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ABSTRACT 
 

Concentrated animal feeding operations (CAFOs) have been experiencing 

increased resistance from surrounding residents making construction of new facilities or 

expansion of existing ones increasingly limited (Jacobson et al., 2002).  Such concerns 

often include the impact of nuisance odor on peoples’ lives and on the environment 

(Huang and Miller, 2006).  Vegetative environmental buffers (VEBs) have been 

suggested as a possible odor control technology.  They have been found to impact odor 

plume dispersion and have shown the possibility of being an effective tool for odor 

abatement when used alone or in combination with other technologies (Lin et al., 2006). 

The main objective of this study was to use Gaussian-type dispersion modeling to 

determine the feasibility of use and the effectiveness of a VEB at controlling the spread 

of odor from a swine feeding operation.  First, wind tunnel NH3 dispersion trends were 

compared to model generated dispersion trends to determine the accuracy of the model at 

handling VEB dispersion.  Next, facility-scale (northern Missouri specific) model 

simulations with and without a VEB were run to determine its viability as an option for 

dispersion reduction.  Finally, dispersion forecasts that integrated numerical weather 

forecasts were developed and compared to collected concentration data to determine 

forecast accuracy. 

The results of this study found that dispersion models can be used to simulate 

dispersion around a VEB.  AERMOD-generated dispersion trends were found to follow 

similar patterns of decreasing downwind concentration to those of both wind tunnel 

simulations and previous research.  This shows that a VEB can be incorporated into 

AERMOD and that the model can be used to determine its effectiveness as an odor 



 xx 

control option.  The results of this study also showed that a VEB has an effect on odor 

dispersion by reducing downwind concentrations.  This was confirmed by both wind 

tunnel and AERMOD simulations of dispersion displaying decreased downwind 

concentrations from a control scenario.  This shows that VEBs have the potential to act as 

an odor control option for CAFOs.  This study also found that a forecast method that 

integrated numerical weather prediction into dispersion models could be developed to 

forecast areas of high concentration.  Model-forecasted dispersion trends had a high 

spatial correlation with collected concentrations for days when the facility was emitting.  

This shows that dispersion models can accurately predict high concentration areas using 

forecasted weather data.  The information provided by this study may ultimately prove 

useful for this particular facility and others and may help to lower tensions with 

surrounding residents.   
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Chapter 1 – Introduction 

 

 

1.1  Introduction 

Concentrated animal feeding operations (CAFOs) have been experiencing 

increased resistance from surrounding residents making construction of new facilities or 

expansion of existing ones increasingly limited (Jacobson et al., 2002).  Such concerns 

often include the impact of nuisance odor on peoples’ lives and on the environment 

(Huang and Miller, 2006).  Studies by Herriges et al. (2005) and Isakson and Ecker 

(2008) have shown that swine CAFOs can have negative effects on real estate values 

based on factors such as proximity to and size of the facility.   Other recent findings by 

Wing et al. (2008) and Herz et al. (2004) have shown that residents living near CAFOs 

are likely to associate swine odors with frustration and negative emotions.  Thus, 

mitigating the spread of odor may better the lives of surrounding residents and lower 

animosities toward the facility.  

CAFOs often employ several types of odor control technologies including diet 

modification, manure treatment, capture and treatment of emitted gases, and adequate 

buffer distances from surrounding residents (Sweeten et al., 2001).  Vegetative 

environmental buffers (VEBs) have also been used as a possible odor control technology.  

VEBs primarily consist of rows of planted trees or shrubs that impact nearby wind 

direction and velocity and act to increase atmospheric turbulence.  They have been found 

to impact odor plume dispersion and have shown the possibility of being an effective tool 
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for odor abatement when used alone or in combination with other technologies (Lin et al., 

2006).  Generally, determination of VEB design is accomplished through the use of 

established design guidelines provided by the United States Department of Agriculture 

and other affiliates.  Application of VEB technologies has been shown to benefit CAFOs 

through reductions in energy use, economic savings, and improved aesthetics of the 

facility (Tyndall and Colletti, 2007).   

Much research has been done in both the areas of dispersion and dispersion 

modeling.  Several studies have used wind tunnel settings to examine both ammonia gas 

(NH3) and VEB dispersion.  Meisinger et al. (2001) show that NH3 volatilization and 

dispersion can be simulated in a wind tunnel, but do not examine how the volatized NH3 

dispersed around a VEB.  Another study by Cornelius et al. (1997) shows that VEBs can 

be effectively employed in a wind tunnel setting to examine particulate capture.  This 

study, however, does not determine NH3 dispersion around their simulated VEB.  

Researchers have also employed field-scale studies to examine dispersion around VEBs.  

Lin et al. (2006) and Nicolai et al. (2004) both examine a VEB’s ability to limit the 

dispersion of both odor and odor causing agents.  These studies show that a VEB is 

effective at limiting their spread; however, they again do not look exclusively at NH3 

dispersion.  Other researchers have used dispersion models to determine concentrations 

of odor and other air contaminants downwind of emitting facilities.  Studies by Jeong 

(2011), Figueroa et al. (2008), and Koppolu et al. (2002) use dispersion modeling to 

establish adequate buffer distances around various facilities.  However, not much 

research has been completed on determining how effective these models are at 
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determining dispersion around a VEB and little research has been done on determining 

the viability of using these models for dispersion forecasting.  

With the accessibility of odor data obtained through field sampling, wind tunnel 

simulations, and dispersion modeling, this study looks to advance previous research in 

several ways:   

• By examining NH3 dispersion around a VEB that has been established in a wind 

tunnel setting.   

• By incorporating a simulated mature VEB into AERMOD, a regulatory dispersion 

model of the Environmental Protection Agency (EPA) that has been chosen 

because it is the preferred model for short-ranged dispersion and is the flagship 

model of the EPA.   

• By using forecasted weather data to predict dispersion trends. 

 

1.2  Statement of Thesis 

The main objective of this research study is to use dispersion modeling to 

determine the feasibility of use and the effectiveness of a VEB at controlling the spread 

of odor from a swine feeding operation.  In particular, one such operation located in 

northern Missouri that has allowed access to outside areas for odor measurement 

(however, information about facility procedures and emitted gases/particulates are not 

available).  This swine feeding operation has faced complaints from local residents and 

looks to improve both its facility and relations with these residents.  The information 

provided by this study may prove useful for this particular facility and others and may 
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help to lower tensions with surrounding residents.  To accomplish this objective, several 

steps are taken: 

• First, wind tunnel dispersion trends are compared to model generated dispersion 

trends to determine the accuracy of the model at handling VEB dispersion.  

• Next, facility-scale (northern Missouri specific) model simulations with and 

without a VEB are run to determine its viability as an option for dispersion 

reduction.   

• Finally, steady-state dispersion forecasts that integrated numerical weather 

forecasts are developed and compared to collected gas concentration data to 

determine forecast accuracy. 

 The primary hypothesis tested in this study is that a VEB will limit the amount of 

odor dispersed from the facility with the associated null hypothesis being that a VEB will 

have no effect on dispersion.  A secondary hypothesis is that dispersion models, 

particularly AERMOD, can be used successfully to evaluate the effectiveness of a VEB 

at controlling odor dispersion.  The null hypothesis associated with this secondary 

postulate is that dispersion models cannot be used to determine the effectiveness of a 

VEB.  Another secondary hypothesis is that a dispersion forecast method can be 

developed to help forecast areas that may experience high odor concentrations with the 

associated null hypothesis being that a forecast method cannot be developed.  The 

validity of these hypotheses provides a viable odor control option (VEBs) for CAFOs that 

may help lower tensions among these facilities and nearby residents. 
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1.3  Outline of Dissertation 

 This three part dissertation addresses the issues of model verification, VEB 

effectiveness, and dispersion forecasting. Part one deals with model verification through 

the use of comparisons with both wind tunnel simulations and previous research.  Part 

two addresses analyzing the effectiveness of a VEB through the use of a dispersion 

model, while part three deals with forecasts and verification of dispersion trends. 

 Part one utilizes an established VEB in a wind tunnel setting to verify the 

accuracy of model predicted dispersion; as wind tunnel simulations have been shown to 

accurately replicate field situations.  For this reason, NH3 dispersion is examined under 

various VEB configurations in a wind tunnel.  These dispersion trends along with 

previous research are then spatially correlated to dispersion trends predicted by 

AERMOD to determine model accuracy in simulating NH3 dispersion around a VEB.  

 Part two examines the effectiveness of a VEB at controlling NH3 dispersion on a 

field-scale level.  A mature VEB is simulated around the northern Missouri facility and 

tested under various wind conditions and VEB heights.  Dispersion trends and percent 

decreases are observed and calculated for eight wind directions, two wind velocities, and 

various VEB heights to determine the effectiveness of the VEB under varying 

atmospheric conditions and at different stages of tree growth. 

 Part three utilizes collected NH3 concentration data to verify dispersion forecasts.  

Dispersion forecasts are completed using a twelve hour numerical weather forecast for 

several days in 2010 and 2012.  The forecasted trends in concentration are then spatially 

correlated to observed concentrations to determine forecast accuracy and viability.   
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Chapter 2 - Literature Review 

 

 

The literature review portion of this study is separated into five sections.  Section 

2.1 provides general information on odor including both concentration and intensity, 

while section 2.2 details odor emission from CAFOs.  Section 2.3 describes factors 

around CAFOs that impact odor dispersion and section 2.4 details dispersion modeling 

including a breakdown of general Gaussian dispersion and the AERMOD dispersion 

model.  Section 2.5 discusses vegetative environmental buffers (VEBs) and their role in 

impacting odor dispersion while Section 2.6 describes parameterization of the planetary 

boundary layer (PBL) by the Rapid Update Cycle (RUC) numerical weather model. 

 

2.1  Odor 

Odor is a human’s olfactory response to an odorous gas that is both a subjective 

sensation and varies for different people (Boubel et al., 1994).  The lowest concentration 

that a certain odorous compound can be perceived by the human sense of smell is known 

as the odor detection threshold and is determined by the compound’s shape, polarity, 

partial charges, and molecular mass (Jones, 1992).  The olfactory mechanism responsible 

for a compound’s detection threshold is not well understood making these thresholds 

difficult to accurately predict (Boubel et al., 1994).  Rather, a general guideline threshold 

is often established through extensive testing. 
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The two main characteristics of odor that determine its nuisance capability are 

concentration and intensity.  A compound’s odor concentration is described by the 

pervasiveness of its odor (Sweeten et al., 2001).  The odor concentration of a compound 

is measured through the method of olfactometry by diluting a unit volume of an odor 

sample with odor-free air until it has a 50% probability of being detected by a group of 

panelists (Lim et al., 2001).  The resulting volume of diluents required to reach the odor 

detection threshold (dilution factor) is defined as the odor concentration and is expressed 

using odor units (OU) or odor units per cubic meter (OUm-3) (Sweeten et al., 2001).  The 

odor intensity of a compound is defined as the relative perceived psychological strength 

of an odor that is above the compound’s odor detection threshold and is commonly 

assessed using referencing scales (Chen et al., 1999b).  Intensity assessed through 

referencing scales is evaluated by either a dynamic (based on the ppm of n-butanol in air) 

or static (based on the ppm of n-butanol in water) scale method (Sweeten et al., 2001).  

N-butanol is the standard compound used for odor intensity referencing scales as it has a 

strong and noticeable smell and has been extensively tested (McGinley, 2002).  Two 

commonly used odor intensity referencing scales by odor study researchers are 5-point 

(Guo et al., 2001) and 8-point scales (Segura and Feddas, 2005).  

The relationship between a compound’s odor concentration and its intensity is not 

linear and Steven’s Law (Equation 2.1) is used to express relationship between them 

(Chen et al., 1999a): 

 � = ������� 
 

(2.1) 
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where I represents the odor intensity, C is the odor concentration in mgm-3 or ppm, k1 is a 

proportionality constant, and k2 is a constant that varies for different odorants.  

Other odor researchers have used Equations 2.2 (5-point scale from Guo et al., 

2001) and 2.3 (8-point scale from Segura and Feddas, 2005) to describe the relationship 

between these two variables and they followed the above format:  

 � = 0.93 ln���− 1.986 

 � = 1.25ln��� − 0.046 

 

where I is the odor intensity expressed as ppm of n-butanol in air, and C is the odor 

concentration in OUm-3.  The relationship between odor concentration and intensity using 

both a 5-point and 8-point reference scale is shown in Tables 2.1 and 2.2.  This 

relationship ultimately helps to match odor intensity data measured in the field with odor 

concentration data predicted by air dispersion models (Segura and Feddas, 2005). 

 

Table 2.1. Relationship between a compound’s odor concentration and intensity using a 
5-point scale derived using Equation 2.2 (Guo et al., 2001). 
 

Odor intensity n-butanol 
solution (ppm) 

Odor 
concentration 

(OUm-3) 
1 250 25 
2 750 72 
3 2250 212 
4 6750 624 
5 20250 1834 

 

 
 

(2.2) 

(2.3) 
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Table 2.2. Relationship between a compound’s odor concentration and intensity using an 
8-point scale derived using Equation 2.3 (Segura and Feddas, 2005). 
 

Odor Intensity 
n-butanol 

solution (ppm) 

Odor 
concentration 

(OUm-3) 

1 12 2 
2 24 5 
3 48 12 
4 96 26 
5 194 57 
6 388 128 
7 775 286 
8 1550 637 

 

 

2.2  CAFOs Odor 

Concentrated Animal Feeding Operations (CAFOs), including swine and poultry 

operations, dairies and cattle feedlots, and the associated animal waste storages produce 

emissions of odor, particulate matter, and greenhouse gases.  Many sources around 

CAFOs contribute to overall fugitive emissions, including: the animals, their manure, 

manure applied to farm fields nearby, and waste lagoons.  Most of the odorous 

compounds emitted from CAFOs result from the anaerobic decomposition of wastes by 

microorganisms (Zahn et al, 1997).  In the United States, more than 75% of manure waste 

is processed anaerobically and it is often stored for up to 13 months before land 

application (Zahn et al., 2001).  Odorous compounds including ammonia (NH3), 

hydrogen sulfide (H2S), and a wide range of volatile organic compounds (VOCs) have 

been identified as emissions from manure waste decomposition (Schiffman et al., 2001).  

These compounds often persist in the atmosphere for hours or days, and may be 

transported hundreds of kilometers from their sources by the wind (Zahn et al., 2001).  
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NH3 and H2S compounds also participate in reactions that can form secondary particles 

and aerosols in the atmosphere that may limit visibility, cause health effects to sensitive 

individuals, and be precursors of acid rain at a regional scale (Boubel et al., 1994).  

Odor emissions from swine CAFOs have been shown to significantly impact 

property values of surrounding communities.  Herriges et al. (2005) show that homes 

located directly downwind of CAFOs experience a loss of 14% to 16% in value.  More 

specifically, Isakson and Ecker (2008) report that a house located within 2.5 miles of, and 

directly downwind of, a swine facility in Iowa loses about 15.3% of its value compared to 

homes beyond this distance.  Milla et al. (2005) also report that a 1% increase in swine 

density on a swine operation results in a 0.03% decrease in nearby home values. 

Concerns associated with the potential health impacts of odor emissions from 

swine CAFOs have risen with increasing operation scale and nearby suburbanization 

(Huang and Miller, 2006).  Odors from swine CAFOs have also been shown to produce 

strong negative emotions in exposed individuals (Asmus and Bell, 1999).  A study by 

Steinheider et al. (1998) reports that individuals in close proximity to swine CAFOs 

experience increased gastric distress, as well as greater subjective annoyance.  In a more 

recent field study, Wing et al. (2008) also show that stronger odors from swine CAFOs 

are associated with greater stress and negative emotions among nearby residents. 

 

2.3  CAFOs Dispersion 

The dispersion of airborne emissions from CAFOs is affected by three major 

factors related to the facility itself, the surrounding atmosphere, and the surrounding 

landscape.  Facility-related influences include, but are not limited to, the facility’s 
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ventilation system, the building orientation/location, odorous compound emission rate, 

and animal activity/diet.  Atmosphere-related influences include nearby air temperature, 

humidity, and prevailing wind direction/velocity.  Landscape-related influences include 

topography and land cover (albedo, surface roughness, and Bowen ratio).  Sauer et al. 

(2007) show that facility buildings alone have a large impact on decreasing wind velocity 

and a 20% wind velocity reduction is possible at heights below building tops.  According 

to Guo et al. (2003) atmospheric stability (the condition of the atmosphere that 

determines whether air parcels will rise or sink) and wind velocity have substantial 

impacts on odor dispersion.  Smith (1993) reports that a change in atmospheric stability 

class by one interval to the next more stable class causes an increase in concentration of 

between 40% and 90%.  This result is related to a decrease in mechanical turbulence in 

the atmosphere, limiting vertical mixing, and confining dispersion near the surface.  Guo 

et al. (2003) also shows that odor plumes are wider, lower, and longer on days with stable 

weather conditions due to lower mechanical turbulence and decreased mixing.  In terms 

of landscape-related influences, Sauer et al. (2007) also reports that the addition of 

windbreaks around a swine operation increases surface roughness and causes a 30% to 

40% increase in turbulence (mixing) around the facility. 

 

2.4  Dispersion Modeling 

Dispersion modeling is typically used to estimate gas concentrations, such as NH3 

and H2S, at specified distances from an emission source.  A number of models have been 

created to aid in modeling dispersion, including, but not limited to, AERMOD (American 

Meteorological Society/Environmental Protection Agency Regulatory Model), CMAQ 
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(Community Multiscale Air Quality Model), and CALPUFF (California Puff Model).  

Air dispersion models are broadly divided into Gaussian plume models (steady-state 

models) and advanced models (unsteady-state models).   

Gaussian plume models, which have been applied in practical use for a long time, 

are well understood and are the most commonly developed air dispersion model (Arya, 

1999).  The Gaussian plume model is a mathematical model that is typically applied to 

point source emitters, such as coal-burning power plants (Wark et al., 1998).  Equation 

2.4 from Wark et al. (1998) shows the mathematical model for Gaussian dispersion with 

surface reflection (gaseous emission returning to the atmosphere after impacting the 

surface) used to calculate downwind concentrations:   

 

���, �, �� = �������� 	
�	 ��
����


� �
�������	�
����

� + 
����
��	�
����

� 

 

where C is the calculated concentration in mass per volume of air (commonly gm-3) at 

some (x, y, z) location downwind, Q is the emission strength of the source in mass per 

time (commonly gs-1), u is the average wind speed taken through the plume in ms-1, σy is 

the horizontal dispersion coefficient measured in meters, σz is the vertical dispersion 

coefficient measured in meters, and He is the effective stack height of the source 

measured in meters (-He represents a mirror image of the emission source below the 

surface to incorporate gaseous surface reflection into the mathematical model).   

One key assumption of this model is that over a short period of time steady state 

conditions exist with regard to both emissions and meteorology (Wark et al., 1998).  

(2.4) 
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Dispersion is represented by an idealized plume coming from the top of a stack of some 

height and diameter and is shown in Fig. 2.1.   

 

 

Figure 2.1. Idealized Gaussian plume dispersion from an elevated point source without 
reflection (New Zealand Ministry for the Environment, 2004). 
 

The model assumes that dispersion in all dimensions will take the form of a normal 

Gaussian curve, with the maximum concentration in the center of the plume (Boubel et 

al., 1994).  Dispersion in the downwind direction is a function of the mean wind velocity 

blowing parallel to the plume (factor of u-1) while dispersion in the cross-wind direction 

(σy) and in the vertical (σz) are governed by the relative stability of the atmosphere; 

vertical dispersion is also affected by the effective stack height (He) of the emission 

source (Wark et al., 1998). 



14 
 

Dispersion around CAFOs often involves sources and measurement heights 

located near the surface effectively reducing the effective stack height and vertical 

concentration measurement height (z) to zero.  This in turn reduces the Gaussian 

dispersion model to Equation 2.5 (Wark et al., 1998). 

 

���, �, 0� = ������� 
	�������


 

 

The American Meteorological Society/Environmental Protection Agency 

Regulatory Model (AERMOD) is a steady-state (Gaussian) plume model that 

incorporates short-ranged air dispersion based on both the structure and turbulence of the 

planetary boundary layer (US EPA, 2004b).  It has been adopted by the US EPA as the 

preferred regulatory model for short-range (less than 50 km) dispersion.  According to the 

US EPA (2004b), AERMOD handles dispersion in both simple and complex terrain 

situations and addresses many different source types including both surface and elevated 

sources.  AERMOD uses versions of either Equation 2.4 or 2.5 to calculate 

concentrations downwind of the source based on source height and terrain type.  

AERMOD also has the ability to determine building effects on dispersion by determining 

building wakes based on prevailing wind direction and velocity (US EPA, 2004b).   

In terms of meteorology, AERMOD incorporates both surface and upper-

atmospheric conditions along with both observed and calculated variables into dispersion.  

AERMET is the primary meteorological data processor that creates the necessary files for 

AERMOD that describe the structure and turbulence of the planetary boundary layer (US 

EPA, 2004a).  In general, site-specific atmospheric conditions are preferred when 

(2.5) 
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available; however, if not available, atmospheric conditions from a similar site nearby 

can be used (similar surface characteristics) (US EPA, 2004a).  The basic surface 

observations required to support the model include wind velocity and direction, 

temperature, and cloud cover.  The basic upper-atmospheric observations of note are 

pressure, temperature, relative humidity, wind velocity and direction, and pressure-level 

height above the surface.   

Observations of surface characteristics are also used in AERMET.  Land-use 

classifications along with the percentage of land covered for each class are used to 

determine the surface roughness length (z0, expresses the roughness of the surface that 

affects the intensity of mechanical turbulence and the fluxes of varies quantities above 

the surface), the albedo (α, expresses the fraction of solar energy reflected from the Earth 

back into space making it a measure of the reflectivity of the earth's surface), and the 

Bowen ratio (B, expresses whether heat transfer at the surface is controlled by latent 

heating or sensible heating) of the surrounding area (US EPA, 2004a).  These surface 

characteristics play a valuable role in determining the turbulence capability of the nearby 

atmosphere (US EPA, 2004a).  Values for surface roughness length, albedo, and Bowen 

ratio used by AERMET for each land-use class are found in Tables 2.3, 2.4, and 2.5, 

respectively. 
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Table 2.3. Surface roughness length, in meters, used by AERMET for different land-use 
classifications (US EPA, 2004a)   
 

Surface Roughness Length (Land-Cover and Season) 
Land-Use Spring Summer Autumn Winter 

Water 0.0001 0.0001 0.0001 0.0001 
Deciduous Forest 1.00 1.30 0.80 0.50 
Coniferous Forest 1.30 1.30 1.30 1.30 

Swamp 0.20 0.20 0.20 0.05 
Cultivated Land 0.03 0.20 0.05 0.01 

Grassland 0.05 0.10 0.01 0.001 
Urban 1.00 1.00 1.00 1.00 

Desert Shrubland 0.30 0.30 0.30 0.15 
 
 
 
Table 2.4. Albedo values used by AERMET for different land-use classifications (US 
EPA, 2004a).   
 

Surface Albedo (Land-Cover and Season) 
Land-Use Spring Summer Autumn Winter 

Water 0.12 0.10 0.14 0.20 
Deciduous Forest 0.12 0.12 0.12 0.50 
Coniferous Forest 0.12 0.12 0.12 0.35 

Swamp 0.12 0.14 0.16 0.30 
Cultivated Land 0.14 0.20 0.18 0.60 

Grassland 0.18 0.18 0.20 0.60 
Urban 0.14 0.16 0.18 0.35 

Desert Shrubland 0.30 0.28 0.28 0.45 
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Table 2.5. Daytime Bowen Ratio values for different land-use classifications and 
moisture conditions used in AERMET (US EPA, 2004a). 
 

Daytime Bowen Ratio (Dry Conditions) 
Land-Use Spring Summer Autumn Winter 

Water 0.1 0.1 0.1 2.0 
Deciduous Forest 1.5 0.6 2.0 2.0 
Coniferous Forest 1.5 0.6 1.5 2.0 

Swamp 0.2 0.2 0.2 2.0 
Cultivated Land 1.0 1.5 2.0 2.0 

Grassland 1.0 2.0 2.0 2.0 
Urban 2.0 4.0 4.0 2.0 

Desert Shrubland 5.0 6.0 10.0 10.0 
Daytime Bowen Ratio (Average Moisture Conditions) 

Land-Use Spring Summer Autumn Winter 
Water 0.1 0.1 0.1 1.5 

Deciduous Forest 0.7 0.3 1.0 1.5 
Coniferous Forest 0.7 0.3 0.8 1.5 

Swamp 0.1 0.1 0.1 1.5 
Cultivated Land 0.3 0.5 0.7 1.5 

Grassland 0.4 0.8 1.0 1.5 
Urban 1.0 2.0 2.0 1.5 

Desert Shrubland 3.0 4.0 6.0 6.0 
Daytime Bowen Ratio (Wet Conditions) 

Land-Use Spring Summer Autumn Winter 
Water 0.1 0.1 0.1 0.3 

Deciduous Forest 0.3 0.2 0.4 0.5 
Coniferous Forest 0.3 0.2 0.3 0.3 

Swamp 0.1 0.1 0.1 0.5 
Cultivated Land 0.2 0.3 0.4 0.5 

Grassland 0.3 0.4 0.5 0.5 
Urban 0.5 1.0 1.0 0.5 

Desert Shrubland 1.0 1.5 2.0 2.0 
 
 
 

Observed atmospheric variables and surface characteristics are then used to 

calculate characteristic variables that describe the structure and turbulence of the 

boundary layer (US EPA, 2004a).  In an unstable atmosphere, ARMET calculates net 

radiation based on albedo and cloud cover and then uses the calculated net radiation and 

Bowen ratio to determine heat flux at the surface (US EPA, 2004a).  AERMET uses the 

calculated heat flux to additionally calculate surface friction velocity scale, Monin-

Obukhov length, and turbulent velocity scale (US EPA, 2004a).  During unstable 
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conditions, both mechanically- and convectively-generated mixing heights are both 

calculated (US EPA, 2004a).  In a stable atmosphere, AERMET uses cloud cover, wind 

velocity, and air temperature to determine both the surface friction velocity and a 

temperature scale, which in turn allow for estimates of the surface heat flux and the 

Monin-Obukhov length (US EPA, 2004a).  During stable conditions, a mechanically-

generated mixing height is also calculated from the surface friction velocity and the 

turbulent velocity scale is not calculated during stable conditions (US EPA, 2004a). 

Koppolu et al. (2002) assesses AERMOD’s ability at predicting odor 

concentrations downwind of a ground-level area source through the use of a back-

calculation methodology to reasonably determine the emission rate and near source 

dispersion of odorous compounds.  Their results show that the model has good agreement 

with measured concentrations and in the worst case; predicted concentrations are 24% 

greater than measured ones.  Schmidt and Jacobson (2006) use AERMOD to predict 

ambient H2S concentrations near a swine facility in Minnesota.  Their results show that 

AERMOD is useful in determining appropriate property line setback distances and show 

that there is variability in setback distance based on both geographic location and 

simulation time.  Figueroa et al. (2008) and Jeong (2011) examine buffer distances using 

AERMOD and have found that the model was able to accurately simulate dispersion and 

depict affected areas.  However, the above studies do not incorporate a VEB into 

AERMOD dispersion or combine numerical weather prediction with AERMOD 

dispersion.   
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2.5  Vegetative Environmental Buffers 

Vegetative Environmental Buffers (VEBs) are planted trees and shrubs used to 

block or redirect the wind (Tynall and Colletti, 2007).  The use of VEBs for odor 

abatement is a new management practice and several studies have shown VEBs to impact 

odor plume dispersion through increased wind turbulence and adsorption of odor 

compounds (Lin, 2006).  Tyndall and Colletti (2007) show in a review of VEB literature 

that VEBs mitigate odor in several ways: 

• through physical interception and capture of particles and gases; 

• through dilution and dispersion of gases (through enhanced atmospheric 

turbulence); 

• through land deposition caused by reduced wind speeds; 

• by acting as a biological sink; 

• through reduction of perceived odors; 

• and by enhancing the aesthetics of the area. 

Wind tunnel studies have been used to determine the impact of VEBs on 

dispersion.  Reynolds-number similarity theory allows for small-scale modeling in a wind 

tunnel.  This theory shows that the energy-containing structure in the tunnel represents 

what happens in the actual environment due to the fact that the Reynolds number is large 

in turbulent flow allowing eddies to not experience viscous forces and to become 

independent of the Reynolds number (Wyngaard, 2010).  Cornelius et al. (1997) examine 

the particulate capture capabilities of a VEB (screens of different porosities) in a wind 

tunnel setting.  Their results show that the VEB is effective at capturing particulates and 

that evenly distributed porosity of both stem and canopy gives the longest downwind 
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sheltering area.  Another study by Sauer et al. (2008) examines wind flow around a scale-

model swine facility.  Their results show that the implementation of VEBs upwind of the 

facility greatly reduces wind velocity and therefore reduces transport of odor compounds 

and particulates.  Both of these studies, however, do not examine NH3 or H2S dispersion 

around a VEB.     

Field-scale studies have also been used to determine the impact of VEBs on 

dispersion.  One study by Lin et al. (2006) examines the effect of VEBs on the size and 

intensity of observed odor plumes. Their study tests the impacts of several VEB types (a 

single row of Poplar trees 18 m tall, a single row of mixed mature deciduous trees 9 m 

tall, a single row of conifers 7 m tall, and a single row of mature conifers 15 m tall) using 

a generic odor measured by panelists downwind.  This study shows that a denser 

(coniferous-type) VEB has the greatest impact on increasing odor dispersion.  Another 

study by Nicolai et al. (2004) tests downwind H2S reduction by a VEB.   Their study tests 

both the impacts of wind velocity and VEB growth on H2S dispersion and downwind 

reduction.  The study examines two VEBs including an eight row VEB consisting of 10 

m tall deciduous trees and a three row VEB consisting of both 3 m tall coniferous trees 

and 5 m tall deciduous trees.  This study reports that a mature VEB at all tested wind 

velocities is highly effective at reducing (85%) downwind H2S concentrations.  Through 

a review of previous VEB studies, Tyndall and Colletti (2007) report that a general 

decrease of 35% to 56% in concentration is expected downwind of a mature VEB.  These 

studies, however, do not examine NH3 dispersion around a VEB in a field setting.     
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Overall, Tyndall and Colletti (2007) report that a VEB can be a cost effective 

odor control technology (compared to other technologies) for CAFOs if properly 

implemented and maintained. 

 

2.6  Planetary Boundary Layer (PBL) Parameterization 

The planetary boundary layer (PBL) represents the lower part of the troposphere 

within which the atmosphere responses to the effects of the Earth's surface including 

forcings such as frictional drag, solar heating, and evapotranspiration (Thompson and 

Edwards, 2000).  Each of these forcings generates various sized turbulent eddies that 

provide the connection between the surface and the rest of the atmosphere (Deardorff, 

1972).   

The Rapid Update Cycle Model (RUC) parameterizes the overall height of the 

PBL as the first model level at which the virtual potential temperature is greater than that 

found at the surface (Bright and Mullen, 2002).  Based on the PBL level, the model 

allows for two separate grids: a high-resolution atmospheric boundary layer grid and a 

low-resolution grid above it (Thompson and Edwards, 2000).  The two grids are layered 

vertically with physics calculations performed on the high-resolution grid and dynamics 

calculations performed on the coarse-resolution grid (Thompson and Edwards, 2000)   

RUC predicted surface flux conditions impact the overall fluxes of heat, moisture, 

and momentum (Smirnova et al., 1997).  According to Pan et al. (1994), surface diffusion 

rates are determined by integrating over three sub-layers (molecular [0.3 mm deep layer 

dominated by molecular diffusion], transition [10 cm deep layer with equal molecular 

and turbulent diffusion], and turbulent [height dependent on stability and dominated by 
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eddy diffusion]) and surface fluxes are then determined by the resulting diffusion 

coefficient, surface energy balance, and vertical gradients of temperature, moisture, and 

wind.  Since fluxes in the surface layer are approximately constant, fluxes out of the 

surface layer are assumed to be the same as the associated surface fluxes (Pan et al., 

1994). 

Above the surface layer, turbulent fluxes are calculated using the Burk and 

Thompson (BT) method (Marroquin et al., 1998).  This scheme is a level 3, 1.5 order 

closure model, and determines the vertical flux of heat, momentum, and moisture by 

turbulent eddies (Thompson and Edwards, 2000).  The BT method is one-dimensional in 

the vertical, meaning that it is applied one grid column at a time (Marroquin et al., 1998).  

Effects of turbulence on predicted variables at model levels are proportional to the 

difference between the turbulent fluxes immediately above and below that level (Bright 

and Mullen, 2002). 

A study by Thompson and Edwards (2000) compares RUC-2 analysis soundings 

with observed soundings within supercell environments.  They show that the RUC-2 

analysis soundings reasonably represent observed soundings at similar locations and are 

suitable as replacements for observed soundings in severe storm environments. 
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Chapter 3 – Materials and Methods 

 

 

The materials and methods used in this research are classified into three main 

sections.  The first section deals with verifying model produced dispersion trends with 

those found in a wind tunnel to determine the model’s capabilities at handling dispersion 

around a VEB.  Section two deals with using facility-scale VEB model simulations under 

various atmospheric conditions and VEB heights to determine its viability as an option 

for dispersion reduction.  The third section deals with comparing model produced 

dispersion forecasts to collected NH3 concentrations to determine forecast accuracy. 

 

3.1   Model Validation 

Verification of AERMOD produced VEB dispersion was split into three major 

parts for this study.  First, simple VEB scenarios were run in a wind tunnel setting to 

offer a representation of field-scale NH3 dispersion.  Next, an atmospheric variable 

analysis was run on AERMOD to provide insight into which variables had the biggest 

impact on model produced dispersion.  Finally, geometrically-similar simulations to those 

used in the wind tunnel were run in AERMOD to determine model accuracy in 

determining dispersion around a VEB. 
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3.1.1  Wind Tunnel Analysis 

A wind tunnel offered a controlled environment for testing NH3 dispersion as a 

field site was not available.  It also provided useful data for comparison to dispersion in 

AERMOD, which does not have special treatment for NH3.  Wind tunnels have been 

successfully used to represent field-scale conditions in many previous dispersion and 

turbulence studies as Reynolds-number similarity theory allows for small-scale modeling 

in a wind tunnel and that the energy-containing structure in the tunnel to represent what 

happens in the actual environment.  For these reasons, a wind tunnel analysis of NH3 

dispersion was performed to provide a representation of field-scale conditions.   

The wind tunnel consisted of a rectangular-like structure with physical 

dimensions of 2.43 m by 0.76 m by 0.91 m and can be seen in Fig. 3.1.  The tunnel also 

contained a model grass floor that covered the entire bottom surface.  

 

 

Figure 3.1. The physical dimensions of the rectangular-like wind tunnel used to simulate 
NH3 dispersion. 
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A standard box fan (0.60 m by 0.60 m) represented the wind source and produced wind 

velocities of approximately 0.5 ms-1 and 3.5 ms-1 which were observed by an anemometer 

in the tunnel.  These two velocities were chosen due to the fact that the fan had a limited 

range of available velocities; however, they offered a representation of dispersion under 

both a very low and a moderate wind velocity.   The trees used to represent the VEB 

consisted of model pine trees that were 0.30 m tall.  A 10% aqueous NH3 solution was 

stirred in a box outside the wind tunnel and the produced NH3 gas was then fed into the 

tunnel at a constant rate.  The source entry point was a central location 0.60 m away from 

the wind source and at a height of 0.05 m above the surface.  The source emission rate 

was unknown due to the fact that the measurement device (mentioned below) was too 

sensitive to take direct source measurements.   

A monitoring network of 24 points spread over 8 rows (3 points in each row) was 

coordinated in the tunnel and monitoring point locations can be seen in Fig. 3.2.a-b.  

  

 

Figure 3.2. Monitoring point and row locations used for NH3 concentration collection in 
the wind tunnel: a) cross-section view; b) overhead view (point numbers used in spatial 
comparison). 
 

a. b. 
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The Nitrolux 200 system, a continuous flow laser spectrometer NH3 analyzer developed 

by Pranalytica, was used to measure gas concentrations in parts per billion (ppb) at each 

point.  This system offered a high NH3 sensitivity and measured at a range of 0 ppb to 

500 ppb.  Measurements were taken at each point for 40 s to allow the system to reach 

equilibrium.  Air temperature at the time of measurement was approximately 3 ◦C and the 

background NH3 concentration was found to be approximately 6 ppb.   

Several different VEB scenarios were used to simulate NH3 dispersion under 

different VEB conditions and to determine how different VEB designs impacted 

dispersion.  Listed below and shown in Fig. 3.3.a-f are the VEB configurations for each 

run with respect to the NH3 source. 

• Control (no VEB) 

• Scenario 1 (single VEB 0.61 m downwind) 

• Scenario 2 (double VEB 0.61 m downwind) 

• Scenario 3 (single VEB 0.30 m downwind) 

• Scenario 4 (single VEB 0.30 m upwind) 

• Scenario 5 (single VEB 0.30 m upwind and 0.30 m downwind) 

Three runs were completed for each VEB scenario to achieve an overall row average 

concentration.  These row averages were then used to calculate percent decreases from 

the control for surface rows downwind of the VEB.  A Scheffe (post-hoc) test at an alpha 

value of 0.01 was performed to determine significant differences in downwind surface 

concentration between the different scenarios and the control.  Calculated comparison p-

values that fell below the alpha value were considered to significantly different.  The 

above statistical procedure was also completed between the scenarios themselves. 



27 
 

 

Figure 3.3. VEB configurations used in the wind tunnel simulations with respect to the 
NH3 source with a wind from the right: a) Control b) Scenario 1 c) Scenario 2 d) Scenario 
3 e) Scenario 4 f) Scenario 5. 
 
 
 
 
 
 
 

a. b. 

c. d. 

e. f. 
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3.1.2  General Meteorological File Creation 

As stated previously, AERMOD takes into account both surface and upper-level 

atmospheric conditions and uses the meteorological processor AERMET to create the 

appropriate meteorological files needed for the modeling process.   

At the surface, AERMOD incorporates both observed and calculated atmospheric 

variables (found in Chapter 2) and prefers site-specific data when available.  However, 

for this study site-specific conditions were not available, mainly due to insufficient space 

around the facility to accommodate a weather monitoring station.  To circumvent this 

problem, two sources of surface data were used.  For the GIS analysis, surface conditions 

were taken from a Missouri Meso-Net weather station located 5 km away from the 

facility.  The area surrounding this weather station was similar to that of the facility 

(mainly cultivated land) and gave a reasonable approximation of the surface atmospheric 

conditions.  Variables measured by this station included: air temperature, wind speed, 

wind direction, and precipitation.  Cloud cover and ceiling height were taken from 

archived METAR data from a nearby city (name cannot be mentioned to due to 

confidentiality agreement) and were assumed to be similar to the conditions around the 

facility.  Hourly data (spanning the entire day) for each surface variable was taken on 

each day that the analysis was performed.  For dispersion forecasting and verification, 

temperature soundings from the Rapid Update Cycle (RUC) forecast model were used to 

approximate the surface conditions.  Similar variables to those listed above were taken 

from the temperature sounding (lowest mandatory level in sounding was assumed to be 

the surface) with the exceptions of cloud cover and ceiling height, which were assumed 

to be clear sky conditions.  Hourly data (spanning the entire day) for each surface 
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variable was taken on each day that a dispersion forecast was performed.  The surface 

data was then written into the SCRAM file format (see WEBMET.com for file coding), 

as shown in Fig. 3.4.  The SCRAM files were run in AERMET under scenario-specific 

land cover conditions to produce the AERMOD-specific surface files. 

 

11111080805 0---210030820000 
11111080805 1---210040820000 
11111080805 2---230030820101 
11111080805 3---230020810000 

 
Figure 3.4. An excerpt from the SCRAM meteorological file for August 5, 2008. (The 
column and variable coding scheme can be found at WEBMET.com) 
 

Above the surface, AERMOD also incorporates both measured and calculated variables 

(found in Chapter 2) based on the 12Z and 00Z temperature soundings for the day, and 

again, site-specific conditions are desirable.  Site-specific upper-air conditions were also 

not available for this study, due to an inability to launch radiosondes (to provide upper-

level temperature soundings) at the facility.  To alleviate this problem, 12Z and 00Z 

temperature soundings from the RUC forecast model were used as an approximation.  

Archived model data for each mandatory level was obtained from the National 

Operational Model Archive & Distribution System (NOMADS) for both the GIS analysis 

and dispersion forecasts.  The atmospheric variables taken from the sounding included: 

pressure, temperature, relative humidity, wind speed, wind direction, and pressure-level 

height above the surface.  The upper-air data was then written in the NCDC TD-6201 

meteorological file format (see WEBMET.com for file coding), as shown in Fig. 3.5.  

The NCDC TD-6201 files were run in AERMET under scenario-specific land cover 

conditions to produce the AERMOD-specific upper-air files. 
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      999999994000N09234W2008080512020 
0999909750+00347+0270852080060000000 
0999909500+00579+0320192470130000000 
0999909250+00817+0310132540150000000 
0999909000+01061+0290242640160000000 

 
Figure 3.5. An excerpt from the NCDC TD-6201 meteorological file for August 5, 2008. 
(The column and variable coding scheme can be found at WEBMET.com) 
 
 
 
3.1.3  AERMET Variable Analysis 

 A variable analysis of AERMOD was performed to help determine which 

atmospheric variables have the most influence in model-produced dispersion. This 

procedure also helped to determine which variables should be given the greatest focus 

when modeling or forecasting dispersion with AERMOD. 

 A simple facility scenario was constructed in AERMOD.  The Building-Draw 

function was used to construct a rectangular facility that was 100 m long, 50 m wide, and 

5 m tall on a general base map.  Four 0.5 m diameter sources were then placed around the 

facility (two on the north side and two on the south side) and given a release height of 2 

m above the surface.  Fig. 3.6 shows general facility layout and source location for the 

variable analysis scenarios. Gas was fed at a constant rate of 10 gs-1 through the sources 

at a temperature of 300K and with an exit velocity of 10 ms-1.  Both the high emission 

rate and high exit velocity were chosen to ensure visibility of dispersion patterns.  A 3D 

Cartesian grid was established around the area with a surface-level grid spacing of 50 m 

and an upper-level layer spacing of 10 m.   
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Figure 3.6. Simple facility orientation and locations of NH3 sources. 

 

For these scenarios, the AERMET roughness length category surrounding the facility was 

set to “cultivated land” and the percentage of land cover set at 100% “cultivated land”.  

This helped to limit and standardize the influence of the surface characteristics and 

helped to focus on the influence of the atmospheric measured atmospheric variables.  

To determine the most essential atmospheric variables in AERMOD file 

production, meteorology files that isolated each variable were run in AERMET.  Each 

surface file was combined with a standard upper-level file and the reverse was done for 

each upper-level file.  If an essential variable was left out, AERMET would not create the 

AERMOD useable surface or upper-level files.  This helped to limit the number of files 

that were needed for the variable analysis.   
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At the surface, the essential variable of focus was found to be wind velocity.  For 

this reason, it was used in each surface variable combination listed below: 

• Wind Velocity 

• Wind Velocity and Temperature 

• Wind Velocity and Cloud Cover 

• Wind Velocity, Temperature, and Cloud Cover 

Along with these variable combinations, each surface variable was varied at different 

levels of intensity.  Wind velocity was varied at levels of 0.5 ms-1, 3.5 ms-1, and 10 ms-1 

to represent low, moderate, and high velocities.  Surface temperature was varied at levels 

of 1 ◦C, 16 ◦C, and 32 ◦C to represent seasonal changes in temperature.  Cloud cover was 

varied at levels of clear, partly/mostly cloudy, and overcast sky conditions to represent a 

variety of cloud configurations.  The upper-level files (August 5, 2008 used as standard), 

along with overall wind direction (Southerly), were held constant for each surface 

variable combination.   

In the upper atmosphere, the essential variable was found to be relative humidity.  

For this reason, it was used in each upper-level variable combination listed below: 

• Relative Humidity 

• Relative Humidity and Wind Velocity 

• Relative Humidity and Pressure-level Height 

• Relative Humidity and Temperature 

• Relative Humidity, Wind Velocity, and Temperature 

• Relative Humidity, Wind Velocity, and Pressure-level Height 

• Relative Humidity, Pressure-level Height, and Temperature 
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• Relative Humidity, Wind Velocity, Pressure-level Height, and Temperature 

Along with these variable combinations, each upper-level variable was varied at different 

levels of intensity.  Relative humidity was varied at levels of 10%, 50%, and 100% to 

represent dry and moist conditions.  Wind velocity was varied at levels of 0.5 ms-1, 3.5 

ms-1, and 10 ms-1 to represent low and high velocities.  Pressure-level height was varied 

at levels of 100 m above and below the measured value to represent changes in height 

above the surface.  Upper-level temperature was varied at levels of 1 ◦C, 16 ◦C, and 32 ◦C 

to represent seasonal changes in temperature.  The surface files (August 5, 2008 used as 

standard), along with overall wind direction (Southerly), were held constant for each run. 

NH3 concentrations were collected at a set distance of 500 m downwind from the 

facility.  Concentrations were measured in µgm-3 at a height of 1.5 m above the surface 

and three points were used to determine an average concentration.  A General Linear 

Model (GLM) test at an alpha value of 0.01 was performed to find significant variables in 

each combination.  A Scheffe (post-hoc) test at an alpha value of 0.01 was performed to 

determine significant differences between variable levels.  Calculated comparison p-

values that fell below the alpha value were considered to significantly different.  The 

most significant variables and variable levels were then used in future modeling 

scenarios.  

 

3.1.4  Model Validation 

Model verification was an essential procedure in this study and ensures that the 

model works correctly.  In this study, AERMOD-produced NH3 dispersion was 
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qualitatively and spatially verified against both wind tunnel simulations and previous 

research. 

Geometrically-similar VEB placements to those of the wind tunnel scenarios were 

set up and run in AERMOD.  Again, Reynolds-number similarity theory allows for this 

comparison as it assumes that the energy-containing structure of the turbulence in the 

tunnel and the model are high and similar.  Instead of using trees in the model, however, 

either a 12 m tall solid wall 1 m in width or 12 m tall cylinders of approximately 1 m 

diameter were used to simulate the VEB.  These two options were chosen because 

AERMOD does not incorporate trees into model simulations except for raising the 

roughness length of the surrounding area limiting the possible effect of the VEB.  Listed 

below are the scenario wall and column locations with respect to the NH3 source:   

• Control (no VEB) 

• Scenario 1 (single VEB 24 m downwind) 

• Scenario 2 (double VEB 24 m downwind) 

• Scenario 3 (single VEB 12 m downwind) 

• Scenario 4 (single VEB 12 m upwind) 

• Scenario 5 (single VEB 12 m upwind and 12 m downwind) 

In the control scenario, the AERMET roughness length was set to cultivated land and the 

percentage of land cover was set to 100% “cultivated land”.  In the direction of a wall or 

column line, the AERMET roughness length category was changed from “cultivated 

land” to that of “coniferous forest”.  In addition to adding the wall or column line VEB, 

the percentage of land cover in AERMET was also changed from 100% “cultivated land” 

to 5% (one line) or 10% (two lines) “coniferous forest” with 95% or 90% “cultivated 
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land” to help raise the surface roughness of the areas with the VEB.  Fig. 3.7.a-b shows 

an example of a wall and column line located 24 m downwind of the NH3 source. 

 

 

Figure 3.7. An example of the Single 24 m downwind a) wall and b) column line 
configurations used in AERMOD. 
 
 

Model wind velocities were similar to those used in the wind tunnel and were 

approximately 0.5 ms-1 and 3.5 ms-1.  The overall wind direction (Southerly) was held 

constant for each scenario and surface temperature values were similar to those measured 

in the wind tunnel (3 ◦C).  Upper-level conditions were similar to those of a clear early 

February afternoon in Missouri with a constant wind direction (Southerly).  These 

conditions were chosen as they were similar to those that were present on the days the 

wind tunnel simulations were completed.  For the AERMOD scenarios, NH3 gas was fed 

at a constant rate of 1 gs-1 through a 1 m diameter cylinder at approximately 2 m above 

the surface.  This high flow rate was used to ensure visibility of dispersion patterns.   

A 3D Cartesian grid was established around the area with a grid spacing of 5 m at 

the surface and upper-level layer spacing of 10 m.  This grid spacing gave a high 

resolution for analyzing dispersion around the VEBs.  A similar monitoring network to 

a. b. 
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that of the wind tunnel analysis was used consisting of 72 points spread over the same 8 

row (9 points in each row).  Nine points were used to achieve an row average, because 

AERMOD is a deterministic model and all runs produce similar results unless a 

parameter in the model is changed.  Concentration measurements in µgm-3 were taken at 

heights of 1.5 m and 15 m above the surface represent areas both near the surface and just 

above the VEB.  These row averages were then used to calculate percent decreases from 

the control for each surface row downwind of the VEB.  A Scheffe (post-hoc) test at an 

alpha value of 0.01 was performed to determine significant differences in downwind 

surface concentration between the different scenarios and the control.  Calculated 

comparison p-values that fell below the alpha value were considered to significantly 

different.  The above statistical procedure was also completed between the scenarios 

themselves.  A spatial correlation between downwind row concentrations for both the 

wind tunnel and AERMOD simulations was completed using the Pearson Product 

Moment Correlation equation.  A log10 transformation was applied to both the wind 

tunnel and AERMOD concentration data to help normalize it and Equation 3.1 was used 

to produce a comparison r-value.   
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The correlation r-value was then used to produced a p-value to determine the significance 

of the relationship.  P-values less than 0.15 (85% significance level) were considered to 

be well correlated.   

(3.1) 
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AERMOD-generated downwind percent decreases were also qualitatively 

compared to those found in previous research to provide a field-scale comparison for 

determining dispersion accuracy.  In a review of previous VEB studies, Tyndall and 

Colletti (2007) found that gas concentrations decreased by approximately 35% to 56% 

downwind of a field-scale VEB.  If model-produced percent decreases fell into this range, 

the model was considered to be working correctly and accurately.  If the model-produced 

percent decreases fell above this range, the model was considered to be working 

correctly, but not accurately.  Model-produced percent decreases that fell below this 

range showed that the model was neither working correctly nor accurately. 

   

3.2  AERMOD VEB Analysis 

Facility-scale model simulations were run with and without the presence of the 

VEB to gain an understanding of how it affects dispersion under different wind directions 

and velocities.  Tree-growth was also examined to determine how different VEB heights 

affect dispersion.  Upper-level resolution and source type was also examined to 

determine if model-derived VEB dispersion could be observed.   

A geometrically-similar scenario to that of the actual swine facility was 

constructed in AERMOD.  Fig. 3.8 shows a 3D layout of the facility with building and 

source locations. An aerial image of the local area was uploaded into the program and the 

Building-Trace function was used to draw the facility with a wall height of 5 m to act as 

an approximation of the building size and orientation (actual building dimensions were 

not known).  Sources were approximately placed around the facility and after placement a 

total of forty-one 1 m diameter sources were counted (the exact number, location, and 
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size of the sources were not known making their placement and size an approximation).  

Sources were given one of two release heights, either 1 m above the surface (if the 

original source was near the surface) or 2 m above the surface (if the original source was 

on the side of a building).  AERMOD does not allow sources to be placed on the sides of 

buildings.   

 

Figure 3.8. 3D facility orientation and source locations used in the VEB analysis. 

 

A 3D Cartesian grid was established around the area with a grid spacing of 10 m at the 

surface and an upper-level layer spacing of 10 m.  This grid spacing gave a high 

resolution for observing the model-derived dispersion plume.  Local DEM files were 

used to give proper elevations to buildings, sources, and the receptor grid.  Gas was fed at 

a constant rate of 0.0127 gs-1 (the Comprehensive Environmental Response, 

Compensation, and Liability Act [CERCLA] regulation of 0.521 gs-1 [US EPA] divided 
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by 41 – facilities have to report emissions if they exceed this regulation) through the 

sources at a temperature of 300 K and with an exit velocity of 3 ms-1 (2 m tall sources) or 

6 ms-1 (1 m tall sources).  Again, exact emission rates and flow rates were not known, 

making the above numbers an estimate.  A VEB was constructed around the facility by 

tracing the originally established VEB (easily visible on the aerial image) using the 

Building-Trace function of AERMOD.  Two types of VEBs were constructed, single 

lines of either a solid wall 2 m in width or solid cylinders approximately 2 m in diameter.  

The tree-growth module of PUNCH® Landscape Software (commonly used landscape 

software) was used to determine the height of a mature red cedar tree (15 m), which was 

then set to the VEB.  Red cedar trees will be used in future VEBs established around the 

facility.  Fig. 3.9.a-b shows the 3D layout of the 15 m wall and 15 m column line VEBs 

around the facility. 

For scenarios without a VEB, the roughness length category in AERMET was set 

to “cultivated land” surrounding the entire facility and the percentage of land cover 100% 

“cultivated land”.  For scenarios with a VEB, the roughness length category was changed 

to “coniferous forest” in the direction of a wall or column line.  The percentage of land 

cover was also changed to 5% “coniferous forest” and 95% “cultivated land“ as only one 

VEB row will be established around the facility to approximate the amount of area 

covered by the VEB as the exact amount is unknown.   
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Figure 3.9. 3D layout of a a) 15 m wall and b) 15 m column line VEB surrounding the 
facility. 
 

Next, the effectiveness of a mature VEB (in its current layout) under different 

wind directions and wind velocities was tested.  Because wind can come from any 

direction, scenarios were run containing wind from eight main directions (N, NE, E, SE, 

S, SW, W, and NW) with overall wind velocities held constant at 3.5 ms-1.  The overall 

wind direction was held constant for each scenario and temperature values were similar 

to those of a Missouri August day (August 5, 2008).  Because wind also varies in 

velocity, scenarios were run containing different wind velocities (3.5 ms-1 and 7.2 ms-1).  

Both Southerly and Northwesterly winds were examined in these scenarios as they are 

two predominate wind directions for Missouri.  Temperature values were similar to those 

used above in the wind direction scenarios. Dispersion under higher resolution upper-

level files was also compared to dispersion under lower resolution upper-level files.  The 

low resolution upper-level file consisted of the observed levels of a temperature sounding 

while the high resolution upper-level file consisted of 10 m layer (1 mb change in 

pressure per 10 m increase in height above the surface) spacing from the surface to the 

975 mb pressure level height.  Atmospheric conditions were similar to those used above.   

a. b. 
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Source type was examined to determine if VEB dispersion could be observed 

when treating the facility as an area source.  In these scenarios, VEB dispersion with 

point sources was compared to treating the facility as an area source (CERCLA 

regulation emission rate listed above used).  For these scenarios, overall wind speeds 

were held constant at 3.5 ms-1.  The overall wind direction was held constant for each 

scenario, and temperature values and VEB heights were similar to those used above.  

The effectiveness of the VEB at different stages of growth (in its current layout) 

was also tested.  Wall or column heights of 3 m, 6 m, 9 m, 12 m, and 15 m were selected 

to represent the different stages in VEB growth.  For these scenarios, overall wind 

velocities were held constant at 3.5 ms-1 from the South with temperatures similar to 

those used above. 

A monitoring network consisting of 3 points located 100 m (possible location of a 

nearby home) downwind of the VEB was established in the model to achieve an average 

NH3 concentration.  Gas concentration measurements in µgm-3 were observed at a height 

of 1.5 m above the surface.  Three points were used to achieve an average concentration, 

again due to the fact that AERMOD is a deterministic model.  The 100 m averages were 

then used to calculate percent decreases from the control (no VEB present) for surface 

NH3 concentration of the VEB.  A Scheffe (post-hoc) test at an alpha value of 0.01 was 

performed to determine significant differences in downwind surface concentration 

between the different VEB scenarios and the control for changes in wind direction, wind 

velocity, VEB height, source type, and upper-level resolution.  Calculated comparison p-

values that fell below the alpha value were considered to significantly different.  The 

above statistical procedure was also completed between the scenarios themselves. 
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Using collected NH3 concentrations on 4/19/2012, a hypothetical regulatory 

approach was taken to show the effectiveness and benefits of a VEB.  On 4/19/2012, the 

wind was primarily from the south at about 5 ms-1 with a large amount of incoming solar 

radiation.  On this day, a hypothetical regulator measured a NH3 concentration of 27.41 

ppb at a measurement point located 1 km downwind (x-direction) and 40 m off the 

primary downwind plume line (y-direction).  If the growing season average background 

concentration (approximately 15 ppb) is subtracted from the total, a measured NH3 

concentration of 12.41 ppb was found.  The hypothetical regulator used the measured 

concentration along with Equation 2.5 to determine the amount of NH3 emitted by the 

facility and if this amount exceeded the CERCLA regulation of 45 kgd-1 (US EPA).  The 

hypothetical regulator then determined by what percent the facility exceeded the 

regulation and then determined if a VEB would help lower the NH3 emission below the 

regulated amount.  

 

3.3  Dispersion Forecasting 

Dispersion forecasting using AERMOD was split into four major sections for this 

study.  First, dispersion forecasts were conducted using AERMOD for five days during 

2010 and 2012 using both RUC-initialized and RUC-forecasted weather data to 

determine the dispersion forecasting capabilities of AERMOD.  Next, NH3 and H2S 

concentration data was collected around the facility to provide field-scale examples of 

concentration placement for each day.  Third, GIS contour maps were created based on 

the collected concentrations to offer visual representation of areas having high 
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concentrations.  Finally, dispersion forecasts were then spatially compared to the 

collected NH3 concentrations to determine forecast accuracy. 

 

3.3.1  Dispersion Forecasts 

The AERMOD setup described in section 3.2 was used during the dispersion 

forecasting procedure and all forecasting was done without the presence of a VEB.  The 

AERMET roughness length category was set to “cultivated land” surrounding the entire 

facility and the percentage of land cover was set to 100% “cultivated land” (assumed no 

VEB present around the facility). 

The RUC-252 numerical weather model formed the foundation for the dispersion 

forecasts and was chosen because it offered hourly forecast data extended over a 12 h 

period with hourly updates.  Hourly data for the forecasts was required to give full 

coverage of the collection time period for accurate validation.  The RUC-252 model also 

offered the best grid resolution for representing small-scale weather features and allowed 

for point forecasts based on latitude and longitude.  However, other numerical weather 

models may be chosen if a more long-term forecast is needed. 

The forecast period extended from 12Z to 00Z each day giving coverage of the 

most common period of the day for high concentrations of NH3 and also incorporating 

the necessary 12Z and 00Z data.  Forecasts were conducted on 5/7/2010, 6/11/2010, 

7/26/2010, and 4/19/2012.  Model dispersion plumes were based off either RUC-

observed atmospheric conditions for each hour of the forecast period or 12Z RUC-

forecasted (12 h forecast time period) conditions for each hour.  For the RUC-observed 

surface file, the lowest pressure level from each model-observed temperature sounding 
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(one for each hour) was assumed to be the surface-level and the necessary atmospheric 

variables were taken from the sounding to create the surface file as outlined in section 

3.1.2.  For the RUC-forecasted surface file, the lowest pressure level from each 

forecasted temperature sounding (one for each hour) was assumed to be the surface and 

again the necessary atmospheric variables were taken from the sounding to create the 

surface file as outlined in section 3.1.2.  RUC-observed and RUC-forecasted 12Z and 

00Z temperature soundings were also used to create their respective upper-level files also 

outlined in section 3.1.2.  The surface and upper-level files were then run through 

AERMET using the previously mentioned surface-coverage guideline to produce the 

necessary files for AERMOD.  These files were then run through the above mentioned 

AERMOD scenario to produce RUC-observed and RUC-forecasted model dispersion 

plumes for each day.  

 

3.3.2  Pollutant Collection 

To aid in forecast verification, both NH3 and H2S concentrations were collected 

around the swine facility, which covered approximately seven hectares and was a 

combination of cropland and small forested areas.  Five main buildings, ranging from 

30.5 m to 274 m in length made up the primary area of the facility and Fig. 3.10 shows an 

aerial view of the general layout of the swine facility.  The total number and type of 

swine, their rotation within the buildings, their feed and feeding schedule were all 

unknown for this project.   
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Figure 3.10. Aerial view of the general layout of the swine facility used in this study. 
 

On and around these buildings were several different types of odor sources and one such 

source was different sized fans located on the sides of the facility buildings.  Sizes of 

these fans ranged from approximately 0.25 m to about 1 m and flow rates ranged from 

about 2 ms-1 to approximately 5 ms-1.  There were approximately 100 of these variously 

sized fans spread across the facility that emitted odor causing agents parallel to the 

ground at heights of 1 m to 2 m.  The operational time and average emission rate for each 

fan was unknown.  Another major source was blower fans located near the bottom of 

each building that offer ventilation for the manure pits.  These blower fans had a standard 

square size of approximately 0.25 m by 0.25 m and emitted odor causing agents parallel 

to the ground at a height of 0.5 m.  Flow rates for these blower fans were approximately 7 

ms-1.  There were approximately 40 blower fans spread across the facility and the 

operational times and emission rates for these fans were also unknown.  Other possible 
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sources of H2S and NH3 around the facility included manure spread on crop fields, a 

small lagoon located to the south of the facility, open grates on the sides of some of the 

buildings, and general farm activity.   

H2S and NH3 concentrations were collected on several days since 2008 shown in 

Table 3.1.  Different weather conditions (e.g. wind velocity, temperature, and cloud 

cover) and all four seasons were covered by these collection days.   

 

Table 3.1. NH3 and H2S collection dates used for this project; collection days used for 
dispersion forecasting shown in bold. 

2008 2009 2010 2012 

August 5 March 9 May 7 April 19 

September 19 March 23 June 11  

December 19 May 22 June 28  

 July July 26  

 August 19   

 November 3   

 

NH3 and H2S concentrations surrounding the swine facility were measured and analyzed 

using two main instruments.  First, a Nitrolux 200 system, a continuous flow laser 

spectrometer NH3 analyzer developed by Pranalytica, was used to measure NH3 

concentrations.  This analyzer provided a high specificity of detection with a range from 

0 ppb to 500 ppb and contained a computer that logged measured concentrations 

(Nitrolux product brochure).  Second, H2S concentrations were measured using a 

Jerome® 631-X Hydrogen Sulfide Analyzer developed by Arizona Instrument which 

provided an H2S detection range from 0.001 ppm to 50 ppm (Jerome® 631-X User 

Manual).  Measured H2S concentrations were recorded and later converted to parts per 

billion for comparison.  H2S and NH3 concentrations were collected within a 1500 m 
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radius around the facility before the implementation of a VEB.  A grid system consisting 

of 9 outer and 17 inner points ranging in distance from 5 m to 1500 m away from the 

facility (shown in Fig. 3.11) was used for concentration collection and grid point 

locations were limited to areas accessible by road (making many areas inaccessible).   

Figure 3.11.  Sampling point grid system surrounding the swine facility. Grid points 
represented by dots on map. 
 

A mobile instrument shelter was utilized to house the gas analyzers and to provide ease 

of movement from grid point to grid point.  The gas analyzers were held at each 

collection point for 5 min, before measurements were taken, to allow equilibrium to be 

reached and maintained.  Three concentration measurements were taken at each point to 

allow for calculation of an average concentration for each gas.  Concentration data was 

collected at similar times each day, which ranged from approximately 1pm to about 4pm 

local time.  Measurements were taken at a 1.5 m height above the surface (to represent 

the height of a human nose).  
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3.3.3  GIS Mapping 

Collected concentrations of NH3 and H2S were mapped and analyzed using 

ARCGIS to offer a base-line comparison for dispersion forecasts.  ARCGIS geo-

referencing tools and Missouri spatial data were provided by the University of Missouri 

Geography Department.  This data contained several polygon shape-files including: 

Missouri State Boundary (polygon shape-file), Missouri State Roads (polygon shape-

file), and Missouri County Boundaries (polygon shape-file).  An aerial image of the 

facility was provided by Google Maps.  Both grid point concentrations and lat/long 

coordinates were obtained during collection. 

The above polygon shape-files and the aerial image of the facility were both 

plotted in ARCMAP and Geo-referencing tools were used to match the coordinate system 

of the aerial image to that of the polygon shape-files.  Road intersections in both the 

aerial image of the facility and the Missouri State Roads shape-file were used as 

reference points to link the coordinate systems.  Next, a Grid Point shape-file was created 

and geo-coded using the Editor function of ARCMAP.  Grid points were plotted on the 

Missouri State Boundary map using the lat/long coordinates (converted to x and y 

coordinates) found at each collection point.  NH3 and H2S concentration data was then 

added to the attribute table of each grid point using the Editor function.  A Grid Point 

shape-file was created for each day that NH3 and H2S concentrations were collected. 

ARGIS contouring methods were used to draw concentration and threshold 

contours around the facility which were based on collected values for both NH3 and H2S.  

The Radial Basis Functions option (an ARCMAP Semivarient Mapping Technique) was 

used to create concentration contours that focused on areas with high concentration and 



49 
 

filled in missing data to show dispersion patterns.  Concentration levels for NH3 were 

separated into increments of 10 ppb and ranged from 0 ppb to 100 ppb and above.  H2S 

concentration levels were separated into increments of 1 ppb ranging from 0 ppb to 

10ppb and above.  NH3 and H2S smell threshold contours were also created using the 

Radial Basis Functions.  For NH3, the threshold level was 5000 ppb, while for H2S the 

threshold level was 8 ppb.  Days with concentrations above the smell threshold were 

mapped to show areas where each gas could be smelled.  

On each day, the overall direction of both the NH3 and H2S GIS-derived 

dispersion plumes were compared.  If the directions were similar, the day was considered 

a hit for dispersion plume matching between gases.  General wind directions were also 

plotted for each day with the facility as the center point.  Wind directions were taken 

from a Missouri Meso-Net station located 5 km away from the swine facility (similar 

land cover and land use) and were averaged over the time period during which 

concentrations were collected (between 1pm and 4pm).  Average wind directions were 

then compared to the GIS-derived dispersion plumes for each gas.  To accomplish this 

comparison, a 60◦ cone was drawn in the average wind direction (cone ranged from 330◦ 

to 30◦ on a circle with the wind direction being 0◦).  If half of the cone was filled, the 

dispersion direction was considered to have hit the wind direction.  If the cone was less 

than half filled, the dispersion direction was considered to have missed the wind 

direction.  The total number of hits and misses was tabulated for all collection days and 

an overall accuracy percentage was then calculated. 
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3.3.4  Forecast Verification 

To determine AERMOD dispersion accuracy, grid point averages of collected 

NH3 concentrations (measurement locations shown on Fig. 3.11) were spatially compared 

to grid point averages (averaged between model-derived concentrations for 1 pm, 2 pm, 3 

pm, and 4 pm for the same points shown in Fig. 3.11) produced by both the RUC-

initialized and RUC-forecasted dispersion plumes using the Pearson Product Moment 

Correlation (Equation 3.1).  RUC-initialized grid point averages were also spatially 

compared to RUC-forecasted averages using the above procedure.  A spatial comparison 

was necessary due to insufficient knowledge about the emission sources around the 

facility, and this allowed for a comparison of overall dispersion patterns.  Equation 3.1 

was used on both the collected and the AERMOD-generated (RUC-initialized and RUC-

forecasted) NH3 concentration data to produce a comparison r-value.  The comparison r-

value was then used to produced a comparison p-value to determine the significance of 

the relationship and p-values less than 0.15 (85% significance level) were considered to 

be well correlated.  If the model (RUC-initialized or RUC-forecasted) produced a similar 

pattern to that gathered in the field, the model-derived dispersion was considered to be 

accurate.  This procedure was also completed between the RUC-initialized and RUC-

forecasted dispersion plumes.  If the comparison p-value was less than 0.15 (85% 

significance level) the model-derived dispersion was considered to be accurate.  The 

number of accurate versus inaccurate forecasts was tabulated to determine the overall 

accuracy of AERMOD for forecasting dispersion. 
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Chapter 4 – Model Validation 

 

 

This chapter is split into four main sections and deals with overall verification of 

model-derived VEB dispersion through the use of comparisons with both wind tunnel 

simulations and previous research.   Section 4.1 discusses the results found when a VEB 

was established in a wind tunnel setting and displays NH3 dispersion patterns for two 

different wind velocities.  Section 4.2 deals with the results of an atmospheric variable 

analysis of the model and establishes the variables that play a major role in determining 

model-derived dispersion.  Section 4.3 discusses the results of the verification of model-

derived VEB dispersion.  This part displays model-derived dispersion and determines 

accuracy through a comparison to both wind tunnel simulations and previous research.  

Section 4.4 discusses the overall conclusions for this part of the study. 

 

4.1  Wind Tunnel Analysis 

 NH3 dispersion was observed in a wind tunnel setting to offer comparisons to 

model dispersion.  At 3.5 ms-1, an overall pattern of decrease in surface NH3 

concentration from the Control (Con) was evident downwind of an established VEB.  

Fig. 4.1 shows average NH3 concentrations measured at each downwind surface area for 

each VEB scenario and the Control Scenario.  This decreasing concentration pattern was 

particularly visible for both Scenarios 1 and 2 (S1 & S2) where a decrease in NH3 

concentration was found at all downwind locations.  Both Scenarios 3 and 5 (S3 & S5) 
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had a less evident decreasing pattern where only concentrations near the VEB were found 

to be lower than those of the Control.  Scenario 4 (S4) produced similar, but slightly 

higher, NH3 concentrations to those of the Control at all downwind locations. 

 

 

Figure 4.1. Average NH3 concentrations (ppb) measured at each downwind location with 
a wind velocity of 3.5 ms-1.  Series naming procedure follows that listed above. 
 

Percent decreases in concentration from that of the Control are shown in both Table 4.1 

and Fig. 4.2.  Percent decreases in concentration from the Control were calculated at all 

downwind locations for both Scenarios 1 and 2.  At 0.05 m (1/6 distance to VEB height 

ratio) downwind, these two scenarios produced decreases of 52.5% and 56.0% 

respectively.  Further downwind, these decreases also were evident with values of 39.9% 

and 48.7% respectively at 0.30 m (1/1) and of 47.9% and 34.5% respectively at 0.60 m 

(2/1).  For Scenarios 3 and 5, decreases in concentration from the Control were only 
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found at 0.05 m (1/1) downwind with values of 31.5% and 35.0% respectively.  These 

values were significantly lower than those of Scenarios 1 and 2.  Further downwind, 

Scenario 3 produced increases in concentrations of 13.7% and 18.2%, while Scenario 5 

followed a similar pattern but produced increases of 6.7% and 13.6%.  Scenario 4 

produced increases in concentration from the Control at all downwind locations with 

values of 6.7%, 11.1%, and 2.7% respectively. 

 

Table 4.1. Calculated percent decrease in concentration from the Control concentration at 
each downwind location with a wind velocity of 3.5 ms-1. 
 

Downwind 
Measurement 
Distance (m) 

Percent Decrease from Control (%) 

Scenario 1 Scenario 2 Scenario 3 Scenario 4 Scenario 5 

0.05 (1/6) 52.5 56.0 31.5 -6.7 35.0 

0.30 (1/1) 39.9 48.7 -13.7 -11.1 -6.7 

0.61 (2/1) 47.9 34.5 -18.2 -2.7 -13.6 

 

Statistical comparison p-values between VEB scenarios and the Control, along with 

between the VEB scenarios themselves at 0.05 m (1/6) downwind, can be found in Table 

4.2 (an alpha value of 0.01 was used for the comparison).  When compared to the 

Control, Scenarios 1, 2, 3, and 5 produced p-values of 0.00 showing that their 

concentrations were significantly different from that of the Control.  Scenario 4 produced 

a p-value of 0.97 which shows that its concentration was not significantly different from 

that of the Control.  In terms of a comparison between the scenarios themselves, Scenario 

1 was found to be significantly different from Scenarios 3, 4, and 5 by producing p-

values of 0.00.  Scenario 2 followed a similar pattern.  Both Scenario 3 and 5 produced 
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similar p-value patterns that showed a significant difference from Scenarios 1, 2, and 4.  

Scenario 4 was found to significantly different from all other VEB scenarios.          

 

Figure 4.2. Calculated percent decrease in concentration from the Control concentration 
at each downwind location with a wind velocity of 3.5 ms-1.  Series naming procedure 
follows that listed above. 
 

Table 4.2. Calculated Scheffe test p-values for each VEB scenario and Control at 0.05 m 
(1/6) downwind of the VEB and with a wind velocity of 3.5 ms-1.  An alpha value of 0.01 
was used for statistical comparison. 
 

Scheffe Test p-values for 0.05 m (1/1)  

 Control Scenario 1 Scenario 2 Scenario 3 Scenario 4 Scenario 5 

Control 1.00      

Scenario 1 0.00 1.00     

Scenario 2 0.00 0.98 1.00    

Scenario 3 0.00 0.00 0.00 1.00   

Scenario 4 0.97 0.00 0.00 0.00 1.00  

Scenario 5 0.00 0.00 0.00 0.99 0.00 1.00 
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Comparison p-values calculated at 0.30 m (1/1) downwind can be found in Table 4.3 (an 

alpha value of 0.01 was used for the comparison).  When compared to the Control, 

Scenarios 1 and 2 produced p-values of 0.00 showing that their concentrations were 

significantly different from that of the Control.  Scenarios 3, 4, and 5 produced p-values 

of 0.29, 0.51, and 0.91 respectively which shows that their concentrations were not 

significantly different from that of the Control.  Between the scenarios themselves, 

Scenarios 1 and 2 were found to be significantly different from Scenarios 3, 4, and 5 by 

producing similar p-values of 0.00.  Scenarios 3, 4, and 5 produced similar p-value 

patterns that showed significant difference from Scenarios 1 and 2.   

 

Table 4.3. Calculated Scheffe test p-values for each VEB scenario and Control at 0.30 m 
(1/1) downwind of the VEB and with a wind velocity of 3.5 ms-1.  An alpha value of 0.01 
was used for statistical comparison. 
 

Scheffe Test p-values for 0.30 m (1/1)  

 Control Scenario 1 Scenario 2 Scenario 3 Scenario 4 Scenario 5 

Control 1.00      

Scenario 1 0.00 1.00     

Scenario 2 0.00 0.12 1.00    

Scenario 3 0.29 0.00 0.00 1.00   

Scenario 4 0.51 0.00 0.00 0.99 1.00  

Scenario 5 0.91 0.00 0.00 0.89 0.98 1.00 

 

 

At 0.60 (2/1) m downwind of the VEB, similar comparison p-value patterns to those at 

0.31 m (1/1) were found and are shown in Table 4.4 (an alpha value of 0.01 was used for 

the comparison).  
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Table 4.4. Calculated Scheffe test p-values for each VEB scenario and Control at 0.60 m 
(2/1) downwind of the VEB and with a wind velocity of 3.5 ms-1.  An alpha value of 0.01 
was used for statistical comparison. 
 

Scheffe Test p-values for 0.60 m (2/1)  

 Control Scenario 1 Scenario 2 Scenario 3 Scenario 4 Scenario 5 

Control 1.00      

Scenario 1 0.00 1.00     

Scenario 2 0.00 0.32 1.00    

Scenario 3 0.43 0.00 0.00 1.00   

Scenario 4 1.00 0.00 0.00 0.63 1.00  

Scenario 5 0.78 0.00 0.00 0.99 0.92 1.00 

 

 

At 0.5 ms-1, an overall pattern of decrease in surface NH3 concentration from the 

Control (Con) was again evident downwind of an established VEB.  Fig. 4.3 shows 

average NH3 concentrations measured at each downwind surface area for each VEB 

scenario and the Control Scenario.  This decreasing concentration pattern was particularly 

distinct for Scenarios 1, 2, 3, and 5 (S1, S2, S3, & S5) where a large decrease in NH3 

concentration was found at all downwind locations.  Scenarios 1 and 2 followed similar 

decreasing patterns to those found at 3.5 ms-1.  Scenarios 3 and 5 produced similar 

decreasing patterns at 0.05 m (1/6) downwind, but showed decreases in concentration 

further downwind rather than increases observed at 3.5 ms-1. Scenario 4 (S4) produced 

similar, but slightly higher, NH3 concentrations to those of the Control at all downwind 

locations which were also similar to those at 3.5 ms-1. 
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Figure 4.3. Average NH3 concentrations (ppb) measured at each downwind location with 
a wind velocity of 0.5 ms-1.  Series naming procedure follows that listed above. 
 
 

Percent decreases in concentration from that of the Control are shown in both 

Table 4.5 and Fig. 4.4.  Decreases in concentration from the Control were found at all 

downwind locations for Scenarios 1, 2, 3, and 5.  At 0.05 m (1/6) downwind, these 

scenarios produced decreases in NH3 concentration of 41.9%, 44.9%, 38.1%, and 47.2% 

respectively.  For Scenarios 1 and 2, these decreases were slightly lower than those 

observed at 3.5 ms-1, while the inverse was observed for Scenarios 3 and 5.  At 0.30 m 

(1/1) downwind, decreases of 31.3%, 29.5%, 33.9%, and 43.3% respectively were 

observed.  For Scenarios 1 and 2, these decreases were slightly lower than those observed 

at 3.5 ms-1, while the inverse was observed for Scenarios 3 and 5.  At 0.60 m (2/1) 

downwind, decreases of 28.1%, 30.1%, 43.2%, and 47.0% respectively observed.  For 
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ms-1, while the inverse was observed for Scenarios 3 and 5.  Scenario 4 produced 

increases in concentration from the Control at all downwind locations with values of 

14.1%, 0.0%, and 4.1% respectively. 

 

Table 4.5. Calculated percent decrease in concentration from the Control concentration at 
each downwind location with a wind velocity of 0.5 ms-1. 
 

Downwind 
Measurement 
Distance (m) 

Percent Decrease from Control (%) 

Scenario 1 Scenario 2 Scenario 3 Scenario 4 Scenario 5 

0.05 (1/6) 41.9 44.9 38.1 -14.1 47.2 

0.30 (1/1) 31.3 29.5 33.9 0.0 43.3 

0.61 (2/1) 28.1 30.1 43.2 -4.1 47.0 

 

 

 

Figure 4.4. Calculated percent decrease in concentration from the Control concentration 
at each downwind location with a wind velocity of 0.5 ms-1.  Series naming procedure 
follows that listed above. 
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Statistical comparison p-values at 0.05 m (1/6) downwind can be found in Table 4.6 (an 

alpha value of 0.01 was used for the comparison).  When compared to the Control, 

Scenarios 1, 2, 3, and 5 produced p-values of 0.00 showing that their concentrations were 

significantly different from that of the Control.  Scenario 4 produced a p-value of 0.57 

which shows that its concentration was not significantly different from that of the 

Control.  In terms of a comparison between the scenarios themselves, Scenario 1 was 

found to be significantly different from Scenario 4 by producing p-values of 0.00.  

Scenarios 2, 3, and 5 followed a similar pattern, while Scenario 4 was found to 

significantly different from all other VEB scenarios. 

          

Table 4.6. Calculated Scheffe test p-values for each VEB scenario and Control at 0.05 m 
(1/6) downwind of the VEB and with a wind velocity of 0.5 ms-1.  An alpha value of 0.01 
was used for statistical comparison. 
 

Scheffe Test p-values for 0.05 m (1/6)  

 Control Scenario 1 Scenario 2 Scenario 3 Scenario 4 Scenario 5 

Control 1.00      

Scenario 1 0.00 1.00     

Scenario 2 0.00 0.99 1.00    

Scenario 3 0.00 0.99 0.82 1.00   

Scenario 4 0.57 0.00 0.00 0.00 1.00  

Scenario 5 0.00 0.89 0.99 0.57 0.00 1.00 

 
 

At 0.30 m (1/1) downwind of the VEB, similar comparison p-value patterns to those at 

0.05 m (1/6) were found and are shown in Table 4.7 (an alpha value of 0.01 was used for 

the comparison).  
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Table 4.7. Calculated Scheffe test p-values for each VEB scenario and Control at 0.30 m 
(1/1) downwind of the VEB and with a wind velocity of 0.5 ms-1.  An alpha value of 0.01 
was used for statistical comparison. 
 

Scheffe Test p-values for 0.30 m (1/1)  

 Control Scenario 1 Scenario 2 Scenario 3 Scenario 4 Scenario 5 

Control 1.00      

Scenario 1 0.00 1.00     

Scenario 2 0.00 1.00 1.00    

Scenario 3 0.00 0.99 0.95 1.00   

Scenario 4 1.00 0.00 0.00 0.00 1.00  

Scenario 5 0.00 0.33 0.18 0.68 0.00 1.00 

 

Comparison p-values calculated at 0.60 m (2/1) downwind can be found in Table 4.8 (an 

alpha value of 0.01 was used for the comparison).  When compared to the Control, 

Scenarios 1, 2, 3, and 5 produced p-values of 0.00 showing that their concentrations were 

significantly different from that of the Control.  Scenario 4 produced a p-value of 0.99 

which shows that its concentration was not significantly different from that of the 

Control.  In terms of a comparison between the scenarios themselves, Scenario 1 was 

found to be significantly different from Scenarios 4 and 5 by producing p-values of 0.00.  

Scenario 2 followed a similar pattern to that of Scenario 1.  Scenario 3 was found to be 

significantly different from Scenario 4 which produced a p-value of 0.00 during the 

comparison.  Scenario 4 was found to significantly different from all other VEB scenarios 

with p-values of 0.00 when compared to all others.  Scenario 5 was found to be 

significantly different than Scenarios 1, 2, and 4 with comparison p-values of 0.00.           
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Table 4.8. Calculated Scheffe test p-values for each VEB scenario and Control at 0.60 m 
(2/1) downwind of the VEB and with a wind velocity of 0.5 ms-1.  An alpha value of 0.01 
was used for statistical comparison. 
 

Scheffe Test p-values for 0.60 m (2/1)  

 Control Scenario 1 Scenario 2 Scenario 3 Scenario 4 Scenario 5 

Control 1.00      

Scenario 1 0.00 1.00     

Scenario 2 0.00 1.00 1.00    

Scenario 3 0.00 0.02 0.04 1.00   

Scenario 4 0.99 0.00 0.00 0.00 1.00  

Scenario 5 0.00 0.00 0.00 0.93 0.00 1.00 

 

4.2  Variable Analysis 

A variable analysis of AERMOD helped determine which atmospheric variables 

had the largest impact on dispersion in the model.  At the surface, the essential variable of 

focus was wind velocity.  If a wind velocity was omitted from the surface file, AERMET 

would not produce the necessary surface file for use in AERMOD.  In the upper 

atmosphere, the essential variable of focus was relative humidity.  If a relative humidity 

value was omitted from the upper-level file, AERMET would not produce the necessary 

upper-level file for use in AERMOD.  

Surface variable comparison p-values can be found in Table 4.9 (an alpha value of 

0.01 was used for the comparison).  At the surface, wind velocity was the only variable to 

produce significant differences in 500 m downwind concentrations.  These concentrations 

under a wind velocity of 0.5 ms-1 were found to be significantly different from those 

produced with velocities of 3.5ms-1 and 10.0 ms-1.  The p-values for this comparison were 

both 0.00.  Concentrations produced by the 3.5 ms-1 velocity were found to be not 
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significantly different those produced at 10.0 ms-1.  The p-value for this comparison was 

0.31.  This p-value pattern was found during all surface variable combinations.  Changes 

in cloud cover and temperature did not produce a significant difference in 500 m surface 

concentrations and these p-value patterns were also found during all surface variable 

combinations.   

 

Table 4.9. Calculated Scheffe test p-values for each surface variable.  An alpha value of 
0.01 was used for statistical comparison. 
 

Surface Wind Velocity 

 
0.5 ms-1 3.5 ms-1 10.0 ms-1 

0.5 ms-1 1.00 
  

3.5 ms-1 0.00 1.00 
 

10.0 ms-1 0.00 0.31 1.00 

Surface Temperature 

 
1 ◦C 16 ◦C 32 ◦C 

1 ◦C 1.00 
  

16 ◦C 1.00 1.00 
 

32 ◦C 0.57 0.57 1.00 

Cloud Cover 

 
Clear Partly/Mostly Cloudy Overcast 

Clear 1.00 
  

Partly/Mostly Cloudy 0.99 1.00 
 

Overcast 0.99 1.00 1.00 

 

Upper-level variable comparison p-values can be found in Table 4.9 (an alpha 

value of 0.01 was used for the comparison).  In the upper atmosphere, no variable 

produced a significant difference in 500 m downwind concentration.  Also, changes in 
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relative humidity, temperature, pressure height, and wind velocity did not produce a 

significant difference in 500 m surface concentrations and these p-value patterns were 

found during all upper-level variable combinations.   

 

Table 4.10. Calculated Scheffe test p-values for each upper-level variable.  An alpha 
value of 0.01 was used for statistical comparison. 
 

Relative Humidity 

 
10% 50% 100% 

10% 1.00 
  

50% 1.00 1.00 
 

100% 1.00 1.00 1.00 

Upper-level Temperature 

 
1 ◦C 16 ◦C 32 ◦C 

1 ◦C 1.00 
 

 

16 ◦C 1.00 1.00  

32 ◦C 1.00 1.00 1.00 

Pressure Height 

 
-100 m Measured   +100 m 

-100 m 1.00 
 

 

Measured 1.00 1.00  

+100 m 1.00 1.00 1.00 

Wind Velocity 

 
0.5 ms-1 3.5 ms-1 10.0 ms-1 

0.5 ms-1 1.00 
 

 

3.5 ms-1 1.00 1.00  

10.0 ms-1 1.00 1.00 1.00 
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4.3  Model Validation 

Model dispersion plumes were then compared to dispersion data found in the 

wind tunnel to determine model accuracy.  Fig. 4.5 shows an example of model generated 

dispersion.  

 

 

Figure 4.5. Model generated dispersion with a solid wall simulating a VEB.  

 

At 3.5 ms-1, a pattern of decrease in AERMOD-produced surface NH3 

concentration was evident downwind of the 12 m wall.  Fig. 4.6 shows average NH3 

concentrations measured at each downwind surface area.  This decreasing concentration 

pattern was distinct for all scenarios (S1, S2, S3, S4, & S5) where a large decrease from 

the Control (Con) concentration was found at all downwind locations.  Scenarios 1 and 2 

followed a similar pattern to but with much larger decreases than those found in the wind 
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tunnel.  Scenarios 3 and 5 had larger decreases near the wall with a decreasing pattern 

further downwind which was opposite of the wind tunnel.  Scenario 4 was found to have 

a decreasing pattern downwind which was also opposite of the wind tunnel.  

 

 

Figure 4.6. Average AERMOD-produced NH3 concentrations (µgm-3) measured at each 
downwind location with a wind velocity of 3.5 ms-1 and a 12 m wall.  Series naming 
procedure follows that listed above. 
 

Percent decreases in concentration from that of the Control are shown in both Table 4.11 

and Fig. 4.7.  Percent decreases in concentration from the Control were calculated at all 

downwind locations for Scenarios 1, 2, 3, 4, and 5.  At 2 m (1/6) downwind, these 

scenarios produced decreases in NH3 concentration of 63.7%, 77.0%, 62.4%, 86.3%, and 

79.0% respectively.  These decreases were much larger than those observed in the wind 

tunnel.  At 12 m (1/1) downwind, decreases of 72.1%, 71.7%, 70.6%, 84.5, and 82.4% 

respectively were observed.  For Scenarios 1 and 2, these decreases were much larger 
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than those observed in the wind tunnel.  Decreases for Scenarios 3, 4, and 5 were 

opposite of those observed in the wind tunnel.  At 24 m (2/1) downwind, decreases of 

63.6%, 62.7%, 60.9%, 75.8%, and 76.4% respectively observed.  For Scenarios 1 and 2, 

these decreases were much larger than those observed in the wind tunnel.  Decreases for 

Scenarios 3, 4, and 5 were opposite of those observed in the wind tunnel.   

  

Table 4.11. Calculated AERMOD-produced percent decreases in concentration from the 
Control concentration at each downwind location with a wind velocity of 3.5 ms-1 and a 
12 m wall. 
 

Downwind 
Measurement 
Distance (m) 

Percent Decrease from Control (%) 

Scenario 1 Scenario 2 Scenario 3 Scenario 4 Scenario 5 

2 (1/6) 63.7 77.0 62.4 86.3 79.0 

12 (1/1) 72.1 71.7 70.6 84.5 82.4 

24 (2/1) 63.6 62.7 60.9 75.8 76.4 

 

 

Statistical comparison p-values at 2 m (1/6) downwind can be found in Table 4.12 (an 

alpha value of 0.01 was used for the comparison).  Scenarios 1, 2, 3, 4, and 5 produced p-

values of 0.00 showing that their concentrations were significantly different from that of 

the Control.  In terms of a comparison between the scenarios themselves, Scenario 1 was 

found to be significantly different from Scenario 4 and 5 by producing p-values of 0.00.  

Scenario 3 followed a similar pattern.  Scenario 2 was found to be significantly different 

from Scenario 4 by producing a p-value of 0.00.  Scenario 4 was found to significantly 

different from all scenarios with the exception of Scenario 5, which was significantly 

different from Scenarios 1 and 3. 
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Figure 4.7. Calculated AERMOD-produced percent decreases in concentration from the 
Control concentration at each downwind location with a wind velocity of 3.5 ms-1 and a 
12 m wall. Series naming procedure follows that listed above. 
 

 

Table 4.12. Calculated Scheffe test p-values for each AERMOD scenario at 2 m (1/6) 
downwind of the 12 m wall and with a wind velocity of 3.5 ms-1 (alpha value of 0.01). 
 

Scheffe Test p-values for 2 m (1/6)  

 Control Scenario 1 Scenario 2 Scenario 3 Scenario 4 Scenario 5 

Control 1.00      

Scenario 1 0.00 1.00     

Scenario 2 0.00 0.05 1.00    

Scenario 3 0.00 1.00 0.03 1.00   

Scenario 4 0.00 0.00 0.00 0.00 1.00  

Scenario 5 0.00 0.00 0.98 0.00 0.02 1.00 
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Comparison p-values calculated at 12 m (1/1) downwind can be found in Table 4.13 

(alpha value of 0.01).  Scenarios 1, 2, 3, 4, and 5 produced significantly different 

concentrations from that of the Control.  Scenario 1 was found to be significantly 

different from Scenarios 4 and 5.  Scenarios 2 and 3 followed a similar pattern to that of 

Scenario 1.  Scenarios 4 and 5 were found to significantly different from Scenarios 1, 2, 

and 3. 

 

Table 4.13. Calculated Scheffe test p-values for each AERMOD scenario at 12 m (1/1) 
downwind of the 12 m wall and with a wind velocity of 3.5 ms-1 (alpha value of 0.01). 
 

Scheffe Test p-values for 12 m (1/1)  

 Control Scenario 1 Scenario 2 Scenario 3 Scenario 4 Scenario 5 

Control 1.00      

Scenario 1 0.00 1.00     

Scenario 2 0.00 1.00 1.00    

Scenario 3 0.00 0.99 0.99 1.00   

Scenario 4 0.00 0.00 0.00 0.00 1.00  

Scenario 5 0.00 0.00 0.00 0.00 0.49 1.00 

 

 

Comparison p-values calculated at 24 m (2/1) downwind can be found in Table 4.14 

(alpha value of 0.01).  Scenarios 1, 2, 3, 4, and 5 produced significantly different 

concentrations from that of the Control.  Scenarios 1 and 2 were found to be significantly 

different from Scenarios 4 and 5.  Scenario 3 was found to be significantly different from 

Scenario 4.  No significant difference was found between Scenarios 4 and 5. 
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Table 4.14. Calculated Scheffe test p-values for each AERMOD scenario at 24 m (2/1) 
downwind of the 12 m wall and with a wind velocity of 3.5 ms-1 (alpha value of 0.01). 
 

Scheffe Test p-values for 24 m (2/1)  

 Control Scenario 1 Scenario 2 Scenario 3 Scenario 4 Scenario 5 

Control 1.00      

Scenario 1 0.00 1.00     

Scenario 2 0.00 1.00 1.00    

Scenario 3 0.00 0.98 0.99 1.00   

Scenario 4 0.00 0.00 0.00 0.00 1.00  

Scenario 5 0.00 0.00 0.00 0.93 0.99 1.00 

 

 

Spatial comparisons between wind tunnel produced NH3 concentrations and those 

produced by AERMOD for each scenario can be found in Fig. 4.8.a-f.  Scenarios 1 and 2 

were found to be well correlated with the similar wind tunnel simulations.  These two 

scenarios produced r-values of 0.92 and 0.97 with comparison p-values of <0.0001.  

Scenarios 3 and 5 were found to be initially well correlated with the wind tunnel 

simulations but further downwind the correlations were not as strong.  These two 

scenarios produced r-values of 0.29 and 0.17 with comparison p-values of 0.34 and 0.57.  

Scenario 4 had the weakest correlation.     



70 
 

 

Figure 4.8. Spatial comparisons between wind tunnel produced NH3 concentrations and 
those produced by AERMOD for a) Control, b) Scenario 1, c) Scenario 2, d) Scenario 3, 
e) Scenario 4, and f) Scenario 5 with a wind velocity of 3.5 ms-1 and a 12 m wall. Orange 
circles: Observed averages, Blue squares: model predicted averages. 
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NH3 concentrations measured at each downwind surface area.  This decreasing 

concentration pattern was distinct for all scenarios (S1, S2, S3, S4, & S5) where a large 

decrease from the Control (Con) concentration was found at all downwind locations.  

Scenarios 1 and 2 followed a similar pattern to, but with much larger decreases than, 

those found in the wind tunnel.  Scenarios 3 and 5 had larger decreases near the wall with 

a decreasing pattern further downwind which was opposite of the wind tunnel.  Scenario 

4 was found to have a decreasing pattern downwind which was also opposite of the wind 

tunnel.  In general, Scenarios 1, 2, 3, 4, and 5 produced similar concentration decreases to 

those found with a wall in the flow. 

  

 

Figure 4.9. Average AERMOD-produced NH3 concentrations (µgm-3) measured at each 
downwind location with a wind velocity of 3.5 ms-1 and a 12 m column line.  Series 
naming procedure follows that listed above. 
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Percent decreases in concentration from that of the Control are shown in both Table 4.15 

and Fig. 4.10.  Decreases in concentration from the Control were calculated at all 

downwind locations for Scenarios 1, 2, 3, 4, and 5.  At 2 m (1/6) downwind, these 

scenarios produced percent decreases in NH3 concentration of 67.8%, 64.3%, 44.9%, 

87.8%, and 67.8% respectively.  These decreases were much larger than those observed 

in the wind tunnel.  At 12 m (1/1) downwind, decreases of 57.0%, 62.2%, 33.8%, 91.7, 

and 89.2% respectively were observed.  For Scenarios 1 and 2, these decreases were 

much larger than those observed in the wind tunnel.  Decreases for Scenarios 3, 4, and 5 

were opposite of those observed in the wind tunnel.  At 24 m (2/1) downwind, decreases 

of 46.7%, 79.9%, 36.8%, 92.3%, and 91.5% respectively were observed.  For Scenarios 1 

and 2, these decreases were much larger than those observed in the wind tunnel, while 

decreases for Scenarios 3, 4, and 5 were opposite to those observed in the wind tunnel.   

  

Table 4.15. Calculated AERMOD-produced percent decreases in concentration from the 
Control concentration at each downwind location with a wind velocity of 3.5 ms-1 and a 
12 m column line. 
 

Downwind 
Measurement 
Distance (m) 

Percent Decrease from Control (%) 

Scenario 1 Scenario 2 Scenario 3 Scenario 4 Scenario 5 

2 (1/6) 67.8 64.3 44.9 87.8 67.8 

12 (1/1) 57.0 62.2 33.8 91.7 89.2 

24 (2/1) 46.7 79.9 36.8 92.3 91.5 
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Figure 4.10. Calculated AERMOD-produced percent decreases in concentration from the 
Control concentration at each downwind location with a wind velocity of 3.5 ms-1 and a 
12 m column line. Series naming procedure follows that listed above. 
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Table 4.16. Calculated Scheffe test p-values for each AERMOD scenario at 2 m (1/6) 
downwind of the 12 m column line and with a wind velocity of 3.5 ms-1 (alpha = 0.01). 
 

Scheffe Test p-values for 2 m (1/6)  

 Control Scenario 1 Scenario 2 Scenario 3 Scenario 4 Scenario 5 

Control 1.00      

Scenario 1 0.00 1.00     

Scenario 2 0.00 0.99 1.00    

Scenario 3 0.00 0.04 0.18 1.00   

Scenario 4 0.00 0.00 0.00 0.00 1.00  

Scenario 5 0.00 1.00 0.99 0.05 0.00 1.00 

 

Comparison p-values calculated at 12 m (1/1) downwind can be found in Table 4.17 

(alpha value of 0.01).  Scenarios 1, 2, 3, 4, and 5 produced significantly different 

concentrations from that of the Control.  Scenarios 1 and 2 were found to be significantly 

different from Scenarios 3, 4, and 5.  Scenario 3 was found to be significantly different 

from all scenarios.  No significant difference was found between Scenarios 4 and 5. 

 

Table 4.17. Calculated Scheffe test p-values for each AERMOD scenario at 12 m (1/1) 
downwind of the 12 m column line and with a wind velocity of 3.5 ms-1 (alpha = 0.01). 
 

Scheffe Test p-values for 12 m (1/1)  

 Control Scenario 1 Scenario 2 Scenario 3 Scenario 4 Scenario 5 

Control 1.00      

Scenario 1 0.00 1.00     

Scenario 2 0.00 0.97 1.00    

Scenario 3 0.00 0.00 0.00 1.00   

Scenario 4 0.00 0.00 0.00 0.00 1.00  

Scenario 5 0.00 0.00 0.00 0.00 0.29 1.00 
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Comparison p-values calculated at 24 m (2/1) downwind can be found in Table 4.18 

(alpha value of 0.01).  Scenarios 1, 2, 3, 4, and 5 produced significantly different 

concentrations from that of the Control.  Scenarios 1, 2, and 3 were found to be 

significantly different from Scenarios 4 and 5.  No significant difference was found 

between Scenarios 4 and 5. 

 

Table 4.18. Calculated Scheffe test p-values for each AERMOD scenario at 24 m (2/1) 
downwind of the 12 m column line and with a wind velocity of 3.5 ms-1 (alpha = 0.01). 
 

Scheffe Test p-values for 24 m (2/1)  

 Control Scenario 1 Scenario 2 Scenario 3 Scenario 4 Scenario 5 

Control 1.00      

Scenario 1 0.00 1.00     

Scenario 2 0.00 0.92 1.00    

Scenario 3 0.00 0.20 0.02 1.00   

Scenario 4 0.00 0.00 0.00 0.00 1.00  

Scenario 5 0.00 0.00 0.00 0.00 0.91 1.00 

 

Spatial comparisons between wind tunnel produced NH3 concentrations and those 

produced by AERMOD for each scenario can be found in Fig. 4.11.a-f.  Scenarios 1 and 

2 were found to be well correlated with the similar wind tunnel simulations.  These two 

scenarios produced r-values of 0.97 and 0.91 with comparison p-values of <0.0001.  

Scenarios 3 and 5 were found to be initially well correlated with the wind tunnel 

simulations but further downwind the correlations were not as strong.  These two 

scenarios produced r-values of 0.12 and -0.14 with comparison p-values of 0.70 and 0.64.  

Again, Scenario 4 had the weakest correlation.       
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Figure 4.11. Spatial comparisons between wind tunnel produced NH3 concentrations and 
those produced by AERMOD for a) Control, b) Scenario 1, c) Scenario 2, d) Scenario 3, 
e) Scenario 4, and f) Scenario 5 with a wind velocity of 3.5 ms-1 and a 12 m column line. 
Orange circles: Observed averages, Blue squares: model predicted averages. 
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shows that the model had difficulty determining VEB dispersion at a low surface wind 

velocity.  For this reason, surface wind velocities were scaled down from 3.5 ms-1 to 0.5 

ms-1 to find a velocity threshold for proper VEB dispersion by the model.  This procedure 

was completed for Scenario 1 with a 12 m wall. 

At 3.5 ms-1, a decreasing concentration pattern was evident with a 12 m wall 

present in the flow.  Fig. 4.12 shows average surface-level NH3 concentrations for the 

Control and Scenario 1.  This decreasing pattern was evident at all downwind surface 

levels.  

 

 

Figure 4.12. Average AERMOD-produced NH3 concentrations (µgm-3) for the Control 
and Scenario 1 measured at each downwind location with a wind velocity of 3.5 ms-1 and 
a 12 m wall. Blue columns: Control scenario, Red columns: Scenario 1. 
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At 3.1 ms-1, a decreasing NH3 concentration pattern was also visible with a 12 m wall 

present in the flow.  Fig. 4.13 shows average surface-level NH3 concentrations for the 

Control and Scenario 1.  This decreasing pattern was evident at all downwind surface 

levels.  This decrease in concentration, however, was significantly lower than that 

produced at 3.5 ms-1.   

 

 

Figure 4.13. Average AERMOD-produced NH3 concentrations (µgm-3) for the Control 
and Scenario 1 measured at each downwind location with a wind velocity of 3.1 ms-1 and 
a 12 m wall. Blue columns: Control scenario, Red columns: Scenario 1. 
 

At 2.6 ms-1, a decreasing NH3 concentration pattern was not observed with a 12 m wall 

present in the flow.  Fig. 4.14 shows average surface-level NH3 concentrations for the 

Control and Scenario 1.  A decreasing pattern was not evident downwind and 

concentrations at all downwind surface levels were similar to that of the control. 
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Figure 4.14. Average AERMOD-produced NH3 concentrations (µgm-3) for the Control 
and Scenario 1 measured at each downwind location with a wind velocity of 2.6 ms-1 and 
a 12 m wall. Blue columns: Control scenario, Red columns: Scenario 1. 
 

 

At 2.1 ms-1, an increasing NH3 concentration pattern was observed with a 12 m wall 

present in the flow.  Fig. 4.15 shows average surface-level NH3 concentrations for the 

Control and Scenario 1 at 2.1 ms-1.  This increasing pattern was evident at all downwind 

surface levels.   
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Figure 4.15. Average AERMOD-produced NH3 concentrations (µgm-3) for the Control 
and Scenario 1 measured at each downwind location with a wind velocity of 2.1 ms-1 and 
a 12 m wall. Blue columns: Control scenario, Red columns: Scenario 1. 
 

 

Percent decreases from the Control NH3 concentration were calculated at each downwind 

surface location under each wind velocity.  These decreases are shown in Fig. 4.16 and 

the comparison p-values for significance testing are shown in Table 4.19.  At 3.5 ms-1 and 

3.1 ms-1, decreases in surface NH3 concentrations from the Control were found to be 

significantly different with p-values of 0.00.  At 2.6 ms-1, decreases in downwind surface 

NH3 concentrations from the Control were found not to be significantly different with p-

values of 0.91, 0.98, and 0.95.  At 2.1 ms-1, increases in surface NH3 concentrations from 

the Control were found to be significantly different with p-values of 0.00 at each 

downwind location.  
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Figure 4.16. Scenario 1 AERMOD-produced percent decreases in concentration from the 
Control at each downwind location with a 12 m wall and wind velocities of 3.5, 3.1, 2.6, 
and 2.1 ms-1. 
 

Table 4.19. Calculated Scheffe test p-values for Scenario 1 at each downwind distance of 
the 12 m wall and with wind velocities of 3.5, 3.1, 2.6, and 2.1 ms-1 (alpha = 0.01). 
 

Scheffe Test p-values for Varying Wind Velocities 

Wind 
Velocity 

(ms-1) 

 
2 m (1/6) 12 m (1/1) 24 m (2/1) 

 
Control Scenario 1 Control Scenario 1 Control Scenario 1 

3.5 ms-1 
Control 1.00 

 
1.00 

 
1.00 

 

Scenario 1 0.00 1.00 0.00 1.00 0.00 1.00 

3.1 ms-1 
Control 1.00 

 
1.00 

 
1.00 

 

Scenario 1 0.00 1.00 0.00 1.00 0.00 1.00 

2.6 ms-1 
Control 1.00 

 
1.00 

 
1.00 

 

Scenario 1 0.91 1.00 0.98 1.00 0.95 1.00 

2.1 ms-1 
Control 1.00 

 
1.00 

 
1.00 

 

Scenario 1 -0.00 1.00 -0.00 1.00 -0.00 1.00 
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4.4  Conclusions 

Wind tunnels offer a viable option for testing gas dispersion if full-scale testing is 

not available.  Measured NH3 gas dispersion around various VEB configurations shows a 

decreasing trend in concentration at the surface downwind of the VEB.  This trend is 

similar to those found in previous studies showing that a wind tunnel offers a good 

representation of dispersion in the field.  Tyndall and Colletti (2007) describe a range of 

35 to 56% reduction with a VEB and all percent decreases found in the wind tunnel fall 

in or near this range.  This helps to confirm that data collected from the wind tunnel can 

be compared to AERMOD simulations.   

However, some errors are present in the wind tunnel analysis.  At 3.5 ms-1, 

reflection of the NH3 gas off the side walls in the wind tunnel may have contributed to 

Scenarios 3 and 5 experiencing increased concentrations further downwind of the VEB.  

This reflection is not experienced at the lower wind velocity showing that a wider tunnel 

is needed for higher wind velocities.  The Scenario 4 VEB may have been overwhelmed 

by the wind source limiting its effect on dispersion and making dispersion similar to that 

of the Control.  This is experienced at both wind velocities showing that a VEB needs to 

be a certain distance away from the wind source in order to be effective. 

Surface wind velocity is the most dominant atmospheric variable in AERMOD 

when measuring concentration at the surface.  Changes in wind velocity produce 

significant changes in downwind concentration, while changes in other atmospheric 

variables (both surface and upper-level) produce non-significant changes in 

concentration.  This is to be expected as dispersion near the surface is largely driven by 

wind velocity.        
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AERMOD produces similar dispersion trends to those of the wind tunnel 

simulations and previous research.  When compared to other studies and the wind tunnel 

simulations, AERMOD generated dispersion follows a similar decreasing pattern 

downwind of the VEB, however, these percent decreases are significantly larger.  This 

overestimate needs to be noted when using AERMOD for VEB dispersion and future 

work should determine a scaling factor to achieve more accurate numbers.  High spatial 

correlations exist between the wind tunnel and AERMOD simulations at all downwind 

locations for scenarios that do not experience errors at 3.5 ms-1 (Scenarios 1 and 2).  High 

spatial correlations are present between the wind tunnel and AERMOD simulations at the 

near VEB downwind location for all scenarios and errors have not influenced these 

concentrations. This pattern is present with either a wall or column line showing that 

either can be used to simulate a VEB in AERMOD.  This result shows that AERMOD 

has the ability to correctly handle dispersion around a VEB.   

AERMOD has a difficult time handling VEB dispersion at wind velocities lower 

than 2.6 ms-1.  At these velocities, AREMOD simulates increasing concentrations with 

increased distance away from the source which is the opposite of what is observed in a 

wind tunnel and previous research.  This result should be expected as below this 

threshold dispersion is dominated by turbulent dispersion instead of advection by the 

wind.  For this reason, AERMOD should only be used to simulate dispersion around a 

VEB at velocities greater than 2.6 ms-1 and spatial comparisons between AERMOD and 

the wind tunnel simulations were not completed at 0.5 ms-1 because of this reason. 
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Chapter 5 – Vegetative Environmental Buffer Analysis 

 

 

 This chapter outlines an analysis of field-scale VEB dispersion trends produced 

by AERMOD.  Section 5.1 shows dispersion trends for eight major wind directions with 

the presence of a mature VEB around the facility.  Section 5.2 details VEB dispersion 

trends for two wind velocities from two predominant wind directions.  Section 5.3 

describes VEB dispersion trends during different stages of VEB growth.  Section 5.4 

outlines differences in VEB dispersion trends under high versus low resolution upper-

level atmospheric files, while section 5.5 details the different trends when using point 

sources around the facility versus treating the facility as an area source.  Section 5.6 

outlines a regulatory application of using AERMOD to show the benefits of establishing 

a VEB around the CAFO facility. 

 

5.1  Wind Direction Analysis 

In general, decreased NH3 concentrations were measured 100 m downwind of the 

facility when a mature VEB (15 m tall) was placed to block the overall wind flow.  

Overall, the largest decreases in NH3 concentration were found in directions that had a 

VEB both upwind and downwind of the facility.  Fig. 5.1.a-h shows AERMOD-generated 

dispersion under each wind direction with no VEB present around the facility while Fig. 

5.2.a-h and 5.3.a-h show dispersion with a 15 m wall or column line to represent a mature 

VEB around the facility.   
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Figure 5.1. AERMOD generated 12-h 3D dispersion plumes for the wind directions a) N, 
b) NE, c) E, d) SE, e) S, f) SW, g) W, and h) NW with no VEB present around the 
facility. Concentration contours shown in µgm-3.   
 

a. b. 

g. h. 

c. d. 

e. f. 
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Figure 5.2. AERMOD generated 12-hr 3D dispersion plumes for the wind directions a) 
N, b) NE, c) E, d) SE, e) S, f) SW, g) W, and h) NW with a 15 m wall present to 
represent a mature VEB around the facility. Concentration contours are shown in µgm-3.   
 

a. b. 

c. d. 

e. f. 

g. h. 
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Figure 5.3. AERMOD generated 12-hr 3D dispersion plumes for the wind directions a) 
N, b) NE, c) E, d) SE, e) S, f) SW, g) W, and h) NW with a 15 m column line present to 
represent a mature VEB around the facility. Concentration contours are shown in µgm-3.   
 

a. b. 

c. d. 

e. f. 

g. h. 
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Overall, the lowest concentrations were found with winds from the North, East, South, 

and West (VEB upwind and downwind of facility).  Figure 5.4 shows average NH3 

concentrations measured 100 m downwind of the CAFO facility as a function of wind 

direction and VEB type.  Low NH3 concentrations were also found for winds from the 

Northwest which only had one VEB upwind of the facility.  The reverse was true for 

winds from the Southeast where high NH3 concentrations were measured despite having 

a VEB downwind of the facility.  Winds from the Northeast and Southwest produced the 

highest NH3 concentrations at 100 m downwind of the facility mainly due to the fact that 

there was no VEB to block the wind in either direction.  The above patterns were found 

for both a wall and column line VEB.   

 

 

Figure 5.4. Average NH3 concentrations measured 100 m downwind of a CAFO facility 
as a function of wind direction.  Concentrations shown in ugm-3.  Blue columns: Control 
scenario (no VEB present), Red columns: 15 m wall VEB, Green columns: 15 m column 
line VEB. 
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Fig. 5.5 shows calculated percent decreases in NH3 concentrations from the Control 

concentration 100 m downwind of the facility as a function of wind direction and VEB 

type.  When decreases from the control were examined, similar patterns of large 

decreases in NH3 concentration can be seen for winds from the North, East, South, West, 

and Northwest.  These directions had decreases of 69%, 77%, 74%, 74%, and 71% 

respectively for a 15 m wall VEB and had decreases of 80%, 83%, 73%, 58%, and 66% 

respectively for a 15 m column line VEB.   

 

 

Figure 5.5. Calculated percent decrease in concentration from the Control concentration 
100 m downwind of the facility as a function of wind direction. Blue columns: 15 m wall 
VEB, Red columns: 15 m column line VEB. 
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for a 15 m wall VEB and had decreases of 4%, 29%, and 8% respectively for a 15 m 

column line VEB.  Statistical comparison p-values between VEB types and the Control 

along with between the VEB types themselves at 100 m downwind for each wind 

direction can be found in Table 5.1 (an alpha value of 0.01 was used for the comparison).   

 

Table 5.1. Calculated Scheffe test p-values for each wind direction 100 m downwind with 
a wind velocity of 3.5 ms-1.  An alpha value of 0.01 was used for statistical comparison. 
 

Scheffe Test p-values for Wind Direction 

 
North 

 
Northeast 

Control Wall Columns Control Wall Columns 

Control 1.00 
  

Control 1.00 
  

Wall 0.00 1.00 
 

Wall 0.39 1.00 
 

Columns 0.00 0.00 1.00 Columns 0.99 0.41 1.00 

 
East 

 
Southeast 

Control Wall Columns Control Wall Columns 

Control 1.00   Control 1.00   

Wall 0.00 1.00  Wall 0.04 1.00  

Columns 0.00 0.00 1.00 Columns 0.22 0.43 1.00 

 
South 

 
Southwest 

Control Wall Columns Control Wall Columns 

Control 1.00 
  

Control 1.00 
  

Wall 0.00 1.00 
 

Wall 0.30 1.00 
 

Columns 0.00 0.34 1.00 Columns 0.94 0.43 1.00 

 
West 

 
Northwest 

Control Wall Columns Control Wall Columns 

Control 1.00   Control 1.00   

Wall 0.00 1.00  Wall 0.00 1.00  

Columns 0.00 0.07 1.00 Columns 0.00 0.61 1.00 

 

Downwind NH3 concentration found with wind directions from the North, East, South, 

West, and Northwest were found to be significantly different from those of the control 

with respective p-values of 0.00 for either a 15 m wall or column line VEB.  In contrast, 

downwind NH3 concentration found with wind directions from the Northeast, Southeast, 
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and Southwest were found not to be significantly different from those of the control with 

respective p-values much larger than 0.01 (assigned alpha value) for either a 15 m wall or 

column line VEB.  For most wind directions (Northeast, Southeast, South, Southwest, 

West, and Northwest), measured NH3 concentrations with a 15 m wall line were not 

statistically different from those of the associated 15 m column line concentration with p-

values falling above 0.01.  For wind directions from the North and East, measured NH3 

concentrations with a 15 m wall were found to be statistically different from those of the 

associated 15 m column line concentration with p-values of 0.00 respectively.   

 

5.2  Wind Velocity Analysis 

When the velocity of a Northwest wind was doubled from 3.5 ms-1 to 7.2 ms-1, 

decreased NH3 concentrations from those of the Control were measured 100 m downwind 

of the facility when a mature VEB (15 m tall) was present.  Fig. 5.6.a-h shows 3D 

AERMOD-generated dispersion from a Northwest wind direction as a function of wind 

velocity and VEB type.  In general, measured NH3 concentrations were lower than those 

produced by the 3.5 ms-1 velocity by roughly 50%.  This pattern was found to be similar 

for both the 15 m wall and 15 m column line VEBs and the Control.  However, the NH3 

concentrations for the 15 m wall and 15 m column line VEBs were both below 10 µgm-3 

under both wind velocities.  Fig. 5.7.a-b shows average NH3 concentrations measured 

100 m downwind of the facility as a function of wind velocity with a Northwest wind.   
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Figure 5.6. AERMOD generated 12-h dispersion plumes with a Northwest wind at 
velocities of 3.5 ms-1 and 7.2 ms-1 with a) no VEB (3.5 ms-1), b) no VEB (7.2 ms-1), c) 
15m solid wall (3.5 ms-1), d) 15m solid wall (7.2 ms-1), e) 15m column line (3.5 ms-1), 
and f) 15m column line (7.2 ms-1).  Concentration contours shown in µgm-3.   
     

In general, decreases from the control were similar for each wind velocity.  Each VEB 

type produced a decrease in concentration of approximately 60% at both wind velocities.  

Figure 5.8.a-b shows calculated percent decreases in NH3 concentrations 100 m 

downwind of the facility as a function of wind velocity from the Northwest.   

a. b. 

c. d. 

e. f. 
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Figure 5.7. Average NH3 concentrations 100 m downwind of the facility as a function of 
wind velocity a) 3.5 ms-1 and b) 7.2 ms-1 from the Northwest.  Concentrations shown in 
ugm-3.  Blue columns: Control scenario (no VEB present), Red columns: 15 m wall VEB, 
Green columns: 15 m column line VEB. 
 

  

Figure 5.8. Calculated percent decrease in concentration from the Control concentration 
100 m downwind of the facility as a function of wind velocity a) 3.5 ms-1 and b) 7.2 ms-1.  
Wind direction from the Northwest.  Blue columns: 15 m wall VEB, Red columns: 15 m 
column line VEB. 
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Statistical comparison p-values between VEB types and the Control, and between each of 

the VEB types at 100 m downwind for each wind velocity can be found in Table 5.2 (an 

alpha value of 0.01 was used for the comparison).  All VEB types produced downwind 

concentrations that were significantly different from that of the 3.5 ms-1 Control with 

respective p-values of 0.00.  The 7.2 ms-1 Control produced a concentration that was not 

significantly different from the 3.5 ms-1 Control with a comparison p-value of 0.04.  Both 

the 3.5 ms-1 VEB types produced NH3 concentrations that were found to not statistically 

different from the 7.2 ms-1 Control and VEB types with comparison p-values larger than 

0.01.  Both 7.2 ms-1 VEB types produced significantly different concentrations from the 

associated control with p-values of 0.00.  When the 7.2 ms-1 VEB types were compared 

to each other, produced NH3 concentrations were found to be not significantly different 

from each other with a p-value of 0.94. 

 

Table 5.2. Calculated Scheffe test p-values for each wind velocity 100 m downwind with 
a Northwest wind.  An alpha value of 0.01 was used for statistical comparison. 
 

Scheffe Test p-values for Wind Velocity (Northwest) 

 
3.5 ms-1 7.2 ms-1 

Control Wall Columns Control Wall Columns 

3
.5

 m
s-1

 Control 1.00 
     

Wall 0.00 1.00 
    

Columns 0.00 0.88 1.00 
   

7
.2

 m
s-1

 Control 0.04 0.54 0.11 1.00 
  

Wall 0.00 0.07 0.37 0.00 1.00 
 

Columns 0.00 0.02 0.09 0.00 0.94 1.00 

 

When a South wind doubled in velocity, NH3 concentrations also decreased from 

those of the Control at 100 m downwind of the facility with a mature VEB present.  Fig. 
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5.9.a-h shows 3D AERMOD-generated dispersion from a South wind direction as a 

function of wind velocity and VEB type.   

   

 

Figure 5.9. AERMOD generated 12-h dispersion plumes with a Southern wind at 
velocities of 3.5 ms-1  and 7.2 ms-1 with a) no VEB (3.5 ms-1), b) no VEB (7.2 ms-1), c) 
15m solid wall (3.5 ms-1), d) 15m solid wall (7.2 ms-1), e) 15m column line (3.5 ms-1), 
and f) 15m column line (7.2 ms-1).  Concentrations shown in µgm-3.   
 

a. b. 

c. d. 

e. f. 
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Measured NH3 concentrations were similar to those of a Northwest wind in both amount 

and pattern.  Fig. 5.10.a-b shows average NH3 concentrations measured 100 m downwind 

of the facility as a function of wind velocity with a Northwest wind.   

 

 

Figure 5.10. Average NH3 concentrations 100 m downwind of the facility as a function of 
wind velocity a) 3.5 ms-1 and b) 7.2 ms-1 from the South.  Concentrations shown in ugm-3.  
Blue columns: Control scenario (no VEB present), Red columns: 15 m wall VEB, Green 
columns: 15 m column line VEB. 
 

With a south wind, decreases in NH3 concentration from those of the control were also 

similar for each wind velocity.  At both wind velocities, each VEB type produced a 

decrease in concentration of approximately 60%.  Figure 5.11.a-b shows calculated 

percent decreases in NH3 concentrations 100 m downwind of the facility as a function of 

wind velocity from the Northwest.   
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Figure 5.11. Calculated percent decrease in concentration from the Control concentration 
100 m downwind of the facility as a function of wind velocity a) 3.5 ms-1 and b) 7.2 ms-1.  
Wind direction from the South.  Blue columns: 15 m wall VEB, Red columns: 15 m 
column line VEB. 
 

Statistical comparison p-values between VEB types and the Control, and between the 

different VEB types at 100 m downwind for each wind velocity can be found in Table 5.3 

(an alpha value of 0.01 was used for the comparison).  All VEB types (for both wind 

velocities) and the 7.2 ms-1 Control produced downwind concentrations that were 

significantly different from that of the 3.5 ms-1 Control.  When the VEB types were 

compared to each other at 3.5 ms-1, the NH3 concentrations were found to be not 

significantly different from each other, with a p-value of 0.85.  VEB types at 3.5 ms-1 

produced NH3 concentrations that were not statistically different from the 7.2 ms-1 

Control with comparison p-values of 0.20 and 0.03.  The 15 m column line VEB at 3.5 

ms-1 produced a NH3 concentration that was not significantly different from the 

concentration produced by the 15 m wall VEB at 7.2 ms-1, with a comparison p-value of 

0.04.  Again, both VEB types at 7.2 ms-1 produced significantly different concentrations 
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from the associated Control and when the VEB types were compared to each other, NH3 

concentrations were found to be not significantly different from each other with a p-value 

of 0.83.  These significance patterns were different from those of the Northwest wind 

direction despite having similar concentrations and percent decreases. 

 

Table 5.3. Calculated Scheffe test p-values for each wind velocity 100 m downwind with 
a South wind.  An alpha value of 0.01 was used for statistical comparison. 
 

Scheffe Test p-values for Wind Velocity (South) 

 
3.5 ms-1 7.2 ms-1 

Control Wall Columns Control Wall Columns 

3
.5

 m
s-1

 Control 1.00 
     

Wall 0.00 1.00 
    

Columns 0.00 0.85 1.00 
   

7
.2

 m
s-1

 Control 0.00 0.20 0.03 1.00 
  

Wall 0.00 0.00 0.04 0.00 1.00 
 

Columns 0.00 0.00 0.00 0.00 0.83 1.00 

 

5.3  VEB Height Analysis  

Decreased NH3 concentrations from those of the Control were observed 100 m 

downwind of the facility when a VEB (3 m, 6 m, 9 m, 12 m, or 15 m) was placed to 

block the overall wind flow.  Fig. 5.12.a-f shows 3D AERMOD generated dispersion 

plumes for a wall VEB as a function of VEB height with a South wind at 3.5 ms-1 while 

Fig. 5.13.a-f shows dispersion plumes with a column line VEB.  Overall, a large drop in 

concentration was found for all VEB heights at 100 m downwind, and both VEB types 

produced similar downwind concentrations.  Concentrations fell significantly at 100 m 

downwind when a 3 m VEB was placed around the facility.  At a height of 6 m, the 

concentration dropped slightly from that of 3 m.  At heights above 6 m, similar NH3 
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concentrations were found to that of the 6 m height and Fig. 5.14 shows average NH3 

concentrations measured 100 m downwind of the facility as a function of VEB height. 

  

 

Figure 5.12. AERMOD generated 3D 12-h dispersion plumes with a Southern wind at 
velocities of 3.5 ms-1 with wall VEB at heights of a) 0 m, b) 3 m, c) 6 m, d) 9 m, e) 12 m, 
and f) 15 m.  Concentration contours shown in µgm-3.   
 

 

 

a. b. 

c. d. 

e. f. 
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Figure 5.13. AERMOD generated 3D 12-h dispersion plumes with a Southern wind at 
velocities of 3.5 ms-1 with column line VEB at heights of a) 0 m, b) 3 m, c) 6 m, d) 9 m, 
e) 12 m, and f) 15 m.  Concentration contours shown in µgm-3.   
 

Large decreases from the 0 m VEB height concentration were found for each 

consecutively higher VEB height.  Fig. 5.15 shows calculated decreases in NH3 

concentrations 100 m downwind of the facility as a function of VEB height with a South 

wind at 3.5 ms-1.  At 3 m, the decrease was about 60% while at 6 m the percent decrease 

a. 

c. d. 

e. f. 

b. 
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was about 75% from the 0 m concentration.    At heights of 9 m, 12 m, and 15 m, similar 

decreases of approximately 72% were found.  Both the wall and column line VEB types 

had similar decrease patterns.   

 

 

Figure 5.14: Average NH3 concentrations measured 100 m downwind of a CAFO facility 
as a function of VEB height.  Concentrations shown in ugm-3.  Blue columns: 15 m wall 
VEB; Red columns: 15 m column line VEB. 
 

Statistical comparison p-values between VEB heights at 100 m downwind can be found 

in Table 5.4 (an alpha value of 0.01 was used for the comparison).  For the wall VEB 

type, heights of 3 m, 6 m, 9 m, 12 m, and 15 m produced significantly different 

concentrations from that of 0 m with comparison p-values of 0.00.    The 3 m VEB height 

produced NH3 concentrations that were significantly different from heights of 6 m, 9 m, 

12 m, and 15 m with respective comparison p-values of 0.00.  The 6 m, 9 m, 12 m, and 

15 m VEB heights produced concentrations that were not significantly different from 
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each other with comparison p-values much larger than 0.01.   For the column line VEB 

type, heights of 3 m, 6 m, 9 m, 12 m, and 15 m produced significantly different 

concentrations from that of 0 m with comparison p-values of 0.00.    With a column line 

VEB, the 3 m VEB height also produced NH3 concentrations that were significantly 

different from heights of 6 m, 9 m, 12 m, and 15 m with respective comparison p-values 

of 0.00.  The 6 m, 9 m, 12 m, and 15 m column line VEB heights produced 

concentrations that were not significantly different from each other with comparison p-

values much larger than 0.01.           

 

 

Figure 5.15. Calculated percent decrease in concentration from the Control concentration 
100 m downwind of the facility as a function of VEB height. Blue columns: 15 m wall 
VEB, Red columns: 15 m column line VEB. 
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Table 5.4. Calculated Scheffe test p-values for each VEB height 100 m downwind with a 
South wind at a velocity of 3.5 ms-1.  An alpha value of 0.01 was used for statistical 
comparison. 
 

Scheffe Test p-values for VEB Height 

Wall 

 
0 m 3 m 6 m 9 m 12 m 15 m 

0 m 1.00 
     

3 m 0.00 1.00 
    

6 m 0.00 0.00 1.00 
   

9 m 0.00 0.00 0.91 1.00 
  

12 m 0.00 0.00 0.89 1.00 1.00 
 

15 m 0.00 0.00 0.99 0.98 0.98 1.00 

Columns 

 
0 m 3 m 6 m 9 m 12 m 15 m 

0 m 1.00 
     

3 m 0.00 1.00 
    

6 m 0.00 0.00 1.00 
   

9 m 0.00 0.00 0.91 1.00 
  

12 m 0.00 0.00 0.89 1.00 1.00 
 

15 m 0.00 0.00 0.99 0.98 0.98 1.00 

 

 

5.4  Upper-level Resolution Analysis 

Overall, both low and high resolution upper-level files produced similar 100 m 

downwind NH3 concentrations.  Fig. 5.16.a-d shows AERMOD-generated dispersion 

under both low and high resolution upper-level files with either a 15 m wall or a 15 m 

column line VEB present around the facility.  With a low resolution upper-level file, 

average downwind concentrations were found to be 9.7 µgm-3 and 9.4 µgm-3 respectively 

for a wall and column line VEB.  With a high resolution upper-level file, average 

downwind concentrations were found to be 11.6 µgm-3 and 8.9 µgm-3 respectively for a 

wall and column line VEB.  Figure 5.17 shows average NH3 concentrations measured 
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100 m downwind of the CAFO facility as a function of upper-level file resolution and 

VEB type.  

 

 

Figure 5.16. AERMOD generated 3D 12-h dispersion plumes with a Southern wind at 
velocities of 3.5 ms-1 with a) low resolution upper-level file with 15 m wall, b) high 
resolution upper-level file with 15 m wall, c) low resolution upper-level file with 15 m 
column line, and d) high resolution upper-level file with 15 m column line.  
Concentration contours shown in µgm-3.  
 
  
Statistical comparison p-values between VEB types at 100 m downwind for each upper-

level resolution can be found in Table 5.5 (an alpha value of 0.01 was used for the 

comparison).  In general, downwind NH3 concentrations were found to be not 

significantly different under either a low or high upper-level resolutions and with either a 

wall or column line VEB. 

 

a. b. 

c. d. 
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Figure 5.17. Average NH3 concentrations measured 100 m downwind of a CAFO facility 
as a function of upper-level resolution.  Concentrations shown in ugm-3.  Blue columns: 
15 m wall VEB; Red columns: 15 m column line VEB. 
 

 

Table 5.5. Calculated Scheffe test p-values for each upper-level resolution 100 m 
downwind with a South wind at a velocity of 3.5 ms-1.  An alpha value of 0.01 was used 
for statistical comparison. 
 

Scheffe Test p-values for Upper-level Resolution 

 
Low High 

Wall Columns Wall Columns 

L
o

w
 Wall 1.00 

   

Columns 0.99 1.00 
  

H
ig

h
 Wall 0.53 0.43 1.00 

 

Columns 0.90 0.96 0.23 1.00 
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5.5  Source-type Analysis 

Fig. 5.18.a-f shows AERMOD-generated dispersion under both point and area 

source types with each VEB type.   

 

 

Figure 5.18. AERMOD generated 3D 12-h dispersion plumes with a Southern wind at 
velocities of 3.5 ms-1 with a) Control scenario (no VEB present) for point source type, b) 
Control scenario (no VEB present) for area source type, c) 15 m wall VEB for point 
source type, d) 15 m wall VEB for area source type, e) 15 m column line VEB for point 
area point source type, and f) 15 m column line VEB for area source type.  Concentration 
contours shown in µgm-3.   

a. 

c. d. 

e. 

b. 

f. 
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With either point or an area source, decreased NH3 concentrations were measured 100 m 

downwind of the facility with a mature VEB (15 m tall) present.  Figure 5.19 shows 

average NH3 concentrations measured 100 m downwind of the CAFO facility as a 

function of source-type and VEB type.  Low NH3 concentrations were found 100 m 

downwind when facility sources were treated as point sources.  Even lower NH3 

concentrations were found 100 m downwind when the facility sources were treated as an 

area source.  The above patterns were found for both a wall and column line VEB. 

  

 

Figure 5.19. Average NH3 concentrations measured 100 m downwind of a CAFO facility 
as a function of source type.  Concentrations shown in ugm-3.  Blue columns: Control 
Scenario (no VEB present); Red columns: 15 m wall VEB; Green columns: 15 m column 
line VEB. 
 

Fig. 5.20 shows calculated percent decreases in NH3 concentrations from the Control 

concentration 100 m downwind of the facility as a function of source type and VEB type.  
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For point sources, both a wall and column line VEB had similar patterns of large 

decreases in NH3 concentration of 73% and 74% respectively.  For an area source, both a 

wall and column line VEB again had similar patterns of large decreases in 100 m 

downwind NH3 concentration of 85% and 85% respectively.   

 

 

Figure 5.20. Calculated percent decrease in concentration from the Control concentration 
100 m downwind of the facility as a function of source type. Blue columns: 15 m wall 
VEB, Red columns: 15 m column line VEB. 
 

Statistical comparison p-values between VEB types and the Control along with between 

the VEB types themselves at 100 m downwind for each source type can be found in 

Table 5.6 (an alpha value of 0.01 was used for the comparison).  For both source types, 

downwind NH3 concentrations were found to be significantly different from the 

respective controls.  This was found to be true for both a wall or column line VEB with 
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0

20

40

60

80

100

Point Area

Pe
rce

nt 
De

cre
ase

 (%
)

Source Type

Percent Decrease NH3 Concentration 100 m Downwind



109 
 

VEBs produced NH3 concentrations that were not significantly different from each other.  

The area source NH3 concentrations were found to be significantly different from those 

of the point source type with comparison p-values of 0.00.  For the area source type, both 

the wall and column line VEBs produced NH3 concentrations that were not significantly 

different from each other.   

   

Table 5.6. Calculated Scheffe test p-values for each source-type 100 m downwind with a 
South wind at a velocity of 3.5 ms-1.  An alpha value of 0.01 was used for statistical 
comparison. 
 

Scheffe Test p-values for Source-type 

 
Point Area 

Control Wall Columns Control Wall Columns 

P
o

in
t Control 1.00 

     
Wall 0.00 1.00 

    
Columns 0.00 1.00 1.00 

   

A
re

a 

Control 0.99 0.00 0.00 1.00 
  

Wall 0.00 0.00 0.00 0.00 1.00 
 

Columns 0.00 0.00 0.00 0.00 1.00 1.00 

 
 

5.6  Regulatory Practice 

On 4/19/2012, a hypothetical regulator measured a NH3 concentration of 12.41 

ppb (after subtracting average growing season background concentration of 15 ppb) at a 

measurement point located 1 km downwind (x-direction) and 40 m off the primary 

downwind plume line (y-direction).  The regulator used the measured concentration along 

with Equation 3.2 and the measured atmospheric conditions to determine the amount of 

NH3 emitted by the facility was 1.042 gs-1 (if the facility was treated as an area source).  

This gave a daily emission rate of 90 kgd-1 which exceeded the CERCLA regulation (45 

kgd-1) by 45 kgd-1 or 100%.  If a mature (15 m) VEB was implemented around the 
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facility, the measured downwind concentration would have been 6.58 ppb assuming a 

47% reduction in concentration (single downwind column line VEB located 24 m from 

the source).  Using the concentration, the regulator calculated the emission rate to be 0.55 

gs-1.  This gave a daily emission rate of 48 kgd-1 which only exceeded the CERCLA 

regulation by 3 kgd-1 or 1%.  With the presence of just one VEB downwind, the facility 

would only have to lower emissions slightly to meet the regulation.  If a VEB is 

implemented both upwind and downwind, an even larger decrease in downwind 

concentration would be experienced and the facility would be able to continue to emit at 

its current amount.       

 

5.7  Conclusions 

A mature (15 m) VEB is effective at lowering downwind NH3 concentrations for 

both a wall and column line.  Below is a breakdown of the different tests on VEB 

effectiveness: 

• Based on wind direction, a VEB offers an effective tool for decreasing downwind 

NH3 concentrations at 100 m.  When a VEB is placed to block the wind flow, large 

decreases in downwind concentration are observed.  This is noticeable for all 

directions that a VEB is present and is an expected outcome as dispersion is 

enhanced.  When a gap is present in a VEB, concentrations are similar to those if no 

VEB is present.  This is particularly true if gaps are aligned with each other.   

• Large percent decreases are also observed as a function of wind velocity.  At both a 

moderate and high wind velocity, a decreasing pattern in NH3 concentration is 
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observed downwind of the VEB.  Higher wind velocities cause larger decreases in 

NH3 concentration which is expected as dispersion is again enhanced. 

• Based on tree growth, a VEB is effective at lowering downwind NH3 concentrations 

at heights of 3 m or greater for sources located near the surface.  These observed 

decreases in downwind concentration are found to be significant.  There is also a 

significant additional decrease when the height of the VEB is raised to 6 m.  At 

heights above 6 m, similar decreases are found, showing that a VEB at 6 m can be 

effective at lowering downwind NH3 concentrations from a surface-level source and 

that VEBs should be established at a 6 m height.  Different results may be found if 

sources are not at ground level or if actual trees are used for the VEB as changes in 

porosity and absorption of chemicals would be experienced. 

• Based on upper-level file resolution, no difference is observed between measured 

downwind NH3 concentrations showing that vertical resolution of the upper-level file 

has limited impact on AERMOD-generated dispersion.  The model seems to be able 

to fill in the missing data with a low resolution file and offers similar results to that of 

the high resolution file.  This shows that upper-level soundings with just mandatory 

pressure levels can be effectively used to simulate dispersion in AERMOD. 

• Based on source type, both source types produce large decreases in downwind 

concentration with either a wall or column line VEB present.  Area sources produce 

slightly lower, but significantly different, downwind NH3 concentrations than the 

point sources.  The plumes generated by area sources are more spread out causing the 

lower concentrations.  This shows that AERMOD can handle both point source and 
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area source types when examining VEB dispersion (if accurately portrayed in the 

model), but point sources seem to represent a slightly more realistic plume shape. 

• With just one VEB present downwind, the hypothetical facility significantly reduces 

downwind concentrations and puts emission rates closer to the CERCLA regulation.  

With a VEB present upwind and downwind, the facility would reduce downwind 

concentrations even more allowing for continued emission at the current rate.   
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Chapter 6 – Dispersion Forecasting 

 

 

This chapter outlines verification of forecasted dispersion trends against collected 

NH3 concentration data.  Section 6.1 shows dispersion forecasts for several days in 2010 

and 2012 using both RUC initializations (between 12Z and 00Z) and a 12 h RUC forecast 

(12Z initial time of forecast) as input to the AERMET preprocessor.  Section 6.2 details 

observed patterns in collected NH3 and H2S concentrations, while section 6.3 describes a 

GIS analysis of these concentrations.  Section 6.4 utilizes the collected NH3 

concentrations to verify both the RUC initialization and RUC forecasted dispersion 

trends through the use of a spatial correlation.  Section 6.5 discusses the overall 

conclusions for this part of the study. 

   

6.1  Dispersion Forecasts 

 On 5/7/2010, the RUC model analyzed a surface wind primarily from the 

West/Northwest with an average velocity of 9 ms-1 during the collection period.  An 

average surface temperature of 13 ◦C was also analyzed between 1 pm and 4pm 

(collection period) and the general sky conditions were assumed to be clear.  Based on 

the RUC initialization weather data, AERMOD modeled the plume to disperse to the 

East/Southeast of the CAFO facility and is shown for each collection hour in Fig. 6.1.a-d.   
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Figure 6.1.  AERMOD-produced dispersion plume based on RUC initialization weather 
data for the time periods of a) 1pm, b) 2pm, c) 3pm, and d) 4pm on 5/7/2010.  NH3 
concentration contours shown in µgm-3. 
 

 

The 12Z RUC forecast determined the surface wind to be primarily from the Northwest 

during the collection period with an average velocity of 11 ms-1.  The surface temperature 

was also predicted to be about 16 ◦C between 1 pm and 4pm (collection period) and 

general sky conditions were again assumed to be clear.  Based on the 12Z RUC forecast, 

AERMOD predicted the plume to disperse to the Southeast of the CAFO facility and is 

shown for each collection hour in Fig. 6.2.a-d.   

 

a. b. 

c. d. 
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Figure 6.2.  AERMOD-predicted dispersion plume based on 12Z RUC forecast weather 
data for the time periods of a) 1pm, b) 2pm, c) 3pm, and d) 4pm on 5/7/2010.  NH3 
concentration contours shown in µgm-3. 
 

 

On 6/11/2010, the RUC model analyzed a surface wind primarily from the 

South/Southwest with an average velocity of 6 ms-1 during the collection period.  An 

average surface temperature of 26 ◦C was also analyzed between 1 pm and 4pm 

(collection period) and the general sky conditions were assumed to be clear.  Based on 

the RUC initialization weather data, AERMOD modeled the plume to disperse to the 

North/Northeast of the CAFO facility and is shown for each hour in Fig. 6.3.a-d.   

a. b. 

c. d. 
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Figure 6.3.  AERMOD-produced dispersion plume based on RUC initialization weather 
data for the time periods of a) 1pm, b) 2pm, c) 3pm, and d) 4pm on 6/11/2010.  NH3 
concentration contours shown in µgm-3. 
 

 

The 12Z RUC forecast determined the surface wind to be primarily from the Southwest 

during the collection period with an average velocity of 6 ms-1.  The surface temperature 

was also predicted to be about 29 ◦C between 1 pm and 4pm (collection period) and 

general sky conditions were again assumed to be clear.  Based on the 12Z RUC forecast, 

AERMOD predicted the plume to disperse to the Northeast of the CAFO facility and is 

shown for each collection hour in Fig. 6.4.a-d.   

a. b. 

c. d. 
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Figure 6.4.  AERMOD-predicted dispersion plume based on 12Z RUC forecast weather 
data for the time periods of a) 1pm, b) 2pm, c) 3pm, and d) 4pm on 6/11/2010.  NH3 
concentration contours shown in µgm-3. 
 

 

On 7/26/2010, the RUC model analyzed a surface wind primarily from the 

Southeast with an average velocity of 4 ms-1 during the collection period.  An average 

surface temperature of 27 ◦C was also analyzed between 1 pm and 4pm (collection 

period) and the general sky conditions were assumed to be clear.  Based on the RUC 

initialization weather data, AERMOD modeled the plume to disperse to the Northwest of 

the CAFO facility and is shown for each collection hour in Fig. 6.5.a-d.   

a. b. 

c. d. 
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Figure 6.5.  AERMOD-produced dispersion plume based on RUC initialization weather 
data for the time periods of a) 1pm, b) 2pm, c) 3pm, and d) 4pm on 7/26/2010.  NH3 
concentration contours shown in µgm-3. 
 

 

The 12Z RUC forecast determined the surface wind to be primarily from the 

South/Southeast during the collection period with an average velocity of 4 ms-1.  The 

surface temperature was also predicted to be about 27 ◦C between 1 pm and 4pm 

(collection period) and general sky conditions were again assumed to be clear.  Based on 

the 12Z RUC forecast, AERMOD predicted the plume to disperse to the North/Northwest 

of the CAFO facility and is shown for each collection hour in Fig. 6.6.a-d.  

a. b. 

c. d. 
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Figure 6.6.  AERMOD-predicted dispersion plume based on 12Z RUC forecast weather 
data for the time periods of a) 1pm, b) 2pm, c) 3pm, and d) 4pm on 7/26/2010.  NH3 
concentration contours shown in µgm-3. 
 

 

On 4/19/2012, the RUC model analyzed a surface wind primarily from the South 

with an average velocity of 10 ms-1 during the collection period.  An average surface 

temperature of 20 ◦C was also analyzed between 1 pm and 4pm (collection period) and 

the general sky conditions were assumed to be clear.  Based on the RUC initialization 

weather data, AERMOD modeled the plume to disperse to the North of the CAFO 

facility and is shown for each collection hour in Fig. 6.7.a-d.   

a. b. 

c. d. 
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Figure 6.7.  AERMOD-produced dispersion plume based on RUC initialization weather 
data for the time periods of a) 1pm, b) 2pm, c) 3pm, and d) 4pm on 4/19/2012.  NH3 
concentration contours shown in µgm-3. 
 

 

The 12Z RUC forecast determined the surface wind to be primarily from the South 

during the collection period with an average velocity of 13 ms-1.  The surface temperature 

was also predicted to be about 22 ◦C between 1 pm and 4pm (collection period) and 

general sky conditions were again assumed to be clear.  Based on the 12Z RUC forecast, 

AERMOD predicted the plume to disperse to the North of the CAFO facility and is 

shown for each collection hour in Fig. 6.8.a-d.   

a. b. 

c. d. 
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Figure 6.8.  AERMOD-predicted dispersion plume based on 12Z RUC forecast weather 
data for the time periods of a) 1pm, b) 2pm, c) 3pm, and d) 4pm on 4/19/2012.  NH3 
concentration contours shown in µgm-3. 
 

 

6.2  Pollutant Collection 

 Average NH3 and H2S concentrations collected for 8/5/2008, 9/19/2008, 

12/19/2008, 3/9/2009, 3/23/2009, 5/22/2009, 7/9/2009, 8/19/2009, 11/3/2009, 5/7/2010, 

6/11/2010, 6/28/2010, 7/26/2010 and 4/19/2012 can be found in Tables 4.1, 4.2, and 4.3.  

Collection point locations around the facility can be found in Chapter 3.  Overall, 

measured NH3 concentrations were much higher than those of H2S.  NH3 concentrations 

a. b. 

c. d. 
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ranged from around 0 ppb to as high as approximately 450 ppb while H2S concentrations 

ranged from 0 ppb to approximately 60 ppb.  

 

Table 6.1. Average NH3 and H2S concentrations (ppb) collected on 8/5/2008, 9/19/2008, 
and 12/19/2008.  Points that were not accessible for measurement are marked with an X. 
 

 8-5-2008 9-19-2008 12-19-2008 

Point Number NH3 H2S NH3 H2S NH3 H2S 

1 18.83 0 5.59 1.67 5.75 2.67 

2 30.89 0 4.59 1.67 5.80 3.00 

3 25.47 0 6.02 0.67 X X 

4 18.02 0 8.85 1.67 5.67 2.67 

5 20.61 0 15.46 1.33 1.30 1.00 

6 23.17 0 26.34 5.33 4.28 2.33 

7 15.79 0 20.48 1.67 6.00 4.00 

8 23.67 1.67 9.44 1.00 18.75 3.00 

9 14.66 0.67 22.58 2.00 11.38 1.67 

10 14.42 0 14.12 1.67 3.24 1.00 

11 17.05 0 15.04 2.00 2.08 1.67 

R1 X X X X X X 

R2 30.35 0 136.20 3.33 20.88 3.00 

R3 21.31 0 164.88 13.33 21.89 7.67 

R4 X X 339.86 57.67 X X 

G1 X X X X 119.82 16.33 

G2 174.13 15.33 40.20 11.67 170.29 22.00 

G3 308.34 10.67 75.94 7.33 328.78 31.67 

G4 201.00 13.00 33.28 3.33 67.52 4.00 

TS1 X X X X X X 

TS2 X X X X X X 

TS3 X X X X X X 

TS4 X X X X X X 

TN1 X X X X X X 

TN2 X X X X X X 

TN3 X X X X X X 

TN4 X X X X X X 
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Table 6.2. Average NH3 and H2S concentrations (ppb) collected on 3/9/2009, 3/23/2009, 
5/22/2009, 7/9/2009, 8/19/2009, and 11/3/2009.  Points that were not accessible for 
measurement are marked with an X. 
 

 3-9-2009 3-23-2009 5-22-2009 7-9-2009 8-19-2009 11-3-2009 

Point NH3 H2S NH3 H2S NH3 H2S NH3 H2S NH3 H2S NH3 H2S 

1 6.32 1.00 7.78 3.67 77.43 4.67 36.55 0.67 11.76 0.00 9.41 3.00 

2 9.97 10.0 10.2 4.00 13.74 2.67 31.76 1.33 8.07 0.67 8.83 2.33 

3 8.15 1.00 8.21 3.00 13.62 4.00 25.68 0.67 6.77 0.67 7.60 3.00 

4 7.87 1.00 8.34 3.67 16.70 4.00 75.80 0.33 8.29 0.33 7.86 2.67 

5 6.62 2.00 8.47 3.67 15.78 4.00 6.86 1.00 6.51 0.33 6.43 2.67 

6 4.59 2.00 X X 203.3 8.00 19.53 0.00 4.71 1.33 7.43 3.00 

7 X X 9.51 4.67 12.53 3.33 14.69 0.33 7.44 1.00 6.00 4.00 

8 X X 5.64 4.33 11.72 2.67 13.69 0.67 9.70 0.33 8.16 3.67 

9 4.98 0.00 7.88 3.33 6.91 1.67 7.08 0.00 11.57 0.00 7.42 2.67 

10 6.10 0.00 4.19 1.33 8.66 2.00 9.23 0.00 6.93 0.00 8.57 2.33 

11 6.72 0.00 6.32 2.00 18.47 2.00 14.94 0.00 12.10 0.00 X X 

R1 X X X X 31.85 5.33 19.57 1.67 5.29 1.00 X X 

R2 6.80 1.67 6.28 7.67 132.5 4.33 14.56 0.33 5.13 1.67 3.81 3.67 

R3 X X X X X X 14.84 1.00 15.24 2.67 10.88 3.00 

R4 X X X X X X X X X X X X 

G1 X X X X 23.37 4.00 22.78 0.67 95.28 19.33 36.13 2.33 

G2 X X X X 13.15 4.00 386.5 22.00 171.8 14.33 17.59 4.00 

G3 X X X X 27.42 4.33 407.4 37.67 85.65 13.00 40.16 6.33 

G4 X X X X 23.79 4.00 218.1 22.67 24.73 3.00 16.47 4.00 

TS1 6.99 2.00 8.60 4.33 21.04 3.33 139.6 6.33 X X X X 

TS2 X X X X X X 283.1 27.67 21.92 3.00 X X 

TS3 6.79 2.00 8.59 4.67 25.77 3.67 166.9 17.00 20.15 2.00 X X 

TS4 5.76 1.67 6.33 5.00 14.90 4.00 121.2 16.00 38.07 2.33 X X 

TN1 4.77 1.67 7.88 4.00 16.14 4.33 72.54 1.67 X X X X 

TN2 X X X X X X 44.42 2.00 X X X X 

TN3 X X X X 186.7 53.3 46.39 1.00 X X X X 

TN4 X X X X X X 58.02 2.00 X X X X 
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Table 6.3. Average NH3 and H2S concentrations (ppb) collected on 5/7/2010, 6/11/2010, 
6/28/2010, 7/26/2010, and 4/19/2012.  Points that were not accessible for measurement 
are marked with an X. 
 

 5-7-2010 6-11-2010 6-28-2010 7-26-2010 4-19-2012 

Point NH3 H2S NH3 H2S NH3 NH3 H2S NH3 H2S 

1 9.40 3.00 8.87 0.00 23.26 21.33 2.67 22.22 4.00 

2 6.16 3.67 15.97 0.00 15.29 23.61 3.33 20.17 5.33 

3 6.08 2.33 11.96 0.67 15.56 19.94 2.33 18.68 3.00 

4 19.72 3.67 14.44 0.00 27.41 22.40 4.00 21.89 3.00 

5 20.74 2.00 23.87 2.00 30.60 18.37 3.67 17.15 2.33 

6 12.04 2.00 39.56 5.33 33.76 35.04 3.33 17.25 2.67 

7 16.62 2.00 11.95 0.33 16.17 53.14 7.00 9.79 2.33 

8 13.26 2.00 12.78 0.00 17.18 31.44 3.67 X X 

9 8.75 3.00 9.75 0.00 18.87 17.92 2.67 8.07 2.33 

10 6.66 2.33 14.24 0.00 23.71 11.77 1.00 9.70 2.33 

11 3.69 2.00 21.43 0.00 23.97 18.97 1.67 9.04 1.33 

R1 10.05 2.00 85.96 11.00 34.93 25.63 4.00 13.94 3.00 

R2 23.32 5.00 160.37 16.33 35.57 16.46 3.67 12.69 3.33 

R3 136.26 11.00 51.27 2.00 35.85 353.65 18.00 11.87 3.33 

R4 X X 42.86 1.67 32.51 310.58 34.00 11.77 3.33 

G1 147.37 12.00 32.56 2.00 X 346.00 50.67 10.57 2.00 

G2 X X 24.62 2.00 X X X 10.31 3.33 

G3 55.00 4.67 18.29 2.00 X 272.90 38.33 10.70 3.00 

G4 32.26 6.00 67.55 2.00 X 171.92 26.67 10.31 3.00 

TS1 X X 43.58 2.00 X 147.31 19.00 X X 

TS2 16.87 4.00 24.74 1.33 X X X X X 

TS3 16.88 3.00 X X X 41.02 7.33 X X 

TS4 22.76 2.00 21.46 2.00 X 49.06 5.00 X X 

TN1 X X 163.60 25.33 54.36 67.95 4.33 X X 

TN2 X X 109.42 15.67 79.26 X X X X 

TN3 X X 76.74 2.33 168.04 X X X X 

TN4 X X X X 107.65 X X X X 

 

The growing season (late spring, summer, and early fall) had the highest average and 

maximum concentrations of both gases; while late fall, winter, and early spring (non-

growing season) had the lowest average and maximum concentrations of both NH3 and 

H2S.  Also during the growing season, the average background concentration for NH3 
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was approximately 15 ppb with a range from 10 ppb to 20 ppb.  During the non-growing 

season, the average background concentration for NH3 was approximately 8 ppb with a 

range from 7 ppb to 9 ppb.  For H2S, the growing season background concentration was 

approximately 3 ppb with a range extending from 0 ppb to 5 ppb, while the non-growing 

season background concentration was about 2 ppb with a range from 0 ppb to 4 ppb.  

Spatially, the highest concentrations of NH3 and H2S were found near the facility.  As 

measurement point distance increased from the facility there was a significant drop in 

concentration for both NH3 and H2S.  Fig. 6.9 and 6.10 detail measured average NH3 and 

H2S concentrations at each grid point around the facility during each measurement day. 

 

 

Figure 6.9. Average NH3 concentrations (ppb) measured at each grid point during each 
collection day.  Grid point naming scheme can be found in Chapter 3. 
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Figure 6.10. Average H2S concentrations (ppb) measured at each grid point during each 
collection day.  Grid point naming scheme can be found in Chapter 3.  No H2S 
concentration data was collected on 4/19/2012. 
 

6.3  GIS Analysis 

During the collection period on 8/5/2008, the observed surface wind, at the 

weather station nearby the facility, was primarily out of the Northeast with an average 

velocity of 4 ms-1.  The surface temperature averaged about 29 ◦C and the sky conditions 

were clear.  In general, measured NH3 concentrations were much higher than those of 

H2S and concentration contours for each gas are shown in Fig. 6.11 and 6.12.  Both 

plumes moved in a similar Southwestern direction from the facility matching the overall 

wind direction (over 50% of the 60◦ directional cone filled).  Only H2S concentrations 

exceeded the smell threshold of 8 ppb and affected areas are shown in Fig. 6.13. 
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Figure 6.11. GIS-generated H2S contours for concentrations measured on 8/5/2008.  
Contours in 1 ppb increments from 0 ppb to 10 ppb and greater.   
 

 

Figure 6.12. GIS-generated NH3 contours for concentrations measured on 8/5/2008.  
Contours in 10 ppb increments from 0 ppb to 100 ppb and greater.   
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Figure 6.13. Areas that exceed the H2S smell threshold of 8 ppb for 8/5/2008. 

 

On 9/19/2008, the nearby observed surface wind was primarily out of the South with an 

average velocity of 3 ms-1.  The surface temperature averaged about 26 ◦C and the sky 

conditions were clear.  Again, measured NH3 concentrations were much higher than those 

of H2S and concentration contours for each gas are shown in Fig. 6.14 and 6.15.  Both 

plumes moved in a similar Eastern direction from the facility, but did not match the 

overall wind direction (less than 50% of the 60◦ directional cone filled).  A more 

Northerly plume direction is required for the plumes to match the overall wind direction.  

Only H2S concentrations exceeded the smell threshold of 8 ppb and affected areas are 

shown in Fig. 6.16.   
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Figure 6.14. GIS-generated H2S contours for concentrations measured on 9/19/2008.  
Contours in 1 ppb increments from 0 ppb to 10 ppb and greater.   
 

 

Figure 6.15. GIS-generated NH3 contours for concentrations measured on 9/19/2008.  
Contours in 10 ppb increments from 0 ppb to 100 ppb and greater.   
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Figure 6.16. Areas that exceed the H2S smell threshold of 8 ppb for 9/19/2008. 

 

During the collection period on 12/19/2008, the observed surface wind, at the 

weather station nearby the facility, was primarily out of the Northwest with an average 

velocity of 6 ms-1.  The surface temperature averaged about -4 ◦C and the sky conditions 

were clear.  In general, measured NH3 concentrations were much higher than those of 

H2S, especially around the facility, and concentration contours for each gas are shown in 

Fig. 6.17 and 6.18.  Both plumes moved in a similar Southeastern direction from the 

facility matching the overall wind direction (over 50% of the 60◦ directional cone filled).  

Several measured H2S concentrations exceeded the smell threshold of 8 ppb and affected 

areas are shown in Fig. 6.19.  NH3 concentrations did not exceed the smell threshold of 

5000 ppb. 
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Figure 6.17. GIS-generated H2S contours for concentrations measured on 12/19/2008.  
Contours in 1 ppb increments from 0 ppb to 10 ppb and greater.   
 

 

Figure 6.18. GIS-generated NH3 contours for concentrations measured on 12/19/2008.  
Contours in 10 ppb increments from 0 ppb to 100 ppb and greater.   
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Figure 6.19. Areas that exceed the H2S smell threshold of 8 ppb for 12/19/2008. 

 

On 3/9/2009, the observed surface wind was primarily out of the East/Southeast 

with an average velocity of 5 ms-1.  The surface temperature averaged about 7 ◦C and the 

sky conditions were partly cloudy with an average ceiling height of 2600 m.  Measured 

NH3 concentrations were only slightly higher than those of H2S and concentration 

contours for each gas are shown in Fig. 6.20 and 6.21.  Both plumes moved in a similar 

Western direction that stretched to both the Northwest and Southwest of the facility 

matching the overall wind direction (over 50% of the 60◦ directional cone filled).  Again, 

measured H2S concentrations exceeded the smell threshold of 8 ppb and affected areas 

are shown in Fig. 6.22.  Again, NH3 concentrations did not exceed the smell threshold of 

5000 ppb. 
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Figure 6.20. GIS-generated H2S contours for concentrations measured on 3/9/2009.  
Contours in 1 ppb increments from 0 ppb to 10 ppb and greater.   
 

 

Figure 6.21. GIS-generated NH3 contours for concentrations measured on 3/9/2009.  
Contours in 10 ppb increments from 0 ppb to 100 ppb and greater.   
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Figure 6.22. Areas that exceed the H2S smell threshold of 8 ppb for 3/9/2009. 

 

During the collection period on 3/23/2009, the observed surface wind, at the 

weather station nearby the facility, was primarily out of the South with an average 

velocity of 11 ms-1.  The surface temperature averaged about 23 ◦C and the sky conditions 

were partly cloudy with an average ceiling height of 2400 m.  In general, measured NH3 

concentrations were only slightly higher than those of H2S and concentration contours for 

each gas are shown in Fig. 6.23 and 6.24.  The H2S plume moved in a 

North/Northwestern direction from the facility matching the overall wind direction (over 

50% of the 60◦ directional cone filled).  The NH3 plume moved in a Southern direction 

from the facility and did not match the overall wind direction (less than 50% of the 60◦ 

directional cone filled).  Neither measured NH3 nor H2S concentrations exceeded their 

respective smell thresholds.  
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Figure 6.23. GIS-generated H2S contours for concentrations measured on 3/23/2009.  
Contours in 1 ppb increments from 0 ppb to 10 ppb and greater.   
 

 

Figure 6.24. GIS-generated NH3 contours for concentrations measured on 3/23/2009.  
Contours in 10 ppb increments from 0 ppb to 100 ppb and greater.   
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On 5/22/2009, the nearby observed surface wind was primarily out of the Southeast with 

an average velocity of 3 ms-1.  The surface temperature averaged about 27 ◦C and the sky 

conditions were clear.  Again, measured NH3 concentrations were much higher than those 

of H2S and concentration contours for each gas are shown in Fig. 6.25 and 6.26.  Both 

plumes moved in a similar Northwestern direction from the facility matching the overall 

wind direction (over 50% of the 60◦ directional cone filled).  Only H2S concentrations 

exceeded the smell threshold of 8 ppb and affected areas around the facility are shown in 

Fig. 6.27.   

 

 

Figure 6.25. GIS-generated H2S contours for concentrations measured on 5/22/2009.  
Contours in 1 ppb increments from 0 ppb to 10 ppb and greater.   
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Figure 6.26. GIS-generated NH3 contours for concentrations measured on 5/22/2009.  
Contours in 10 ppb increments from 0 ppb to 100 ppb and greater.   
 

 

Figure 6.27. Areas that exceed the H2S smell threshold of 8 ppb for 5/22/2009. 
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During the collection period on 7/9/2009, the observed surface wind, at the 

weather station nearby the facility, was primarily out of the East/Northeast with an 

average velocity of 3 ms-1.  The surface temperature averaged about 26 ◦C and the sky 

conditions were clear.  In general, measured NH3 concentrations were much higher than 

those of H2S and concentration contours for each gas are shown in Fig. 6.28 and 6.29.  

Both plumes moved in a similar Southwestern direction from the facility matching the 

overall wind direction (over 50% of the 60◦ directional cone filled).  Again, only H2S 

concentrations exceeded the smell threshold of 8 ppb and affected areas around the 

facility are shown in Fig. 6.30. 

 

 

Figure 6.28. GIS-generated H2S contours for concentrations measured on 7/9/2009.  
Contours in 1 ppb increments from 0 ppb to 10 ppb and greater.   
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Figure 6.29. GIS-generated NH3 contours for concentrations measured on 7/9/2009.  
Contours in 10 ppb increments from 0 ppb to 100 ppb and greater.   
 

 

Figure 6.30. Areas that exceed the H2S smell threshold of 8 ppb for 7/9/2009. 
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On 8/19/2009, the nearby observed surface wind was primarily out of the 

West/Northwest with an average velocity of 6 ms-1.  The surface temperature averaged 

about 26 ◦C and the sky conditions were clear.  In general, measured NH3 concentrations 

were much higher than those of H2S and concentration contours for each gas are shown 

in Fig. 6.31 and 6.32.  Both plumes moved in a similar Southeastern direction from the 

facility matching the overall wind direction (over 50% of the 60◦ directional cone filled).  

Again, only H2S concentrations exceeded the smell threshold of 8 ppb and affected areas 

around the facility are shown in Fig. 6.33. 

 

 

Figure 6.31. GIS-generated H2S contours for concentrations measured on 8/19/2009.  
Contours in 1 ppb increments from 0 ppb to 10 ppb and greater.   
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Figure 6.32. GIS-generated NH3 contours for concentrations measured on 8/19/2009.  
Contours in 10 ppb increments from 0 ppb to 100 ppb and greater.   
 

 

Figure 6.33. Areas that exceed the H2S smell threshold of 8 ppb for 8/19/2009. 
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During the collection period on 11/3/2009, the observed surface wind, at the 

weather station nearby the facility, was primarily out of the South with an average 

velocity of 3 ms-1.  The surface temperature averaged about 12 ◦C and the sky conditions 

were clear.  In general, measured NH3 concentrations were only slightly higher than those 

of H2S and concentration contours for each gas are shown in Fig. 6.34 and 6.35.  Both 

plumes moved in a South/Southeastern direction from the facility, but did not match the 

overall wind direction (less than 50% of the 60◦ directional cone filled).  For the plumes 

to match the overall wind direction, they would have had to disperse in a more Northerly 

direction.  Neither measured NH3 nor H2S concentrations exceeded their respective smell 

thresholds.  

 

 

Figure 6.34. GIS-generated H2S contours for concentrations measured on 11/3/2009.  
Contours in 1 ppb increments from 0 ppb to 10 ppb and greater.   
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Figure 6.35. GIS-generated NH3 contours for concentrations measured on 11/3/2009.  
Contours in 10 ppb increments from 0 ppb to 100 ppb and greater.   
 

On 5/7/2010, the nearby observed surface wind was primarily out of the 

West/Northwest with an average velocity of 8 ms-1.  The surface temperature averaged 

about 15 ◦C and the sky conditions ranged from mostly cloudy to overcast with ceiling 

heights between 800 m and 1500 m.  In general, measured NH3 concentrations were 

much higher than those of H2S and concentration contours for each gas are shown in Fig. 

6.36 and 6.37.  Both plumes moved in a similar East/Southeastern direction from the 

facility matching the overall wind direction (over 50% of the 60◦ directional cone filled).  

Again, only H2S concentrations exceeded the smell threshold of 8 ppb and affected areas 

around the facility are shown in Fig. 6.38.  Observed NH3 concentrations were found to 

be well below the smell threshold of 5000 ppb.   
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Figure 6.36. GIS-generated H2S contours for concentrations measured on 5/7/2010.  
Contours in 1 ppb increments from 0 ppb to 10 ppb and greater.   
 

 

Figure 6.37. GIS-generated NH3 contours for concentrations measured on 5/7/2010.  
Contours in 10 ppb increments from 0 ppb to 100 ppb and greater.   
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Figure 6.38. Areas that exceed the H2S smell threshold of 8 ppb for 5/7/2010. 

 

During the collection period on 6/11/2010, the observed surface wind, at the 

weather station nearby the facility, was primarily out of the South/Southwest with an 

average velocity of 5 ms-1.  The surface temperature averaged about 27 ◦C and the sky 

conditions ranged from clear to mostly cloudy with a ceiling height around 400 m.  In 

general, measured NH3 concentrations were much higher than those of H2S and 

concentration contours for each gas are shown in Fig. 6.39 and 6.40.  Both plumes moved 

in a similar Northeastern direction from the facility matching the overall wind direction 

(over 50% of the 60◦ directional cone filled).  Again, only H2S concentrations exceeded 

the smell threshold of 8 ppb and affected areas around the facility are shown in Fig. 6.41. 
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Figure 6.39. GIS-generated H2S contours for concentrations measured on 6/11/2010.  
Contours in 1 ppb increments from 0 ppb to 10 ppb and greater.   
 

 

Figure 6.40. GIS-generated NH3 contours for concentrations measured on 6/11/2010.  
Contours in 10 ppb increments from 0 ppb to 100 ppb and greater.   
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Figure 6.41. Areas that exceed the H2S smell threshold of 8 ppb for 6/11/2010. 

 

On 6/28/2010, the nearby observed surface wind was primarily out of the 

Northwest with an average velocity of 5 ms-1.  The surface temperature averaged about 

29 ◦C and the sky conditions were clear.  In general, measured NH3 concentrations were 

much higher than those of H2S and concentration contours for each gas are shown in Fig. 

6.42 and 6.43.  Both plumes did not match in overall direction from the facility with the 

H2S plume having a more Northwesterly direction and the NH3 plume having a more 

Southeasterly direction.  The NH3 plume matched the overall wind direction (over 50% 

of the 60◦ directional cone filled) while the H2S plume did not (less than 50% of the 60◦ 

directional cone filled).  Again, only H2S concentrations exceeded the smell threshold of 

8 ppb and affected areas around the facility are shown in Fig. 6.44. 
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Figure 6.42. GIS-generated H2S contours for concentrations measured on 6/28/2010.  
Contours in 1 ppb increments from 0 ppb to 10 ppb and greater.   
 

 

Figure 6.43. GIS-generated NH3 contours for concentrations measured on 6/28/2010.  
Contours in 10 ppb increments from 0 ppb to 100 ppb and greater.   
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Figure 6.44. Areas that exceed the H2S smell threshold of 8 ppb for on 6/28/2010. 

 

During the collection period on 7/26/2010, the observed surface wind, at the 

weather station nearby the facility, was primarily out of the East/Southeast with an 

average velocity of 3 ms-1.  The surface temperature averaged about 29 ◦C and the sky 

conditions were clear.  In general, measured NH3 concentrations were only slightly 

higher than those of H2S and concentration contours for each gas are shown in Fig. 6.45 

and 6.46.  Both plumes moved in a West/Northwestern direction from the facility 

matching the overall wind direction (over 50% of the 60◦ directional cone filled).  Neither 

measured NH3 nor H2S concentrations exceeded their respective smell thresholds.  
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Figure 6.45. GIS-generated H2S contours for concentrations measured on 7/26/2010.  
Contours in 1 ppb increments from 0 ppb to 10 ppb and greater.   
 

 

Figure 6.46. GIS-generated NH3 contours for concentrations measured on 7/26/2010.  
Contours in 10 ppb increments from 0 ppb to 100 ppb and greater.   



151 
 

On 4/19/2012, the nearby observed surface wind was primarily out of the 

South/Southeast with an average velocity of 9 ms-1.  The surface temperature averaged 

about 21 ◦C and the sky conditions were clear during collection.  Measured NH3 

concentration contours are shown in Fig. 6.47.  The plume moved in a Northwestern 

direction from the facility matching the overall wind direction (over 50% of the 60◦ 

directional cone filled).  Observed NH3 concentrations were found to be well below the 

smell threshold of 5000 ppb.  H2S concentrations were not measured on this day due to 

equipment failure.   

 

 

Figure 6.47. GIS-generated NH3 contours for concentrations measured on 4/19/2012.  
Contours in 10 ppb increments from 0 ppb to 100 ppb and greater.   
 

A summary of the above GIS analyses can be found in Table 6.4.  Overall, a high 

hit rate of the NH3 and H2S GIS-generated plumes dispersing in the same direction was 
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found.  Both plumes dispersed in a similar direction on 11 out of the 13 measurement 

days giving a hit rate of 85%.  On the two miss days dispersion was rendered in opposite 

directions.  There was also a high hit rate of the NH3 and H2S GIS-generated plumes 

dispersing in the same direction as the overall surface wind.  Either a NH3 or H2S GIS-

generated plume dispersed in a similar direction to that of the surface wind (over 50% of 

the 60◦ directional cone filled) 21 out of 27 possible times giving a hit rate of 78%.  Both 

NH3 and H2S experienced 3 misses from matching the overall wind direction.  Two NH3 

and H2S misses occurred on the same measurement day, while the other misses occurred 

on days with hits for the other gas.  Observed NH3 concentrations did not exceed the 

smell threshold of 5000 ppb, while 10 of the 13 measurement days experienced H2S 

concentrations that exceeded the smell threshold.   

 

Table 6.4. Plume direction matches, smell thresholds exceeded, and plume/wind direction 
matches for NH3 and H2S. 
 

 Gas Type Matches Smell Threshold Exceeded Wind Direction Matches 
Date NH3 H2S NH3 H2S NH3 H2S 

8-5-2008 Hit No Yes Hit Hit 

9-19-2008 Hit No Yes Miss Miss 

12-19-2008 Hit No Yes Hit Hit 
3-9-2009 Hit No Yes Hit Hit 
3-23-2009 Miss No No Miss Hit 
5-22-2009 Hit No Yes Hit Hit 
7-9-2009 Hit No Yes Hit Hit 
8-19-2009 Hit No Yes Hit Hit 
11-3-2009 Hit No No Miss Miss 

5-7-2010 Hit No Yes Hit Hit 
6-11-2010 Hit No Yes Hit Hit 
6-28-2010 Miss No Yes Hit Miss 

7-26-2010 Hit No No Hit Hit 

4-19-2010 X No X Hit X 
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6.4  Forecast Validation 

On 5/7/2010, RUC-initialized temperature experienced an error of 13% from the 

field-measured value, while wind velocity and wind direction experienced errors of 13% 

and 2% from the field-measured value respectively.  When a spatial correlation was 

calculated between average observed NH3 concentrations and average RUC-initialized 

concentrations, an r-value of 0.77 was produced.  When tested for significance with a 

population size of 20, a non-directional p-value of <0.0001 was found making this 

correlation significant at the 99% level.  RUC-forecasted temperature experienced an 

error of 7% from that measured in the field, while wind velocity and wind direction 

experienced errors of 38% and 7%.  When a spatial correlation was calculated between 

average observed concentrations and average RUC-forecasted concentrations, an r-value 

of 0.84 was produced.  When tested for significance with a similar population size to that 

above, a non-directional p-value of <0.0001 was calculated making this correlation also 

significant at the 99% level.  RUC-forecasted temperature also experienced an error of 

23% from the RUC-initialized value while wind velocity and direction experienced error 

values of 22% and 5% respectively.    When a spatial correlation was calculated between 

average RUC-initialized and RUC-forecasted concentrations, an r-value of 0.67 was 

produced.  When tested for significance with a similar population size to that of above, a 

non-directional p-value of 0.001 was calculated making this correlation also significant at 

the 99% level.  Fig. 6.48 shows the log10 transform of average NH3 concentrations 

measured across the grid system under field-measured, RUC-initialized, and RUC-

forecasted atmospheric conditions on 5/7/2010.  
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Figure 6.48. The log10 transformation of average NH3 concentrations measured at each 
grid point under field-measured, RUC-initialized, and RUC-forecasted atmospheric 
conditions on 5/7/2010.  (Green: Field-measured, Blue: RUC-initialized, Red: RUC-
forecasted) 
 

Fig. 6.49 shows the log10 transformation of average NH3 concentrations measured 

across the grid system under field-measured, RUC-initialized, and RUC-forecasted 

atmospheric conditions on 6/11/2010.  On this day, RUC-initialized temperature 

experienced an error of 4% from the field-measured value, while wind velocity and wind 

direction experienced errors of 20% and 2% from the field-measured value respectively.  

When a spatial correlation was calculated between average observed NH3 concentrations 

and average RUC-initialized concentrations, an r-value of 0.83 was produced.  When 

tested for significance with a population size of 20, a non-directional p-value of <0.0001 

was found making this correlation significant at the 99% level.  RUC-forecasted 

temperature experienced an error of 7% from that measured in the field, while wind 

-3.00

-2.00

-1.00

0.00

1.00

2.00

3.00

1 2 3 4 5 6 7 8 9 10 11 R1 R2 R3 G1 G3 G4 TS2 TS3 TS4

Lo
g 10

(Co
nc

en
tra

tio
n)

Grid Point

Observed, RUC-Initialized, and RUC-Forecasted NH3 Concentrations



155 
 

velocity and wind direction experienced errors of 20% and 11%.  When a spatial 

correlation was calculated between average observed concentrations and average RUC-

forecasted concentrations, an r-value of 0.80 was produced.  When tested for significance 

with a similar population size to that of above, a non-directional p-value of <0.0001 was 

calculated making this correlation also significant at the 99% level.   

 

 

Figure 6.49. The log10 transformation of average NH3 concentrations measured at each 
grid point under field-measured, RUC-initialized, and RUC-forecasted atmospheric 
conditions on 6/11/2010.  (Green: Field-measured, Blue: RUC-initialized, Red: RUC-
forecasted) 

 

RUC-forecasted temperature also experienced an error of 12% from the RUC-initialized 

value while wind velocity and direction experienced error values of 0% and 8% 

respectively.    When a spatial correlation was calculated between average RUC-

initialized and RUC-forecasted concentrations, an r-value of 0.75 was produced.  When 
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tested for significance with a similar population size to that of above, a non-directional p-

value of 0.0001 was calculated making this correlation also significant at the 99% level. 

On 7/26/2010, RUC-initialized temperature experienced an error of 7% from the 

field-measured value, while wind velocity and wind direction experienced percent errors 

of 33% and 22% from the field-measured value respectively.  When a spatial correlation 

was calculated between average observed NH3 concentrations and average RUC-

initialized concentrations, an r-value of -0.19 was produced.  When tested for 

significance with a population size of 20, a non-directional p-value of 0.42 was found 

making this correlation significant at the 55% level.  RUC-forecasted temperature 

experienced an error of 7% from that measured in the field, while wind velocity and wind 

direction experienced errors of 33% and 39%.  When a spatial correlation was calculated 

between average observed concentrations and average RUC-forecasted concentrations, an 

r-value of -0.12 was produced.  When tested for significance with a similar population 

size to that of above, a non-directional p-value of 0.61 was calculated making this 

correlation also significant at the 35% level.  RUC-forecasted temperature also 

experienced an error of 0% from the RUC-initialized value while wind velocity and 

direction experienced error values of 0% and 14% respectively.  When a spatial 

correlation was calculated between average RUC-initialized and RUC-forecasted 

concentrations, an r-value of 0.74 was produced.  When tested for significance with a 

similar population size to that of above, a non-directional p-value of 0.0002 was 

calculated making this correlation also significant at the 99% level.  Fig. 6.50 shows the 

log10 transformation of average NH3 concentrations measured across the grid system 
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under field-measured, RUC-initialized, and RUC-forecasted atmospheric conditions on 

7/26/2010. 

 

 

Figure 6.50. The log10 transformation of average NH3 concentrations measured at each 
grid point under field-measured, RUC-initialized, and RUC-forecasted atmospheric 
conditions on 7/26/2010.  (Green: Field-measured, Blue: RUC-initialized, Red: RUC-
forecasted) 

 

Fig. 6.51 shows the log10 transformation of average NH3 concentrations measured 

across the grid system under field-measured, RUC-initialized, and RUC-forecasted 

atmospheric conditions on 4/19/2012.  RUC-initialized temperature experienced an error 

of 5% from the field-measured value, while wind velocity and wind direction 

experienced errors of 11% and 13% from the field-measured value respectively.  When a 

spatial correlation was calculated between average observed NH3 concentrations and 

average RUC-initialized concentrations, an r-value of 0.68 was produced.  When tested 
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for significance with a population size of 20, a non-directional p-value of 0.001 was 

found making this correlation significant at the 99% level.   

 

 

Figure 6.51. The log10 transformation of average NH3 concentrations measured at each 
grid point under field-measured, RUC-initialized, and RUC-forecasted atmospheric 
conditions on 4/19/2012.  (Green: Field-measured, Blue: RUC-initialized, Red: RUC-
forecasted) 
 

RUC-forecasted temperature experienced an error of 5% from that measured in the field, 

while wind velocity and wind direction experienced errors of 44% and 11%.  When a 

spatial correlation was calculated between average observed concentrations and average 

RUC-forecasted concentrations, an r-value of 0.67 was produced.  When tested for 

significance with a similar population size to that of above, a non-directional p-value of 

0.001 was calculated making this correlation also significant at the 99% level.  RUC-

forecasted temperature also experienced an error of 10% from the RUC-initialized value 
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while wind velocity and direction experienced error values of 30% and 1% respectively.  

When a spatial correlation was calculated between average RUC-initialized and RUC-

forecasted concentrations, an r-value of 0.96 was produced.  When tested for significance 

with a similar population size to that of above, a non-directional p-value of <0.0001 was 

calculated making this correlation also significant at the 99% level.   

 

6.5  Conclusions  

Overall, numerical weather prediction can be incorporated into dispersion 

modeling.  In this project, AERMOD displays the capability to use forecasted weather 

data to predict future dispersion trends.  This project uses 12-h RUC forecast data 

showing that other forecast models can be used if incorporated correctly.  This shows that 

AERMOD can be used for dispersion prediction; however, maximized computing power 

is needed to make this system sufficient for real-time usage.  

The highest measured concentrations for both gases are found near the facility and 

the concentrations decrease with increasing distance from the facility.  This follows 

expected dispersion trends and shows that NH3 and H2S act similar to other gases 

(disperse and decrease in concentration downwind).  Also, the highest measured 

concentrations and background concentrations seem to be found during the growing 

season, especially for NH3.  This is an expected result as de-nitrification of the 

surrounding fields along with increased animal activity adds NH3 and H2S to the 

atmosphere.  However, more days in each season are needed to determine an exact 

seasonal link with higher concentrations and to rule out random variation, perhaps due to 

changes in emission rates.        
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Measured concentrations and smell thresholds can be accurately mapped using 

GIS software.  GIS-derived plumes have a high hit rate (78%) of matching the overall 

wind direction.  This shows that GIS software can be an effective tool for mapping 

collected concentrations to view dispersion.  GIS software also has the capability of 

isolating areas that fall above or below certain thresholds making it a valuable tool for 

mapping smell thresholds that are concentration based.  However, these contour and 

smell threshold maps may not be always accurate as they do not take into account the 

environmental conditions of the surrounding area, but only focus on the concentrations at 

the sampling points. 

Around this particular facility, H2S seems to contribute significantly to the 

resulting nearby odor.  H2S concentrations exceed the smell threshold of 8 ppb for 10 out 

of the 13 measurement days.  NH3 seems to have a small overall contribution to the 

nearby odor.  NH3 concentrations do not exceed the smell threshold of 5000 ppb on any 

measurement days.  The smell threshold for NH3 is significantly larger than those of H2S 

and concentrations measured around the facility never fall above the threshold.  This 

shows that H2S has more contribution to the nearby odor than NH3.  However, many 

other sources of odor are emitted and may also contribute to the overall odor around the 

facility. 

When observed atmospheric variables are compared to model-derived variables, 

slight differences (significant for forecasting) are found in temperature, wind direction, 

and wind velocity.  Several sources can contribute to these errors.  First, the location of 

the Missouri-Mesonet station is 5 km away from the facility.  Both wind velocity and 

direction change over a small temporal and spatial scale leading to differences in 
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observed values at the station versus what may be experienced at the facility.  This error 

can be circumvented by placing a weather station closer to the facility.  Second, the 

facility is located in an area that lacks observational data to support high-resolution 

model-derived products.  This leads to errors between model-derived values and observed 

values and errors between values determined by different models.  An example of these 

errors is that the RUC-forecasted values for wind velocity tend to be higher than the 

RUC-initializations for the same time period.  This error may only be overcome by 

increasing observation points to increase model accuracy at high-resolutions.   

AERMOD can be utilized to make spatially accurate dispersion forecasts.  During 

this project, AERMOD has accurately predicted dispersion patterns on 3 out of 4 forecast 

days and these forecasts have a high spatial correlation (99% significance level) with 

observed concentration patterns.  This is true for model predicted plumes using both 

RUC-initialized and RUC-forecasted weather data and occurs despite differences in 

initial atmospheric variables.  Correlation values may have been even higher if 

concentration measurements are taken at the same time that the forecasts are made for.  In 

this study, concentrations are taken in between forecasted time periods; however, 

correlation values are still high.  Model-derived plumes also have a high spatial 

correlation (99% significance level) between each other showing that small changes in 

the model weather data has a limited influence on the accuracy of the model predicted 

plumes.  Again, exact concentration amounts are not correlated due to the fact that the 

number of sources and the amount of each gas emitted from each source is unknown.  

On 7/26/2010, a low spatial correlation is found between the observed plume and 

the model-derived plumes (both RUC-analyzed and RUC-forecasted).  Upon further 
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investigation, the facility may have not been emitting as the observed concentrations 

seem to stay at a baseline concentration.  Based on the weather conditions, the model still 

predicts a plume to disperse from the facility leading to a low spatial correlation between 

the observed and model values. 
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Chapter 7 – Summary and Conclusions 

 

 

7.1 Summary 

In this study, the overall objective was to use dispersion modeling to determine 

the feasibility of use and the effectiveness of a VEB at controlling the spread of odor 

from CAFOs.  The goal of this study was to provide useful information to a particular 

facility in Northern Missouri and possibly others that have faced complaints from nearby 

residents.   To accomplish the overall objective, several steps were taken: 

• First, wind tunnel dispersion was compared to model generated dispersion to 

determine accuracy of the model at handling VEB dispersion.  

• Next, facility-scale (northern Missouri specific) model simulations, with and 

without a VEB around the facility, were run to determine its viability as an option 

for odor reduction.   

• Finally, dispersion trends that integrated numerical weather forecasts were 

predicted and compared to collected concentrations to determine forecast 

accuracy. 

The first part of this study utilized a simulated VEB in a wind tunnel setting to 

verify the accuracy of model predicted dispersion.  NH3 dispersion was examined under 

various VEB configurations in a wind tunnel and geometrically-similar AERMOD 

simulations (completed for both a solid wall and a column line VEB).  Downwind NH3 

dispersion trends found in the wind tunnel along with previous research were then 
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spatially compared to dispersion trends predicted by AERMOD to determine accuracy in 

simulating NH3 dispersion around a VEB.  Model predicted dispersion was found to 

produce similar trends (high spatial compatibility) to those found in the wind tunnel.  

Decreases in NH3 concentrations were found at each found surface-level measurement 

area, but were significantly higher than those found in the wind tunnel and by previous 

studies.   

The second part of this study examined the effectiveness of a VEB at controlling 

NH3 dispersion on a field-scale level.  A mature (15 m) VEB was simulated around a 

northern Missouri facility and tested under various wind conditions, VEB heights, source 

types, and upper-level file resolutions using either a solid wall or column line.  

Dispersion trends and percent decreases were determined and statistically analyzed for 

eight major wind directions (N, NE, E, SE, S, SW, W, and NW), two wind velocities (3.5 

ms-1 and 7.2 ms-1) for winds from the Northwest and South, and several VEB heights (3 

m, 6 m, 9 m, 12 m, and 15 m) under a South wind to determine the effectiveness of the 

VEB under varying atmospheric conditions and at different stages of tree growth.  

Dispersion trends and percent decreases were also determined and statistically analyzed 

for two source types (point and area) and two upper-level file resolutions (low and high) 

to determine the effectiveness of the VEB under these varying conditions.  VEBs were 

found to produce significant decreases (greater than 50%) in downwind NH3 

concentration in all blocked wind directions, at higher wind velocities, and at tree heights 

greater than 3 m.  VEBs were found to produce similar decreasing concentration trends 

for both source types and upper-level file resolutions.   
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The third part of this study utilized collected NH3 concentration data to verify 

dispersion forecasts.  Dispersion forecasts were completed using both RUC-analyzed and 

RUC-forecasted (12 h forecast) weather data for several days in 2010 and 2012.  RUC-

analyzed and RUC-forecasted trends in NH3 concentration were spatially compared to 

observed concentrations to determine predicted dispersion accuracy and viability of use.  

Both RUC-analyzed and RUC-forecasted dispersion trends were found spatially compare 

well with collected NH3 trends.  

 

6.2 Conclusions 

The main hypothesis tested in this study was that a VEB will limit the amount of 

odor dispersed from the facility with the associated null hypothesis being that a VEB will 

have no effect on dispersion.  The results of this study show that a VEB has an effect on 

dispersion proving the null hypothesis to be false and providing evidence to support the 

main hypothesis. 

A secondary hypothesis was that dispersion models, particularly AERMOD, can 

be successfully used to evaluate the effectiveness of a VEB for controlling odor 

dispersion.  The null hypothesis associated with this secondary postulate was that 

dispersion models cannot be used to determine the effectiveness of a VEB.  The results of 

this study show that dispersion models can be used to evaluate VEB effectiveness at 

controlling odor dispersion proving the null hypothesis to be false and providing evidence 

to support this secondary hypothesis.   

Another secondary hypothesis was that a dispersion forecast method can be 

developed to help forecast areas that may experience high odor concentrations with the 
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associated null hypothesis being that a forecast method cannot be developed.  The results 

of this study show that a forecast method can be developed to forecast areas of high 

concentration proving the null hypothesis to be false and providing evidence to support 

this secondary hypothesis. 

The success of these hypotheses provides a viable odor control option for CAFOs 

and may help lower tensions among these facilities and nearby residents.  This is 

confirmed by data found in this study.  Future research should look into other VEB 

designs, the effects of other landscapes on VEB dispersion, and examine forecasts under 

more weather conditions.  This future research will help to verify VEBs as a reliable and 

effective odor control option for CAFOs. 

Listed below is a quick summary of the major conclusions found for the three 

main sections of this study: 

• Wind tunnels offer a viable option for testing gas dispersion if full-scale testing is not 

available.   

• Surface wind velocity is the most dominant atmospheric variable in AERMOD when 

measuring concentration at the surface.   

• AERMOD produces similar dispersion trends to those of the wind tunnel simulations 

and previous research.   

• AERMOD has a difficult time handling VEB dispersion at wind velocities lower than 

2.6 ms-1. 

• Based on wind direction, a VEB offers an effective tool for decreasing downwind 

NH3 concentrations.  When a VEB is placed to block the wind flow, large decreases 

in downwind concentration are observed.   
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• Large decreases are also observed as a function of wind velocity with larger decreases 

present under higher velocities.  

• A VEB is effective at lowering downwind NH3 concentrations at heights of 3 m or 

greater for sources located near the surface. 

• VEBs should be established at a height of at least 6 m as a significant decrease in 

downwind concentration is observed from those with a 3 m VEB.  At heights above 6 

m, similar decreases are found, showing that a VEB at 6 m can be effective at 

lowering downwind NH3 concentrations from a surface-level source.   

• Under varying upper-level resolutions, no differences are present between measured 

downwind NH3 concentrations showing that resolution of the upper-level file has 

limited impact on AERMOD-generated dispersion. 

• Both source types produce large decreases in downwind concentration with both a 

wall or column line VEB present.  Area sources produce slightly lower values due to 

an increased spreading of the plume. 

• With just one VEB present downwind (hypothetical problem), the facility 

significantly reduces downwind concentrations and puts emissions closer to the 

CERCLA regulation.  With a VEB present upwind and downwind, the facility would 

reduce downwind concentrations even more allowing for continued emission at the 

current rate.   

• Overall, numerical weather prediction can be incorporated into dispersion modeling.   

• The highest measured concentrations for both gases are found near the facility and the 

concentrations decrease with increased distance from the facility. 
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• A seasonal variation in concentration can not be determined due to a lack of data in 

the non-growing season. 

• Measured concentrations and smell thresholds can be accurately mapped using GIS 

software.   

• Around this particular facility, H2S seems to contribute significantly to the resulting 

nearby odor.  However, many other sources of odor are emitted and may also 

contribute to the overall odor around the facility. 

• Differences between observed and modeled atmospheric variables could be caused by 

system and location errors.   

• AERMOD can be utilized to make spatially accurate dispersion forecasts. 

• The one inaccurate dispersion forecast may be due to the facility not emitting on that 

day. 

Based on the results of this study, planting a single row 6 m VEB around the 

Northern Missouri facility would be recommended to significantly reduce downwind 

odor concentrations.    
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