
destructive to artifacts such as ancient Native American pictographs (Geiser et al., 2008).
In addition to affecting air quality, aerosols such as NH3 and NH4 have pronounced
effects on local weather conditions. Zhao et al. (2012) have shown in a modeling study
that aerosol plumes can produce significant effects on convection and precipitation. On a
local scale, higher precipitation is to be expected downwind of higher aerosol
concentrations (Chapman et al., 2009). Both NH3 and NH4 particulates also cause reduced
visibility (Park et al., 2006) and have been associated with decreased downwelling solar
radiation (Chapman et al., 2009).
NH3 pollution is one of the major sources of nitrogen deposition, which will likely
have significant future impacts on biodiversity. Contrary to what is commonly understood
by the general public, especially those in agricultural occupations, NH3 and NH4 have
been shown to have continuing deleterious effects on vegetation, particularly through dry
deposition (Sheppard et al., 2011). In fact, it is estimated that, by 2100, nitrogen
deposition, attributable to both NH3 and NH4, could be a major contributor to loss of
global biodiversity (Sala et al., 2000).
2.4. Precipitation Scavenging
Precipitation scavenging is a phenomenon by which trace gases (Elperin et al.,
2013), particulates (Radke et al., 1980), and other pollutants are harvested from the
atmosphere via interaction with precipitation (Engelmann, 1963; Hales and Dana, 1979).
Factors affecting scavenging rates include reversible sorption behavior, liquid phase
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mixing, and chemical reaction (Hales, 1972). Engelmann (1963) found that rain drops with
a diameter greater than 13 microns displayed collection efficiencies greater than 1.0 and
postulated that pollutant particles are drawn into these larger by drops by fluid
convergence, electrical attraction, and wake vortices created by the drop’s passage.
Scavenging of NH3 has been demonstrated (Elperin et al., 2013) to begin in the upper
atmosphere, with a scavenging front moving downwards. Elperin et al. (2013)
characterized the total concentration of dissolved ammonia as
Total NH3 = (NH3 * H2O) + NH4

(1)

and considered scavenging from drizzle, but not from rain, as the high velocity of falling
raindrops combined with the high solubility of NH3 violated the parameters of the
mathematical model employed. It has been shown that, after a significant precipitation
event, pollutants subject to scavenging can take several days to rebound to their previous
levels (Kalkstein and Goodrich, 2012).
2.5. Forecasting
Given the effects of air quality on public health, it is of great importance that the
scientific community develops tools that could enable reliable and accurate operational
forecasting of pollution. As of 2003, air-quality forecasts were mostly used for public
health notification and specialized air-quality monitoring and control programs (EPA,
2003). Dabberdt et al. (2004) considered observations, measurements, and modeling as
areas of air quality forecasting where improvement was necessary. Al-Saadi et al. (2005)
used satellite aerosol observations as a way of improving air quality forecasts, but found
no significant improvement in forecast skill scores. However, forecasters involved in the
research found that the observations were useful and noted multiple possible usage for
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them. Grell and Baklanov (2011) argued for a transition to a fully-coupled approach to
modeling both weather conditions and air quality, which would simultaneously improve
the accuracy of both forecasts due to interactions between the two.
2.6. Modeling Approaches and WRF-Chem
Coupled meteorological and atmospheric chemistry models could potentially
simulate all interactions between meteorological and chemical processes in the
atmosphere. However, until recently, there were very few available models that simulated
more than a few atmosphere-chemistry interactions. This is because atmospheric chemistry
and meteorological models developed separately and only began to be integrated once it
became necessary to issue real-time air-quality forecasts. WRF-Chem is one of these
mesoscale-atmospheric chemistry models.
Zhang (2008) noted that one of the first fully-coupled models was
GATOR/MMTD, which was developed at UCLA (Jacobson, 1994). Prior to its
development, interactions between meteorological processes and atmospheric chemistry
were minimally integrated and feedbacks were often parameterized (Zhang, 2008). Grell et
al. (2000) later developed the MM5/chem, also known as MCCM. It was only partially
coupled. They used this model as the basis for development of WRF-Chem (Zhang, 2008).
In WRF-Chem, meteorological and chemical processes are not as fully integrated as in
GATOR/MMTD, but chemical transport is coupled with atmospheric dynamics (Zhang,
2008). WRF-Chem has been proven to be a reliable and fairly accurate atmospheric
chemistry model (Grell et al., 2005) and has become a frequently used tool in dispersion
modeling for air quality and public health purposes. This model couples the nonhydrostatic Weather Research and Forecasting (WRF) model with an atmospheric
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chemistry model, which can be used with inventoried emissions.
The WRF model is unique in that it can be set up to run non-hydrostatically
(Skamarock et al., 2001), making it ideal for mesoscale simulations. It is frequently run
operationally (Treinish et al., 2016) and is highly customizable, with multiple variants
currently in use (Wagenbrenner et al., 2016).
Several studies have been conducted to measure WRF-Chem’s effectiveness in
modeling pollutant levels globally, for cities, and for national subregions (Zhang, 2008;
Karl et al., 2009; Kim et al., 2009; Lin et al., 2010; Qian et al., 2010; Yerramilli et al.,
2011). Lin et al. (2010) used WRF-Chem with a 36 km x 36 km grid in a study that
demonstrated East Asian ozone (O3) pollution has a negative effect on air quality in
Europe, especially at high altitude. Yerramilli et al. (2011) applied WRF-Chem over
Jackson, Mississippi, using a 1 km inner-domain model grid in order to illustrate its
viability as a decision-making aid for air-quality regulatory agencies and health
administrators. Kim et al. (2009) used WRF-Chem to model nitrogen dioxide (NO2)
emissions from two New Mexico power plants in a domain covering the western United
States to verify satellite-based measurements of NO2. This experiment determined that
satellite-based measurements of NO2 are useful for constructing emission inventories.
WRF-Chem has not been frequently applied for rural areas or agriculturally-based
emissions (e.g., Winchester (2015). As a result, the motivation for this study is to
investigate the dispersion of NH3 emissions from CAFOs under wet and dry periods. The
following chapter presents methods used for this research.
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Chapter 3
Methods
3.1. Domain
This experiment reproduced the two-domain (one-way nested) model
specifications of Winchester (2015), with an outer model domain from 28° N to 45° N and
75° W to 101° W and a spatial resolution of 12 km (Figure 3.1). The inner domain
extended from 32° N to 42° N and 86° W to 91° W, with a spatial resolution of 4 km. The
outer domain included most of the eastern half of the United States, excluding New
England, and is in place to stabilize model output for the inner domain, which is centered
on the Commonwealth of Kentucky in order to maximize accuracy for the locations
chosen to be sampled in this experiment.

Figure 3.1. Model Domains and Study Locations. Outer domain (black box), Inner
Domain (blue box), study locations (black dots). Source: Created by the Author.
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3.2. Study Locations
Many livestock operations are scattered throughout the U.S. Midwest region. Of
these, three poultry operations in Western Kentucky were chosen because of their isolation
from urban pollution, which would potentially interfere with the ammonia-sulfate-nitrate
interactions (Ackermann et al., 1998) and because multiple experiments have already
been made using these locations. These three poultry operations are located at 36.91988°
N, 88.85003° W; 37.16579° N, 88.96694° W; and 37.65882° N, 87.78046° W (Figure
3.2).

Figure 3.2 Study locations. Source: Adapted from Winchester (2015).

3.3. Control Simulations and Sensitivity Experiments
The EPA’s National Emissions Inventory for 2005 (NEI, 2005) was used as the
input data for the chemistry side of WRF-Chem. NEI data resolution is at the county level,
where emissions of pollutants are reported by local authorities. These values do not
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necessarily reflect the true amount of pollutant produced in a given location, as
observation and reporting methods vary by jurisdiction (EPA, 1997). Control simulations
were completed using inventory default values for a dry case (23 June, 2012) and a wet
case (9 July, 2012). These simulations produced negligible emissions. Therefore, countylevel NH3 emissions measured in metric tons per year from the NEI (2005) database were
converted to ppm concentrations using the same conversion method employed by the
WRF-Chem model. These calculations confirmed that the control concentrations at the
investigated sites had been correctly calculated by WRF-Chem as being negligible
compared to the concentrations observed in other locations and used in these experiments.
Calculated control concentrations are shown in Table 3.1.
Table 3.1. Control emissions from NEI (2005).
Site 1 (ppm)
Site 2 (ppm)
Control Concentration from
NEI 2005 emissions data
1.6×10-4
2.1×10-4
Source: NEI (2005).

Site 3 (ppm)
5.0×10-6

Subsequently, a series of sensitivity experiments was conducted for both dry and
wet days. It was achieved by, first, calculating a mean (2.025 ppm), derived from
averaging the maximum and minimum NH3 concentration observed by Wu et al. (2008)
and El Amrani (2012). It was assumed that this concentration (2.025 ppm) is
representative of the typical conditions around the studied CAFOs. Subsequently, this
concentration was systematically decreased to 1/2 (1.0125 ppm), 1/4 (0.56025 ppm), and
1/8 (0.253125 ppm) at the model grid points representing locations of CAFOs.
Furthermore, a pair of wet and dry simulations was also made for an extreme case with a
concentration of + 5.0 ppm, the highest value recorded by El Amrani (2012). Overall, 10
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experiments were completed [two for control, three each for dry and wet days, and two for
extreme concentrations]. The concentrations listed above were read into the model by
modifying the code governing NH3 production to add the amount of NH3 required for a
given simulation to the pre-existing NEI background emissions. It is necessary to note that
the two lower concentrations, 1.0125 ppm and 0.50625 ppm, are similar to those measured
near wastewater lagoons located on dairy farms located in Idaho and California (Reese,
2010). These experiments should help us to understand NH3 emission dispersion for a
variety of concentration levels under wet and dry conditions. Moreover, these simulations
should also show the sensitivity of the WRF-Chem model to NH3 concentration changes
under dry and wet conditions.
3.4. Data and Modeling Process
North American Regional Reanalysis (NARR) data (Mesinger et al., 2006) for 23
June 2012 (a dry date) and 09 July 2012 (a wet date with significant convective activity)
were used for model initialization. The data have a spatial resolution of 32 km and a
temporal resolution of three hours beginning daily at 00 UTC, they include 29 vertical
levels, and are easily obtained from the National Centers for Environmental Information
(NCEI) archives. The WRF Preprocessing System (WPS) was used to convert the gribformatted NARR data files into NetCDF-formatted metgrid output files for assimilation
into WRF-ARW. WRF-ARW constitutes the weather-component of WRF-Chem (Figure
3.3). These metgrid output files contain the atmospheric boundary conditions every three
hours for the duration of the simulation. Output data were written to NetCDF-formatted
WRF output (wrfout) files at hourly intervals (Figure 3.4). Wrfout files from WRF-Chem
contain both weather and chemistry data for all model output times and levels.
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Figure 3.3. Flowchart of data preprocessing in WPS. Initial files are in yellow, functions in
red, static tables and files in white, intermediate files in blue, and fully-processed files in
green. Source: Winchester (2015).

Figure 3.4. Flowchart of the creation of WRF-Chem input files and subsequent
simulations. Initial files are in yellow, functions in red, static tables and files in white,
intermediate files in blue, and fully-processed files in green. Source: Winchester (2015).
3.5. Parameterizations
In the WRF-ARW model, multiple parameterization schemes are available for
estimating cloud cover, incoming solar radiation, and boundary layer processes, etc. These
parameterizations streamline the computation process by reducing complex explicit
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calculations to simpler calculations, thus saving time and reducing required computational
requirements. Each parameterization has its own unique strengths and weaknesses, which
can and do affect the model simulations. Parameterizations chosen for this experiment are
listed in table 3.2.
Table 3.2. Model Parameterization Schemes Employed.
Chemistry Mechanism

RADM2 with MADE/SORGAM aerosols (Stockwell
et al., 1990; Ackermann et al., 1998; Peckham et al.,
2015)

Cloud Microphysics

WSM 3 class simple ice scheme (Hong et al., 2004)

Longwave radiation

RRTM scheme (Mlawer et al., 1997; Iacono et al.,
2000; Peckham et al., 2015)

Shortwave radiation

Dudhia Scheme (Dudhia, 1989)

Surface Physics

Unified Noah LSM
(Chen and Dudhia, 2001; Tewari et al., 2004)

Surface Layer

Monin-Obhukov (Janjic ETA) Scheme (Janjic, 1996)

Boundary Layer

Mellor-Yamada-Janjic Scheme (Janjic, 1994)

Cumulus Parameterization

Outer Domain: Betts-Miller-Janjic Scheme
(Janjic, 1994)
Inner Domain: None – explicit convection

Urban Physics

None

Source: Compiled by the Author.
The WRF Single Moment (WSM) 3 class simple ice-cloud microphysics scheme
was chosen because of its suitability for mesoscale modeling. It is the simplest of a set of
the three schemes (WSM3, WSM5, and WSM6), based on the assumption that ice
microphysical processes are ultimately a function of temperature (Hong et al., 2004). All
three schemes provide somewhat similar results (Hong and Lim, 2006).
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The Rapid Radiative Transfer Model (RRTM) longwave radiation scheme was
chosen because of its accounting for trace gases and cloud microphysics (Peckham et al.,
2015). It is a fairly accurate and computationally fast radiation model suitable for climate
modeling (Mlawer et al., 1997). This scheme has been employed in various capacities by
both the National Center for Atmospheric Research (NCAR) and the European Centre for
Medium-range Weather Forecasts (ECMWF) (Iacono et al., 2000).
The Dudhia shortwave radiation scheme (Dudhia, 1989) was chosen because of its
ability to take shadowing into account (Janjic et al., 2014). It works by summing the
shortwave effects of multiple cloud layers along with clear-air contributions and
backscatter. In this scheme, shortwave radiation can sometimes result in significant cloud
heating (Dudhia, 1989).
The Unified Noah Land Surface Model (LSM) parameterizes radiative effects
from the land surface and vegetation as a single layer (Tewari et al., 2004). It is well
known and widely used in atmospheric modeling, and is a modification of the Oregon
State University LSM created specifically for use in mesoscale atmospheric modeling
(Chen and Dudhia, 2001). It is relatively simple compared to other LSMs, and provides
accurate representations of surface moisture fluxes (Chen et al., 1996). Additionally, this
parameterization has been thoroughly tested and is used operationally at the National
Centers for Environmental Prediction (NCEP) (Janjic et al., 2014).
The Monin-Obhukov surface layer scheme (Janjic, 1996) is based on similarity
theory (Monin and Obukhov, 1954). This parameterization was designed specifically to be
used with the NOAH LSM, using the surface layer from the LSM as the lower boundary
condition and the lowest model layer as the upper boundary condition. Similarity theory is
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based on the effects of surface roughness combined with vertical temperature differences
and differences in winds between layers of the atmosphere. It has been considered critical
to boundary layer meteorology since its introduction.
The Mellor-Yamada-Janjic boundary layer scheme (Janjic, 1994) is a local closure
scheme, which has weaker vertical mixing than other schemes and move less moisture
upward (Hu et al., 2010). This allows for better differentiation between the boundary layer
and the free atmosphere as well as more effective testing of the effects of moisture within
the boundary layer when compared to a dry case, as in this study.
The Betts-Miller-Janjic (Janjic, 1994) cumulus parameterization scheme is an Eta
scheme, where convective forcing is related to a cloud efficiency parameter. Convection is
calculated based on thermodynamics and vertical atmospheric profiles. One of the
strengths of this parameterization scheme is that it rejects results that are mathematically
possible but do not take place in reality, such as negative precipitation or negative entropy
(Janjic, 1994). Because there are no major urban areas in the immediate study area, no
urban physics scheme was selected.
The RADM2 with MADE/SORGAM aerosols was the selected chemistry model.
The chemistry timestep selected was 30 minutes. This is recommended for research
purposes by UCAR (Peckham et al., 2015). In this model, NH3 is used as an input for
calculation of aerosols such as ammonium nitrate (NH4NO3). Further details of the
chemical reactions employed by the RADM2 with MADE/SORGAM aerosols can be
found in Stockwell et al. (1990). Reactions in MADE involving sulfate (SO4), nitrate
(NO3), and ammonia (NH3) are calculated via thermodynamic parameters involving the
relative humidity of deliquescence and an equilibrium constant. These parameters allow
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the model to calculate the difference in aerosol concentration with respect to time based on
aqueous chemical reactions (Ackermann et al., 1998).
3.6. Hypothesis Testing
For all cases, NH3 dispersion patterns were analyzed by taking the average of the
hourly concentrations produced by the model. When visualized at a given level, this
yielded the dominant pattern of 2-dimensional dispersion for the simulated period for that
level. Areas exceeding the OSHA (2009) and NIOSH (CDC, 2007) exposure guidelines
were also determined. These areas are referred to as Significant Pollution Areas (SPAs).
For all cases, time series of NH3 concentrations were taken at each study location
for all model levels up to roughly 7000 m (400 mb height), which is the altitude at which
simulations showed NH3 concentrations decreased to near-zero. Time series of PBL height
were also taken at each study location. Any NH3 concentration outside the PBL and
exceeding the lowest concentration within the PBL at a given time was noted. If the PBL
serves as an effective “cap” on vertical NH3 dispersion, then very few points in time
should exhibit these characteristics at any location.
In addition, the PBL blocking of NH3 concentration vertically was also
investigated. Vertical profiles were taken from the points with the highest surface
concentrations and not the study locations, because the higher concentration values allow a
more readily apparent difference in pollutant concentrations with respect to height, thus
making it simpler to test this hypothesis. NH3 concentrations from the model levels below
the top of the PBL were highlighted. For each model output time, at each vertical profile
location, and for each simulation, the vertical profiles of NH3 concentration were inspected
for concentrations that were located above the top of the PBL but were greater than the
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minimum concentration located within the PBL. These concentrations were then noted. If
the PBL served as an effective “cap” on vertical NH3 dispersion, very few times should
have exhibited these characteristics at any location. It was later determined that a more
effective way of investigating this hypothesis was to compare NH3 concentrations aloft
with concentrations at the surface via constant pressure maps and vertical cross sections of
the investigated locations.
Determining whether or not NH3 “washes out” from the atmosphere via
precipitation scavenging (as discussed in the background section) and aqueous chemical
reactions (as previously discussed with respect to the model chemistry pathways) was
accomplished by averaging NH3 quantities over both time and area for each simulation and
then comparing corresponding wet and dry simulations. As it is possible for “wash-out” to
affect areal dispersion without affecting concentrations, this test was based on an areaaveraged concentration.
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Chapter 4
Results
4.1. Weather Discussion
4.1.1. 23 June, 2012 (Dry Case)
Figure 4.1.1 shows that at 1200 UTC (0700 EST) on 23 June, 2012, halfway
through the investigated time period, the majority of the midwestern and southern states
were under the influence of a high-pressure system centered over the lower peninsula of
Michigan. A cold front extended from Mississippi to a low-pressure center off the coast of
New England. Areas of precipitation occurred over Nebraska and Iowa along the Missouri
river, eastern Massachusetts, and south Florida.

Figure 4.1.1. Surface weather map at 1200 UTC, 23 June, 2012.
Source: NCEP (2012).
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At the beginning of the observational period from 0000 UTC 23 June, 2012, to
0000 UTC 24 June, 2012, an upper level trough was exiting the Great Lakes region and
moving toward New England. At the same time, a stationary upper level ridge was
strengthening over the Western States. At 850 mb, there was a high-pressure system
centered over central Iowa (Figure 4.1.2a-b). At 0600 UTC, the upper level trough was
continuing its path toward New England and the ridge over the western states remained
stationary, though its anticyclonic flow gained prevalence over the Mississippi river valley.
At 850 mb, the high-pressure system centered over Iowa had developed two largemesoscale anticyclonic circulations, with one centered over eastern central Missouri near
the St. Louis area and another centered over southeastern Iowa near the Quad Cities
(Figure 4.1.2.c-d).
At 1200 UTC, the upper level trough continued on its northeastern track with its
axis roughly in a line from Rochester NY to Washington DC. The upper level ridge
located over the Western states remained stationary but exhibited a very slight weakening
in circulation. At 850 mb, the two mesoscale anticyclonic circulations located over St.
Louis and the Quad Cities had developed into their own unique high-pressure systems.
Under the influence of the upper level ridge, the circulation previously located over St.
Louis had moved into a position centered over the junction of TN, AR, and MS (Memphis,
TN) and the circulation previously centered over the Quad cities had moved into central IL
(Figure 4.1.2e-f).
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Figure 4.1.2a-j. Winds at 850 mb (left column) and 300 mb (right column) for 0000 UTC
23 June 2012 (a-b), 0600 UTC 23 June 2012 (c-d), 1200 UTC 23 June 2012 (e-f), 1800
UTC 23 June 2012 (g-h), and 0000 UTC 24 June 2012 (i-j).

a)

b)

c)

d)
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e)

f)

g)

h)
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i)

j)

Source: Created by the Author.
At 1800 UTC, the upper level trough has passed out of the study area and its
influence on the southeast was beginning to weaken. A 300 mb flow over the southeast
was more northerly than westerly. The upper level ridge begins to influence 300 mb flow
as far as middle TN and northern AL. At 850 mb, the high-pressure center near Memphis
has dissipated and the high-pressure center over central IL has moved eastward and was
centered between Louisville KY and Cincinnati OH (Figure 4.1.2g-h).
At 0000 UTC on 24 June, The upper level trough is no longer an influence on the
study area. An independent upper level anticyclone has developed over northern MS and
AL, causing a strong westerly flow over the mid-south. At 850 mb, the high-pressure
system centered between Louisville and Cincinatti remained in place, resulting in strong
easterly flow over Kentucky and Tennessee (Figure 4.1.2i-j).
Observed local conditions at the nearest weather observation sites to the
investigated locations were clear and calm throughout the duration of the modeled time
period, as shown in Table 4.1. Temperatures were moderate to high at all locations, with
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Site 1 showing the lowest morning low, at 16 ˚C and the highest afternoon high, at 34 ˚C.
Low relative humidity indicates dry conditions were prevalent. Winds were light
throughout the day, generally being from the northwest at Site 2 and Site 3. No
precipitation was recorded at any of the observation sites. Observed (Figure 4.1.3) and
modeled (Figure 4.1.4) total precipitation maps confirm that no precipitation was either
recorded or modeled at the investigated locations between 0000 UTC 23 June, 2012, and
0000 UTC 24 June, 2012.
Table 4.1. Local weather for investigated locations on 23 June, 2012.
Time (UTC) Temp Dewpoint
Relative
Wind
Wind
Total
(˚C)
(˚C)
Humidity Speed Direction Precipitation
(%)
(m/s) (degrees)
(mm)
SITE 1: KPAH (METAR station, Barkley Regional Airport, Paducah, KY)
23:53:00
23.00
13.00
53.0
Calm
N/A
05:53:00
16.00
13.00
86.0
Calm
N/A
0.00
11:53:00
32.00
14.00
28.0
Calm
N/A
17:53:00
34.00
10.00
19.0
3.60
20.0
23:53:00
22.00
14.00
63.0
2.57
110.0
SITE 2: PRYB (Graves County station, Kentucky Mesonet)
00:00:00
29.48
12.44
35.1
2.03
346.9
06:00:00
18.06
14.27
78.5
1.73
29.9
0.00
12:00:00
19.11
13.39
69.5
0.99
50.1
18:00:00
31.13
13.09
33.3
1.15
315.4
00:00:00
26.24
13.22
55.8
1.15
33.6
SITE 3: FRNY (Union County station, Kentucky Mesonet)
00:00:00
29.35
10.84
31.8
1.92
335.5
06:00:00
20.02
12.92
68.2
1.31
350.7
0.00
12:00:00
18.94
13.99
73
1.01
333.4
18:00:00
29.53
12.23
34.5
2.22
58
00:00:00
28.68
12.04
35.8
1.66
49.5
Source: FAA (2012); Kentucky Mesonet (2012).
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Figure 4.1.3. National Weather Service observed total precipitation (mm), 23 June, 2012.
Source: NWS (2012).
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Figure 4.1.4. Modeled total precipitation (mm), 23 June, 2012.
Source: Created by the Author.
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4.1.2. 09 July, 2012 (Wet Case)
At 1200 UTC (0700 EST) on 09 July, 2012, halfway through the investigated time
period, the surface weather map (Figure 4.1.5) showed a stationary front extending from
northern Oklahoma into the Atlantic Ocean. Weather patterns in the eastern United States
are dominated by two large high-pressure systems, with one located over Lake Huron, near
Michigan, and another over eastern Alabama. The high-pressure system centered near
Michigan is a portion of a larger circulation covering the majority of southern Canada and
the Great Plains states. The high-pressure center located in Alabama is also a portion of a
larger circulation known as the Bermuda high. Small low-pressure centers along the
stationary front are located near Ponca City in northern Oklahoma; Louisville, Kentucky;
and southeastern Virginia. Precipitation covers most of Maryland and Delaware, far
southeastern Tennessee (near Memphis), and isolated areas scattered throughout the Great
Plains and Mountain West states.
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Figure 4.1.5. Surface weather map at 1200 UTC, 09 July, 2012.
Source: Source: NCEP (2012).
At 0000 UTC, the dominant atmospheric features at 300 mb are the Bermuda High,
a second anticyclonic circulation centered north of Kansas City, and strong zonal flow
across the Great Lakes region and into the northeastern United States. At 850 mb, there is
no significant organized circulation, with the exceptions of a southwestern flow from the
Gulf of Mexico across the southeast and a general northerly flow from Canada (Figure
4.1.6a-b). Convective precipitation was present across the midwest and mid-south,
stretching from Missouri and Arkansas across Illinois, Kentucky, and into West Virginia. A
large convective cell with a maximum rainfall rate of over 25 mm per hour covered far
southwestern Kentucky, where Site 1 and Site 2 are located.
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Figure 4.1.6a-j. Hourly precipitation rate and 850 mb winds (left column) and 300 mb
winds (right column) for 0000 UTC 09 July, 2012 (a-b), 0600 UTC 09 July, 2012 (c-d),
1200 UTC 09 July, 2012 (e-f), 1800 UTC 09 July, 2012 (g-h), and 0000 UTC 10 July,
2012 (i-j).
Source: Created by the Author.

a)

b)

c)

d)
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e)

f)

g)

h)

i)

j)
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At 0600 UTC, the Bermuda High remained as a strong influence on 300 mb
circulation over the southeastern United States. Upper-level flow across the northern U.S.
had become essentially westerly. There is also a very weak northerly flow extending from
MO into TX. At 850 mb, a high pressure system centered over central Florida combined
with a general northerly flow from Canada over the northern U.S. to result in a general
westerly flow over the mid-south (Figure 4.1.6c-d). Precipitation had moved farther east
and stretched from eastern central Illinois across Indiana and Kentucky, extending into
southern Ohio and far eastern Tennessee. The most notable source of precipitation at 0600
UTC was a large and intense thunderstorm cell located over northern Kentucky, with a
maximum rainfall rate of over 50 mm per hour. At 1200 UTC, the same general pattern
held at 300 mb as for 0600 UTC, with the exception that the northerly flow across the
southern plains had developed into a distinct circulation. At 850 mb, a strong cyclonic
curvature was found over most of MO, KS, OK, and AR. Circulation over Kentucky was
not in any particular direction (Figure 4.1.6e-f). Precipitation was light and scattered
across the model domain.
At 1800 UTC, the 300 mb circulation remained essentially unchanged and at 850
mb, a distinct cyclonic circulation was organizing, centered over and around southwestern
TN and northern MS. Circulation over Kentucky remained incoherent (Figure 4.1.6g-h).
Stratiform precipitation was dominant in the southwestern portion of the domain as well as
in Virginia and North Carolina. Scattered thunderstorms appeared in Arkansas and
Mississippi. A thin line of precipitation stretched from northern Kentucky into eastern
Tennessee.
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At 0000 UTC on 10 July, the eastern half of the United States was affected by an
upper level trough in the northeast, the Bermuda High in the southeast, and a strong
westerly flow in general. A very small cyclonic circulation was found over the Nashville
area, but there were no other features of note. At 850 mb, a distinct cyclonic circulation
was centered over central TN (Figure 4.1.6i-j). This is most likely an effect of anticyclonic
circulations to both the north and south of central TN. Small scattered thunderstorms were
once again the dominant form of precipitation across the southern United States, with two
small storms located near the junction of Illinois, Indiana, and Kentucky, where Site 3 is
located.
Table 4.2. Local weather for investigated locations on 09 July, 2012.
Time (UTC) Temp
Dewpoint
Relative
Wind
Wind
Total
(˚C)
(˚C)
Humidity Speed Direction Precipitation
(%)
(m/s) (degrees)
(mm)
SITE 1: KPAH (METAR station, Barkley Regional Airport, Paducah, KY)
23:53:00
33.00
22.00
50.0
5.14
340.0
05:53:00
23.00
22.00
93.0
3.09
20.0
22.10
11:53:00
23.00
22.00
93.0
2.06
270.0
17:53:00
31.00
22.00
58.0
3.09
20.0
23:53:00
30.00
22.00
61.0
2.06
80.0
SITE 2: PRYB (Graves County station, Kentucky Mesonet)
00:00:00
32.90
20.81
49.1
3.42
261.8
06:00:00
22.38
22.07
98.1
1.26
58.6
45.52
12:00:00
22.65
22.38
98.4
0.60
260.9
18:00:00
28.76
21.63
65.5
2.96
351.8
00:00:00
28.86
20.10
59.2
2.44
30.8
SITE 3: FRNY (Union County station, Kentucky Mesonet)
00:00:00
23.73
22.28
91.6
4.97
80.9
06:00:00
23.12
22.43
95.9
1.98
258.8
3.44
12:00:00
22.97
22.53
97.4
1.38
295.3
18:00:00
29.79
21.06
59.5
2.24
48.4
00:00:00
29.19
21.53
63.4
3.17
67.0
Source: FAA (2012); Kentucky Mesonet (2012).
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Precipitation at the investigated location occurred mainly between the evening and
early morning hours of the simulation. Winds were generally light to moderate, with gusts
from storm activity. Site 1 received a total of 22.10 mm of precipitation, while Site 2 and
Site 3 received 45.52 mm and 4.44 mm, respectively. It is apparent from Figure 4.1.7 and
Figure 4.1.8 that all three CAFO locations received significant precipitation. This ensures
that any direct effects of precipitation on dispersion of NH3 appear at all three locations.

Figure 4.1.7. National Weather Service observed total precipitation (mm) on 09 July, 2012.
Source: NWS (2012).
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Figure 4.1.8. Modeled total precipitation (mm) on 09 July, 2012.
Source: Created by the Author.
4.2. Dispersion Discussion
4.2.1. 23 June, 2012, 5.0 ppm simulation
At 993 mb (surface level, 140m) (Figure 4.2.1a-i), NH3 dispersion followed wind
patterns, causing the overlap of pollutant emission plumes from Site 1 and Site 2. The
combination of these plumes resulted in higher downwind NH3 concentrations near the
Mississippi river. Concentrations of NH3 remained higher near their points of origin than
elsewhere. Representative vertical cross sections (Figure 4.2.2a-f) taken at each site
showed that, at Site 1 and Site 2, NH3 easily penetrates the PBL, with ppm values above
the PBL sometimes being higher than those below. At Site 3, NH3 tends to pool along the
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surface, but can reach altitudes above the PBL when the PBL height is very low. The
presence of stronger downward vertical motion near the surface at Site 3 than at Site 1 and
Site 2 may be an influence on this apparent suppression of vertical transport of NH3.
At 700 mb (3000 m) (Figure 4.2.3a-i), NH3 dispersion once again followed wind
patterns closely, with plumes from Site 1 and Site 2 essentially merged and extending
southeastward into TN under the influence of northwesterly winds. NH3 concentrations are
generally lower, but still comparable to those at 993 mb, although no plume from Site 3
appears. Notably, the plume from Site 2 exceeds 300 ppm (the NIOSH criterion for
ammonia to be considered an immediate danger to life and health) at 2100 UTC and the
plume from Site 1 exceeds 300 ppm at 0000 UTC on the 24th. Compared to the 993 mb
level, these concentrations at 700 mb are significantly higher. Similar circumstances occur
in the majority of cases investigated, both wet and dry. Possible reasons for such high ppm
values include the use of an extremely high initial value for NH3 and the non-linear nature
of the WRF-Chem model’s NH3 sensitivity curve (discussed in Section 4.3.). Another
possible cause for the prevalence of 700 mb concentrations similar to, and occasionally in
excess of, 993 mb concentrations is that NH3 is lighter than air and exhibits higher
concentrations when measured near the top of a livestock enclosure than when measured
at the floor level (Muehling, 1970), and may be rising through the atmosphere regardless
of external factors.
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a) 0000 UTC

b) 0300 UTC

c) 0600 UTC

d) 0900 UTC

e) 1200 UTC

f) 1500 UTC

g) 1800 UTC

h) 2100 UTC

i) 0000 UTC

Figure 4.2.1a-i. 5.0 ppm increased simulation at 993 mb level: Three-hourly NH3
dispersion from 0000 UTC 23 June, 2012, to 0000 UTC 24 June, 2012.
Source: Created by the Author.
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a) Site 1, west to east,
0400 UTC 23 June, 2012.

b) Site 1, south to north,
0800 UTC 23 June, 2012.

c) Site 2, west to east,
0700 UTC 23 June, 2012.

d) Site 2, south to north,
0100 UTC 23 June, 2012.

e) Site 3, west to east,
1800 UTC 23 June, 2012.

f) Site 3, south to north,
0600 UTC 23 June, 2012.

Figure 4.2.2a-f. Representative vertical cross sections from the surface (993 mb) to 3000
m (700 mb) for Site 1, Site 2, and Site 3 on 23 June, 2012: 5.0 ppm simulation. Y axis
measures height (m), X axis measures distance in 4 km model grid cells. Black line
represents PBL height. Source: Created by the Author.
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a) 0000 UTC

b) 0300 UTC

c) 0600 UTC

d) 0900 UTC

e) 1200 UTC

f) 1500 UTC

g) 1800 UTC

h) 2100 UTC

i) 0000 UTC

Figure 4.2.3a-i. 5.0 ppm increased simulation at 700 mb level: Three-hourly NH3
dispersion from 0000 UTC 23 June, 2012, to 0000 UTC 24 June, 2012.
Source: Created by the Author.
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4.2.2. June 23, 2012, 2.025 ppm simulation
At 993 mb (Figure 4.2.4a-i), NH3 dispersion, again, closely followed wind patterns,
as in the 5.0 ppm simulation. This caused an overlap of plumes from Site 1 and Site 2,
similar to the 5.0 ppm simulation. In this case, compared to the 5.0 ppm simulation,
dispersion patterns essentially reproduce dispersion patterns for the 5.0 ppm simulation,
but with significantly lower concentrations and lesser areal extent. Dispersion is
dominantly toward the south at the beginning of the simulation, but turns toward the west
at approximately 0900 UTC and remains westward for the remainder of the simulation. A
plume from Site 3 occurs only between 0300 UTC and 1200 UTC (10:00 PM and 7:00
AM CDT). Concentrations again remained higher near their points of origin than
elsewhere.
Cross sections (Figure 4.2.5a-f) show that plumes from Site 1 and Site 2 once again
reach altitudes above the PBL and can possess higher pollutant concentrations above the
PBL than below. As in the 5.0 ppm simulation, the plume from Site 1 exhibit areas of
elevated ppm values at approximately 2000 m. The plume from Site 3 remains near the
ground, but can reach altitudes above the PBL when the PBL height is low. Concentrations
are lower for all sites when compared to cross sections from the 5.0 ppm simulation.
At 700 mb (Figure 4.2.6a-i), no plume from Site 3 appeared. The plumes from Site
1 and Site 2, once again, are essentially a single plume extending as far as middle TN, but
with lower concentrations and smaller areal extent than in the 5.0 ppm case. NH3
concentrations are once again comparable to those at 993 mb with higher concentrations at
700 mb than at 993 mb appearing at Site 2 (2100 UTC, 23 June) and Site 1 (0000 UTC, 24
June).
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a) 0000 UTC

b) 0300 UTC

c) 0600 UTC

d) 0900 UTC

e) 1200 UTC

f) 1500 UTC

g) 1800 UTC

h) 2100 UTC

i) 0000 UTC

Figure 4.2.4a-i. 2.025 ppm simulation at 993 mb level: Three-hourly NH3 dispersion from
0000 UTC 23 June, 2012, to 0000 UTC 24 June, 2012.
Source: Created by the Author.
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a) Site 1, west to east,
0400 UTC 23 June, 2012.

a) Site 1, south to north,
0800 UTC 23 June, 2012.

b) Site 2, west to east,
0700 UTC 23 June, 2012.

c) Site 2, south to north,
0100 UTC 23 June, 2012.

d) Site 3, west to east,
1800 UTC 23 June, 2012.

e) Site 3, south to north,
0600 UTC 23 June, 2012.

Figure 4.2.5a-f. Representative vertical cross sections from the surface (993 mb) to 3000
m (700 mb) for Site 1, Site 2, and Site 3 on 23 June, 2012: 2.025 ppm simulation. Y axis
measures height (m), X axis measures distance in 4 km model grid cells. Black line
represents PBL height. Source: Created by the Author.
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a) 0000 UTC

b) 0300 UTC

c) 0600 UTC

d) 0900 UTC

e) 1200 UTC

f) 1500 UTC

g) 1800 UTC

h) 2100 UTC

i) 0000 UTC

Figure 4.2.6a-i. 2.025 ppm simulation at 700 mb level: Three-hourly NH3 dispersion from
0000 UTC 23 June, 2012, to 0000 UTC 24 June, 2012.
Source: Created by the Author.
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4.2.3. June 23, 2012, 1.0125 ppm simulation
At 993 mb (Figure 4.2.7a-i), dispersion of NH3 closely follows wind patterns,
exhibiting similar geographic and temporal characteristics to the 5.0 ppm and 2.025 ppm
simulations, but with less overlap between plumes from Site 1 and Site 2. Concentrations
and spatial extent of high concentrations are significantly reduced compared to the 2.025
ppm simulation. A plume from Site 3 once again occurs only between 0300 UTC and 1200
UTC, as in the 2.025 ppm simulation. Cross sections (Figure 4.2.8a-f) show that plumes
from Site 1 and Site 2 penetrate the PBL, with the plume from Site 1 once again exhibiting
an area of elevated ppm values near 2000 m. Site 3 remains subject to significant
downward vertical motion near the surface. The plume from Site 3 does not penetrate the
PBL in the cross sections shown, where NH3 emissions once again tend to pool along the
ground. Pollutant concentrations for all sites are lower when compared to cross sections of
the 2.025 ppm simulation.
At 700 mb (Figure 4.2.9a-i), dispersion again follows wind patterns, as in the
simulations previously discussed, with the difference between NH3 concentrations at the
point of origin and downwind becoming less distinct (see Figure 4.2.9d-e). Once again, a
plume from Site 3 does not appear at 700 mb, but plumes from Site 1 and Site 2 are
essentially merged and extend as far as middle TN, although at relatively low concentrations. NH3 concentrations at 700 mb are once again higher than at 993 mb for Site 2 at
2100 UTC on the 23rd and Site 1 at 0000 UTC on the 24th. Peak values of NH3 at both 993
mb and 700 mb are approximately 50 ppm, similar to values measured for cattle in
contained areas (Costa et al., 2003) and modeled for poultry after the first two weeks of a
new flock (Elliott and Collins, 1982). Similar concentrations result from all simulations
using 1.0125 ppm and 0.50625 ppm as initialization values.
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a) 0000 UTC

b) 0300 UTC

c) 0600 UTC

d) 0900 UTC

e) 1200 UTC

f) 1500 UTC

g) 1800 UTC

h) 2100 UTC

i) 0000 UTC

Figure 4.2.7a-i. 1.0125 ppm simulation at 993 mb level: Three-hourly NH3 dispersion
from 0000 UTC 23 June, 2012, to 0000 UTC 24 June, 2012.
Source: Created by the Author.
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a) Site 1, west to east,
0400 UTC 23 June, 2012.

b) Site 1, south to north,
0800 UTC 23 June, 2012.

c) Site 2, west to east,
0700 UTC 23 June, 2012.

d) Site 2, south to north,
0100 UTC 23 June, 2012.

e) Site 3, west to east,
1800 UTC 23 June, 2012.

f) Site 3, south to north,
0600 UTC 23 June, 2012.

Figure 4.2.8a-f. Representative vertical cross sections from the surface (993 mb) to 3000
m (700 mb) for Site 1, Site 2, and Site 3 on 23 June, 2012: 1.0125 ppm simulation. Y axis
measures height (m), X axis measures distance in 4 km model grid cells. Black line
represents PBL height. Source: Created by the Author.
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a) 0000 UTC

b) 0300 UTC

c) 0600 UTC

d) 0900 UTC

e) 1200 UTC

f) 1500 UTC

g) 1800 UTC

h) 2100 UTC

i) 0000 UTC

Figure 4.2.9a-i. 1.0125 ppm simulation at 700 mb level: Three-hourly NH3 dispersion
from 0000 UTC 23 June, 2012, to 0000 UTC 24 June, 2012.
Source: Created by the Author.
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4.2.4. June 23, 2012, 0.50625 ppm simulation
At 993 mb (Figure 4.2.10a-i), NH3 dispersion patterns follow wind patterns.
Emission plumes are somewhat localized, with low concentrations and less dispersion than
in previously discussed simulations, possibly due to the lack of emissions available for
dispersal. Concentrations at each plume’s point of origin are not necessarily greater than
elsewhere in the plume (Figure 4.2.10c). A plume from Site 3 appears only between 0300
UTC and 1200 UTC, three hours earlier than in the 2.025 ppm and 1.0125 ppm
simulations. Dispersion is once again greatest at 0600 UTC and least at 1500 UTC.
Vertical cross sections of Site 1 (Figure 4.2.11a-b) show lower concentrations than
in the 1.0125 ppm simulation, as do cross sections of Site 2 (Figure 4.2.11c-d) and Site 3
(Figure 4.2.11e-f). The plume from Site 1 continues to exhibit maximum ppm values near
an altitude of 2000 m. The plume from Site 2 once again exhibits maximum ppm values at
altitudes above the PBL. Emissions from Site 3 are very small and do not reach the PBL.
At 700 mb (Figure 4.2.12a-i), plumes from Site 1 and Site 2 have essentially
merged and no plume from Site 3 is present, as in all other June 23rd – 24th simulations.
Emissions plumes exhibit similar geographic dispersion patterns to the 5.0 ppm, 2.025
ppm, and 1.0125 ppm simulations. Concentrations are very low, with little distinction
between concentrations at each plume’s point of origin and elsewhere in the plume.
Maximum dispersion occurs at 0600 UTC with a minimum at 1800 UTC.
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a) 0000 UTC

b) 0300 UTC

c) 0600 UTC

d) 0900 UTC

e) 1200 UTC

f) 1500 UTC

g) 1800 UTC

h) 2100 UTC

i) 0000 UTC

Figure 4.2.10a-i. 0.50625 ppm simulation at 993 mb level: Three-hourly NH3 dispersion
from 0000 UTC 23 June, 2012, to 0000 UTC 24 June, 2012.
Source: Created by the Author.
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a) Site 1, west to east,
0400 UTC 23 June, 2012.

b) Site 1, south to north,
0800 UTC 23 June, 2012.

c) Site 2, west to east,
0700 UTC 23 June, 2012.

d) Site 2, south to north,
0100 UTC 23 June, 2012.

e) Site 3, west to east,
1800 UTC 23 June, 2012.

f) Site 3, south to north,
0600 UTC 23 June, 2012.

Figure 4.2.11a-f. Representative vertical cross sections from the surface (993 mb) to 3000
m (700 mb) for Site 1, Site 2, and Site 3 on 23 June, 2012: 0.50625 ppm simulation. Y axis
measures height (m), X axis measures distance in 4 km model grid cells. Black line
represents PBL height. Source: Created by the Author.
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a) 0000 UTC

b) 0300 UTC

c) 0600 UTC

d) 0900 UTC

e) 1200 UTC

f) 1500 UTC

g) 1800 UTC

h) 2100 UTC

i) 0000 UTC

Figure 4.2.12a-i. 0.50625 ppm simulation at 700 mb level: Three-hourly NH3 dispersion
from 0000 UTC 23 June, 2012, to 0000 UTC 24 June, 2012.
Source: Created by the Author.
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4.2.5. July 09, 2012, 5.0 ppm simulation
At 993 mb (Figure 4.2.13a-i), winds are erratic through the duration of the
simulation. This leads to somewhat more contained but highly variable dispersion patterns
as well as multiple areas of higher NH3 concentrations. Plumes appear from all three sites
throughout the simulation. NH3 concentrations are higher at each plume’s point of origin,
but there are other areas of elevated concentration, likely due to erratic wind patterns and
small-mesoscale circulations (Figure 4.2.13d, f, i). Dispersion patterns show an overall
tendency to be toward the west-northwest, with plumes from Site 1 and Site 2 tending
toward an orientation along the Mississippi river valley during between 09 July 0900 UTC
and 10 July 0000 UTC. Additionally, there was less overlap between plumes from Site 1
and Site 2 than in the 5.0 ppm simulation for June 23, 2012. Concentrations at Site 1 and
Site 2 exceed 300 ppm at 1500 UTC and 1800 UTC. Areas of elevated concentrations in
the immediate area of the investigated locations tended to be larger than in the
corresponding 23 June, 2012, case. Vertical cross sections of the investigated locations
(Figure 4.2.14a-f.) show maximum concentrations in plumes from Site 1 and Site 2
occurring at altitudes above the PBL height. This occurs in conjunction with strong
upward vertical motion. Figure 4.2.14d shows the plume from Site 2 to have produced two
maxima, both at an altitude above the PBL height. At Site 3 (Figure 4.2.14e-f), downward
vertical motion is once again apparent. The plume from Site 3 can reach an altitude above
the PBL height when the PBL is shallow and near the surface (Figure 4.2.14e), but does
not always do so (Figure 4.2.14f).
At 700 mb (Figure 4.2.15a-i), concentrations remained comparable to 993 mb.
Small-mesoscale circulations (Figure 4.2.15d, e) exhibit a significant influence on
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a) 0000 UTC

b) 0300 UTC

c) 0600 UTC

d) 0900 UTC

e) 1200 UTC

f) 1500 UTC

g) 1800 UTC

h) 2100 UTC

i) 0000 UTC

Figure 4.2.13a-i. 5.0 ppm simulation at 993 mb level: Three-hourly NH3 dispersion from
0000 UTC 09 July, 2012, to 0000 UTC 10 July, 2012.
Source: Created by the Author.

57

a) Site 1, west to east,
0200 UTC 09 July, 2012.

b) Site 1, south to north,
0500 UTC 09 July, 2012.

c) Site 2, west to east,
0300 UTC 09 July, 2012.

d) Site 2, south to north,
1000 UTC 09 July, 2012.

e) Site 3, west to east,
0700 UTC 09 July, 2012.

f) Site 3, south to north,
0900 UTC 09 July, 2012.

Figure 4.2.14a-f. Representative vertical cross sections from the surface (993 mb) to 3000
m (700 mb) for Site 1, Site 2, and Site 3 on 09 July, 2012: 5.0 ppm simulation. Y axis
measures height (m), X axis measures distance in 4 km model grid cells. Black line
represents PBL height. Source: Created by the Author.
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a) 0000 UTC

b) 0300 UTC

c) 0600 UTC

d) 0900 UTC

e) 1200 UTC

f) 1500 UTC

g) 1800 UTC

h) 2100 UTC

i) 0000 UTC

Figure 4.2.15a-i. 5.0 ppm simulation at 700 mb level: Three-hourly NH3 dispersion from
0000 UTC 09 July, 2012, to 0000 UTC 10 July, 2012.
Source: Created by the Author.
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dispersion patterns, as does the presence of a stationary front, as evidenced by the
demarcation over southern Illinois between southeasterly and northeasterly flow (Figure
4.2.15g, h). NH3 concentrations at Site 1 exceeded 300 ppm at 1200 UTC, 1500 UTC, and
0000 UTC on the 24th. Site 2 also exceeded 300 ppm at 0000 UTC on the 24th. Dispersion
patterns at 700 mb generally are toward the north during the period from 09 July 0000
UTC to 09 July 0600 UTC. During the period from 09 July 0900 UTC – 09 July 1500
UTC, dispersion patterns are generally toward the northeast, along the Ohio River Valley.
Finally, from 09 July 1800 UTC to 10 July 0000 UTC, dispersion is dominantly toward the
northwest, along the Mississippi river valley. Compared to 700 mb emission plumes for
the 5.0 ppm simulation of 23 June, 2012, the emission plumes appear to be somewhat
more localized and displayed larger areas of elevated concentrations near the investigated
locations than for the 5.0 ppm simulation of 23 June, 2012. Dispersion also tends to be
northward and variable, instead of the overall southward dispersion of the corresponding
23 June simulation. Just as at 993 mb, the plumes from Site 1 and Site 2 are generally
more easily distinguished from one another than in the 5.0 ppm simulation for June 23,
2012.
4.2.6. July 09 2012, 2.025 ppm simulation
At 993 mb (Figure 4.2.16a-i), winds are chaotic, leading to a multitude of
dispersion patterns. Concentrations of NH3 tend to be higher near each plume’s point of
origin. A plume from Site 3 appears at all times, except at 0000 UTC on the 10th.
Concentrations of NH3 are greatly reduced in comparison to the 5.0 ppm simulation.
Emission plumes are more localized, with limited dispersion from the immediate vicinity
of each plume’s point of origin. Overall, dispersion patterns tended to be northerly rather
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than the westerly direction, which was also prevalent in the corresponding simulation for
23 June, 2012. Concentrations in the immediate area of each plume’s point of origin were
also higher than for the 2.025 ppm simulation of the 23 June, 2012, case, with larger areas
of elevated concentrations surrounding the investigated locations. This suggests more
compact emission plumes than in the corresponding 23 June, 2012, simulation. Such
“compactness” may be due to the chaotic surface winds associated with convective
activity acting in such a manner that restricted the areal pollutant dispersion.
Vertical cross sections of the investigated locations (Figure 4.2.17a-f) show strong
upward vertical motion at Site 1 and Site 2, with downward vertical motion at Site 3.
Maximum ppm values for Site 2 occur at altitudes above the PBL height. The plume from
Site 3 is able to penetrate to altitudes above the PBL when the PBL height is low, but tends
to spread out along the surface rather than rise vertically. Areas of elevated pollutant
concentrations are apparent above the PBL, but appear to come from an outside source and
are likely emissions from Site 1 and Site 2. Concentrations are lower for all sites when
compared to the 5.0 ppm simulation.
At 700 mb (Figure 4.2.18a-i), concentrations remained similar to those at 993mb.
Dispersion patterns are similar to the 5.0 ppm simulation, but with greatly reduced
concentrations and more limited areas of elevated concentrations. NH3 concentrations
outside the immediate area of each plume’s point of origin are generally very low
compared to concentrations local to the investigated sites, once again suggesting more
compact emission plumes. Dispersion is also generally northward, where 700 mb
dispersion in the corresponding 23 June, 2012, simulation is generally southward. The
effects of small-mesoscale circulations are again apparent (Figure 4.2.18e, f). In Figure
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4.2.18f, it appears that a small cyclonic circulation is associated with two areas of elevated
NH3 concentrations. The effects of a frontal passage on dispersion patterns (Figure
4.2.18g, h) are less apparent than in the 5.0 ppm simulation.

a) 0000 UTC

b) 0300 UTC

c) 0600 UTC

d) 0900 UTC

e) 1200 UTC

f) 1500 UTC

g) 1800 UTC

h) 2100 UTC

i) 0000 UTC

Figure 4.2.16a-i. 2.025 ppm simulation at the 993 mb level: Three-hourly NH3 dispersion
from 0000 UTC 09 July to 0000 UTC 10 July, 2012. Source: Created by the Author.
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a) Site 1, west to east,
0200 UTC 09 July, 2012.

b) Site 1, south to north,
0500 UTC 09 July, 2012.

c) Site 2, west to east,
0300 UTC 09 July, 2012.

d) Site 2, south to north,
1000 UTC 09 July, 2012.

e) Site 3, west to east,
0700 UTC 09 July, 2012.

f) Site 3, south to north,
0900 UTC 09 July, 2012.

Figure 4.2.17a-f. Representative vertical cross sections from the surface (993 mb) to 3000
m (700 mb) for Site 1, Site 2, and Site 3 on 09 July, 2012: 2.025 ppm simulation. Y axis
measures height (m), X axis measures distance in 4 km model grid cells. The black line
represents PBL height. Source: Created by the Author.
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a) 0000 UTC

b) 0300 UTC

c) 0600 UTC

d) 0900 UTC

e) 1200 UTC

f) 1500 UTC

g) 1800 UTC

h) 2100 UTC

i) 0000 UTC

Figure 4.2.18a-i. 2.025 ppm simulation at 700 mb level: Three-hourly NH3 dispersion
from 0000 UTC 09 July, 2012, to 0000 UTC 10 July, 2012.
Source: Created by the Author.
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4.2.7. July 09, 2012, 1.0125 ppm simulation
At 993 mb (Figure 4.2.19a-i), a plume’s point of origin is not necessarily maintaining higher NH3 concentrations than elsewhere in the plume (Figure 4.2.19d, h). A
plume from Site 3 appears from 0600 UTC to 1500 UTC and again at 0000 UTC on the
10th. When compared to the corresponding 23 June, 2012, simulation, emission plumes in
the immediate vicinity of the investigated locations tended to be larger and have higher
concentrations. Dispersion tended toward the West overall in both simulations, with the 09
July simulation displaying more contained dispersion patterns than the 23 June simulation,
as well as lower NH3 concentrations outside of the immediate area of the investigated
locations.
At Site 1 (Figure 4.2.20a-b), vertical motion in the lower atmosphere is generally
upward. NH3 emissions reach altitudes above the PBL height. In figure 4.2.20a, maximum
pollutant concentrations occur at an altitude above the PBL height, while maximum
pollutant concentrations in figure 4.2.20b occur below the PBL height. At Site 2 (Figure
4.2.20c-d), atmospheric vertical motion is upward, with maximum pollutant
concentrations occurring at altitudes above the PBL height. At Site 3 (Figure 4.2.20e-f),
vertical motion near the surface is generally downward. The emissions plume from Site 3
stays near the surface and does not reach the PBL height. Areas of elevated pollutant
concentrations are apparent above the PBL, but appear to come from an outside source and
are likely emissions from Site 1 and Site 2. Concentrations are once again lower for all
cases when compared to the 2.025 ppm simulation.
At 700 mb (Figure 4.2.21a-i), concentrations are rather similar to 993 mb. The
effects of erratic winds and small-mesoscale circulations lead to multiple dispersion
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patterns and result in the concentrations above a plume’s point of origin not necessarily
being significantly greater than elsewhere in the plume (Figure 4.2.21g, h). Overall,
however, dispersion patterns continue to show that concentrations remained higher in the
immediate vicinity of each plume’s point of origin. The influence of small-mesoscale
circulations is still apparent, but is further reduced. No plume from Site 3 is apparent at
700 mb. When compared to the corresponding 23 June simulation, dispersion is more
contained, but primarily northward instead of southward, with larger areas of more
elevated NH3 concentrations near the investigated locations.
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a) 0000 UTC

b) 0300 UTC

c) 0600 UTC

d) 0900 UTC

e) 1200 UTC

f) 1500 UTC

g) 1800 UTC

h) 2100 UTC

i) 0000 UTC

Figure 4.2.19a-i. 1.0125 ppm simulation at 993 mb level: Three-hourly NH3 dispersion
from 0000 UTC 09 July, 2012, to 0000 UTC 10 July, 2012.
Source: Created by the Author.
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a) Site 1, west to east,
0200 UTC 09 July, 2012.

b) Site 1, south to north,
0500 UTC 09 July, 2012.

c) Site 2, west to east,
0300 UTC 09 July, 2012.

d) Site 2, south to north,
1000 UTC 09 July, 2012.

e) Site 3, west to east,
0700 UTC 09 July, 2012.

f) Site 3, south to north,
0900 UTC 09 July, 2012.

Figure 4.2.20a-f. Representative vertical cross sections from the surface (993 mb) to 3000
m (700 mb) for Site 1, Site 2, and Site 3 on 09 July, 2012: 1.0125 ppm simulation. Y axis
measures height (m), X axis measures distance in 4 km model grid cells. The black line
represents PBL height. Source: Created by the Author.
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a) 0000 UTC

b) 0300 UTC

c) 0600 UTC

d) 0900 UTC

e) 1200 UTC

f) 1500 UTC

g) 1800 UTC

h) 2100 UTC

i) 0000 UTC

Figure 4.2.21a-i. 1.0125 ppm simulation at 700 mb level: Three-hourly NH3 dispersion
from 0000 UTC 09 July, 2012, to 0000 UTC 10 July, 2012.
Source Created by the Author.
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4.2.8. July 09 2012, 0.50625 ppm simulation
At 993 mb (Figure 4.2.22a-i), NH3 dispersion plumes from each site tended to be
separated. NH3 concentrations were generally low, but tended to be higher at each plume’s
point of origin than elsewhere in the plume. As in the 1.0125 ppm simulation, a plume
from Site 3 appeared only between 0600 UTC and 1500 UTC and at 0000 UTC on the
10th. Dispersion tended to be highly localized, with larger areas of elevated NH3
concentrations surrounding the investigated locations than in the corresponding 23 June,
2012, simulation. NH3 concentrations in these areas also tended to be higher than in the 23
June, 2012, simulation.
Vertical cross sections of Site 1 (Figure 4.2.23a-b) show NH3 emissions to rise to
altitudes above the PBL height with maximum pollutant concentrations occurring at
altitudes above the PBL height. Upward vertical motion is present at Site 2 (Figure
4.2.23c-d), with emissions reaching altitudes above the PBL height and maximum
pollutant concentrations also occurring above the PBL height. At Site 3 (Figure 4.2.23e-f),
vertical motions near the surface were generally downward. The emissions plume is small
and remains near the ground without reaching the PBL height.
At 700 mb (Figure 4.2.24a-i), NH3 concentrations within dispersion plumes are
typically low and sometimes only slightly higher than in the surrounding atmosphere
(Figure 4.2.24c), but frequently remain comparable with values at 993 mb. No plume from
Site 3 is apparent. Influences from small-mesoscale circulations are minimal and
dispersion plumes tend to follow local winds. When compared to the corresponding 23
June simulation, 700 mb concentrations were similar or slightly greater, with dispersion
patterns remaining more compact and localized. Areas of elevated concentrations in the
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immediate area of the investigated locations also tended to be larger and with higher NH3
concentration values than in the 23 June simulation.

a) 0000 UTC

b) 0300 UTC

c) 0600 UTC

d) 0900 UTC

e) 1200 UTC

f) 1500 UTC

g) 1800 UTC

h) 2100 UTC

i) 0000 UTC

Figure 4.2.22a-i. 0.50625 ppm simulation at 993 mb level: Three-hourly NH3 dispersion
from 0000 UTC 09 July, 2012, to 0000 UTC 10 July, 2012.
Source: Created by the Author.
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a) Site 1, west to east,
0200 UTC 09 July, 2012.

b) Site 1, south to north,
0500 UTC 09 July, 2012.

c) Site 2, west to east,
0300 UTC 09 July, 2012.

d) Site 2, south to north,
1000 UTC 09 July, 2012.

e) Site 3, west to east,
0700 UTC 09 July, 2012.

f) Site 3, south to north,
0900 UTC 09 July, 2012.

Figure 4.2.23a-f. Representative vertical cross sections from the surface (993 mb) to 3000
m (700 mb) for Site 1, Site 2, and Site 3, 09 July 2012, 0.50625 ppm simulation. Y axis
measures height (m), X axis measures distance in 4 km model grid cells. The black line
represents PBL height. Source: Created by the Author.
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a) 0000 UTC

b) 0300 UTC

c) 0600 UTC

d) 0900 UTC

e) 1200 UTC

f) 1500 UTC

g) 1800 UTC

h) 2100 UTC

i) 0000 UTC

Figure 4.2.24a-i. 0.50625 ppm simulation at 700 mb level: Three-hourly NH3 dispersion
from 0000 UTC 09 July, 2012, to 0000 UTC 10 July, 2012.
Source: Created by the Author.
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4.2.9. Summary of Dispersion Discussion
Some notable points from the preceding discussion are that Site 3 produces a
significantly smaller NH3 emission plume than either Site 1 or Site 2. The plume from Site
3 also does not penetrate as deeply into the atmosphere as those from Site 1 and Site 2.
Furthermore, it appears that NH3 is most effectively dispersed into the atmosphere at night,
as night hours are when the plume from Site 3 is most visible. Given the higher overnight
relative humidity in both cases and the overnight precipitation during the wet case, this is
not unreasonable when the reactions of ammonia with water are taken into account, as
discussed earlier in regard to precipitation scavenging and atmospheric chemistry
modeling (Engelmann, 1963; Hales and Dana, 1979; Ackermann et al., 1998; Elperin et
al., 2013). When combined with vertical cross sections for the investigated locations,
comparison of the 993 mb and 700 mb dispersion for both dry and wet dates shows that
PBL conditions appear to have little influence on the vertical penetration of NH3 from the
boundary layer into the free atmosphere, as 700 mb level concentrations are generally
comparable to and sometimes even in excess of concentrations at 993 mb level, regardless
of atmospheric conditions. As previously mentioned, it is possible that this is an effect of
NH3 being lighter than air and rising through the atmosphere (Muehling, 1970). It is
notable that dispersion patterns for 09 July, 2012, simulations tended to exhibit larger
areas of elevated NH3 concentrations in the immediate area of the investigated locations
than the dispersion patterns produced for 23 June simulations. It is possible that this is
related to more compact dispersion patterns due to variable winds produced by local
convective activity. For further investigation, one-hourly dispersion charts for 993 mb, 850
mb, and 700 mb are available as appendices.
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4.3. Surface Significant Pollution Area (SPA) Analysis and Model Sensitivity
For the purposes of this study a unique analysis methodology was created. Surface
Significant Pollution Areas (SPA) were determined by taking the hourly surface NH3
concentrations and averaging them over the entire 24-hour time period of each simulation
(25 individual timesteps). Areas where NH3 concentrations exceeded 25 ppm NIOSH
recommendations were selected as SPAs. The area-average concentration (ppm per km2) in
each SPA was then calculated . The area (km2) and area-average NH3 concentration for
each SPA were multiplied together to arrive at the Total Pollution Value (TPV) ( (ppm /
km2 ) × km2), a summation of all ppm values present in each SPA. Thus, TPV values are
normalized according to area instead of pollutant concentration. TPV is used here as the
dependent variable when testing model sensitivity to initial NH3 concentrations. The timeaverage NH3 concentrations and SPAs with area-average NH3 concentrations are shown in
Figure 4.3.1a-h and Figure 4.3.2a-h. Detailed information on SPAs can be found in Table
4.3. SPAs were usually roughly 10-20 km in diameter and located in the immediate area of
the investigated locations. As would have been expected, larger initial NH3 concentrations
resulted in larger SPAs. In three out of the four simulations with concentrations of 2.025
ppm or 5.0 ppm, the SPAs from Site 1 and Site 2 overlapped to create a very large single
SPA. The exception to this incident was the 2.025 ppm simulation for 23 June, 2012. In the
5.0 ppm simulation for 23 June, 2012, this large SPA covered parts of the Mississippi and
Ohio River valleys, as well as portions of IL and MO in addition to a portion of KY. In the
5.0 ppm simulation for 09 July, 2012, the large SPA extended northwestward from Site 2
into southwestern IL. In the 2.025 ppm simulation for 09 July, 2012, the large SPA
extended northwestward from Site 2 to the Ohio River. In the 09 July, 2012, 1.0125 ppm
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simulation, SPAs were roughly 10 km across and only covered the immediate vicinity of
their respective study sites. No SPAs were produced in the 0.50625 ppm simulation for 23
June, 2012. No SPA appeared for Site 3 in the 0.56025 ppm simulation for 09 July, 2012.

Figure 4.3.1a-h. Time-average NH3 concentration (upper panel) and SPAs with areaaverages (lower panel) for 23 June, 2012, 5.0 ppm simulation (a-b), and 23 June, 2012,
2.025 ppm simulation (c-d), 1.0125 ppm simulation (e-f), and 23 June, 2012, 0.56025 ppm
simulation (g-h). Source: Created by the Author.

a) 23 June, 2012, Time-Average NH3 concentration, 5.0 ppm simulation
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b) 23 June, 2012, SPAs, 5.0 ppm simulation

c) 23 June, 2012,Time-Average NH3 concentration, 2.025 ppm simulation
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d) 23 June, 2012, SPAs, 2.025 ppm simulation

e) 23 June, 2012, Time-Average NH3 concentration, 1.0125 ppm simulation
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f) 23 June, 2012, SPAs, 1.0125 ppm simulation

g) 23 June, 2012, Time-Average NH3 concentration, 0.56025 ppm simulation
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h) 23 June, 2012, SPAs, 0.56025 ppm simulation
Figure 4.3.2a-h. Time-average NH3 concentration (upper panel) and SPAs with areaaverages (lower panel) for 09 July, 2012, 5.0 ppm simulation (a-b), and 09 July, 2012,
2.025 ppm simulation (c-d), 1.0125 ppm simulation (e-f), and 09 July, 2012, 0.56025 ppm
simulation (g-h). Source: Created by the Author.

a) 09 July, 2012, Time-Average NH3 concentration, 5.0 ppm simulation
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b) 09 July, 2012, SPAs, 5.0 ppm simulation

c) 09 July, 2012, Time-Average NH3 concentration, 2.025 ppm simulation
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d) 09 July, 2012, SPAs, 2.025 ppm simulation

e) 09 July, 2012, Time-Average NH3 concentration, 1.0125 ppm simulation
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f) 09 July, 2012, SPAs, 1.0125 ppm simulation

g) 09 July, 2012, Time-Average NH3 concentration, 0.56025 ppm simulation
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h) 09 July, 2012, SPAs, 0.56025 ppm simulation
In order to examine the model sensitivity at each investigated location, it was
necessary to assign half of the TPV for the very large SPAs produced by Site 1 and Site 2
to each location. In the absence of an SPA for a given site, it was assigned a TPV of 0.00.
It should be noted that, contrary to expectations, the wet (09 July) simulations exhibited
higher TPV than the dry (23 June) simulations for all SPAs except one, the 23 June 5.0
ppm simulation. A majority of SPAs occurring in wet simulations were also larger in area
than corresponding SPAs in dry simulations. One possible explanation for these
characteristics is that variable surface winds produced more compact SPAs with a higher
pollutant density. Another possible explanation is that NH3 scavenged by precipitation at
higher altitudes, as described by Elperin et al. (2013), is being released into the atmosphere
upon evaporation of precipitation at the surface or in the lower atmosphere. This
explanation, however, does not account for the single case in which a greater TPV was
produced for the dry date than for the wet date.
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Table 4.3. Significant Pollution Area (SPA) details and Total Pollution Value (TPV) for all
simulations.
Simulation
SPA Site
NH3 Avg. (ppm) Area (km2)
TPV
23 June,2012: Site 1 + Site 2
5.0 ppm
Site 3

50.89

2639.190

134308.38

31.72

127.938

4058.19

23 June 2012:
2.025 ppm

Site 1

46.47

160.188

7443.94

Site 2

32.31

256.375

8243.48

Site 3

28.26

16.000

452.16

Site 1

25.39

3.000

76.17

Site 2

30.79

41.063

1264.33

Site 3

29.40

17.313

509.00

N/A

N/A

N/A

N/A

09 July 2012: Site 1 + Site 2
5.0 ppm
Site 3

46.83

1519.19

71143.67

36.38

114.125

4151.87

09 July 2012: Site 1+ Site 2
2.025 ppm
Site 3

44.59

645.063

28763.36

39.99

45.125

1804.55

09 July 2012:
1.0125 ppm

Site 1

43.14

64.75

2793.32

Site 2

39.69

70.813

2810.57

Site 3

33.14

23.625

782.93

Site 1

33.83

31.313

1059.2

Site 2

30.73

21.813

670.31

N/A

N/A

N/A

23 June 2012:
1.0125 ppm

23 June 2012:
0.50625 ppm

09 July 2012:
0.50625

N/A
Source: Created by the Author.

Analysis of TPV with respect to initial NH3 concentration and application of leastsquares regression (2nd order polynomial best-fit curves) yielded the individual model NH3
sensitivity estimate for each simulation (Figure 4.3.3). These relationships were averaged
together to result in the average model sensitivity curves for NH3 for wet cases, dry cases,
and overall. These relationships are shown in Figure 4.3.3 through Figure 4.3.6.
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WRF-Chem NH3 Best-Fit Sensitivity Curves for All
Sites under Both Wet and Dry Conditions
70000
60000
50000
site 1 dry

40000

TPV

site 2 dry
site 3 dry

30000

site 1 wet
20000

site 2 wet
site 3 wet

10000
0
0

1

2

3

4

5

NH3 concentration enhanced (ppm)

Figure 4.3.3. Model NH3 sensitivity curves for all sites under both wet and dry conditions.
Source: Created by the Author
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Average WRF-Chem Best-Fit NH3
Sensitivity Curve for Dry Cases
70000

60000

50000
y = 2179.6x2 - 1677.5x
R² = 0.6222

TPV

40000

Best-Fit Line

30000

20000

10000

0
0

1

2

3

4

5

NH3 concentration enhanced (ppm)

Figure 4.3.4. Model NH3 sensitivity curves for all sites under dry conditions.
Source Created by the Author.
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Average WRF-Chem Best-Fit NH3
Sensitivity Curve for Wet Cases
70000

60000

50000

40000

TPV

y = 290.05x2 + 3608x
R² = 0.5844

Best-Fit Line

30000

20000

10000

0
0

1

2

3

4

5

NH3 concentration enhanced (ppm)

Figure 4.3.5. Model NH3 sensitivity curves for all sites under wet conditions.
Source: Created by the Author.

.
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Average WRF-Chem NH3 Sensitivity Curves
70000

60000

50000
Overall: y = 1234.8x2 + 965.22x
R² = 0.8739

TPV

40000
Dry
Wet

30000

Overall
20000

10000

0
0

1

2

3

4

5

NH3 concentration enhanced (ppm)

Figure 4.3.6. Average WRF-Chem NH3 sensitivity curves for wet and dry cases with
overall average sensitivity curve. Source: Created by the Author.
These figures (Figure 4.3.3 – Figure 4.3.6) show that, when a 2nd order binomial
regression is applied, the overall average WRF-Chem sensitivity curve for NH3 is an
exponential following the function y = 1234.8x2 + 965.22x. The r2 value for the overall
average sensitivity curve was 0.8739 when calculated using the wet and dry average
sensitivity curves as input (Figure 4.3.6.). The dry sensitivity curve follows the function y
= 2179.6x2 - 1677.5x and has an r2 value of 0.6222 (Figure 4.3.4). The wet sensitivity
curve follows the function y = 290.05x2 + 3608x and has an r2 value of 0.5844 (Figure
4.3.5).
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Chapter 5
Conclusions
The purpose of this research has been to investigate the dispersion of ammonia
(NH3) from point sources under both dry and wet conditions in order to gain a better
understanding of pollutant transport from point sources as well as the relationship between
precipitation and NH3 concentrations in the atmosphere. Research also involved
determining the area surrounding CAFOs for which federal OSHA and NIOSH standards
for NH3 exposure were exceeded (CDC, 2007; OSHA, 2009). This research resulted in
understanding the sensitivity of WRF-Chem model output to initial NH3 concentration
levels and investigated the possibility of the PBL blocking vertical transport of NH3. This
research used the WRF-Chem model to simulate dispersion of NH3 from three separate
point sources – in this case, CAFOs in western Kentucky located at 36.91988° N,
88.85003° W; 37.16579° N, 88.96694° W; and 37.65882° N. 87.78046° W – for a 24-hour
dry case and a 24-hour wet case. Simulations were completed for both cases by increasing
initial NH3 concentrations at the investigated locations by 5.0, 2.025, 1.0125, and 0.50625
ppm. The model results were analyzed to determine concentration and dispersion of NH3.
In addition, the sensitivity of WRF-Chem initial NH3 concentration was also assessed.
Concentrations of NH3 aloft were also compared with concentrations at the surface to
determine whether the PBL constrains pollution to the lower layers of the atmosphere.
The first hypothesis was that NH3 concentrations would remain higher near their
point of origin, much like NOx (Stefanova et al., 2014). The second hypothesis was that
NH3 would “wash out” of the atmosphere via precipitation scavenging, with lower surface
concentrations prevalent during precipitative events than during times of dryness. The
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third hypothesis was that the PBL would effectively prevent vertical transport of NH3
during times exhibiting a shallow PBL but would allow significant vertical mixing of NH3
during times exhibiting a deep PBL.
The results of this experiment suggest that dispersion patterns are potentially
dependent on local wind patterns, with simulated dispersion being rather extensive during
the dry cases, when local wind patterns were consistent. Simulated dispersion was
relatively contained for the wet cases, when convective activity produced variable winds.
The most elevated NH3 concentrations were nearest to the emission plume’s point of
origin, with some areas of elevated concentrations appearing during the wet dates. PBL
conditions did not appear to be a major influence on the vertical penetration of ammonia
gas through the PBL and into the free atmosphere. The simulations suggested that NH3
tends to rise regardless of PBL conditions, since it is lighter than air. It is important to note
that, despite NH3’s apparent tendency to rise, vertical transport of NH3 still appears to be
affected by vertical motions in the lower atmosphere.
Total Pollution Values at the surface were higher for wet dates than for dry dates.
One possible explanation of this occurrence is that the variable surface winds in the wet
cases resulted in more compact SPAs. Another suggestion is that NH3 at higher altitudes is
being scavenged by precipitation and then released by evaporation at lower levels of the
atmosphere and at the surface. This concept is referred to here as “wash-down.” This
assertion needs further analysis and is beyond the scope of this study.
The sensitivity of the WRF-Chem model’s atmospheric chemistry to concentrations
of NH3 appears exponential, with higher initial concentrations resulting in the model’s
production of concentrations multiple times the input value, especially for simulations

91

with large initial concentrations of NH3. Given the complex nature of the physical and
chemical interactions that occur in the atmosphere, this is not surprising. One possible
source of heightened emissions in the simulations with large initial concentrations of NH3
is the methodology used to read specified concentrations of NH3 into WRF-Chem (adding
desired values to previously existing NEI background emissions at specific points).
Another more efficient way to perform this same task in a future study could be simply to
assign the desired value without including previously existing emissions.
The first necessity of future research is an observational study to validate model
predictions regarding Significant Pollution Areas (SPAs). This would require significant
funding, as multiple pollutant measurement stations would have to be put in place. Further
research may also be directed toward the development of SPA pollution analysis for use in
an operational capacity, perhaps even as an online tool for municipal air-quality departments. A second direction that future research may take could be to test the “wash-down”
‘hypothesis’ and uncover more details regarding the factors affecting vertical NH3
transport in the presence of precipitation.
The rather straightforward methodological and analytical methods of this
experiment lend themselves to frequent and efficient reproduction for the purposes of
performing similar experiments regarding other pollutants. As the central point of the
experiment is SPA analysis, it is recommended that this be conducted for future experiments, ultimately working towards an operational tool, as previously stated. In addition,
the methods of modeling are rather standardized and are similar to those used by NCEP in
an operational capacity. It is recommended that future studies remain grounded in
operational modeling so that any knowledge gained from future experiments can be easily
applied to operational forecasts.
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Figure A1. 23 June, 5.0 ppm simulation, hourly 993 mb dispersion.
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Figure A2. 23 June, 5.0 ppm simulation, hourly 850 mb dispersion.
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Figure A3. 23 June, 5.0 ppm simulation, hourly 700 mb dispersion.
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Figure A4. June 23, 2.025 ppm simulation, hourly 993 mb dispersion.
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Figure A5. June 23, 2.025 ppm simulation, hourly 850 mb dispersion.
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Figure A6. June 23, 2.025 ppm simulation, hourly 700 mb dispersion.
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Figure A7. June 23, 1.0125 ppm simulation, hourly 993 mb dispersion.
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Figure A8. June 23 1.0125 ppm simulation 850 mb dispersion.
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Figure A9. June 23, 1.0125 ppm simulation, hourly 700 mb dispersion.
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Figure A10. June 23, 0.50625 ppm simulation, hourly 993 mb dispersion.
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Figure A11. June 23, 0.50625 ppm simulation, hourly 850 mb dispersion.
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Figure A12. June 23, 0.50625 ppm simulation, hourly 700 mb dispersion.
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Figure A13. 09 July, 5.0 ppm simulation, hourly 993 mb dispersion.
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Figure A14. 09 July, 5.0 ppm simulation, hourly 850 mb dispersion.

129

a) 0000 UTC

b) 0100 UTC

c) 0200 UTC

d) 0300 UTC

e) 0400 UTC

f) 0500 UTC

g) 0600 UTC

h) 0700 UTC

i) 0800 UTC

j) 0900 UTC

k) 1000 UTC

l) 1100 UTC

130

m) 1200 UTC

n) 1300 UTC

o) 1400 UTC

p) 1500 UTC

q) 1600 UTC

r) 1700 UTC

s) 1800 UTC

t) 1900 UTC

u) 2000 UTC

v) 2100 UTC

w) 2200 UTC

x) 2300 UTC

Figure A15. 09 July, 5.0 ppm simulation, hourly 700 mb dispersion.
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Figure A16. 09 July, 2.025 ppm simulation, hourly 993 mb dispersion.
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Figure A17. 09 July, 2.025 ppm simulation, hourly 850 mb dispersion.
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Figure A18. 09 July, 2.025 ppm simulation, hourly 700 mb dispersion.
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Figure A19. 09 July, 1.0125 ppm simulation, hourly 993 mb dispersion.
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Figure A20. 09 July, 1.0125 ppm simulation, hourly 850 mb dispersion.
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Figure A21. 09 July, 1.0125 ppm simulation, hourly 700 mb dispersion.
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Figure A22. 09 July, 0.50625 ppm simulation, hourly 993 mb dispersion.
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Figure A23. 09 July, 0.50625 ppm simulation, hourly 850 mb dispersion.
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Figure A24. 09 July, 0.50625 ppm simulation, hourly 700 mb dispersion.
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