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Abstract

Emission of particulate matter (PM) and variousegasom open-lot beef cattle feedlots
is becoming a concern because of the adverse £ffiadiuman health and the environment;
however, scientific information on feedlot emissas limited. This research was conducted to
estimate emission rates of PMrom large cattle feedlots. Specific objectivegaevm: (1)
determine feedlot PN emission rates by reverse dispersion modelinggusERMOD; (2)
compare AERMOD and WindTrax in terms of their poteld concentrations and back-
calculated PN emission rates; (3) examine the sensitivity ohb®ERMOD and WindTrax to
changes in meteorological parameters, source twtand receptor location; (4) determine
feedlot PMo emission rates using the flux-gradient technigunet (5) compare AERMOD and
computational fluid dynamics (CFD) in simulatingfeulate dispersion from an area source.

PM;io emission rates from two cattle feedlots in Kansage determined by reverse
dispersion modeling with AERMOD using RMtoncentration and meteorological
measurements over a 2-yr period. fgEmission rates for these feedlots varied seagoneth
overall medians of 1.60 and 1.10 ¢/day. Warm and prolonged dry periods had signifigan
higher PM emissions compared to cold periods. Resaldo showed that the Rjemissions had
a diurnal trend; highest PiMemission rates were observed during the afteraodrearly
evening periods.

Using particulate concentration and meteorologicehsurements from a third cattle
feedlot, PM emission rates were back-calculated with AERMOD WfindTrax. Higher PNy
emission rates were calculated by AERMOD, but thesulting PMg emission rates were highly
linear (R > 0.88). As such, development of conversion fachmtween these two models is
feasible. AERMOD and WindTrax were also compareskldaon their sensitivity to changes in
meteorological parameters and source locationgetreral, AERMOD calculated lower
concentrations than WindTrax; however, the two nedesponded similarly to changes in wind
speed, surface roughness, atmospheric stabilitsaarce and receptor locations.

The flux-gradient technique also estimated;P®&mission rates at the third cattle feedlot.
Analyses of PMp emission rates and meteorological parametersateticthat Py emissions at
the feedlot were influenced by friction velocitgnsible heat flux, temperature, and surface



roughness. Based on pen surface water content ne@asots, a water content of at least 20%
(wet basis) significantly lowered Plylemissions at the feedlot.

The dispersion of particulate from a simulated feepen was predicted using CFD
turbulence modekéemodel) and AERMOD. Compared to CFD, AERMOD respazhd
differently to wind speed setting, and was not ablprovide detailed vertical concentration
profiles such that the vertical concentration geath at the first few meters from the ground
were negligible. This demonstrates some limitatoh8ERMOD in simulating dispersion for
area sources such as cattle feedlots and sugbestee¢d to further evaluate its performance for

area source modeling.
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The dispersion of particulate from a simulated feepen was predicted using CFD
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CHAPTER 1 -Introduction

1.1 Background

The beef cattle feeding industry in the U.S. iggxted to grow in the coming years.
Although U.S. Department of Agriculture (USDA) refeal a slight decrease (6%) in the total
number of beef cattle feedlots in the past threesjeghe number of large capacity-cattle feedlots
has increased steadily. For example, the numbkerediots with more than 16,000 head-capacity
increased by 6% in 2010 and was maintained in 2BELlnumber of 50,000+ head-capacity
feedlots increased by 8 and 3% in 2010 and 20%pertively (National Agricultural Statistics
Service, 2010, 2011, 2012). Considering all feex]loattle inventory for the month of February
increased by 3 and 1% for years 2010 and 2011ecésply; for 16,000+ head capacity feedlots,
cattle inventory increased by 7% in 2010 and 5%0h1 (National Agricultural Statistics
Service, 2010, 2011, and 2012). Almost 78% of @ifle fed in 1,000+ head-capacity feedlots,
approximately 9 million cattle, are located in thigh Plains states of TX, KS, OK, NE, and CO
(National Agricultural Statistics Service, 2010120and 2012).

With the steady growth of the beef cattle feedimdyistry, air quality issues related to
cattle feeding operations are also expected tqksgwest Plan Service, 2002). Pollutant
emissions associated with open-lot beef cattlelf@égthat can affect air quality include
particulate matter (PM), gases such as ammonig)(Mkhethane (Ck) and other greenhouse
gases (GHGs), and odorous volatile organic compauBased on latest steps taken by U.S.
Environmental Protection Agency (EPA) concerningaantrated animal feeding operations
(CAFOs) (CFR, 2011), cattle feedlots may eventua#lysubjected to air pollutant emissions
regulations. As stated by U.S. EPA, more reseaath on gaseous and PM emissions from
CAFOs are needed (CFR, 2011; Purdue Applied Melegyd_aboratory, 2009). In 2005, U.S.
EPA established the National Air Emissions MonitgrStudy (NAEMS) and worked with
several owners/stakeholders of various CAFOs tosoreadata on gaseous and PM emissions on
several participating CAFOs units that would bedusecollect science-based pollutant emission
rates, and to develop and evaluate air pollutamssgon estimation methodologies for CAFOs
(U.S. Environmental Protection Agency, 2005; CF&1. D). Having accurate pollutant emissions

data and appropriate emission estimation technigedd benefit CAFOs as they can estimate



their emissions and evaluate their air pollutardtaiment measures. None of the CAFO units
monitored in NAEMS represented the beef cattleifegdperations.

Clearly, data on gaseous and PM emissions ardisiiied for large open-lot cattle
feedlots. More research is needed to quantify &adacterize air emissions from cattle feedlots.
Quantifying air emission rates from open feedlstdifficult, largely because of their unique
characteristics, including surface heterogeneitgewariation in source geometry, and temporal
and spatial variability of emission rates. NatioRalsearch Council (NRC) (2003) summarized
various techniques appropriate for estimating allupant emission rates from area sources like
cattle feedlots. Techniques suggested are (1) mieteorological techniques (e.g., eddy
covariance, flux-gradient, etc.), (2) mass balaecknique, (3) atmospheric tracers, and (4)
atmospheric dispersion models. Based on emissimiest on open sources such as agricultural
lands and feedlots, commonly used techniques eroh&ing emission rates from open area
sources include micrometeorological techniquesanbspheric dispersion models. For
atmospheric dispersion model, the current U.S. pferred model is the American
Meteorological Society/Environmental Protection Agg Regulatory Model (AERMOD), a
Gaussian-based model capable of modeling areaes(CER, 2005; Cimorelli et al., 2004;
Turner and Schulze, 2007). Despite being the UPR Eegulatory model, AERMOD’s use in
emission studies on open area sources, like CABdigjited compared to other techniques.
Techniques that had been in used in most recersisemistudies involving area sources are
micrometeorological techniques (Myles et al., 201jler et al., 2009; Prueger et al. 2005) and
WindTrax dispersion model (Flesch et al., 2009 vadt al., 2006; Leytem et al., 2011).

For PM emissions from cattle feedlots, severahestes of emission rates are available
from previous studies. These estimates were datedreither by mass balance techniques
(Countess Environmental, 2006; San Joaquin Valleiétl Air Pollution Control District,

2010) or atmospheric dispersion models (Wanjuid.e2004; McGinn et al., 2010), which
included ISCST3 (i.e., Gaussian model, the previdi&s EPA preferred model) and WindTrax
(i.e., Lagrangian model); the published U.S. EPA;Pa&Mission factor was derived using a
simple Gaussian model (Midwest Research Institi888). Comparison of these estimates,
however, might not be meaningful due to their défeces in derivation, which included
differences in length of measurement periods (n@st were based on several measurement

days only), feedlot characteristics (e.g., numberattle, pen surface conditions), concentration



and meteorological measurements (e.g., equipmewnt nseasurement design), and emission
estimation technique. From these same reasongf tisese PM emission estimates on
evaluating PM concentrations downwind might notale/be appropriate for all feedlots. More
important, limitations of these emission estimatmwl/or emission simulation techniques must
be addressed. One limitation is that air pollusntssion rates maybe model-specific, which
means that the emission rate derived with one modginot be suitable for another (Hall et al.,
2002; Faulkner et al., 2007). Another limitatisrthat studies on performances of these
techniques in estimating emission and/or modelisgeatsion from area sources are still limited,
mainly to the fact that quantifying accurate enaesirates from open area sources is
challenging. As a result, the identification of teehnique that gives the most accurate estimate
remains a challenge.

This dissertation addresses several research issnesrning air pollutant emission
estimation for open area sources, specificallychitle feedlots. Using PM concentrations and
micrometeorological/meteorological parameters messat several commercial cattle feedlots
in Kansas, Pl emission rates were determined by various teclesiguat included two
atmospheric dispersion models and a micrometeaigabtechnique. As the current U.S. EPA
regulatory model, AERMOD'’s performance on area seumodeling was assessed by comparing
it to other derived Phpemission rates, and its response to several mébgaral parameters,

and by evaluating its dispersion simulation.

1.2 Research Objectives
The overall goal of this dissertation was the depeient of science-based RPMmission
rates for large commercial beef cattle feedlot® ®bjectives were to:
1. Determine PMp emission rates from beef cattle feedlots by resvdrspersion
modeling with AERMOD.
2. Compare AERMOD (i.e., Gaussian model) and WindTr&x, Lagrangian model) in
terms of their predicted Pconcentrations and emission rates.
3. Investigate the sensitivity of AERMOD and WindTrtaxchanges in meteorological
parameters and area source-receptor locations.
Determine PMp emission rates using the flux-gradient method.
5. Simulate the dispersion of particulates from ama@urce using computational fluid
dynamics (CFD) and compare predicted results fraeRMOD.

3



1.3 Rationale

Along with the growth of the beef cattle feedindustry in the U.S. is the expected rise
in air quality concerns related to cattle feedipgmations. To date, U.S. EPA has undertaken
several actions to learn more about air emissimra CAFOs, which include cattle feedlots.
Based on these developments, air pollutant emissiom CAFOs may eventually be regulated.
As expressed by U.S. EPA, more science-based dateaded to gain more knowledge on
CAFOs air pollutants, particularly from large beattle feedlots, and to serve as guidelines on
establishing air regulations applicable for CAFSsveral studies had been conducted to
determine air pollutants from cattle feedlots; heere most of these focused on gaseous
emissions and only a few dealt with PM. Starting®uwuber 2005, the U.S. EPA identified
AERMOD as its current regulatory model for dispensiwith AERMOD capable of modeling
almost all types of sources (i.e., point, area,\&idme), standardization of atmospheric
dispersion simulation and air emission rate deteaton is feasible. However, use of AERMOD
in modeling area sources is limited. More studyaeded on the use of AERMOD on area
sources, such as cattle feedlots; performance &WMED should also be evaluated by
comparing it to techniques commonly used in aresacgomodeling.

Work performed in this dissertation provides techhinformation on estimation of Piyl
emissions from cattle feedlots that will be uséduscientists, engineers, policy makers on air
guality regulations, and CAFOs producers/operatlké., emission rates derived were based on
measurement periods significantly longer than thiog®evious studies. Different approaches of
estimating emission rates and/or simulating partitépersion were presented and compared;
results of comparison may be used in developmeobfersion factors between models and/or
improvement of modeling performance of techniqussdu Findings presented in this

dissertation will also be useful on research omallutant emissions other than PV

1.4 Organization of the Dissertation

This dissertation has eight chapters. Chaptertéssthe objectives and significance of
the research. Chapter 2 is a review of literatur®® emissions from cattle feedlots and on
different techniques on estimating emissions. Girapis a study that determined RMmission
rates from two cattle feedlots in Kansas by revdispersion modeling with AERMOD.

Chapters 4 and 5 compare AERMOD and WindTrax dspemodels in terms of their
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estimated PN} emission rates for a Kansas cattle feedlot arideif response to different
modeling inputs, respectively. Chapter 6 estimBligls, emission rates from cattle feedlots using
the flux-gradient technique. Additional analyseglos flux-gradient technique are summarized
in Appendices A, which is a verification of turbatdluctuations of PMp emissions at the

studied feedlot, and B, which is a partial comparisf the flux-gradient technique to both
AERMOD and WindTrax. Chapter 7 is a study thatleai®d the performance of AERMOD

and CFD turbulence model in simulating particle$g@ort/dispersion. Additional graphs for
AERMOD and CFD dispersion simulations are inclugedppendix C. And last, Chapter 8

provides the conclusions and recommendations.
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CHAPTER 2 -Literature Review

2.1 Particulate Matter (PM) Emissions from Cattle Feedlots

2.1.1 Sources and Control in Cattle Feedlots

Commercial beef cattle feedlots are large opendgposed to the outside environment,
making particulate and gaseous emissions difftcutiontrol and impossible to confine within
the feedlot vicinity. The primary PM source indiéets are the pen surfaces composed mainly of
soil and manure, with the amount of manure depe@ndimfeedlot practices (e.g., cattle stocking
density, pen cleaning, and manure harvesting frecy)e Frequent removal of this soil/manure
layer by pen cleaning and manure harvesting wdbty reduce the PM emissions. PM
generation from the pen surface is triggered bijecattivity through hoof action on the dry,
loose soil/manure layer on the pen surface, amdlienced by the hoof's speed, force and
resulting penetration depth (Guo et al., 2011; Raebal., 2006). Within a given day, cattle tend
to be more active during the early evening perfaavermann et al., 2006; Mitloehner, 2000);
the increased cattle activity is likely one of thain factors contributing to high PM
concentrations during this period (Bonifacio et 2011; Sweeten et al., 1988). Several studies
suggested that limiting the cattle activity maydéa significant reduction in PM emissions;
methods that can control cattle activity includer@asing the stocking density (Romanillos and
Auvermann, 1999) and manipulating the feeding saledpractices (Mitloehner, 2000).

The water content of the pen surface also influgtice PM emissions; the higher the
water content, the lower the PM emission potelfiiller and Woodbury, 2003). Water is
added to the pen surface through cattle excrefiamioe, precipitation and any water application
system, and is removed through evaporation. Wajgrém surfaces is one of the common
practices of managing dusty conditions at operidetliots and surrounding areas (Alberta Cattle
Feeders’ Association, 2002; National Resources €wasion Service, 2003). Water can be
applied using either solid-set sprinkler systentraveling gun sprinkler system/water trucks
(Amosson et al., 2006; Amosson et al., 2007). Prevstudies have quantified efficiencies of
water application in suppressing dust emissiortsitike feedlots. Laboratory experiments on a
simulated pen surface showed that applicationh®n water had PM control efficiencies of
at least 42% (Razote et al., 2006; Guo et al., PRigld measurements done at a Kansas feedlot



equipped with a solid-set sprinkler system, whied n application rate of 5 mm/day (I%m
day), revealed PM control efficiencies ranging from 32 to 80% (Bamiio et al., 2011).

Other sources of PM in cattle feedlots include wepaoads, truck/equipment engine
emissions, and feed mill operations. PM emissioms funpaved roads are generated during
daytime because of road traffic; during this perimdcks travel around pens for cattle feeding
and, trucks/tractors are used for manure harvespegations. Manure harvesting operations can
be year-long operations, depending on managemaatige, number of pens, and labor and
equipment availability. Factors affecting unpavedd PM emissions are vehicle weight, miles
travelled, traffic volume and unpaved road matepralperties (Midwest Research Institute,
1988; U.S. Environmental Protection Agency, 20@&hpother PM source is wind erosion. Based
on a U.S. EPA document (1995), wind speeds grédaaer19 km/hr (5.28 m/sec) can lead to
significant dust generation from open sourcesgdlfg study indicated that wind speeds of 3 to
3.3 m/sec can already trigger significant dust ggtien from unpaved roads (McGinn et al.,
2010).

2.1.2 Factors Affecting Particulate Matter Conceratiions

Three main variables influencing concentrations whvimd of a pollutant source are: (1)
pollutant emission rate at the source — the higheeemission rate, the higher the downwind
concentration because more pollutant is releasdtetatmosphere; (2) wind speed — the higher
the wind speed, the lower the concentration becafididution effects; and (3) atmospheric
conditions — the more stable the atmosphere, tiigehithe concentration because of less vertical
mixing/dispersion (Cimorelli et al., 2004; Flesdhag, 1995). Effects of these three variables on
concentrations can be observed at cattle feedjoexdmining PM concentration trends within
the day. Early evening period has the highest PMentrations because of higher PM emissions
from the pens brought about increased cattle agtiliring this period and stable atmospheric
conditions (Auvermann et al. 2006). Because ofabistatmospheric conditions (i.e., stronger
vertical mixing), afternoon period has relativatyver PM concentrations in spite of dust-
generating activities (e.g., cattle activity, aattlansfer, feeding, pen cleaning, feed milling)
taking place. Lowest PM concentrations, on therdtlaed, can be observed during early

morning hours, likely because of the absence afities capable of dust generation.



To lower the PM concentration downwind of feedletsiables affecting PM emission
and dispersion must be controlled. As discusseddraemeasures can be implemented to reduce
the amount of PM generated from different sourcilsimthe feedlot, such as pens and unpaved
roads; these include control of the pen’s soil/marnayer depth, manipulation of cattle activity,
and water application on both pen surfaces andwatpaads. Installation of
shelterbelts/windbreaks upwind and downwind offtegllot can lessen effects of wind by
reducing wind-generated PM and limiting the PM $@ort downwind of the source, respectively
(Wang et al., 2001; Midwest Plan Service, 2002).

2.1.3 Health and Environmental Concerns on Parti@aie Matter from Animal Feeding
Operations

PM is a criteria air pollutant primarily due to @dverse effects on human health (CFR,
2010; Cooper and Alley, 2002). PM pollution cangoeuped as coarse (BMo PMg) and fine
particulates (PMs) (U.S. Environmental Protection Agency, 2011). PAh also be classified
based on its impact on human health, specificailjpow far it penetrates the human respiratory
system: particulates that cannot penetrate beywnddse region are considered inhalable;
coarse particles that can reach bronchiolar reqaoagalled thoracic particles; and fine particles,
referred to as respirable particles, can reaclaltreolar regions of the lungs (Mitloehner and
Calvo, 2008). Several health studies suggestedtthtPM, and PM scan cause
cardiopulmonary problems to human population; sofrtee lung- and heart-related problems
include difficulty in breathing, increased asthnti@eks, chronic bronchitis, irregular heartbeat
and nonfatal heart attacks (U.S. Environmentaldetain Agency, 2011). Development of these
cardiopulmonary problems is also noted to be affittily other factors such as age, pre-existing
health conditions, and length of exposure (Duzgdxedin, 2008).

PM has been an integral part of health studies darn@AFOs. Although most of these
studies focused on CAFO workers’ health, potemisikis presented are also applicable to public
as PM in the air can be transported over long nests (Duzgoren-Aydin, 2008). PM from cattle
feedlots are mainly soil and manure emitted from @&faces and silt materials generated from
unpaved roads. And like in other CAFOs, feedlot &issions may contain microorganisms,

endotoxins/toxins, animal dander and allergensdaattrigger allergic reactions and endotoxin-
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related illnesses to high-risk population (Kirkh@md Schenker, 2002; Mitloehner and Calvo,
2008).

PM also has negative impacts on the environmenargje concentrations, PM,
especially the fine particulates, reduces visip#is it can produce haze due to patrticle’s light
scattering and absorption properties, and leaddfsimog formation (Cooper and Alley, 2002).
Atmospheric PM can affect the ecosystem as itesetth either ground or water, altering the
physical and nutritional conditions of soil and aratormations, and thus hindering plant growth
(Cooper and Alley, 2002; U.S. Environmental PrateciAgency, 2011). PM can also cause
corrosion and erosion of structures and propeatseis can adsorb and carry toxic chemicals

amidst transport (Cooper and Alley, 2002).

2.1.4 U.S. EPA National Air Emissions Monitoring Gdy on Concentrated Animal

Feeding Operations

Air pollutant emissions from cattle feedlots andestCAFOs are not regulated; as
agricultural operations, CAFOs have been exemptad fegulations concerning air quality
(National Research Council, 2003; Lester, 2006LdRedevelopments, however, demonstrate
the increasing concern on air quality issues aasatiwith CAFOs. On January 21, 2005, U.S.
EPA (2005) finalized th€onsent Agreement and Final Orderaddress air pollutant emissions
from CAFOs that included ammonia (MHhydrogen sulfide (£8), particulate matter (TSP,
PMio, PM 5), and volatile organic compounds (VOCSs) . Witlstagreement, U.S. EPA worked
with owners/stakeholders in measuring air emissimra various CAFO facilities.
Consequently, a two-year National Air Emissions Manng Study (NAEMS) was established
to gather air pollutant emissions data that woddised in developing and improving emission
estimation techniques, which can then be utilize€€BFOs to determine and control their air
emissions (U.S. Environmental Protection Agenc¥)3)0A total of 25 CAFOs facilities
participated in NAEMS, yet none of them represemiedbeef cattle feeding industry (Lester,
2006; Purdue Applied Meteorology Laboratory, 20@)e facility monitored in NAEMS was a
dairy facility with an open-lot setting similar tattle feedlots; still, use of air emission
measurements from this facility for cattle feedtsuld be inappropriate as its animal capacity

was very low (3,400 head) compared to typical concrakbeef cattle feedlots (e.g., tens of
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thousands) (Grant and Boehm, 2010). In additianemission data collected from this dairy
facility were only on NH and HS (Grant and Boehm, 2010).

To obtain more data on CAFOs air pollutant emissi@m January 19, 2011, U.S. EPA
released &all for Informationrequesting for quality-assured emission data on, RkES, TSP,
PMyo, PM: 5, and VOCs for swine, dairy, beef, egg-layer, l@modnd turkey operations that can
be added to the emission data collected throughMNBECFR, 2011).

2.2 Emission Estimating Techniques

The foundation of air pollutant transport simulatie the mass transfer equation written
as:

1c ,TCu) TCu) Tcu) THD:C) FHDC) FHDL) ()
Mt I Ty 1z %> e 1z

whereC is concentrationyy, u, andu, are components of wind speed in downwixd, (

crosswind y-) and vertical £) directions, respectivelyd,, Dy, andD, are effective diffusion
coefficients inx-, y-, z-directions, respectively, arflis generation/source term (Heinsohn and
Kabel, 1999). The left-hand side of the equatiocoisiposed of the accumulation terfio/{it)
and the three convective mass transport terms,esléehe right-hand side has the generation
term © and the three diffusion (i.e., molecular and gddynsport terms.

Air emission estimation techniques appropriatesfmurces with surface areas of 10
10° m? include reverse atmospheric dispersion modelimgraicrometeorological methods
(National Research Council, 2003), and these teciasi are developed using reduced forms of
eg 2-1 (Flesch and Wilson, 2005; Heinsohn and Kd$99; Meyers and Baldocchi, 2005).
Common requirement for these emission estimationnigues are concentration measurements,
meteorological measurements, and area source dionenShortcomings shared by these
techniques include assumption of surface homoggneitich implies constant and uniform
emission rate throughout the area source, anddliimits in concentration and meteorological

sensors (National Research Council, 2003).
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2.2.1 AERMOD

AERMOD is the latest dispersion model preferredJo$. EPA for simulating
atmospheric dispersion (CFR, 2005). Similar togrevious regulatory model (ISCSTS3; Pacific
Environmental Services, Inc., 1995), AERMOD is lihse the Gaussian plume model
(Cimorelli et al., 2004). The following assumpticar® applied to simplify eq 2-1: steady-state
conditions {ic/fit = 0); mass is transported by convectiox-airection with constant downwind
wind speedy; in bothy- andz-directions, mass is transported mainly by diffas{oe.,
molecular and eddy) with constant diffusion coeéiits Oy, D,); and no reaction/generatio8 (

= 0) (Heinsohn and Kabel, 1999). The governing &qgndor the Gaussian plume model is given
by:
2 2
1c __ 1C 1°C
u —- D y 2 + Dz
Tix Ty
The analytical solution for eq 2-2 can be expressefbur separate factors:

C=Q" F. F. F. (2-3)

whereC is concentration (1g/fh Q is source emission rateq, is downwind factor, which is

(2-2)

the inverse of wind speed, (sec/m), &g andF, are crosswind and vertical factors,
respectively (Turner, 1994). Eq 2-3 is commonleredd to as the Gaussian plume model since
the last two factors;, andF,, are Gaussian (Heinsohn and Kabel, 1999; Tur@&4) In

reverse dispersion modeling, the emission fluxstsyeated using model-predicted and measured

concentrations with the expression:

Q, % Co (2-4)

whereQ, is calculated emission flux for the source (uggec),C, is measured concentration
downwind of the source (ugMn Qa is assumed emission flux in the modeling (e.@ 1ig/nf-
sec), andCa is concentration (pg/fhpredicted in the modeling usii@, with the assumption
that the emission rat€(in eq 2-3) is independent of the other three facteyw, Fcw andF,)
(Calder, 1977).

Similar to ISCST3, AERMOD is designed for modelafigpersion for point, area, and

volume sources. Unlike in ISCST3, however, planeteundary layer is well-characterized in
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AERMOD (Cimorelli et al., 2004; Turner and Schul2807). In ISCST3, only three boundary
layer parameters (i.e., wind speed, mixing heightl stability class) are needed to run the
modeling, whereas in AERMOD, several more pararadies., friction velocity, convective
velocity scale, potential temperature gradientsgde heat flux) are required. For stable
conditions, concentration distributions in bothtieal and crosswind directions in AERMOD are
Gaussian in form. For unstable conditions, theswwrsd concentration distribution still has a
Gaussian form but the vertical concentration dstion is represented with a bi-Gaussian form.
This bi-Gaussian concept is assumed to be a motgate approximation of actual vertical
dispersion during unstable conditions (Cimorellakt 2004; Perry et al., 2005).

The performance of AERMOD in modeling point sourhad been evaluated using field
measurements on power plants with known emissi@s (@erry et al., 2005). In these field
studies, concentrations of either sulfur dioxid®{Sor atmospheric tracer were measured at
several locations around the power plants, withrdeiwd distances as far as 50 km (Perry et al.,
2005). In general, AERMOD performed well in predigtthe upper end of the observed
concentration distributions downwind of point sag¢Perry et al., 2005) and this capability of
predicting the highest concentrations is one qudksired for a regulatory model (Hanna et al.,
1999; Turner and Schulze, 2007). This success &MED, which also performed better than
ISCSTS3, is attributed to its better characterizatbthe atmospheric boundary layer, and its use
of bi-Gaussian form to represent the vertical cotregion distributions during unstable
conditions (Perry et al., 2005).

On the other hand, the performance of AERMOD in etind area sources, such as beef
cattle feedlots, still has to be assessed. Evalati AERMOD'’s performance would require
field measurements for area sources with known/oredsemission rates, and measured
downwind concentrations and meteorological condgidHowever, having known emission rates
would be formidable because direct measurement pbdutant emissions for area sources is
not feasible. Although static chambers and windhéls are indeed available, use of these direct
techniques on area sources like cattle feedlotdrasa considerable uncertainties due to non-
capture of emission spatial variability, and alteraof environment during measurement
(National Research Council, 2003). Preliminary ssdnvestigating AERMOD’s performance
in area source modeling used sources with sevemalspof release; with all their points

discharging emissions simultaneously, these sowvees treated as area sources (Hanna et al.,
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1999; Perry et al., 2005). For a refinery plantwgéveral point releases, AERMOD produced
better results by predicting concentrations théieddd from measured concentrations by 2%
only, compared to ISCST3, whose predicted conceotimawere higher by almost a factor 2. But
the performance of AERMOD was not always goodnatlaer site, AERMOD under-predicted
the concentration by a factor of 2, although it thesnoted that it still performed better than
ISCST3, which overpredicted the concentration lfgctor of 3.

AERMOD and other Gaussian-based models have sdimitions. One, AERMOD is
not suitable for simulating low wind speed or caomditions (Holmes and Morawska, 2006).
And two, AERMOD does not give accurate downwindaanirations at locations less than 100
m away from the source (Holmes and Morawska, 2dD@&wback of placing sampler far away
from the feedlot property line is that it may légadnaccurate concentration measurements due to
presence of sources (e.g., agricultural lands, wegpaoads) other than the feedlot (Faulkner et

al., 2007), and may contribute to larger uncertegnin calculated emission rates.

2.2.2 WindTrax
WindTrax is based on a reduced mass transportiequagat works with accumulation

and bulk motion transport terms. The governing égoaan be written as:

TIC +uXﬂC +uyTIC +uz£:0 (2-5)
it X Ty 1z

with the assumption that all wind speed compong@gisi, u,) are constant (Flesch and Wilson,

2005). To solve eq 2-5, the approach chosen bgelielopers of WindTrax is the Lagrangian
stochastic technique. The Lagrangian stochastimtgae is composed of particle equations that

describe the particle position and velocity evalns (Pope, 2000) and are given by:

du; =a;(x,u,t)dt +bi,j(x,u,t)d)(j (2-6a)

dx = u;dt (2-6b)

wherex is particle positionu is particle velocitya andb;; are functions ofx,u,t), anddx is a
random parameter (Thomson, 1987). Equation foctimeentration is based on particle
trajectory, expressed in terms of its ‘touchdovatdtion k., o) and vertical ‘touchdown’

velocity W,, m/sec) (Flesch and Wilson, 2005). The concewninaguation is given by:
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C =Q 12 €3
N [Wo

whereC is predicted concentration (Lgi)rat a given locationQ is source emission rate (pgfim
sec), andN is total number of particles released from the gigekclocation (Flesch et al., 2004;
Flesch et al., 1995). The summation term in egXequivalent to the average concentration at
the location X, y, 2. A backward time frame is also applied in solatitherefore the name
backward Lagrangian stochastic (bLS) method.

WindTrax is a graphical dispersion tool developeadda on the bLS technique described
as an effective tool for modeling emissions fronfaee area sources (Flesch et al., 1995).
Emission rate can be determined with WindTrax eitheinverse dispersion modeling (eq 2-4),
in which emission rate is estimated from WindTragepcted and corresponding measured
concentrations, or just using the measured coret@mras modeling input, from which
WindTrax can directly estimate the emission ratee(@a, 2006).

The performance of WindTrax in modeling area sosifel been verified using a field
experiment. Using a 36 nPVC manifold as the area source, results showadtiedicted
concentrations were higher than observed concerisaby just 2% on the average, excluding
conditions with either very stable or very unstadtimospheric conditions (Flesch et al., 2004).
Results also revealed that WindTrax underpredifitgd. 3%) the observed concentrations
during unstable conditions, and overpredicted duniear-neutral (by 12%) and stable (by 38%)
conditions. The large inaccuracy in concentraticedjcted for stable conditions was attributed
to uncertainties in meteorological measurementsmgduhese conditions (Flesch et al., 2004;
Massman and Lee, 2002).

WindTrax has been used for cattle feedlot studegases (odor, Galvin et al., 2006;
NHj3, Flesch et al., 2009; greenhouse gases, Leytam €011) and PM (PN, McGinn et al.,
2010). WindTrax was also one of the techniques eyaal in NAEMS in computing gas
emissions from waste storage structures in swidedairy (Purdue Applied Meteorology
Laboratory, 2009). In addition, WindTrax is desidrie model downwind distances within 1 km
of the area source (Crenna, 2006), therefore, @ikRMOD, it can model downwind locations
very close to the cattle feedlot. Another appeatjonglity of WindTrax is that it simulates
dispersion based on wind and turbulence statisfitise atmosphere (Flesch et al., 2009). The
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use of these statistics was described by WilsonSavdford (1996) as a natural and effective

approach of simulating atmospheric processes, asigdollutant transport.

2.2.3 Flux-Gradient Method

The transport of trace gases and aerosols betweesutface and the atmosphere is a
result of turbulent transfer processes near thesei(National Research Council, 2003).
Micrometeorological techniques are considered tbetrdirect, unobtrusive methods of
measuring this surface-atmosphere exchange (HarBamth, 2007), which comprises of mass
(e.g., trace gases) and energy (e.g., sensibleth@asfers between the surface and the
atmosphere (Myles et al., 2011; Prueger et al.5p@ifferent micrometeorological techniques
include eddy covariace/eddy correlation, eddy aedation, relaxed eddy accumulation, flux-
gradient, integrated horizontal flux, and bowetoranergy balance methods (Kanemasu et al.,
1979; Meyers and Baldocchi, 2005; National Rese@aimncil, 2003).

The flux-gradient method is a widely used emis@stimation technique. The governing
equation of this method can derived from eq 2-Atgounting only the diffusion transportan

direction (Prueger and Kustas, 2005), given by:

2
1°(DC)
O :—2 (2'8)
12
Assuming that the effective diffusivitid,, is constant, integration with respectztieads to
Fick’s first law of diffusion given by:
dc
Qz =-D, — (2-9)
dz

whereQ, is vertical emission flux (ug/frsec),D, is effective diffusivity (m/sec), andic/dzis
vertical concentration gradient (ugm) (Prueger and Kustas, 2005; Muller et al., 2009)
Computation for the concentration gradiaf/dz requires concentration measurements from at
least two different heights/levels (National ResbaCouncil, 2003), although use of more than
two measurement heights is recommended to prodhecesisential flux profile (Meyers and
Baldocchi, 2005). The effective diffusivitip,, is estimated from eddy diffusivity momentum

that can in turn be estimated using eddy covariameasurements (Prueger et al, 2005).
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Compared to the eddy correlation method, the miosttdamong the
micrometeorological techniques (Kanemasu et all9),%ne positive characteristic of the flux-
gradient method is it does not require fast-resp@essors (e.g., more than 1 Hz sampling
frequency) in concentration measurements (NatiBeglkearch Council, 2003). And still, the
flux-gradient method produced very similar restitshe eddy correlation method if based on
longer sampling intervals (e.g., less than 1 Hzdang frequency) (Muller et al., 2009). One
concern with this technique, however, is its sangpprocedure. As mentioned, concentration
measurements can be done at several heights. Gnis teaallocate one instrument for each
height but the downside of having several instrusienit is costly, and requires cross-
calibration among instruments to reduce sampliag BiVagner-Riddle et al., 2005). Another
approach to conduct sampling is to use a singteument equipped with an air sampling system
such that it can sample through different intakegalternately; here, the instrument must have
high sensitivity to detect small concentration elifnces (Wagner-Riddle et al., 2005).

The flux-gradient method has been used to detergaseous emissions from
agricultural soils; it has been used to calculatéessions for NH (Myles et al., 2011), nitric acid
(Myles et al., 2011), ozone (Muller et al., 20094, (Myles et al., 2011), and pesticides
(Prueger et al., 2005). Although rarely used, the-§radient technique had been applied in
cattle feedlot studies estimating emissions o Fbdd et al., 2007) and nitrogen gases (Todd
et al., 2005).

2.2.4 Turbulence Modeling with Computational Fluibynamics

Almost all flows in practical engineering applicats are turbulent. Turbulence in a fluid
develops when the fluid flows past an obstructiowben streamlines of the fluid pass or
overlap one another; turbulence also developscamsequence of the complex interaction
between advection and diffusion processes invoinéiid transport (Wilcox, 1994). In
analyzing turbulent fluid transport problems, tleeepted technique is the use of turbulence
models.

The general form for transport equation can betemias:

T .1 1 LT
o ) ﬂx(ruf)ﬂx X

= Sf (2-10)
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wheref is fluid property being transported (e.g., masspmantum, kinetic energy, dissipation
rate),s is air densityj is subscript denoting (downwind),y (crosswind) and (vertical)
directions x; is direction,u; represents the velocity componenkiwlirection, G is diffusion
coefficient, ands is source term (Predicala and Maghirang, 2003¢gl2-10, the first, second
and third terms (at the left-hand side) are accatman, convection and diffusion terms fGr
respectively. Definitions fo& andS; based on the fluid property, are presented in detail by
Predicala and Maghirang (2003). The Navier-Stokggmgon is an equation of motion derived
from eq 2-10 and is given by:

r M+/‘ l(UiUJ)z -E+M+rgj (2-11)

[ % T
wherei is subscript for all three directions {, andz), j is subscript for the direction evaluated
(X, y, orz), mis air viscosityP is pressure force ipdirection evaluated; is viscous stress
component, and; is gravitational force ifrdirection (Glasgow, 2010). The viscous stress

componenty;, is given by (Feistauer et al. 2003; Ferziger Radc, 2002):

t=m Tu;, Tu -12)
™% X

In deriving the Navier-Stokes equation, both denaitd viscosity are assumed to be constant
(Glasgow, 2010).

Turbulence can be incorporated in transport eqoatising Reynolds decompaosition, in
which the instantaneous value/ois expressed in terms of its corresponding aveaage
fluctuation components (Ferziger and Peric, 2008g equation for Reynolds decomposition is
given by:

f=f+f (2-13)

where £ is the average component, afids the fluctuation component that represents

turbulence. Applying Reynolds decomposition to Navier-Stokes equation and averaging in
terms off lead to the Reynolds-averaged Navier-Stokes (RABation, from which a

number of turbulence models are badeéihodel k-wmodel; Ferziger and Peric, 2002).
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Incorporating eq 2-13 into eq 2-11 and 2-12 and @neeraging variables, RANS equations can

be written as:

U, Y I —
e TR s ST (2-14)
m 9 ™ T
with the average viscous stress component giveiirénziger and Peric, 2002; Glasgow, 2010):
f=m Tu;, Tu (2-15)
™ X
Implementing the same steps described above, shadting continuity equation is given by:
Tu_q (2-16)
Mx

The new terms; E in eq 2-14 are called Reynolds stresses andsept¢he

turbulent momentum transport by turbulence itsglaggow, 2010). Addition of these new terms
in the transport equations, however, leads to suceoproblem as the number of unknown
variables is now more than the number of availaljeations (Ferziger and Peric, 2002;
Glasgow, 2010). Turbulence models, which are apprations involving Reynolds stresses and
turbulent scalar fluxes, are developed to ‘clogebems on turbulent flows.

Similar to transport equations presented abovbutance models are defined by partial
differential equations that are approximated nucadli (Ferziger and Peric, 2002). This
application of solving partial differential equat®for transport problems numerically is referred
to as computational fluid dynamics (CFD) (Feistaeteal., 2003). CFD has been used to
simulate air transport within and outside CAFO dimgs. CFD had been employed in studies
that simulated air flow (Blanes-Vidal et al., 2008»d transport of gaseous (Bjerg et al., 2008;
Li and Guo, 2006) and particulate (Maghirang andhbeck, 1993; Predicala and Maghirang,
2003) emissions for CAFO facilities. The commonged turbulence model, as demonstrated by
these studies, is theeturbulence model (Wilcox, 1994). Tkeeturbulence model is a two-
eguation model composed of transport equationsifbulent kinetic energy, and dissipation
rate,e, developed as closure for turbulent flow probléfexziger and Peric, 2002; Wilcox,
1994).
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2.3 Summary

Air quality issues from CAFOs are becoming moreom@nt because of their adverse
effects on human health and environment. More deganeeded to establish air pollutant
emission rates for CAFOs and improve emission egton techniques. Additional research is
needed to quantify PM emission rates from commkbeaf cattle feedlots. The evaluation of
the performance of AERMOD in determining emissifmsn area sources such as cattle feedlots

is also important.
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CHAPTER 3 -Particulate Matter Emission Rates from Beef Cattle

Feedlots in Kansas — Reverse Dispersion Modelihg

3.1 Introduction

Open beef cattle feedlots face air quality chale=ngncluding emissions of particulate
matter (i.e., PNy and PM 5), odorous volatile organic compoundsymonia, and greenhouse
gases. The long-term sustainability of feedlots m@idhboring rural communities that are
economically dependent on these operations wileddpn part on overcoming these air quality
challenges. In addition, open cattle feedlots magubject to new regulations on air emissions.
However, limited data on gaseous and PM emissigiss #@r large cattle feedlots (National
Research Council, 2003), especially for those énGineat Plains region that comprises a large
percentage of the U.S. beef cattle production.eéxample, as of July 2011, the Southern Great
Plains states of Texas, Kansas, Nebraska, Colo@klahoma, and New Mexico combined
accounted for about 78% of the 10.5 million headatfle on feed for feedlots with a capacity of
1,000 or more head (U.S. Department of Agricult@,1). Gaseous and PM emission rates
need to be determined from large feedlots to pevedlistic assessment of their environmental
impacts. Estimates of emission rates are alsaarith emission inventories and abatement
measures development. As stated in the reportr@mnassions from animal feeding operations
(AFOs) by the National Research Council (NRC) (2008/hile concern has mounted, research
to provide the basic information needed for effextiegulation and management of these
emissions has languished... Accurate estimationradraissions from AFOs is needed to gauge
their possible adverse impacts and the subsegugfeinentation of control measures.”

In response to the NRC report, the National Air &§ians Monitoring Study (NAEMS)
was conducted on several swine, dairy, layer, aoteb facilities (National Research Council,
2003; Purdue Applied Meteorology Laboratory, 200%)ere is also a need to measure and
monitor air emissions from open beef cattle feed|lQuantifying air emission rates from open
feedlots is challenging, largely because of theique characteristics, including surface

heterogeneity, wide variation in source geometng, @mporal and spatial variability of

! Bonifacio, H.F., R.G. Maghirang, B.W. AuvermannBERazote, J.P. Murphy, and J.P. Harner IIl. 2012.
Particulate matter emission rates from beef cégtidlots in Kansas — reverse dispersion modelingir
& Waste Manage. Ass062:350-361. doi:10.1080/10473289.2011.651557.
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emission rates. A widely used approach involvessmaag upwind and downwind
concentrations combined with reverse modeling withospheric dispersion models (National
Research Council, 2003; Wanjura et a., 2004; Mc@ired., 2010; Faulkner et al., 2009;
Goodrich et al., 2009). Currently, several dispersnodels are available, with the American
Meteorological Society/Environmental Protection Agg Regulatory Model (AERMOD) as the
latest Gaussian model recommended by the U.S. @miental Protection Agency (EPA) for
regulatory purposes (CFR, 2005).

Several PM emission estimates for cattle feedi@sagailable from studies using
dispersion models, including simple box models.(&gn Joaquin Valley Air Pollution Control
District, 2010), Gaussian dispersion models (&anjura et al., 2004), and Lagrangian
stochastic models (e.g., McGinn et al., 2010).iReentory purposes, U.S. EPA is currently
using a PMp emission factor of 17 tons/1,000 head (hd) thrpugliequivalent to 82 kg/1,000
hd-day at 2 throughput/yr) (Midwest Research Ingtit 1988); this factor was apparently
obtained using a simple Gaussian model and PM memasmts from California feedlots
(Grelinger and Lapp, 1996; U.S. Environmental Rrtide Agency, 2001). California Air
Resources Board (CARB) has recently publishedf&vhission factor of 13.2 kg/1,000 hd-day
for cattle feedlots (Countess Environmental, 2@ Joaquin Valley Air Pollution Control
District, 2010). The emission factor was deterrdibg the San Joaquin Valley Air Pollution
Control District (SJVAPCD) using Linear Profile madBlock Profile model, Logarithmic
Profile model, and Box model (Countess Environmie2@06; San Joaquin Valley Air Pollution
Control District, 2010). Correspondence with SJVAP@vealed that selection of model
depended on the vertical profile of measured dowdwincentrations. Wanjura et al.(2004)
reported a P} emission factor of 19 kg/1,000 hd-day for a Tefessllot using the Industrial
Source Complex — Short Term (ISCST3) model; howaweinformation was given on
inclusion of gravitational settling in the modelingcGinn et al. (2010) calculated RM
emission rates at two cattle feedlots in Austrafimg a Lagrangian stochastic (LS) dispersion
model (i.e., WindTrax, Thunder Beach Scientific)diiied to include effects of gravitational
settling and surface deposition; RMmission rates were 31 kg/1,000 hd-day and 60,6001
hd-day for the two feedlots.

Most of the above emission rate values were basedlatively short-term measurements

— usually only several days of measurement. Alemeswere conducted during periods in which
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pens were dry (i.e., Grelinger and Lapp, 1996) |levbihers were based on measurement periods
in which pens were relatively wet, due to eithén event or water sprinkling (i.e., Wanjura et

al., 2004; San Joaquin Valley Air Pollution Contistrict, 2010). The U.S. EPA Pl

emission factor of 82 kg/1,000 hd-day (17 tons/@,B8- throughput) was also based on the
assumption that PM emitted from cattle feedlot tiedsame size distribution as PM emitted

from agricultural soils and that the R¥TSP ratio was equal to 0.64 (Midwest Research
Institute, 1988). From field measurements on decétdlot in Kansas (Gonzales, 2010), mean
PM;¢/TSP ratio was 0.35, suggesting that the sizeiligton assumed for the US EPA emission
factor may not be suitable for cattle feedlots Hredderived US EPA PM emission factor could

be overestimated.

A limited number of studies have been carried aandjifying and characterizing Ryl
emission rates from cattle feedlots, particuladyfeedlots in Kansas; clearly, more research is
needed. This research was conducted to determing d?Mssion rates from cattle feedlots by
reverse modeling using AERMOD combined with extehdwasurement period for RM
concentrations.

3.2 Materials and Methods

Emission rates of PN were determined using the following general proced(1) PM,
concentrations at the downwind and upwind edgewofcattle feedlots were monitored; (2)
atmospheric dispersion modeling with AERMOD usingni emission flux (i.e., 1.0 pgfsec)
was used to predict Pliyiconcentrations in the feedlots; and (3) emisslioxes were calculated
from measured concentrations and AERMOD-predictettentrations. From emission fluxes

and cattle population in the feedlots, emissiondiac(i.e., kg/1000 hd-day) were determined.

3.2.1 Field Measurements of P} Concentration

3.2.1.1 Feedlot Description

Two commercial cattle feedlots in Kansas, herefarred to as KS1 and KS2, were
considered. Feedlots KS1 and KS2 are 35 km apargunded by agricultural lands. Another
feedlot is located about 3 km south-southwest of K&h several rows of trees separating the
two feedlots. A feedlot is also located about 3dast-southeast of KS2 with a row of trees
between the two feedlots. Table 3-1 summarizegdineral characteristics of feedlots KS1 and

KS2. Prevailing wind directions at the feedlots @south-southeast during summer and north-
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northwest during winter. Feedlot KS1 had approxetya80,000 head of cattle with total pen
area of about 50 ha. It had a water sprinkler systgh maximum application rate of
approximately 5.0 mm/day. The water sprinkler systeas normally operated during prolonged
dry periods from April through October. Manure e@ngsurfaces were scraped and
piled/compacted to one location in the pen (i.enter mound) 2 to 3 times per year per pen, and
were hauled from each pen at least once a yeadldtd€S2, on the other hand, had
approximately 25,000 head of cattle and total prea af approximately 68 ha. For each pen,
scraping/manure piling was done 5 to 6 times par yéile manure hauling was scheduled 2 to

3 times per year.

Table 3-1.Description of feedlot KS1 and KS2

Parameter Feedlot KS1 Feedlot KS2
Capacity, head 30,000 25,000
Area, ha 50 68
Dust control Water sprinkler <5 mm/day none
methods system

Pen cleaning 2t03 5t06

times/year-pen times/year-pen

Weather Prevailing wind South-southeast South-southeast

conditions Direction

Average annual 679 757
precipitation (mm)

Cattle were fed 3 times a day at both feedlots.K=it, feeding periods were 6:00 a.m.-
8:30 a.m., 11:00 a.m.-1:30 p.m., and 3:00 p.m.-p.80 For KS2, feeding periods were 5:30
a.m.-7:30 a.m., 9:30 a.m.-11:30 a.m., and 12:30-p:80 p.m.

Table 3-1 indicates that KS2 received about 10%empoecipitation than KS1 in 2007
and 2008. For KS1, the total amount of water agpieough the sprinkler system and number
of days the sprinkler system was operated var@u fyear to year depending on weather
conditions. The total amounts of water used bysfrinkler system in 2007 and 2008 were 333
and 209 mm, respectively. The sprinkler system eygsated for a total of 102 days in 2007 and
57 days in 2008.
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3.2.1.2 Measurement of P\ Concentration and Weather Conditions

PMjpmass concentrations were measured at the norteaartd edges of the feedlots.
The north and south sampling locations for KS1 (Feg3-1a) were approximately 5 m and 30
m, respectively, away from the closest pens; thasKS2 (Figure 3-1b) were approximately 40
m and 60 m, respectively, away from the closesspdote that the sampling locations at each

feedlot were selected based on feedlot layout, pewalability, and access.

(a) (b)
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Figure 3-1. Schematic diagram showing locations of ig&amplers and weather station at
feedlots (a) KS1 and (b) KS2.

PM;jo concentration at each sampling location was medswith a tapered element
oscillating microbalance (TEOM) PMmonitor (Series 1400a, Thermo Fisher ScientifastE
Greenbush, NY; federal equivalent method designadtio. EQPM-1090-079). The Plsize-
selective inlet was positioned 2.3 m above the mgo& M, concentrations were recorded
continuously at 20-min intervals. During samplinglaneasurement, the sampled air and TEOM
filter were heated to 50°C. Maintenance of TEOMs. (ileak checks, flow audits, and inlet
cleaning) was performed monthly. For cases of llow faudit results, either the TEOM pump

was replaced or software calibration was done teecbthe sampling flow rate. The TEOM

32



collection filters were replaced if the filter laad indicated by the TEOM reached the 90%
value; TEOM in-line filters were replaced when #mount of dust collected was significant.

Each feedlot was equipped with a weather stati@m(abell Scientific, Inc., Logan,
Utah) to measure and record at 20-min intervalsisimeed and direction (Model 05103-5),
atmospheric pressure (Model CS100), precipitatMadel TE525), and air temperature and
relative humidity (Model HMP45C).

The PMy dataset from the TEOMs was screened based ondiiection. Datasets in
which downwind was either the north sampling sli0C wind direction) or the south sampling
site (0°/360° wind direction) were considered (Fegu3-1a and 3-1b). The working range for
wind direction was set at + 45° in accordance giifdeline on air quality models (CFR, 2005).
Data outside the acceptable range were then excfuoie the analysis. Large negative 20-min
PMyo concentrations (i.e., < -10 pgiwere not used in the analysis in accordance thith
TEOM manufacturer's recommendations. Only datasétsboth concentrations (downwind,
upwind) and complete meteorological data were camsd in this study. The 20-min downwind
and upwind PM, concentrations were integrated to hourly averégésre computing the hourly
net concentrations (i.e., downwind concentratiarpwind concentration). Negative net
concentrations were also excluded in the analygsthey could indicate negligible RM
emission from the feedlots. In this study, upwibddkground) concentration was assumed to be

uniformly distributed over the measurement timeinwdl.

3.2.2 Reverse Dispersion Modeling

Modeling involved preparation of meteorologicalug and then running AERMOD
(version 09292, US EPA; www.epa.gov/ttn/scram)redpct concentrations downwind of each
feedlot (Pacific Environmental Services, 2004; MAET Federal Programs, Inc., 2009). This

version accounts for particle losses due to grawital settling.

3.2.2.1 Meteorological Data

In AERMOD modeling, meteorological parameters stidag specified and/or calculated
that include the following: wind speed and diregtitemperature, Monin-Obukhov length,
friction velocity, sensible heat flux, mixing hetghand surface roughness length. Wind speed,
wind direction, and temperature were obtained froeasurements by the weather stations at the

feedlots. The Monin-Obukhov length data were olgdiftom an Atmospheric Radiation
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Measurement (ARM) research site approximately 16akih48 km away from feedlot KS1 and
KS2, respectively. The 30-min eddy covariance mesmsants at the ARM research site were
first averaged to be hourly values before compulfognin-Obukhov length. It was assumed that
the same Monin-Obukhov length can be applied tatlefeedlots. This assumption was based
on a preliminary analysis of data from two otherM\Rites about 80 km apart, with significantly
different wind speeds (p < 0.001) that showed weedites did not significantly differ (p = 0.15)
in Monin-Obukhov length. Friction velocity, sensliieat flux, and mixing heights were
calculated from the measured wind speed, measenagerature, and calculated Monin-
Obukhov length using equations in AERMOD formulat{@€imorelli et al., 2004). Surface
roughness length, defined to be related to thehh@bwind flow obstacles, was set at 5.0 cm
based on the classification table by EPA (U.S. Emrnental Protection Agency, 2008) and also
on a study by Baum (2003) that reported a surfaaghmess value of 4.1 £ 2.2 cm for a cattle
feedlot in Kansas. These parameters were then ftedhas surface and profile data files that can
be read by AERMOD. In addition, wind speed thredhes set at 1.0 m/sec based on the wind
speed monitor’s threshold sensitivity; data witmavspeed less than the threshold were not

considered in the modeling.

3.2.2.2 AERMOD Dispersion Modeling

The model used in this study was AERMOD, whichis ¢urrent EPA preferred
regulatory dispersion model (CFR, 2005). AERMOI steady-state Gaussian plume model
that simulates dispersion based on a well-chaiaetkplanetary boundary layer structure
(Cimorelli et al., 2004). For stable conditions, REMOD applies Gaussian distribution to both
vertical and lateral/horizontal distributions ohcentrations (Cimorelli et al., 2004). For
unstable conditions, Gaussian distribution stipplegs for lateral distribution of concentration;
however, a bi-Gaussian distribution is now usedBRMOD to approximate the vertical
concentration distribution (Cimorelli et al., 200Fhis bi-Gaussian concept, which is a more
accurate approximation of actual vertical dispersis another feature of AERMOD that makes
it different from other models (Cimorelli et alQ@4; Perry et al., 2005). Based on AERMOD

guidelines, the concentration can be expressed as:

cxy,z2t =(Q/u) P,P, 3-7)
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whereC{x,y,z}is the concentration (ugAnpredicted for coordinate/receptor givenxoy
(downwind distance from the sourcg)lateral distance perpendicular to the plume doindw
centerline) ana (height from the groundy) is the source emission rateis the wind speed; and
Py andP; are the probability density functions that desetifee lateral and vertical distributions
of concentration, respectively (Cimorelli et al002). For dispersion modeling involving several
area sources (e.g., pens in a feedlot), the totatentration is assumed equal to the sum of the
concentrations predicted for each source (Cald@t71L

The effects of gravitational settling of particlesre considered (U.S. Environmental
Protection Agency, 2009). Algorithms in AERMOD imiodeling particle settling and removal
are similar to those for ISCST3 (Pacific Environtaiservices, Inc., 1995) U.S. Environmental
Protection Agency, 2009). Settling velocity, is calculated using eq 3-2:

(f- rair)gd% C.

Vii T gm 52

wherer is particle density (g/ch), 74 is air density (g/cr), g is the acceleration due to

gravity (9.8 m/se®), mis absolute air viscosity (g/cm-sec),is conversion constant, algr is
slip correction factor (U.S. Environmental ProtentAgency, 2009). Particle deposition velocity

(m/sec),Vy, is computed fronVgand is given by:

_ 1 )
"R+*R*RRV,

whereR; is aerodynamic resistance (sec/m) Bads quasi-laminar sublayer resistance (sec/m)

Vi V, (3-3)

(U.S. Environmental Protection Agency, 2009). Fidinthe source depletion factdiy(x), is
obtained, that is,

F.00=2% - exp - % D(x)dx (3-4)

Q,
whereQ(x) is adjusted source strength at distaxgg/sec),Q, is initial source strength (g/sed),
is transport wind speed (m/sec), dxk) is crosswind integrated diffusion function (1/m).
In this study, a unit emission flux (1.0 udksec) was used in AERMOD modeling to
predict hourly concentrations at the downwind sangpllocation for each feedlot. The following

assumptions were specified: (1) feedlots were soeaces with flat terrain, (2) all pens had same
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and constant emission flux for the 1-hr averaginget (3) dry depletion of particles was the
only removal mechanism (i.e., depletion due to ipr&tion not considered), and (4)
concentration was the variable modeled. Inclusigpasticle depletion required specifying
particle size distribution (psd) in terms of pddisize categories (as mass-mean aerodynamic
diameters), their corresponding mass fractions,pamticle densities (Cimorelli et al., 2004). The
psd used in modeling was based on field measurena¢iS1 using micro-orifice uniform
deposit impactor (MOUDI, Model 100-R, MSP Corpaoati Shoreview, MN) (Gonzales, 2010).
For the 2-yr study period, there were 11 psd megsents at KS1, with 9 measurements for the
May to November period and 2 measurements for gmeBber to April period. From these
measurements, considering particles that are sntafle approximately 10 um to represent
PMjo, mean mass percentages for the different padizteranges were as follows: 52% for 6.20
pm —9.90 pum; 27% for 3.10 um — 6.20 um; 7% foOluén - 3.10 um; and 14% for < 1.80 pm.
Other required inputs were SFC and PFL meteoradddiies, height (i.e., 2.3 m) and location of
the receptor, and locations of area sources [fiefs). The locations of area sources and receptor
in each feedlot were specified by encoding vertafebe area sources and receptor in the
AERMOD runstream file. Vertices were determinechggihe DesignCAD 3M Max18
(IMSIDesign, Novato, CA) software.

3.2.3 Calculation of Emission Rates
Assuming that the emission rates are independddy, &%, andu in eq. 3-1 (Calder,
1977), the emission flux was calculated from theuased emission flux (1.0 pgfrsec) and

predicted and measured net Moncentrations using eq 3-5:

_Q,. -
Q, C. C. (3-5)

whereQ, is the calculated 1-hr emission flux (ugfsec),C, is the measured 1-hr net R
concentration (pg/f), Qa is 1.0 pg/m-sec, andCa is the model-predicted 1-hr RM
concentration (pg/f for an emission flux of 1.0 pgfmsec.

In computing emissions, only days with at least 58f%he hourly emission fluxes were
considered (U.S. Environmental Protection Agen©@3). For a given day, the average of

hourly emission fluxes was used to represent theffir that day. Medians were used to
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represent the monthly and annual emission fluxeaums®e of the non-normality of the data sets.

Annual emission fluxes were converted to emissamidrs using the following relationship:
er A
10° N

whereEF is calculated emission factor (kg/1,000 hd-d&)).is mean annual emission flux

EF = (3-6)

(g/m’-day),A is total pen area (fjy andN is number of cattle in thousands (i.e., 30 for K&
for KS2).

Data were analyzed with statistical tools of SAfveare (SAS Institute Inc., 2004).
Statistical tests on normality showed all of théadsets (i.e., wind speed, temperature,
concentration, emission flux and factor) had nommal distribution. Consequently, in
comparing data sets of different groups (e.g.,lad€S1 vs. KS2), nonparametric test (e.g.,
nonparametric one-way analysis of variance) wad asé median values were then reported.
Removal of outliers and computation of standardatens were based on the procedure
proposed by Schwertman et al. (2004) for data nath-normal distribution. A 5% level of

significance was used in all comparisons.
3.3 Results and Discussion

3.3.1 Weather Conditions and P)MConcentrations

During the study period (January 2007 to Decemb@8), 44% and 41% of the
measurements at KS1 and KS2, respectively, had gimedtion from the south (135° to 225°);
23% and 21% of the measurement had wind directmm the north (0° to 45°, 315° to 360°) at
KS1 and KS2, respectively. Wind usually came from south, particularly during the months of
May to November (Figure 3-2). Non-parametric testicated that the two feedlots did not
significantly differ in temperature (p = 0.34) hiitfered significantly (p<0.05) in wind speed.
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Figure 3-2.Wind speed and wind direction distributions atfiésedlots for the 2-yr period: (a)
KS1 May to November; (b) KS1 December to April; K$2 May to November; (d) KS2

December to April.

For each feedlot, measured Rdoncentrations varied diurnally. Figure 3-3 plibis
hourly concentrations for the two feedlots. The feedlots showed similar diurnal trends:
concentrations were generally lowest during théeaorning period (2:00 a.m.-7:00 a.m.) and
generally highest between 5:00 p.m. and 11:00 p.m this study, this period was referred to as
evening dust peak (EDP) period. The f3bncentrations are summarized in Table 3-2 as
medians of hourly concentrations for the EDP ang-BBP (12:00 a.m. — 4:00 p.m.) periods.
Comparison of the two feedlots indicated that 242kk, concentrations at KS1 and KS2 were
not significantly different (p = 0.10). ComparingmEDP and EDP periods for each feedlot, the
EDP period had significantly (p < 0.001) higher cemntration. These higher concentrations
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could be attributed to the high emission rate gidgslue to high cattle activity (Mitloehner,
2000), low wind speed, and relatively stable atrhesic conditions during the EDP period

(Auvermann et al., 2006).
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Figure 3-3.Median hourly net Pl concentrations for feedlots (a) KS1 and (b) KS2dMn
values were based on days with emission data. Bengr represent upper standard deviation

estimates.
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Table 3-2.Median PM, concentrations at feedlot KS1 and KS2 for 2007 20@8'

Concentrations Feedlot KS1 Feedlot KS2
(Hg/nT) 12a.m.-4p.m.  5p.m.-11p.m. 12a.m.-4p.m. 5p.m.-11p.m.

(EDP) (EDP)

Number of Hourly 4,376 2,066 3,751 1,607

Values

Downwind concentration 49 82 38 53

Upwind concentration 23 27 13 17

Net concentration 32 47 22 37

@For each feedlot (i.e., KS1, KS2) and location (idewnwind, upwind, net), median
concentration values for the 12 a.m. — 4 p.m. apdrd — 11 p.m. periods are not significantly
different at the 5% level of significance.

For the sampling days with at least 18 hourly;R8bncentration measurements,
measured downwind concentrations exceeded US ERiArdaAmbient Air Quality Standards
(NAAQS) for PMio (150 pg/nifor 24-hr) (U.S. Environmental Protection Agenc§08) 51 (out
of 74) times in 2007 and 33 (out of 71) times i®&@or KS1 and 19 (out of 62) times in 2007
and 14 (out of 50) times 2008 for KS2; if contriiomt of background (upwind) concentration
was considered, the numbers of days in which theaentrations exceeded the U.S. EPA
NAAQS were fewer by 2 — 8 days. Higher non-attaintfer KS1 could be explained by the
difference in sampler location; as mentioned egriee sampler was closer to the pens at KS1
than at KS2. At the property lines, few hundrederetiway from the pens, Rptoncentrations

would likely be smaller than the RYNAAQS because of particle dispersion and settling.

3.3.2 Emission Rates

The two feedlots differed significantly (p = 0.04)daily emission fluxes for the 2-yr
period (Table 3-3), with KS1 having higher emissiluxes. In 2007, median PMemission
fluxes were 1.68 g/faday (101 days) and 1.08 ¢fay (91 days) for KS1 and KS2,
respectively; in 2008, median Rpemission fluxes were 1.58 gfrday (140 days) for KS1 and
1.13 g/nf-day (95 days) for KS2. Overall median emissionéisiwere 1.60 g/frday for KS1
and 1.10 g/rhday for KS2. Note that KS1 had a water sprinkiestem for dust control and was
expected to have smaller emission rate than KSizhadid not have any sprinkler water

application. However, as stated earlier, pens wie@ned more frequently at KS2 than at KS1.

40



In addition, KS2 received more rain than KS1 (Table); during the 2-yr period, for KS1, 20%
of the days with measurements had rainfall evéotKS2, on the other hand, 26% of the days
with measurements received rainfall.

Equivalent PMo emission factors for the 2-yr period were 27 K@D, hd-day and 30
kg/1,000 hd-day for KS1 and KS2, respectively (€abi3). Unlike emission fluxes, the two
feedlots did not differ significantly (p = 0.53) @mission factors. The computed emission factors
for both feedlots were smaller than the US EPA fP&Mission factor (82 kg/1,000 hd-day) but
were within the range of published values (Wangiral., 2004; Countess Environmental, 2006;
McGinn et al., 2010). Compared to other studief$eidince in calculated emission rates could be
due to differences in measurement design (e.g.sanement period) and methods (e.g.,
samplers), measurement conditions (e.g., time af, ygeather), meteorological data set (e.g.,
instrument, type), emission rate estimation teami@e.g., dispersion model), and feedlot

characteristics (e.g., location, pen surface cans).

Table 3-3.PMjgemission fluxes and factors at feedlot KS1 and KS2

Year Parameters Emission flux Emission factor
(g/m’-day) (kg/1,000 hd-day)
KS1 KS2 KS1 KS2
January to Number of Daily Values 101 91 101 91
December o
2007 Minimum 0.04 0.09 1 2
Maximum 9.70 6.84 162 187
Median 1.68 1.08 28 30
January to Number of Daily Values 140 95 140 95
December
2008 Minimum 0.07 0.06 1 2
Maximum 9.04 6.86 151 188
Median 1.58 1.13 26 31
Overall Minimum 0.04 0.06 1 2
Maximum 9.70 6.86 162 188
Mediarf 1.60 a 1.10b 27 ¢ 30c

@0verall median emission fluxes or emission facfoli®wed by the same letters are not
significantly different at the 5% level of signifince.
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Monthly emission rates are plotted with monthlyrage temperatures and monthly
cumulative rain amounts in Figures 3-4a to 3-4dntty consumption of water for the sprinkler
system operation is also shown in Figure 3-4eisditzdl analysis showed that the temperature
significantly (p < 0.05 for KS1land KS2) affecte@ thmission rate whereas rainfall amount (p =
0.47 for KS1, p = 0.77 for KS2) and number of dewth rainfall events (p = 0.14 for KS1, p =
0.71 for KS2) did not. Further analysis of the datathe May to November period (i.e., months
with highest temperatures; 20 + 9 °C for KS1, A *C for KS2), however, revealed that the
number of days with rainfall events significantty£ 0.03) influenced emission fluxes for
feedlot KS1. May to November period had relativieiyher emission rates (2.55 + 3.66 G/day
for KS1, 2.35 + 1.82 g/frday for KS2) than the December to April periodd®+ 1.32 g/
day for KS1, 0.50 + 0.57 g/ulay for KS2), which had lower temperatures (2 +©@). This
was expected since high temperatures should rieshigh evaporation of water from pen
surfaces and consequently, dryer pen surfaceshwioecild then have higher PM emission
potential (Miller and Berry, 2005; Razote et aD08). Cool months, with temperatures several
degrees above freezing, could still have high eomssates. An example would be the month of
November in 2007. Even with low temperature (6 °€9, it had an emission flux of 4.62 ¢fm
day. This emission flux was close to that of thenthaf August, which was the hottest month
(27 + 7 °C) and had the highest emission flux (56&-day) for the year. High emission rates
for the month of November could be due to prolongesdperiods; during this month, KS1 only
had 0.25 mm (1 day) of precipitation and the sgenkystem was not used.
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Figure 3-4.Monthly trends of emission flux plotted with temature at feedlot (a) KS1 and (b)
KS2; with amount of rain at (¢) KS1 and (d) KS2damth amount of sprinkler water at (d) KS1.

Hourly PMyo emission fluxes for KS1 and KS2 are shown in Feg@H5. Highest P
concentrations of the day were measured during B period for both KS1 (47 + 243 pgm
and KS2 (34 + 125 pgfin Relatively high concentrations can be brouglietby three
conditions: high emission rate, low wind speed,/angtable atmosphere (Cimorelli et al., 2004).
All these conditions were observed at the feedlating the EDP period: (1) computed M
emission fluxes were relatively high during the Epgiod for KS1 (16 + 68 pg/rsec) and
KS2 (11 + 38 pg/msec), specifically from 8:00 p.m. to 10:00 p.n2) wind speed generally
started to decrease around early evening (KS1t+ 2.8 m/sec; KS2: 3.0 + 2.2 m/sec); and (3)
atmospheric conditions were generally stable duttvege DP period based on the Monin-
Obukhov length and on the classification by SethBeld Pandi€006). High PM, emission

fluxes during this period were also calculated byGvhn et al. (2010) using a non-Gaussian
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model (i.e., Lagrangian stochastic model). Althouglrease in emission rate was observed for
both feedlots during the EDP period, emission ffluaeKS2 were relatively lower than at KS1.
The degree of increase in emission rate could fleetafl by several factors such as PM control
methods implemented (i.e., sprinkler system, pearihg) and management practice (i.e.,
stocking density). Even with a water sprinkler syst feedlot KS1 still had a higher emission
flux than KS2, a non-sprinkled feedlot, possibleda the greater amount of manure on the pen
surface associated with less frequent pen cleamengire hauling at KS1. Water application
would lower PM emission rate as shown previoustyr&infall events; however, removal of

manure from pen surfaces could also be effectivevuering PM emissions from feedlots.
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Figure 3-5.Median hourly PMp emission fluxes at feedlots (a) KS1 and (b) KS2dMn values

were based on days with emission data. Error legmesent upper standard deviation estimates.
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For the late morning and afternoon periods (10:62-&8:00 p.m.), relatively lower P}
concentrations (39 + 95 ugirfor KS1, 38 + 79 pg/rhfor KS2) were measured at the two
feedlots. From dispersion modeling, RMmission fluxes were generally high during thisgqu
(27 + 66 pg/msec for KS1 and 27 + 59 pgfmec for KS2). For KS2, highest emission fluxes
in the day were from this period. This high emisdiloix at KS2 could be due to feedlot set-up
and activities. However, even with high PMmission fluxes in the afternoon period, M
concentrations were relatively low possibly becanfsenstable atmospheric conditions and
higher wind speeds (KS1: 4.8 + 2.9 m/sec; KS2:+4204 m/sec).

Figure 3-6 plots the mean percentage contributf@aoh hour to the daily P
emission flux. For KS1, the afternoon period hagllilghest contribution (average of 61%) to
the overall daily PMp emission flux; same was observed for KS2 (avecd@$%). Average
contributions of EDP period to the overall dailyission flux were 32% and 25% for KS1 and
KS2, respectively. Still, emission flux for the EPBriod was observed to increase during 8:00
p.m. to 10:00 p.m. period when the RMoncentration reached its peak. For days witlast &8
hourly PM,o emission fluxes, non-parametric tests showeddhassion fluxes during the
afternoon period were higher than and significadifferent (p < 0.001 for KS1 and KS2) from
those for the EDP period.
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Figure 3-6.Percentage contribution of each hour to the dailyfemission flux for feedlots
KS1 and KS2 based on mean hourlyg&mission fluxes for the 2-yr period using dayshwit

emission data.

There were several limitations in this study theéte to PM monitoring and inherent
weaknesses of atmospheric dispersion modeling li@wtation was the assumption that the
emission flux was uniform throughout the feedlod #éimat the mass concentration, particularly
on the downwind side of the feedlot, was also unifgo that a single point measurement of the
concentration would be adequate. Another limitatforelated to the atmospheric dispersion
model (Holmes and Morawska, 2006; Turner and Seh@@07). Some studies have suggested
that dispersion modeling results were model spe@Hall et al., 2002; Faulkner et al., 2007). In
addition, due to limitations of on-site weathettistas, atmospheric stability (i.e., Monin-
Obukhov length) was obtained from a meteorologitstrumentation tower located almost 50
km away from one of the feedlots. Despite thesdditions, the emission rates presented here
could serve as basis for estimating emission fatesattle feedlots and for evaluating abatement

measures.

3.4 Conclusions

PMjpemission rates at two cattle feedlots (KS1 and K&RXansas were determined
from measured PMconcentrations using inverse dispersion modeling WERMOD. For the

2-yr period, daily average Piiconcentration downwind exceeded 150 ig#a out of 145 days
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for KS1 (downwind locations of 5 m and 30 m) ando® of 112 days for KS2 (downwind
locations of 40 m and 60 m) for days with at le&&tourly concentration measurements. Based
on the 2-yr study period, feedlot KS1, equippedwaitsprinkler system, had a median{gM
emission flux of 1.60 g/faday (241 days) and emission factor of 27 kg/1,00@lay. KS2, a
non-sprinkled feedlot but with more frequent pesading, had a median Rjemission flux of
1.10 g/nf-day (186 days) and emission factor of 30 kg/1)0@@lay. These emission factors
were considerably smaller than published EPA fvhission factor for cattle feedlots.

Emission fluxes were greater during warm seasorpasidnged dry periods, generally
because of the presence of dry, uncompacted méayeeon pen surfaces. Hourly emission
rates varied during a given day. Highest emisdiaxes were observed for the 10:00 a.m. to 5:00
p.m. period; possibly because of unstable atmogpbenditions, however, measured RM
concentration during this period was not high. Emis flux also increased in the evening from
8:00 p.m. to 9:00 p.m., possibly due to greatemahmctivity during this period. Due to stable

atmospheric conditions, very high RiMoncentration was measured for this period.
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CHAPTER 4 -Comparison of AERMOD and WindTrax Dispersion
Models in Determining PM,;o Emission Rates from a Beef Cattle
Feedlof

4.1 Introduction

Air emissions from animal feeding operations (AF@aYye been a primary interest of
research because of their potential impact on humealth and the environment. Particulate
matter (PM) from AFOs has been cited as both aleald environmental hazard (Mitloehner
and Calvo, 2008; National Research Council, 20a8) ¥ssen and Auvermann, 2006).
Assessing the full impact of PM emissions from ARDdocal communities is difficult, due to
the lack of data and the cost of monitoring progga@pen cattle feedlots make monitoring
efforts even more challenging because of their aimkthe variable nature of emissions from
open sources. Reverse-dispersion modeling is apaitéool to solve this problem; it estimates
emissions from open sources by measuring only uppaimd downwind concentrations followed
by back-calculation of emission rates using an apheric dispersion model.

Two dispersion models that have been applied ientecattle feedlot emission studies
are AERMOD, the choice for the American MeteorotadiSociety and the U.S. EPA’s
preferred regulatory model (CFR, 2005), and WindTFesch and Wilson, 2005). WindTrax, a
backward Lagrangian stochastic-based (bLS) moaslpleen used to estimate emission rates for
PMio(McGinn et al., 2010), odor (Galvin et al., 200&nmonigFaulkner et al., 2007; McGinn
et al., 2007; Price et al., 2004), and greenhoasegy(Denmead et al., 2008) from cattle feedlots.
AERMOD, a Gaussian-based model, has also beenfaissinulating feedlot emissions on
PMjo (Bonifacio et al., 2012) and ammonia (Faulknerl e2807).

A concern on estimating emission rates from areace

g is that calculated values maybe
model-specific, that is, emission rates determinéld one model (e.g., WindTrax) may not be
suitable for other models (e.g., AERMOD). For exéamp feedlot study (Faulkner et al., 2007)

2 Bonifacio, H.F., R.G. Maghirang, E.B. Razote, Sitabue, and J.H. Prueger. 2013. Comparison of
AERMOD and WindTrax dispersion models in determini®iV,, emission rates from a beef cattle
feedlot.J. Air & Waste Manage. Assot0i:10.1080/10962247.2013.768311.
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reported that AERMOD and WindTrax modeling resulege significantly different, with
AERMOD predicting higher emission rates than Wirakrduring daytime and lower during
nighttime. The said study indicated that develomagversion factors between models was not
feasible.

A vital component of dispersion modeling is thegyyd meteorological data because they
can significantly affect modeling results (Dai &t 2003). Although several approaches to
specifying meteorological measurements in WindTaaxavailable, using sonic anemometer
measurements is recommended to achieve higheraagcuiMany more meteorological
parameters are required to characterize the atreasgioundary layer in AERMOD. Because
on-site measurement of all these parameters carpgmEnsive, a number of them can be obtained
from National Oceanic and Atmospheric Administrat{®lOAA) stations (U.S. EPA, 2009)
and/or generated using prognostic meteorologicaletso(Touma et al., 2007).

Evidently, more research is needed to evaluatecangpare AERMOD and WindTrax in
determining emission rates for ground-level araaces such as open cattle feedlots. This
research was conducted to compare AERMOD and Waxdifrterms of their back-calculated
PM;o emission rates for a beef cattle feedlot in Kansaisg an extended measurement period.
The effect of the type of meteorological data aaplerformance of both models was also

verified.

4.2 Materials and Methods

The reverse dispersion modeling technique in thidysinvolved three major steps in
computing PMo emission flux. As shown in Figure 4-1a, the fstp involved field
measurements of Piylconcentrations and weather conditions; the sestefmlwas dispersion
modeling using either AERMOD or WindTrax for an @s®d unit emission flux (1pgfMsec)
to calculate unit-flux concentrations; and in tastlstep, Plyh emission flux was back-calculated
using values obtained from the first two steps,(neeasured and calculated unit-flux

concentrations from the first and second steppeciely).
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Figure 4-1.Reverse dispersion modeling technique steps.

4.2.1 Field Measurements

4.2.1.1 Feedlot Description
Field measurements were conducted at a commeastitd teedlot that was surrounded

by agricultural lands in Kansas from May 2010 tlyloseptember 2011. The feedlot had

approximately 30,000 head of cattle with a total peea of about 59 ha. Manure on pen surfaces

was scraped two to three times per year per penvasdauled from each pen at least once a
year. During prolonged dry periods, water was aupto unpaved roads, alleys, and/or pens

using water trucks to control dust emission.

4.2.1.2 Micrometeorological Conditions

A 5.3-m tower equipped with micrometeorological audly covariance (EC)
instrumentations was installed inside the feedlbe pen in which the tower was installed was
approximately 0.4 km and 1.3 km away from north sodth edges of the feedlot, respectively
(Figure 4-2). The EC instrumentation included as®idic anemometer (CSAT3, Campbell
Scientific, Inc., Logan, UT) for measuring the thi@thogonal wind velocity components ¢,
w) and temperature, and an infrared hygrometer (Moldé500A, LICOR, Inc., Lincoln, NE)
for measuring water vapor density. The samplingdeacy for the EC instrumentation was 20
Hz. A data logger (Model CR5000, Campbell Sciegifinc., Logan, UT) was used to record the
EC measurements as 15-min averages and was progatmompute and record friction
velocity, sensible heat, resultant horizontal wepeed, wind direction, and variances and

covariances of wind components and temperature.
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Figure 4-2.Locations of PMy samplers and eddy covariance tower at the feedlot.

4.2.1.3 PM, Concentrations

Tapered element oscillating microbalance (TEOM),PMonitors (Series 1400a,
Thermo Fisher Scientific, East Greenbush, NY; falequivalent method designation No.
EQPM-1090-079) were used to measure filvass concentration at three locations
simultaneously: (1) within the feedlot, approximgt®.5 m north of the EC tower; (2) 5 m away
from the north edge of the feedlot; and (3) 800waafrom the feedlot south edge (Figure 4-2).
For the sampling location within the feedlot, RMoncentrations were measured at four heights
(i.e., 2.0, 3.81, 5.34, and 7.62 m), as shown gufd 4-1b. For the north and south edge
sampling locations, PM concentration was measured at 2.0 m. TEOM \Atbnitor’s
recording interval was set at 20 min. RMoncentrations measured within the feedlot weeslus
as downwind concentrations, whereas;Pbncentrations at the north and south edges of the
feedlot were used as upwind concentrations, depgrah the wind direction (i.e., upwind at
north site if wind was coming from the north, sosite if wind was from the south). Selection of
sampling locations was based on feedlot layout,gz@wvailability, and feedlot management

approval.
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4.2.1.4 Data Screening

Measured values were screened based on the foljoflipaccuracy of the measured
meteorological parameters; (2) wind direction; &idcompleteness of meteorological and;gM
concentration data. The first screening was basdt@criteria suggested by Flesch et al.
(2005). Measurements made during periods with sgong stability (absolute value bf |L|, <
10 m), low wind speed (friction velocity;, < 0.15 m/sec), and/or unrealistic wind profile
(surface roughnesg, > 1 m) were removed because they could have beretiabie.

Second, data points were screened based on wiectidin. Because upwind R
samplers were located at the north and south eafghe feedlot, only data points with north
wind (wind from north) or south wind (from southgre considered. In addition, the north and
south wind direction ranges were optimized to nesaolata completeness issues due to several
equipment problems (Table 4-1). From preliminarglgsis using EC measurements, it was
determined that wind directions within 0° + 67.6di(th wind) and 180° + 67.5° (south wind)
met the fetch requirement based on the sampletidoceside the feedlot and the feedlot layout.
Therefore, only data points with wind directionghin these ranges were included in the

analysis.
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Table 4-1.Completeness of eddy covariance (EC) and TEOMRigncentration

measurements
EC TEOM PMgconcentration Reasons for lack of data
Inside the  North South
feedlot®®  site® site®
2010 May 66% 14% 12% no data Severe weather in April resulting in
late monitoring in May
June 100% 58% no data 58% Equipment availability issue as a
result of severe weather in April
July 100% 84% no data 90%
August 96% 11% no data 12% Experimental set-up and equipment
damaged by severe storms.
September  100% nodata nodata nodata Equipmentrepairand calibration
after severe weather
October 100% 36% 1% no data Start of PM, monitoring late
October; equipment availability
issue
November  54% 77% 89% no data Equipment availability issue
December 91% 91% 50% 35% Equipment availability issue
2011 January 96% 100% 44% 75% Remote connection problem for the
N and S sites
February 92% 94% 98% 98%
March 59% 58% 98% 099y Power supply problem for the
sampling site inside the feedlot
April 98% 77% 76% 78%
May 98% 96% 92% 98%
June 99% 82% 97% 100%
July 100% 98% 48% 529% Remote connection problem for the
N and S sites
August 66% 40% 70% 97% Hot weather — temperature control
issue for the samplers inside the
feedlot
September 73% 14% 14% 5494 Hot weather — temperature control
issue for the samplers inside the
feedlot
Overall 87% 61% 46% 55%

2 Completeness based on hourly measurem@etgjipped with remote connection for
downloading datd; data points with negative net concentrations diygamoved.
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For the last screening, only data points with cate@meteorological and R
concentration (downwind, upwind) data were includethe analyses. TEOM P}
concentration data were missing/incomplete in sgwvaonths as shown in Table 4-1. Data
points with large negative 20-min RMtoncentrations (< -10 ugAnwere also not used in
accordance with the TEOM manufacturer’'s recommeondat Rupprecht & Patashnick Co.,
Inc., 2011). The 20-min downwind and upwind samptarcentrations were integrated into
hourly averages before computing the hourly neteatrations (i.e., downwind concentration —
upwind concentration). Prior to data screening ftlue heights had more than 4,000 hourly data
points with a complete set of downwind and upwimdi;Pconcentrations; however, an average
of 21% (n = 855) of the data points had negativePMy o concentrations. Forty-five percent
(45%) of these negative values had net concenttianging from 0 to -10 pgAn28% from -
10 to -50 pg/my 12% from -50 to -100 pg/fnand 15% were lower than -100 pg/mlegative
net PM, concentrations were excluded in the analyses Isedduey could indicate presence of a
significant PM, emission source outside the feedlot. Also, thayctcbe due to negligible P
emissions from the feedlot; based on precipitatiata (rain gage TE525, Campbell Scientific,
Inc.,Logan, UT), close to 40% of the negative net cotregions could be due to effects of

rainfall on PM emissions.
4.2.2 AERMOD Modeling

4.2.2.1 Dispersion Modeling
AERMOD is a Gaussian plume model based on the gkagquation for concentratioq,
given by:
fc __ f°c T’
Uu_—=Dy_ —5*D; (4-2)
x Ty 1z
where the overall mass transport is defined byctrvective mass transportxrdirection
(downwind) with constant wind speedand the diffusion (i.e., molecular and eddy) $gzort in
y (crosswind) ana (vertical) directions with constant effective di$ion coefficientsy, D,)
(Heinsohn and Kabel, 1999). The general analysohition to eq 4-1 is commonly referred to as
the Gaussian plume model (Heinsohn and Kabel, 12d9RMOD, however, is different from
other Gaussian models in way it simulates disperamit uses a well-characterized planetary

boundary layer structure, and applies a bi-Gaugdigtnibution to represent vertical
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concentration distribution for unstable conditisather than a Gaussian distribution (Cimorelli
et al., 2004; Perry et al., 2005).

In this study, the following were applied in AERMQBodeling: an emission flux of 1.0
ng/nf-sec was assumed in the simulation, the feedlottkeased as a flat terrain, and all pens
had same and constant emission for the 1-hr avegaugriod. Particle settling was not
considered because the available WindTrax verso@s dot include the gravitational settling of
particles. From preliminary analysis (n = 4,161 iiypdata points) using PM particle size
distribution for the feedlot (55% for 6.20 pm—-99M; 26% for 3.10 um—6.20 um; 8% for 1.80
pum-3.10 um; and 11% for <1.80 um) measured withcaavorifice uniform deposit impactor
(MOUDI, Model 100-R, MSP Corporation, Shoreview, MMoncentrations calculated with
AERMOD would be higher by 4% if settling effectsneeneglected.

4.2.2.2 Meteorological Data

A critical component of dispersion modeling is theteorological data applied in the
simulation. Two approaches of generating meteorocébdjles required in AERMOD were
evaluated in this study. The first approach, herefarred to as AERMOD-PD, utilized
AERMET, which is the AERMOD meteorological prepreser (U.S. EPA, 2009). Three
meteorological data sets (i.e., upper air, surfemely, on-site) were provided to AERMET.
Upper air and surface hourly data were obtaineah filte NOAA sites, which were about 90 km
and 29 km, respectively, from the feedlot, and wiecribed as pseudo data (Dai et al., 2003).
On-site data consisted of wind speed, wind directend temperature measured by the EC
instrumentation at the feedlot. Values for the ¢hste characteristics required in estimating
other meteorological parameters, such as frictelnaity (U-), sensible heat and Monin-
Obukhov lengthl() were as follows: albedo (0.2) and Bowen rati@)Y2vere based on the U.S.
EPA (2008) classification table; and surface rowgisiz,, was set at 5.0 cm based on the U.S.
EPA classification table and on a previous studyhensame feedlot by Baum (2003).

In the second approach, herein referred to as AERNEQ, u-, and sensible heat
measured by EC instrumentation were now used iitiaddo wind speed, wind direction, and
temperature. Without the need for albedo and Boma&a, other parameters necessary in
running AERMOD were derived using equations diseddsy Cimorelli et al. (2004The 15-
min averages of the measured parameters weréntiesfrated into hourly averages before using

them in the modeling.
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4.2.3 WindTrax Modeling

4.2.3.1 Dispersion Modeling
WindTrax is based on a reduced transport equati@ndy:

ﬂC +U ﬂC +v ﬂC +W Tli:O (4-2)
T W™ v 1z

where the overall mass transport is defined byctmective mass transport in all directiors (

Yy, 2) with constant wind speeds, {, w) and the accumulation terrdd/d{ (Flesch and Wilson,
2005). The method selected to solve eq 4-2 is ti¥edpproach that describes the evolution of
particle position and particle velocity in a backd/éime frame. The derivation of concentration
equation for the bLS approach is explained in dletaFlesch et al. (1995) and Flesch and
Wilson (2005).

This study used WindTrax version 2.0.8.4. SimiteAERMOD, a unit emission flux
(1.0 ug/nf-sec) was used in the modeling; modeling inputseféor heights and location, pen
locations) were similar to the inputs in AERMOD netidg. The number of particles released
was set at 50,000, which is the default value totsim simulation time. Based on preliminary
analysis (n = 192) comparing particle number sgétiof 50,000 and 1 million, the mean

percentage difference in predicted concentratios lss than 1% (maximum of 5%).

4.2.3.2 Meteorological Data
In simulating dispersion, WindTrax requires sevestenrological parameters to

characterize the surface boundary layer. Thesadeck, wind directionz, L, and the standard
deviations for the three wind componenss for u, s, for v, s, for w) (Crenna, 2006a, 2006b).
Two of the four basic approaches to providing metlegical parameters in WindTrax were
evaluated in this study. The first approach (WirakFED) was using the sonic anemometer data
and was input as mean productsipt, w,and temperature. Expression for the mean product i
given by:

V' V> EVIV > + Y > <y> (4-3)
where <v; X vj > is the mean product,\¥; v’; > is the covariance (or variance # j), and <v; >

and <v; > are the averages of parametg@ndy; (wind components, temperature). All seven

parameters could be derived by WindTrax from th@csanemometer data following equations
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in Flesch et al. (2004). Use of sonic anemomettx aWindTrax is described as the most
accurate.

The second approach (WindTrax-3V), which was basethe Monin-Obukhov length
theory, applied a 3-variable meteorological dataceeposed of wind speed, andL. Wind
speed and wind direction were derived from thesanemometer data; was set at 5.0 cm,
similar to AERMOD modeling in this study; ahdvas computed using the original Monin-
Obukhov length equation (Cimorelli et al., 2004heTrest of the parameters were then computed
by WindTrax:u- was derived from wind speed abhdands,, s,, ands,, were estimated using

empirical relationships shown below:

sy 25, L>0
u- /035 w252 L<O
(4-4a)
Sy 20, L>0
U /035 wi+20% L<0
(4-4b)
and
125, L>0
Sw._ 1
Sw , 3
u- 125 10 - 3.0L , L<O (4-4c)

wherez is measurement height, amd is convective velocity scale calculated frbmand height
of boundary layer during unstable conditioHs using eq 4-5 (Crenna, 2006b; Flesch et al.,
2004).

U= 04L
(4-5)
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4.2.4 Modeling Height

For one height with at least 10,000 15-min datasoWindTrax simulation (using PC
with 2.99 GHz processor and 1.99 GB RAM) took agpmately 31 days using sonic
anemometer and 7 days using 3-variable data sBRBMOD, on the other hand, only took a few
seconds in modeling the whole measurement peripan@dnths, ~12,000 hourly data points).
Due to extremely long modeling time required inmimg WindTrax, comparison between the
two models was completed using only one receptighheVNith the capability of giving
modeling results instantly, AERMOD was used to datee which receptor height would be
best used in the comparisons. Data used in thampnalry analysis were from January through
August 2011, and meteorological parameters in thdealing were from the EC measurement.
Given that the area source was ground-level anddalgwind samplers were located within the
area source, data points were further screened ttséncriteria PNb 2.om> PMio 3.81m>
PMuo 5.3am> PMio 7.62m(i.€., the higher the receptor height, the lover ¢oncentration). Using
376 hourly data points from 2011, the back-caladd®M, emission fluxes are plotted in a
scatter plot matrix (Figure 4-3). Linearity in bacé&lculated emission fluxes existed among the
receptor heights, with the highest linearity ¢R0.86) observed between adjacent heights. In
terms of PMo emission fluxes, statistical comparison showedltthe2.0-m receptor height was
significantly different (P < 0.05) from the othegights, whereas the other three heights were not
significantly different (P_> 0.14) from each oth€ombination of sampler placement (i.e., inside
a feedlot pen) and short receptor height could ltavgributed to higher PM emission fluxes
(28 to 49%) estimated for the 2.0-m height.
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Figure 4-3.Back-calculated Ph emission fluxes (ug/fesec, n = 376) for the four receptor
heights using AERMOD and eddy covariance meteorocébglata.

Therefore, in comparing AERMOD and WindTrax, theeggtor height was set at 3.81 m.
The 3.81-m setting was not significantly differémtm 5.34- and 7.62-m heights and had the
lowest percentage difference (22%) with the 2.0eiglht setting (27% for 5.34 m, 33% for 7.62

m) in terms of back-calculated emission fluxes.

4.2.5 Calculation of Emission Flux
Based on the reverse dispersion modeling technthQaeemission flux was calculated
from the assumed emission flux (1.0 pg&ec), unit-flux concentrations, and measured net

PMjo concentrations using the equation:

Q, % C. (4-8)
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whereQ, is calculated 1-hr emission flux (pgfrsec),Co is measured 1-hr net RM
concentration (pg/f), Qa is 1.0 pg/m-sec, andCa is calculated unit-flux P concentration
(g/nT). Turner and Schulze (2007) indicated that disparmodeling can be conducted in
situations with at least 50% of the period with sw@@ments; thus, in this study, daily emission
fluxes were derived for days with at least 12 hperhission fluxes, and overall Ryemission
fluxes were then computed using derived daily eimmnsBuxes.

Data were analyzed using SAS (200dgrmality tests showed that all data sets (i.e.,
measured Pl concentrations, unit-flux PM concentrations, and back-calculated:gM
emission fluxes) had non-normal distributions. Adiogly, nonparametric test (e.g.,
nonparametric one-way analysis of variance) wad usall comparisons (5% level of
significance), and median values were reportechdata deviation computation followed the
procedure by Schwertman et al. (2004) for non-nbdistributed data. Removal of outliers in
the emission flux data sets was based on the bbrpthod applicable for non-normal data
distribution (Schwertman et al., 2004). Variati@iween PMyemission fluxes was measured
using interquartile range (IQR). In this study, falispersion model-meteorological data
combinations were evaluated: (1) AERMOD using thesibte EC measurement data
(AERMOD-EC); (2) AERMOD using the AERMET-generatéata (pseudo data) (AERMOD-
PD); (3) WindTrax using the sonic anemometer datan(Trax-SD); and (4) WindTrax using
the three variable (wind,, L)-data (WindTrax-3V).

4.3 Results and Discussion

4.3.1 Measured PN, Concentrations

Based on hourly data points that had netfddncentration values for the four
measurement heights (n = 2,612), Bbbncentrations at the feedlot generally followetiuanal
trend (Figure 4-4). For all receptor heights, PMantrations were generally highest during the
early evening period (7:00 p.m. to 9:00 p.m.), ggsiue to high cattle activity and stable
atmospheric conditions during that period. Con@itns were generally lowest from the 2:00
a.m. to 5:00 a.m. period. Overall hourly net 8bbncentrations were as follows: 102 + 208
pg/nt for the 2.0-m receptor height; 81 + 152 udfor the 3.81-m height; 61 + 128 pgfior
the 5.34-m height; and 53 + 112 pdffor the 7.62-m height. These values are similahtse

previously reported in the literature for net BMoncentrations (2.0 m height) at cattle feedlots
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ranging from 16 to 233 pgfinwith the lowest value associated with rain ev¢Stgeeten et al.,
1988; McGinn et al., 2010). Although the 2.0-m lmkiget PMo concentration presented was
well within the range of published values, compatimese PNy concentrations would not be
meaningful due to considerable differences in mesasant design (i.e., PMsampler used,
sampler downwind location, length of measuremenbgdefeedlot characteristics, etc.).
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Figure 4-4.Hourly median net PM concentrations (n = 2,612) for the four recepwights.
Concentrations were measured with a tapered eleoseiilating microbalance (TEOM) P

monitor.

4.3.2 AERMOD-WindTrax Comparison

4.3.2.1 Meteorological Conditions

Based on the EC measurement, 66% and 34% of théyldaia points accepted for the
analysis (n = 2,269) had wind coming from the sq@80° + 67.5°) and the north (0° + 67.5°),
respectively. Hourly meteorological parameterstifi@se hourly data points were as follows:
overall wind speed was 5.24 + 2.23 m/sec, withhigbest wind speed observed in the month of
June (5.71 + 1.76 m/sec in 2010, 6.09 + 2.21 mfs2611); overall temperature was 13 + 15
°C, with July and August (28 + 5 °C) as the warnmeshths, and December, January and
February (-5 + 9 °C) as the coldest months; ovéniation velocity was 0.42 + 0.17 m/sec, with

the highest friction velocity observed in May amnohd 2011 (0.47 + 0.17 m/sec); overall sensible
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heat flux was 63 W/f(range: -1,425 to 2,802 WAy with the highest sensible heat flux
measured for the month of July (mean values ofa@l 90 W/ in 2010 and 2011,
respectively) and the lowest for the November tgltoBebruary period (mean value of 28
W/m?). Based on the atmospheric stability classifigafir L (Seinfeld and Pandis, 2006), 36%
of the data points had very unstable condition8(+h <L < 0 m), 30% had unstable conditions
(-10° m <L < -100 m), 17% had very stable conditions (0 in<100 m), 16% had stable
conditions (100 m £ < 10 m), and 1% had neutral conditionis| ¢ 13 m).

4.3.2.2 Calculated Unit-Flux PMp Concentrations

After data screening, a total of 2,553 hourly dadants had all four emission flux values;
approximately 260 hourly data points were not ideldi due to missing/incomplete upper
air/surface hourly data files for June and Decennb@010 and February through September in
2011. After removing the outliers, 2,269 hourlyadpbints remained for analyses. Calculated
unit-flux PMyo concentrations from the four dispersion model-meti®gical data combinations
are plotted in a scatter plot matrix (Figure 48ased on linear regression, WindTrax calculated
higher concentrations than AERMOD, with the diffece ranging from 4 to 28% depending on
meteorological data sets implemented in the dispesmulations.
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Figure 4-5.Hourly calculated unit-flux PN concentrations (pg/imn = 2,269) for the four

dispersion model-meteorological data combinations.

Nonparametric tests indicated that the calculatetdflux concentrations of the
dispersion model-meteorological data combinatioasavgignificantly different (P < 0.05) from
each other. Between the two dispersion models ehnigbncentrations were obtained with
WindTrax. Based on the comparison, 96% and 90%eftlata points had WindTrax-SD
predicting higher concentrations than AERMOD-EC aRMOD-PD, respectively; 97% and
88% had WindTrax-3V having higher concentratioratAERMOD-EC and AERMOD-PD,
respectively. This relationship between concerdratiof AERMOD and WindTrax could be
explained by the difference in their governing eaure. In WindTrax (eq 4-2), mass is
transported mainly by convection in all directigdswnwind, crosswind, vertical). In AERMOD
(eq 4-1), downwind mass transport is by convecton,crosswind and vertical mass transports
are both governed by diffusion, a much slower tpansprocess (Glasgow, 2010).
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4.3.2.3 Back-Calculated PM Emission Rates.

Hourly median PMpemission fluxes obtained by the four dispersion etod
meteorological data combinations are shown in FEg6. A similar trend was obtained for all
combinations. The trend was comparable to those &@revious cattle feedlot study. Emission
fluxes obtained with AERMOD-EC and AERMOD-PD wer@lo higher than those with
WindTrax-SD and WindTrax-3V, particularly in theydizne (e.g., 7:00 a.m. to 7:00 p.m.), when
atmospheric conditions were normally unstable dusotar radiation.
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Figure 4-6.Hourly median PMp emission fluxes estimated for the feedlot usiregfthur

dispersion model-meteorological data combinations.

Figure 4-7 is the scatter plot matrix for Rjdmission fluxes from the four dispersion
model-meteorological data combinations. Based erstatter plots, PM emission fluxes back-
calculated with AERMOD were higher by 32 to 69% qamred with those estimated with
WindTrax. In terms of Plyh emission fluxes, there was a strong linear retestiip (R > 0.88)
among the four combinations (i.e., AERMOD-EC andRAEOD-PD, AERMOD-EC, and
WindTrax-SD, etc.). This high linearity in back-calated emission fluxes suggests the
possibility of developing conversion factors betwefd) two meteorological data sets evaluated
for each model (i.e., locally measured and psewada skets for AERMOD; sonic anemometer
and windz,-L data sets for WindTrax); and (2) the two dispersiwdels. Linearity among
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combinations as a function of atmospheric stabilias also verified. In general, linearity
between any two combinations was similar for ath@gpheric stability conditions (Table 4-2).
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Figure 4-7.Back-calculated PhM emission fluxes (Hg/fasec, n = 2,269) for the four dispersion
model-meteorological data combinations.
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Table 4-2.Linear regression between AERMOD and WindTrax bealkculated emission fluxes

as a function of atmospheric stabifity

AERMOD-EC  AERMOD-PD WindTrax-SD
All data AERMOD-PD 1.12 - -
(n =2,269) (0.91)
WindTrax-SD 0.69 0.59 -
(0.96) (0.88)
WindTrax-3V 0.76 0.65 1.09
(0.98) (0.90) (0.98)
Stable AERMOD-PD 1.08 - -
(n = 366) (0.91)
WindTrax-SD 0.70 0.62 -
(0.98) (0.89)
WindTrax-3V 0.77 0.68 1.09
(0.98) (0.90) (0.99)
Very AERMOD-PD 1.09 - -
Stable (0.86)
(n=386) WindTrax-SD 0.70 0.59 -
(0.93) (0.77)
WindTrax-3V 0.79 0.67 1.08
(0.97) (0.86) (0.97)
Unstable = AERMOD-PD 1.12 - -
(n=674) (0.94)
WindTrax-SD 0.68 0.59 -
(0.97) (0.92)
WindTrax-3V 0.75 0.65 1.09
(0.99) (0.93) (0.99)
Very AERMOD-PD 1.14 - -
Unstable (0.91)
(n=821) WindTrax-SD 0.70 0.58 -
(0.96) (0.87)
WindTrax-3V 0.77 0.64 1.09
(0.97) (0.89) (0.97)
Neutral AERMOD-PD 1.01 - -
(n=22) (0.97)
WindTrax-SD 0.79 0.77 -
(0.95) (0.94)
WindTrax-3V 0.76 0.74 0.93
(1.00) (0.97) (0.97)

2Values presented are slopes; values in parenthesés values.
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Statistical analyses suggested thatFvhission fluxes derived using same dispersion
model but different meteorological data sets wearesignificantly different (P = 0.12 for
AERMOD-EC and AERMOD-PD and P = 0.30 for WindTrak-8nd WindTrax-3V). Variation
in PMpemission fluxes, however, was smaller between Wiag-5D and WindTrax-3V (IQR
= 2 pg/nf-sec) than between AERMOD-EC and AERMOD-PD (IQR ggnt-sec). In general,
PMoemission fluxes derived by AERMOD were significgrdifferent (P < 0.05) from those by
WindTrax; differences in PM emission fluxes were smallest between AERMOD-EQ an
WindTrax-3V (IQR = 6 pg/sec) and largest between AERMOD-PD and WindTrax(&IR
= 12 pg/ni-sec). Correlation analysis indicated the potendialevelop conversion factors for
any pair of dispersion model-meteorological data.s&/ithin models, AERMOD-
EC/AERMOD-PD factor had a mean value of 0.9 (raoig@.05 to 9.5), whereas WindTrax-
SD/WindTrax-3V factor had a mean value of 0.9 (ln0.4 to 3.5). Although the factors
between meteorological data sets in each model glese to 1.0, one must always consider the
difference resulting from the use of pseudo metegiocal data in AERMOD (20 + 22%) and the
use of empirically derived parameters in WindTra@ ¢ 10%). Between models, mean
AERMOD/WindTrax factors derived in this study raddgeom 1.3 to 1.6 (Table 4-3). The
smallest AERMOD/WindTrax factor was obtained bemw@&&RMOD-EC and WindTrax-3V,
the pair with the smallest Plylemission flux difference. Aside from measured wspeed and
assumed,, AERMOD-EC and WindTrax-3V both uséddetermined at the facility rather than
derived within the models (i.e., using pseudo dat’ERMOD, sonic anemometer

measurements in WindTrax).

Table 4-3.AERMOD/WindTrax factor as a function of AERMOD aWdindTrax

meteorological data sets in the modeting

AERMOD-EC AERMOD-PD
WindTrax-SD 1.4 1.6
(0.4t0 7.0) (0.1 to 25.8)
WindTrax-3V 1.3 1.4
(0.6 t0 5.3) (0.1 to 20.8)

#Values in parentheses are ranges.
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The hourly trend of AERMOD/WindTrax factor withihé day was also examined.
Using AERMOD-EC and WindTrax-SD, hourly mean AERM®OndTrax factors within the
day ranged from 1.2 to 1.5 %R 0.90), with the highest factors occurring frofd@a.m. to 7:00
p.m. Slightly lower AERMOD/WindTrax factors (rangé1.1 to 1.4, R> 0.94) were observed
if WindTrax-3V was used.

Based on days with at least 12 hourly emissioneffufn = 89), overall PN emission
fluxes were 1.85 g/faday for AERMOD-EC, 2.10 g/faday for AERMOD-PD, 1.32 g/faday
for WindTrax-SD, and 1.43 gffday for WindTrax-3V. These values were within taage of
published PMp emission fluxes for cattle feedlots. Using AERM®nifacio et al. (2012)
reported PMgemission fluxes of 1.10 and 1.60 gidmy for two Kansas cattle feedlots. If
effects of particle settling were incorporated, flg®mission flux derived with AERMOD-EC
would be approximately 1.92 gfrday. Higher emission flux was expected, becauss pethe
studied feedlot were neither consistently wateradfirequently scraped as at feedlots presented
in the previous study. Using WindTrax, McGinn et(@010) derived Pl emission fluxes of
1.45 g/nf-day and 1.61 g/frday for two cattle feedlots in Australia, whichreeslightly higher
than figures derived for WindTrax-SD (similar prdcee). Notably, effects of particle settling
were not incorporated in WindTrax-SD. DifferencePdfl;o emission fluxes presented in this
study from published values can easily be explamedifferences in feedlot characteristics
(feedlot layout and design, feedlot practices)jgtesf study (sampler type and locations,
meteorological instrumentations), and length of saeament period (days with measurements).

Limitations in this study were related to measuretsa@nd dispersion modeling.
Instrument-related biases due to g8amplers and micrometeorological instrumentationld
likely introduce some uncertainties in Pddmission fluxes presented. Although cross-
calibration of PM samplers indicated slight vanas between measured concentrations, it was
conducted only at PM concentrations less than 120 pg/Bispersion models also had inherent
limitations due to their many assumptions. Valueswd with Gaussian modeling could differ
from true values by at least a factor of two (Na#ibResearch Council, 2003; Turner, 1994); this
could also be the case for WindTrax modeling (Festcal., 2004). Effects of gravitational
settling as dry and wet depositions were not ino@afed in estimating P) emission fluxes in
this study. Estimated emission rates may alsordéfifieong different measurement heights; as

shown, emission rates derived for the 3.81-m herghied from those for other heights by at
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least 22%. Note that AERMOD/WindTrax factors preedrmay be applicable only to modeling

with meteorological data sets derived in similanmexrs.

4.4 Conclusions
AERMOD and WindTrax were compared in terms of @inix PM;oconcentrations and
back-calculated PM emission fluxes using Pconcentration and micrometeorological
measurements from a beef cattle feedlot in Karfgasn the comparisons, the following
conclusions were made.
In general, for the same emission flux, 8Moncentrations calculated by WindTrax were
higher than those by AERMOD, with mean percentafjerdnce between the two
models ranging from 4 to 28%. Conversely, for theme measured concentration,
AERMOD gave higher back-calculated RjMmission fluxes than WindTrax, with mean
percentage difference ranging from 32 to 69%.
For AERMOD, modeling results derived using pseudtadi.e., NOAA) differed by 20
+ 22% from those determined using eddy covarianeasurements. For WindTrax, use
of empirically derived meteorological parametersuteed in 10 + 10% difference in
modeling results compared with the use of sonicreomeeter measurements.
In terms of back-calculated Rlyemission fluxes, high linearity was observed betwe
the two dispersion models {® 0.88), and between the two meteorological dets s
evaluated for each model{R 0.91 for AERMOD, R = 0.98 for WindTrax). As such,
conversion factors can be developed between thertedels and between
meteorological data sets. In this study, mean csnwe factors between models (i.e.,
AERMOD/WindTrax factors) ranged from 1.3 to 1.6tiwihe smallest factor observed if
same set of wind speed, surface roughness, andplmac stability were implemented
in both models. For each model, mean conversiaorfédetween the two meteorological

data sets was 0.9.
With limited study of AERMOD and WindTrax modelsjs left to the user’s judgment

which model provides the most accurate emissiondamputation for area sources such as beef

cattle feedlots. Nevertheless, this study indicalted development of conversion factors between
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AERMOD and WindTrax is feasible. The procedure exlilts presented in this study could
serve as basis for developing conversion factonsden AERMOD and WindTrax.
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CHAPTER 5 -Simulating Particulate Emissions from Area Sources
Using AERMOD and WindTrax: Effects of Meteorologicd

Parameters

5.1 Introduction

Air emissions from animal feeding operations (AFGs¢luding open-lot beef cattle
feedlots, and other ground-level area sourcesadaarsely affect human health and the
environment. Previous studies have characterizddeatimated air pollutant emissions from
AFOs. In 2005, the U.S. Environmental ProtectioreAgy (EPA) established the National Air
Emissions Monitoring Study (NAEMS) to gather padiot emission data from AFOs and to
develop emission estimating methodologies for ARCISR, 2011; Purdue Applied Meteorology
Laboratory, 2009). In the NAEMS, one of the metHod@s was WindTrax (Thunder Beach
Scientific, Alberta, Canada), a dispersion modelolaon backward Lagrangian stochastic (bLS)
method (Crenna, 2006a; Flesch and Wilson, 2005).

For cattle feedlots, WindTrax has been used onsamsstudies on odor (Galvin et al.,
2006), gases (Denmean et al., 2008; McGinn e2@07), and particulate matter (McGinn et al.,
2010). This model also has been employed on emissiaies on broiler (Harper et al., 2010),
swine (Flesch et al., 2005), and dairy cattle (Bgirerg et al., 2009; Leytem et al., 2011).
WindTrax is appealing as it has a graphical intexfand can process modeling inputs such as
concentration and meteorological parameters inraéways. One major shortcoming of this
model is relatively long simulation time. Severthniques have been advanced to possibly
reduce the computational time for WindTrax (Crer@)6a). For example, the number of
particles released in the simulation can be felewever, this introduces higher uncertainty in
modeling results. In addition, data from previousidations, referred to as touchdown catalogs,
can be saved; however, this consumes at lot of ateanpnemory.

The current U.S. EPA preferred dispersion mod#iesAmerican Meteorological
Society/Environmental Protection Agency Regulatdgdel or AERMOD (CFR, 2005), which
is Gaussian-based. AERMOD can model emission digpefor point, area and volume sources
(Turner and Schulze, 2007). AERMOD has been extehsevaluated for simulating emissions

from industrial area sources (Hanna et al., 20@iryRet al., 2005); however, its performance on
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modeling ground-level area sources still needstevaluated. Several studies have utilized this
model to calculate emission rates from area sowr@&SRMOD had been used to calculate
ammonia (Faulkner et al., 2007b) and particulatn(fcio et al., 2012) emission rates from
cattle feedlots, to assess dispersion of ammordaédar emissions from a swine facility (Sarr et
al., 2010), and to estimate particulate emissitesrtcom almond farms (Faulkner et al., 2009;
Goodrich et al., 2009). Notably, the computatidirak period for AERMOD is relatively short.
This study was conducted to evaluate the performah@dERMOD and WindTrax in
estimating concentrations downwind of ground-learela sources, such as cattle feedlots. These
two dispersion models were compared based ongkaesitivity to changes in modeling inputs,

including meteorological parameters, area sourder@ceptor locations.
5.2 Methods

5.2.1 Dispersion Modeling

5.2.1.1 AERMOD
As a Gaussian plume model (Cimorelli et al., 206 BRMOD is based on several
assumptions that include steady-state conditiomsnavind -direction) mass transport through
convection with constant wind spe@tosswind y-direction) and verticalzdirection) mass
transport through diffusion with constant effectdifusion coefficients for crosswind and
vertical, and no reaction/generation (Heinsohnl&abel, 1999). The general expression for
Gaussian plume models is given by:
2 2
u ﬂiszﬂ—Cz"'Dzﬂ—Cz (5-1)
x Ty Tz
wherec is concentrationy is wind speed along-wind (i.e., downwind) direatiandD, andD,
are diffusion coefficients for crosswind and veatidirections, respectively. The general solution
for equation 5-1 is referred to as the Gaussiamplmodel.
The planetary boundary layer in AERMOD is well-c&erized using a number of
meteorological parameters such as sensible hedipfrvelocity, and Monin-Obukhov length
(Turner and Schulze, 2007; U.S. EPA, 2009). Fdrlsteonditions (i.e., defined by positive

Monin-Obukhov lengths), concentration in both waatiand crosswind directions has
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Gaussian/normal distribution (Cimorelli et al., 2D0For unstable conditions (i.e., negative
Monin-Obukhov lengths), concentration in crosswilireection still has Gaussian distribution;
however, concentration in vertical direction hds-&aussian distribution (Cimorelli et al.,
2004). Similar to other Gaussian-based models, ABRMs not suitable for modeling low wind
speed or calm conditions as it tends to overestiroanbcentrations (Holmes and Morawska,
2006). Furthermore, AERMOD is considered idealnfiiddle-scale (100 — 500 m) and large-
scale (500 m - tens of kilometer) modeling; it &8 recommended for predicting concentrations
at locations close to the source (< 100 m) (Holares Morawska, 2006; CFR, 2010). As such, if
AERMOD were applied in reverse dispersion modetmmguantify emission rates, sampler
placement of at least 100 m downwind of the souright be required. This could be a challenge
if applied as an emission estimation tool for grevel area sources like AFOs. For sources
such as cattle feedlots, placing samplers far danehwould result in concentration
measurements contaminated by outside sourcesasuampaved roads and agricultural lands
(Faulkner et al., 2007a).

In this study, AERMOD (version 09292, U.S. EPA; wwpa.gov/ttn/scram) was run
using a unit emission flux (1.0 pgfmec) to calculate hourly concentrations at spettifeceptor
locations downwind of a feedlot-like area sourcéhvgeveral pens. Assumptions of flat terrain

and constant emission flux (for the 1-hr averagirgod) were applied in the modeling.

5.2.1.2 WindTrax
For WindTrax, mass transport in all directiorsy(, 2 is governed by convection or bulk
motion, and is therefore expressed by the massneotytequation:
fc fic fic fic
+ W —*=

tu tv

Tt ix Ty 9z

wheret is time, andy, v, andw are wind velocities ix-, y-, andz-directions, respectively (Flesch

0 (5-2)

and Wilson, 2005). The first term on the left-hamde of equation 5-2 stands for accumulation
and the last three terms represent convectivegoahs thex-, y-, andz-directions. Wind speeds
(u, vandw) are assumed constant during the averaging péfmdWindTrax, the method used
to solve equation 5-2 is the Lagrangian stochastibnique that described the evolution of

particle position and velocity in a backward tinasifre.
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WindTrax can predict concentrations downwind ofaea source using known emission
rates; alternatively, it can be used to estimatssion rates from concentrations measured
downwind of the source. The recommended modelimgneond distance for WindTrax is
within 1 km from the area source (Crenna, 20068)séch, WindTrax is ideal for micro- (less
than 100 m) and middle- (100 — 500 m) scale moddl@FR, 2010). Compared to AERMOD,
WindTrax may be more suitable for emission studie®A\FOs especially if sampler placement
was restricted to locations near the sources.

Similar to AERMOD modeling, a unit emission flux @luug/nf-sec) was used to predict
downwind concentrations. Pen and receptors locatizare similar to AERMOD inputs. To
shorten simulation time, the number of particldeased was set at the default value (50,000)
(Crenna, 2006a).

5.2.2 Meteorological Parameter Inputs

AERMOD and WindTrax use different sets of meteogadal parameters to characterize
the atmospheric boundary layer, with AERMOD havimng larger meteorological data
requirement. Required meteorological parameterswomfor the two models are wind speed,
temperature, surface roughness, and Monin-Obukdmoyth. Meteorological inputs evaluated in
this study were wind speed)( surface roughnesgy), and Monin-Obukhov length.].
Temperature was not considered as preliminary aisatgvealed it had little effects on
calculated concentration in this study.

To simulate meteorological conditions at grouncelearea sources, year-long
measurements at cattle feedlots were used asmeéene setting values far, z,, andL used in
the comparison. Wind speed measurements were fidB@ high anemometer installed at a
Kansas cattle feedlot whewganged from 0.5 to 14.6 m/sec and had an oveaallevof 4.7
m/sec in 2008 (Table 5-1). Values fgrandL were derived from eddy covariance measurements
obtained at another Kansas cattle feedlot from RH{0 to April 2011. Overall, value
computed was 4.1 cm (Table 5-1). Summarized iner'a2 are hourly. values classified using
the atmospheric stability grouping presented im@& and Pandis (2006) (i.e., *1f <L < -
100 m for unstable, -100 ml<< 0 m for very unstable, 0 ml<< 100 m for very stable, 100 m

<L <10 m for stable, antl > 16 m, L < -1 m for neutral).
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Table 5-1.Wind speedy) and surface roughnesg)(measurements at cattle feedlots

u a, c ZO b,
(m/sec) (cm)
# of hourly data points 8,734 7,463
Overall 4.7 4.1
Lowest 0.5 ~0.0
Highest 14.6 22.4

a . .
bFrom 2.5-m high wind anemometer measurement
From eddy covariance measurements

CNormally distributed data, with average as overalue, minimum as lowest value and
maximum as highest value

‘ Non-normally distributed data with median as overalue, lower fence/limit as lowest value
and upper fence/limit as highest value

Table 5-2.Atmospheric stability classification of hourly fdettmeasurements

Unstable Very Unstable Very Stable Stable Neutral
L values -18t0 100 m  -100toOm  0t0o100m 100tc#® >10m,<-10m
# of hourly 1,859 2,850 1,503 1,082 169
data points
Percentage 25% 38% 20% 14% 2%

&Stability classification based on Seinfeld and RP&u2006).

Settings fow, z,, andL in this study are shown in Table 5-3. Each param®td several
values specified, namely minimum, maximum, and hasees. When assessing how the
calculated concentration responded to a specifiarpater, settings evaluated for that parameter
included its base, minimum, and maximum values evbdttings applied for other parameters
were their corresponding base values. drandz,, a number of values within the range of their
minimum and maximum values were also tested. Vdiuas andz, evaluated were based on
feedlot meteorological measurements shown in TaddleThe base, minimum, and maximum
values ofu were 5.0, 0.5 and 15.0 m/sec, respectively, viithnrheasurement height foset at
2.5 m. From the measured value of 4.1 cm, the valse ofz, was set at 5.0 cm, whereas its
minimum (2.5 cm) and maximum (20.0 cm) values wiged on the computed lower and upper
limits, respectively. Influence of atmospheric gifoon the calculated concentration was

examined using the five atmospheric stability ctinds mentioned. Settings bffor four of the
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atmospheric stability conditions were based omtlean of their defined ranges: -5,000 m for
unstable, -50 m for very unstable, 50 m for veapkt, and 5,000 m for stable. For neutral
condition, in whichL can have either a very large positive value (L m) or a very large
negative valuel( < -10° m), L was arbitrarily set at 500,000 m. Its correspogdiagative value
(L =-500,000 m) was not evaluated as AERMOD doesinatlate conditions with < -99,999.
Note that evaluation af andz, were performed using = 5,000 m and. = -5,000 m to
demonstrate difference in calculated concentratimt&een stable (i.e.,> 0 m) and unstable
(i.e.,L <0 m) conditions. In total, there were 23 testesa A fixed setting of 18Gemoved the

influence of wind direction in the simulation.

Table 5-3.Wind speedd), surface roughnesg) and Monin-Obukhov length_] settings for
AERMOD and WindTrax comparison

u Z L
(m/sec) (cm) (m)
L>0m L<Om
Minimum 0.5 2.5 50° 50
Maximum 15.0 20.0 500,000 N/A
Base valué 5.0 5.0 5,000 -5,000
Resolution 0.5for0.5-1.0 2.5 N/A N/A
1.0 for1.0-5.0
2.5for5.0-15.0
# of test cases 10 8 3 2

N/A = not applicable

*Value used when evaluating a specific parametezvatuating effects df, atmospheric
stability conditions considered werezery stable conditionc;very unstable conditior(lj;neutral
condition;” stable conditionf;unstable condition.

WindTrax can be run using only z,, L, and temperature (Crenna, 2006a; 2006b).
AERMOD, on the other hand, requires a lot more mretegical parameters to characterize the
atmospheric boundary layer (U.S. EPA, 2004a; 2004BRMOD requires two meteorological
files called profile data file (PFL) and surfacaaltile (SFC). Parameteris specified in PFL,

together with wind direction and temperature. I'lCS& much larger data file, z,, andL are all
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included with other parameters, such as wind dwactemperature, sensible heat, friction
velocity, and mixing height. For this evaluatiother parameters in SFC were derived frarh,
and temperature using formulations in AERMOD (Ciglbet al., 2004).

5.2.3 Area Source Layout

Prior to evaluating calculated concentration’s g@evity to changes iy, z,, andL, effects
of downwind and crosswind distances between the swarce and the receptor were first
assessed. Two feedlot-area source layouts weialyngvaluated. The first layout had five 200
m x 200 m adjoining feedlot pens aligned alongrtbeh-south direction parallel to the wind
direction set in the simulation, with Pen 1 assbathernmost pen and Pen 5 as the northernmost
pen (Figure 5-1a). In this layout, downwind distes of the pens to a receptor varied while their
corresponding crosswind distances were negligiblallgoens lie directly upwind of the receptor.
The second layout had five 200 m x 200 m adjoiréegllot pens aligned in west-east direction
perpendicular to wind direction, with Pen 1 asuesternmost pen and Pen 5 as the easternmost
pen (Figure 5-1b). Here, crosswind distances op#res to a receptor varied while their
downwind distances were the same. Influence of soaece-receptor downwind and crosswind
distances on downwind concentrations were assess$eg first and second layouts,
respectively. At a given receptor location, thetdbation of each pen on the total concentration
was determined by computing its corresponding ptediconcentration and weighing it against
the sum of concentrations contributed by all p&ader, 1977).
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Figure 5-1.Area source layouts: a) pens aligned along winelation (north-south); and b) pens
aligned across wind direction (east-west). Win@ction was set at 18@rom the north in the

modeling.

In both layouts, receptors were specified for thdigierent downwind distances north of
Pen 5. Shortest downwind distance was 5 m frormtinth edge of Pen 5; this represented the
sampler placement near the source to minimize tsfigfooutside sources. Next distance was 100
m, which is the recommended minimum downwind disgaior Gaussian models like
AERMOD. Farthest distance was 1,000 m, which ésltingest modeling distance for
WindTrax.

In analyses of area source-receptor downwind apskarind distances, receptor height
was set at 7 m, a monitoring height valid for htee downwind distances evaluated (CFR,
2010). Meteorological parameters were set at these values (Table 5-3). The area source
configuration for analyses of meteorological parsarsewould then be based on results of this

analysis.

84



5.2.4 Receptor Heights

AERMOD and WindTrax were also compared in termeestilting vertical concentration
profiles. Vertical concentration profile was obtdhfor two downwind distances, 5 and 100 m.
Receptor heights specified for each downwind distamere based on recommendation by CFR
(2010). For the 5-m downwind distance, receptoglsi of 2 to 7 m, at 1-m interval, were used
in profiling concentrations. For the 100-m downwuhidtance, heights of 7 to 15 m, also with 1-
m interval, were applied. In profiling concentratjsettings for meteorological parameters were

their respective base values (Table 5-3).

5.2.5 Data Analysis

Data were analyzed using SAS (release 9.1.3., 888dte Inc., NC). Paired t-test was
used in comparing calculated concentrations betweetwo dispersion models. Linear
regression was applied to determine the influericge B, andL on calculated concentrations and
was used to measure the linearity in concentratioedicted by the two dispersion models. A
5% level of significance was implemented in altistecal analyses.

5.3 Results

5.3.1 Effects of Area Source-Receptor Downwind a@asswind Distances

For the first feedlot-area source layout (i.e. tivsouth direction), contributions of each
pen to concentrations calculated for receptorbraetdownwind distances are summarized in
Table 5-4. In both AERMOD and WindTrax modelinfpse to 90% of the total concentrations
calculated for the three 7-m high downwind receptoas contributed by Pens 2 to 5, with Pen 5
expectedly having the highest contribution. At 801and 1,000-m downwind distances,
contributions of Pen 5 were 30%, 34%, and 24%,aesgely, as modeled by AERMOD; with
WindTrax, contributions were 38%, 40%, and 29%peesively. The difference on how
AERMOD and WindTrax simulate stable and unstabled@gns was also notable. With
AERMOD, pen contributions differed between stabid anstable conditions. Contributions of
farthest pens on calculated concentrations inccead#té unstable atmosphere; Pen 1, which only
had 10% contribution for stable condition, had ghler contribution, close to 20%, for unstable
condition. On the other hand, there was no diffeeein results between stable and unstable

conditions in WindTrax modeling.

85



Table 5-4.Pen contributions on predicted concentrations -sRéigned along wind direction

Downwind  Stability Model Pen 8 Pen 4 Pen 3 Pen 2 Peh 1
distance
5m Stable AERMOD 34% 27% 17% 12% 10%
WindTrax  38% 25% 17% 12% 8%
Unstable = AERMOD 26% 20% 18% 18% 18%
WindTrax  38% 25% 17% 12% 8%
100 m Stable AERMOD 41% 23% 15% 12% 9%
WindTrax  40% 23% 17% 11% 9%
Unstable = AERMOD 25% 19% 19% 19% 18%
WindTrax  40% 23% 17% 11% 9%
1,000 m Stable AERMOD 27% 23% 19% 17% 14%
WindTrax  29% 24% 16% 17% 14%
Unstable = AERMOD 21% 20% 20% 20% 19%
WindTrax  29% 24% 16% 17% 14%

“Closest to receptorgfarthest from receptors.

Pen contributions computed for the second areacedayout (i.e., east-west direction)

are shown in Table 5-5. Contributions obtainedathbAERMOD and WindTrax modeling were

relatively the same. Pen 5, the pen closest toateptors, was the only source of concentration

calculated for receptors at downwind distances afé 100 m. Pen 5 also was the main
contributor (99% and 94% based on AERMOD and WiadTrespectively) of concentration

derived for the 1,000-m downwind distance recedoen the next closest pen (Pen 4), which

had only 100-m crosswind distance from the recefpb@asured from Pen 4’s edge), had no

significant influence on calculated concentration.
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Table 5-5.Pen contributions on predicted concentrations -sRégned across wind direction

Downwind Stability Model Pen5 Pen4 Pen 3 Pen2 Peh1
distance

5m Stable AERMOD 100% - - - -
WindTrax 100% - - - -

Unstable AERMOD 100% - - - -

WindTrax 100% - - - -

100 m Stable AERMOD 100% - - - -
WindTrax 100% - - - -

Unstable AERMOD 100% - - - -

WindTrax 100% - - - -

1,000 m Stable AERMOD99% 1% - - -
WindTrax 94% 6% - - -

Unstable AERMOD 99% 1% - - -
WindTrax 94% 6% - - -

“Closest to receptorgfarthest from receptors.

Based on these findings, the first feedlot-areac®layout, in which pens were aligned
along the wind direction (180 was used in analyzing sensitivity of the two mlsdo changes

in meteorological parameters.

5.3.2 Effects of Meteorological Parameters

5.3.2.1 Wind Speed

Figure 5-2 shows calculated concentrations as eifunofu for the three downwind
distances evaluated. For stable conditions, AERM@B® WindTrax produced similar
concentration profiles with respectu@nd were highly correlated ¥R 1.00) for all downwind
distances. However, concentrations predicted digtalgle conditions were significantly
different (P < 0.05) between AERMOD and WindTraxhwhe latter generating higher
concentrations. The ratio of calculated concertrati expressed as WindTrax/AERMOD ratio,
ranged from 1.13 to 1.24, 1.09 to 1.23, and 1.0D &8 for the 5, 100, and 1,000 m downwind
distances, respectively. Average WindTrax/ AERMODosaas functions afl were as follows:
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for the 5-m downwind distance, 1.13 for 1.0 m/sec<3.0 m/sec and 1.20 for> 4.0 m/sec;
and for the 100-m downwind distance, 1.11 for 0/Sen <u < 5.0 m/sec and 1.21 for> 7.5
m/sec. For the 1,000-m distance, no average vahseobtained as WindTrax/AERMOD ratio

was highly variable with respect to

Figure 5-2.Calculated concentration as function of wind spleedlownwind distances of: (a) 5
m, (b) 100 m, and (c) 1,000 m.

Calculated concentrations of AERMOD and WindTraxuostable conditions were also
highly correlated. Unlike for stable conditionswever, correlation decreased as downwind
distance increased, witi?Rf 0.96, 0.93, and 0.77 for 5, 100, and 1,000-mrieind distances,
respectively. This decrease in correlation coulatbebuted to loweu settings included the
evaluation. Ifu< 1.0 m/sec was not included in concentration campa for the 100-m
distance, Rwould be close to 1.0. For the 1000-m distanéey®uld increase ifi < 2.0 m/sec
were excluded in the analysis. Higher differenceveen AERMOD and WindTrax was also
observed for unstable conditions, with the latr@dpicing higher concentrations (P < 0.05):
WindTrax/AERMOD ratios of 0.98 to 1.50, 0.89 to4,%nd 0.28 to 2.18 were computed for 5,
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100, and 1,000-m distances, respectively. In texing average WindTrax/AERMOD ratios for
unstable conditions were as follows: for the 5-nwvdwind distance, 1.48 for 1.0 m/seaxi< 2.0
m/sec and 1.39 far> 3.0 m/sec; and for the 100-m downwind distancg&3 for 1.0 m/sec € <
2.0 m/sec and 1.44 for> 3.0 m/sec. Similar to what was observed for stabhditions,
WindTrax/AERMOD ratio at the 1,000-m downwind diste, with respect to, was highly

variable.

5.3.2.2 Surface Roughness

Figure 5-3 shows that calculated concentrationsedesed with increasing valueszffor
both stable and unstable conditions. Also, higleicentrations (P < 0.05) were predicted by
WindTrax, and high linearity between AERMOD and Wimax concentrations were modeled.
WindTrax/AERMOD concentration ratios for stable antstable conditions were as follows: at
downwind distance of 5 m, ratios of 1.14 to 1.2@ &85 to 1.39, respectively; at 100 m, 1.12 to
1.19 and 1.39 to 1.43, respectively; at 1,000 86 10 1.65 and 1.64 to 1.86, respectively.
Excluding the 1,000-m distance, WindTrax/AERMOD centration ratio remained relatively
stable with average values for stable and unstabiditions of 1.18 and 1.37, respectively, for
the 5-m downwind distance, and 1.15 and 1.41, ctiqady, for the 100-m distance. Even
though WindTrax gave higher concentrations, theveaalels’ concentrations still had high
linear relationship: regression analyses betweknleded concentrations showed Wlues
greater than 0.96 for stable and 0.98 for unstedhalitions.
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Figure 5-3.Calculated concentration as function of surfaceyhmess for downwind distances
of: (@) 5 m, (b) 200 m, and (c) 1,000 m.

Rates of decrease in concentration with respegitwere relatively similar between
AERMOD and WindTrax, and were much faster for lang@wnwind distances (Figure 5-3).
Whenz, increased from 2.5 to 20 cm, concentration attbsest receptor was reduced by 36%;
at the next receptor (100-m distance), concentratecreased by 46%; and at the farthest
receptor, the decrease was about 60%. Regressiysas indicated high linearity (0.96 3 R
0.88) between predicted concentration andhe lowest linearity (0.91 >°R> 0.88) determined
at the farthest sampler placement.

5.3.2.3 Atmospheric Stability

Influence of atmospheric stability on concentraticass determined by evaluating several
stability conditions. Plots of calculated concetinmaas a function of Monin-Obukhov length,
are illustrated in Figure 5-4. High linearityq{R 0.89) in calculated concentrations was again
observed between AERMOD and WindTrax. The smatigftrence between the two models

(WindTrax/AERMOD concentration ratio of 1.02 to 3)2vas observed for very stable condition
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(L = 50 m) whereas the highest difference (ratio.871o 1.75) was observed for unstable
condition € =-5,000 m). The 100-m downwind distance had ¢heekt difference between the
two models for conditions with > 0: WindTrax/AERMOD ratios for very stable, stapand
near-neutral, stable conditions were 1.02, 1.1d,1ah6, respectively. The lowest difference for
unstable and very unstable conditions was obtdiores-m (ratio of 1.37) and 1,000-m (ratio of

1.11) downwind distances, respectively.

Figure 5-4.Calculated concentration as function of Monin-Obmkkength for downwind
distances of: (a) 5 m, (b) 200 m, and (c) 1,000 m.

Effects of atmospheric stability were further exad using additiondl values (Figure
5-5). This evaluation was done at the 100-m dowdwdistance to obtain the lowest difference
between AERMOD and WindTrax. The lowest differebeéween the two models was again
observed for stable conditions ¥ 0 m), with WindTrax predicting significantly Higr
concentrations (P < 0.05). As a function of atmesjghstability, average WindTrax/AERMOD
ratios were 1.05 (0.98 to 1.08) for 5 nb< 1,000 m and 1.17 (1.16 to 1.18) for 1,000 m.
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Unstable conditiond(< 0 m) had larger WindTrax/AERMOD ratios, implyitagger difference
in concentrations between the two models.lFor-50 m, WindTrax/AERMOD ratio ranged
from 0.61 to 1.30, and startihg< -100 m, the ratio remained above 1.40 and haal/arage
value of 1.44 (1.40 to 1.49).

Figure 5-5.Calculated concentration as function of Monin-Obmkkength for the 100-m

downwind distance — Higher resolution.

Relationship betweelh and concentration was also checked. From regressialyses,
high linearity existed betwednand the logarithm of concentratior’-Ralues were 0.76 and
0.71 for AERMOD and WindTrax, respectively, forld@aconditionsl{ > 0 m), and were 0.83
and 0.78, respectively, for unstable conditidns (0 m). Comparing stable and unstable
conditions with same absolute values pAERMOD calculated higher concentrations for stabl
conditions. However, this was not the case for Wnaat. For .| < 100 m, WindTrax modeled
higher concentrations (at least 66%) for stabled@é@mns. The difference in calculated
concentration between stable and unstable conditrolVindTrax decreased as the value_pf |
increased: forl] = 500 m, concentration for stable conditian=(500 m) was higher by just 13%
than that of unstable conditiob € -500 m); and starting || > 500 m, concentrations for stable

(L > 500 m) and unstabl& & -500 m) conditions were relatively the same (5% difference).
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5.3.3 Vertical Concentration Profile

Vertical concentration profiles for downwind distas of 5 and 100 m are shown in
Figure 5-6. Findings drawn from preceding analysere also observed in evaluation of vertical
concentration profile: (1) higher concentrationgevealculated by WindTrax; (2) AERMOD
calculated higher concentrations for stable coodgithan for unstable conditions; and (3) with
IL| = 5,000 m, WindTrax modeled almost same concemtifor both stable and unstable

conditions.

Figure 5-6.Vertical profiles of calculated concentrations(a): 5-m downwind distance, with 2
to 7-m height settings, and (b) 100-m downwindatist, with 7 to 15-m height settings.

For the 5-m downwind distance, WindTrax/AERMOD oatras smaller for stable
condition L = 5,000 m) than for unstable conditidnZ -5,000 m). As a function of height,
average ratios were 1.27 (1.26 to 1.30) for heightsto 4 m and 1.17 (1.16 to 1.19) for heights
of 5 to 7 m for stable condition; for unstable ciiot, ratios were 1.50 (1.47 to 1.55) for heights
of 2to 4 mand 1.37 (1.36 to 1.38) for height® o 7 m. WindTrax/AERMOD ratio was also
smaller during stable condition for the 100-m dowrdhdistance. During stable condition, the
ratio remained relatively constant with heightras distance, with an average value of 1.09
(1.05 to 1.14). On the other hand, the ratio chdnvgéh height during unstable condition: for 7
to 9-m heights, the ratio was 1.38 (1.36 to 1.4dr);10 to 12-m heights, the ratio was 1.29 (1.26
to 1.33); for heights 13 to 14 m, the ratio wasdl(2.23 to 1.24); and the 15-m height had a ratio
of 1.31. Based on these results, WindTrax/AERMOt rdecreased with height in general.
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As mentioned, WindTrax requires longer simulatiomet Using a meteorological data
set composed af, z,, andL, and setting the number of particles released @080 the average
WindTrax simulation time for each data point (ignge set of meteorological data, one receptor)
in this study was 2 min. Considerably longer sirtiatatime should be expected if sonic
anemometer measurements and/or higher number tofleareleased were used. Whereas the
length of simulation was not a concern in AERMOB ahserved in this study, only a few

seconds was required to complete a simulation.

5.4 Discussion

Difference in simulating dispersion might explainpd)AERMOD calculated lower
concentrations than WindTrax. In WindTrax, masegpert in all directions (downwind,
crosswind and vertical) is by convection (eq 5 AERMOD, downwind mass transport is
also by convection; however, both crosswind antica@rmass transports are by diffusion (eq 5-
1). As diffusion is a much slower transport processipared to convection (Glasgow, 2010),
overall mass dispersion in AERMOD is modeled aiveelr transport rate than in WindTrax
resulting in lower downwind concentrations calcethtvith AERMOD modeling.

In AERMOD, the concentration difference betweelblgtdi.e., stable, very stable) and
unstable (i.e., unstable, very unstable) conditivas expected as simulation of the vertical
concentration distribution depends on atmosphésaigilty. The concentration in vertical
direction for stable and unstable conditions hassSian and bi-Gaussian distributions,
respectively (Cimorelli et al., 2004); given themsmemission rate, AERMOD modeled lower
concentrations for unstable conditions. On the rotlaed, WindTrax simulates dispersion in
stable and unstable conditions similarly as onlg set of concentration formulations is applied
(Flesch et al., 1995). In WindTrax, atmospherib#its is used only to decide which equations
will be used in characterizing wind flow; theselude equations for Monin-Obukhov universal
function, vertical velocity fluctuation stabilityocrection function and dissipation rate stability
correction factor (Flesch et al., 1995; Fleschl.e804). The difference in concentration
between stable and unstable conditions in WindSmanply depends on the degree of stability of
the atmosphere. With as the atmospheric stability parameter, the cdnaton difference was
very large between very stable and very unstabtéitions (e.g., 66% fot| < 100 m) but was
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almost negligible between stable and unstable gihresgc conditions (e.g., 0.15% fdai p 500
m).

The rates of concentration decrease with heightERMOD and WindTrax could
explain why the concentration difference betweentiio models decreased with height.
Overall, concentration decreased much faster watght in WindTrax than in AERMOD.
Results showed that the rates of decrease for Wandderived concentrations were
approximately 0.83 and 0.19 pghm for 5 and 100-m downwind distances, respectiviely
both stable and unstable conditions. The rategofedise for AERMOD-derived concentrations
during stable condition were 0.53 and 0.14 |fgfmfor 5 and 100-m distances, respectively;
during unstable conditions, the rates of decrease @.43 pg/rim for the 5-m downwind
distance and 0.09 pugfm for the 100-m distance. Based on these reshésate of
concentration decrease with height in WindTrax feaser than in AERMOD by at least 30%.
Thus, this implies that smaller difference in cédted concentrations between the two models
could be attained at higher receptor height sedting

Perhaps, more important, concentrations calculayelERMOD and WindTrax have
high linear correlation. This suggests that coroeétonversion factors between these two
dispersion models can be developed. Still, sevibia$)s can be considered to improve working
with conversion factors. One is that developmemnied and use of available conversion factors
can be based on sampler placement, as samplevisadind location and sampling height affect
the degree of concentration difference betweenviioemodels. As shown in this study,
difference between AERMOD and WindTrax modelingutesswas lowest if the sampler was
located close to the area source and placed aghighght settings. Other considerations may

include using wind speed and atmospheric stat@btgriteria for conversion factors.

5.5 Conclusions

The performance of AERMOD and WindTrax in calculgtconcentrations downwind of
ground-level area sources was evaluated by congptr@ir sensitivity to variations in modeling
inputs. The following conclusions were drawn frdmststudy:

AERMOD calculated lower concentrations than WindT r@ossibly due to the difference

in their treatment of mass transport. Mass transgpdindTrax is based mainly on

convection whereas in AERMOD, mass transport ctesisf both convection and
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diffusion. The two models also differ on how thegael concentrations during stable
and unstable conditions. AERMOD applies Gaussiahbatsaussian forms to model
vertical concentration distribution for stable amtstable conditions, respectively. In
contrast, WindTrax uses just one set of concentrdbrmulations regardless of
atmospheric stability.
Concentrations calculated by AERMOD and WindTrasponded similarly to area
source and receptor/sampler locations, and to @saimgwind speed, surface roughness,
and atmospheric stability. In both models, a dowrdaieceptor was mainly impacted by
area sources directly upwind of its location. Resfiof calculated concentration as
functions of wind speed, surface roughness, andstheric stability were highly
comparable between the two models. Their modeleitaeconcentration profiles were
also similar. More important, concentrations cadted by these two models were highly
linear.
Indications are development of conversion fact@tsvieen these two dispersion models
is feasible. Results presented in this study cem la¢ used as guidelines in designing studies
aimed to develop factors between AERMOD and Wing Taamd/or to compare any other

dispersion models.
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CHAPTER 6 -Particulate Emissions from a Beef Cattle Feedlot

Using Flux-gradient Technique

6.1 Introduction

Air pollutant emissions from concentrated animaidieag operations (CAFOs) such as
open-lot beef cattle feedlots can adversely afigafjuality locally in downwind areas.
Emissions also may affect air quality on a regidyais in certain areas like the San Joaquin
Valley of California. Emissions from CAFOs genégrahclude ammonia (Nk), methane
(CH,), greenhouse gases (GHGSs), volatile organic comgigand particulate matter (PM). The
National Research Council (2003) stated the needdourate pollutant emissions estimates for
CAFOs that can be used to assess their impacteoenyironment and regulate them effectively.
In 2005, the U. S. Environmental Protection Age(idy5. EPA) initiated the National Air
Emissions Monitoring Study (NAEMS), a two-year stud continuously measure the emissions
of regulated pollutants from different types of G@¢-and to develop and improve available
emission quantifying techniques (CFR, 2011; Puippglied Meteorology Laboratory, 2009).
Participating CAFOs in NAEMS represented the lapeojler, swine and dairy industries but
none came from the beef industry (Purdue Appliededlogy Laboratory, 2009). In 2011, the
U.S. EPA solicited quality-assured CAFO emissioatado supplement that collected through
NAEMS (CFR, 2011). Requested data included emissidi®M (PM s, PMyo, and TSP),
hydrogen sulfide (k5), NH;, and VOCs from broiler, layer, turkey, swine, gand beef
operations (CFR, 2011). Clearly, more gaseous ah@rmission estimates are needed for
CAFOs, particularly for open-lot beef cattle feddlo

Techniques appropriate for estimating emissiorsrfxtam area sources include
micrometeorological techniques, mass balance tgaesi atmospheric dispersion models and
atmospheric tracers (National Research Council32®ecently published pollutant emission
rates for beef cattle feedlots were determinedguatmospheric dispersion models such as
WindTrax, a backward Lagrangian stochastic-baske8)imodel (Flesch and Wilson, 2005), and
AERMOD, a Gaussian-based and the current U.S. EB#&ped regulatory model (CFR, 2005).
WindTrax has been used in quantifying emissionsréde NH; (Flesch et al., 2005), odor
(Galvin et al., 2006) and PM(McGinn et al., 2010) from beef cattle feedlotsl &HGs from
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dairy cattle facilities (Leytem et al., 2011). AERND also has been applied in feedlot studies on
NH; (Faulkner et al., 2007) and RMBonifacio et al., 2012). Whereas the use of aphesc
dispersion models maybe acceptable, derived emisates may differ from actual values by at
least a factor of two (Flesch et al., 2004; Natidda@search Council, 2003; Turner, 1994).

Micrometeorological techniques have long been wigepiantify emission rates of
various gases such as fumigants from agricultuggdlands, which, like beef cattle feedlots, are
open area sources. Although these techniques eequinplex and extensive instrumentations,
they are the most direct, unobtrusive methods @&sueng mass and energy transfer rates
between the surface and the atmosphere (Ham and,B£07). A commonly used
micrometeorological method in determining emissiisrthe flux-gradient technique (Prueger
and Kustas, 2005; Muller et al., 2009). The flurdjent method has been used to estimate
emissions for Nkl (Myles et al., 2011), nitric acid (Myles et alQ121), ozone (Muller et al.,
2009), sulfur dioxide (Myles et al., 2011) and prdes (Prueger et al., 2005) for agricultural
lands. This method also has been applied to dattlilots to quantify emissions of amines
(Hutchinson et al., 1982), NHBaek et al., 2006; Hutchinson et al., 1982)SKBaek et al.,
2006), and, on a small scale, has simulated aeqagth to measure GKHarper et al., 1999).
Limitations associated with the use of micrometéagizal techniques on feedlots, however,
were not directly addressed in these studies.

Micrometeorological techniques are based on cekisynassumptions. One key
assumption is horizontal homogeneity of the soarw consequently emission rates. Feedlots
are non-ideal locations and are made up of diftegres of surfaces such as unpaved roads,
lagoons, and buildings, but the largest surfaca eoenprises pen areas. A recent paper by Baum
et al. (2008) examined the feasibility of and préed guidelines on the use of
micrometeorological techniques at challenging lmeet such as cattle feedlots. In implementing
micrometeorological techniques on estimating céétéellot emissions, recommendations
included using at least 20-Hz sampling frequenayp@asurements to lower flux estimate
uncertainty, applying 70 to 80% modeled source arierion in fetch calculation to minimize
the effects of non-feedlot surfaces while retaimmgye data, and relating computed emission
fluxes to pens closer to the measurement location.

The present study was designed to quantifyRhission fluxes from an open-lot

commercial beef cattle feedlot under a variety eteorological and cattle pen moisture
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conditions. It is the first use of the flux-gradieéechnique for PM from cattle feedlots. Vertical
profiling of PM;o concentrations and high-resolution meteorologiaasurements were used to
compute concentration gradients and particle edlfiystvity, respectively, required in the flux-
gradient technique. Results of this work providéaal information for producers, conservation
specialists and regulators on the magnitude ofg&vhissions, derived using a
micrometeorological technique, from a cattle feetypical of those in much of the Western
u.S.

6.2 Materials and Methods

6.2.1 Feedlot Description

The commercial beef cattle feedlot studied is megtidar in shape, with lengths of 1.7 and
0.5 km in north-south and east-west directiongeesvely. Based on a previous study (Baum et
al., 2008), this feedlot is relatively flat, withrface roughness of 4.1 + 2.2 cm. The feedlot has a
capacity of 30,000 head in a total pen area of@pprately 59 ha surrounded by agricultural
crop lands. Field monitoring, which included RMoncentrations and micrometeorological
measurements, were conducted continuously from 284y through September 2011; however,
measurement data, which were also used in andilidy Bonifacio et al., 2013), were
incomplete in some months due to several instruatiem- and/or weather-related problems.

In 2010, the average head capacity at the feedist2av,000; for the whole year, the
estimated mean percentage of empty pens was ooyt 46%. Dust emission controls for that
year included manure scraping frequency of twdited times per pen, and water application on
unpaved roads and alleys. In 2011, the average dsgzatity at the feedlot was lower at 25,000,
SO many more pens were empty (approximately 18%@dtition, manure scraping and water
application practices were changed in 2011. Peiaces were scraped more frequently (> 3
times per pen) than the previous year. More impltawater was applied on pens rather than
on unpaved roads and alleys to alleviate heatsstresattle. Mortality due to excessive heat
was around 800 cattle in 2010 but was reducedfgigntly to just 20 in 2011.

6.2.2 Micrometeorological Measurements
A 5.3-m tower, equipped with micrometeorologicatlaudy covariance (EC)
instrumentation, was installed to measure microoretegical conditions at the feedlot. The

tower was set up in a pen approximately 0.4 kmlaBdm away from north and south edges of
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the feedlot, respectively (Figure 6-1a). The EGrimaentation included a 3D sonic anemometer
(Campbell Scientific, Inc., Logan, UT) for measuyyithe three orthogonal wind velocity
componentsug,uy,u,) and temperature and an infrared hygrometer (LICIO&, Lincoln, NE)

for measuring water vapor density. A data loggem(i@bell Scientific, Inc., Logan, UT) was
used to measure and record variances and covasiafiggu, andu, and temperature as 15-min
averages. Friction velocity), Monin-Obukhov lengthl() and surface roughnesg)(were
computed from these measurements using formulapicesented by Flesch et al. (2004) and
Baum et al. (2008). These three parameters weralipicomputed as 15-min values and then

integrated to hourly values.

Figure 6-1.Location of the instrumentation: a) sampling sitside the feedlot; and b) sampling
heights for TEOM PNL samplers.

Starting in May 2011, the vertical profile of wisgeed was also measured. Two wind
anemometers (Model 05103-5, Campbell Scientific,,lhogan, UT) were installed, with one
positioned at 3.81-m height and the other at 7.62eight. A separate data logger (Campbell
Scientific, Inc., Logan, UT) was used to record avirglocity measurements as 20-min and

hourly averages.
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6.2.3 PMConcentrations

Tapered element oscillating microbalance (TEOM);PMonitors (Series 1400a,
Thermo Fisher Scientific, East Greenbush, NY; falequivalent method designation No.
EQPM-1090-079) were used to measure fivhss concentration at three sites simultaneously:
(1) within the feedlot, approximately 5.5 m nortihtlee EC tower; (2) 5 m away from the north
edge of the feedlot; and (3) 800 m away from tleglliet south edge. Selection of these sites was
based on feedlot layout, power availability anddfeemanagement approval. R
concentrations measured within the feedlot were asedownwind concentrations whereas
PM;jo concentrations at the north and south edges vea@ as upwind concentrations, depending
on the wind direction (i.e., upwind at north sitevind was coming from the north, at south site
if wind was from the south). Vertical profiling &M, concentrations was carried out at the
sampling site within the feedlot by measuring fgkbncentrations at four heights (i.e., 2.0, 3.81,
5.34 and 7.62 m) (Figure 6-1b). A previous studiidgated that the vertical concentration
gradient upwind of a source was negligible (Ryded lcNeill, 1984) and because of
equipment availability issue, PlMconcentration was measured only at one height 2. m)
for the other two sampling sites.

PMjo concentrations were measured at 20-min intermadctordance with the TEOM
manufacturer's recommendations, large negative 2DRvl;o concentrations (< -10 pgAn
were not considered. Remaining 20-min downwind @maind PMg concentrations were then
integrated into hourly averages. For each heigittcancentrations (i.e., downwind
concentration — upwind concentration) were compimethours with both downwind and
upwind concentrations. In addition, only positivet ®M,, concentrations were considered
because negative values could indicate either gibtgi particulate emissions from the feedlot or

the presence of significant PM emissions from sesiather than the feedlot.

6.2.4 Auxiliary Measurements

Precipitation data were obtained from a weatheiostdocated 2 km from the north edge
of the feedlot. The weather station was equippét arain gauge (Model TE525, Campbell
Scientific, Inc., Logan, UT) that measured and rded precipitation.

Within the 17-month period, nine 4/5-day intenssanpling campaigns (n = 41 days)
were performed to conduct pen surface water comeaisurements in addition to M

concentration and micrometeorological measuremé&iis.manure/soil layer from the pen
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surface was randomly sampled from the pen in wthieltower was installed and two other
adjacent pens. Sampling of the upper layer of g#resurface, approximately 2.5 to 5.0 cm, was
done twice each day, one in the morning and anathitye afternoon. Manure/soil samples were
placed in separate sealed plastic bags. Wet-bagest sontent of the sample was determined
using the ASTM D2216-98 oven drying method (Amermi&ociety for Testing Materials, 2002).

6.2.5 Data Screening

Prior PMyo emission flux calculation, hourly data points,lraomposed of PM
concentration and micrometeorological measuremer@se screened based on: (1)
corresponding fetches of sampling heights with cotag net PMp concentrations; (2) number
of sampling heights with net Plylconcentrations; and (3) vertical profile of net M
concentrations. The first screening was based @ffetich of each sampling height. For the
measured PM concentration to be representative of PM emittegddns, its corresponding fetch

should fall within the feedlot boundary. The fefoh each sampling height was computed using:

X = |L| / (6-1)
K’In(F/s,) IL|

wherex is fetch (m),|L]| is absolute value of Monin-Obukhov length (f)$% is

assumed/desired normalized flux (dimensionlegs$ new length scale (mf,is von Karman
constant (0.4), and andP are similarity constants (Hsieh et al., 2000). Nemgth scalez,,

was derived using the equation (Hsieh et al., 2000)

Zu = Zm (In(zm/zo) -1+ Zo/Zm) (6-2)

wherezy, is sampler measurement height. Bbthndz, were derived from sonic anemometer
measurements. Values for similarity constdn&ndP, which are both based on the atmospheric
stability, are summarized by Hsieh et al. (200@Q)rNalized flux,F/S,, was set at 0.7 to retain
more data points without losing data quality (Bagimal., 2008).

The second screening was based on the number cuneeaent heights with measured
net PM, concentrations. As the Riyemission flux determination using the flux-gradient
technique involved vertical concentration gradiehtaurly data points with at least two sampling
heights with net concentration data were considaréide analyses (National Research Council,

2003). After the first two screenings, numbers atiadooints based on the number of sampling
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heights with concentration data were 1,676 for gaiats with four net concentrations, 741 with
three net concentrations, and 562 with two net eotrations; the total number of data points
after the first two screenings was 2,979.

Lastly, data points were screened according tométd>M o concentration vertical profile.
The concentration should be approximately linedhwhe logarithm of height and decreasing
with increasing height (Ryden and McNeill, 1984indarity between the net Rylconcentration
and the logarithm of height was verified using Bearcorrelation. As practiced in biostatistics
(Colton, 1974; Gherman and Mironiuc, 2012; Lehmiaal.¢ 2009) and other research areas
(U.S. Department of Agriculture, 2012), a Pearsometation criterion of 0.75 was applied to
indicate strong and robust linearity. Thus, houidya points with Pearson correlation

coefficients greater than or equal to 0.75 werel iisemission flux computation.

6.2.6 Flux-Gradient Technique
Using the flux-gradient technique, RMmission flux from pen<Qp, (Lg/nf-sec) was
estimated with the expression:
dc
Qp =- K¢ — (6-3)
dz
whereK_ is eddy diffusivity for PMo (m?%/sec) andic/dzis vertical net Pyconcentration
gradient (ng/mm) (Meyers and Baldocchi, 2005; Myles et al, 20Rfjeger and Kustas, 2005;
Prueger et al., 2005). Vertical concentration gratjdc/dz for each data point was estimated
from net PMg concentration data and their corresponding samieights. Eddy diffusivity for
PMjo K¢, was derived from eddy diffusivity for momentuKy, and Schmidt numbeg;., using
the equation (Flesch et al., 2002; Prueger e2@05):

-Km
Ke

Eddy diffusivity for momentumK, (m?/sec) was computed using the expression:

K Uz,
Kn :f— (6-5)

m

Sc

(6-4)

wherek is von Karman constant (0.4}, is friction velocity (m/sec)z, is mean geometric height
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(m), and/, is nondimensional correction parameter. Frictietoeity was obtained from
micrometeorological measurements. The mean geantedight for each hour was computed
using sampling heights with acceptable fetchesratd Mo concentrationst,, was calculated
following the procedure by Flesch et al. (2002) &ndeger et al. (2005), as presented by
Hogstrom (1996):

- 025

Z

f.=1- 19-M (6-6)
L

for unstable atmospheric conditiois< 0) and:
_ Zm
f,= 1+33= (6-7)
L

for stable atmospheric conditioris % 0).

To calculate PNpeddy diffusivity,K;, S.to be used for the feedlot’'s Rpwvas estimated
in accordance with the experiment done by Fleset. €2002). Combining eq. 6-3 and eq. 6-4,
S is given by:

K .dC
Sc=- Q—:d—z (6-8)

PM;o emission fluxQp, used in eq. 8 was determined using the integtadedontal flux

technique and was also reduced by 20% to compefwsatee inherent error (Flesch et al.,

2002). Measurements used in derivipgby the integrated horizontal flux technique were
anemometer-based wind speed and fncentration measurements for 3.81 and 7.62-m
heights from May through September 2011, and ttwiresponding fetches. Hourly medians and
lower and upper standard deviations $ofor this 5-month period (n = 291 hourly data ps)nt

are shown in Figure 6-2. Overall medi@nwas 0.63; this value was comparabl&te 0.70
applied in previous patrticle transport studies (@nd Maghirang, 2012; Zhang et al., 2008) and
S = 0.64 implemented in an area source dispersiateir(&lesch et al., 2004). Therefore, in
calculating PMpemission fluxes using the flux-gradient technigeg 6-3),S = 0.63 was

applied for the whole measurement period.
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Figure 6-2. Hourly median PMp Schmidt numbel$,, determined for May through
September 2011 (n = 291). Error bars representrugpelower standard deviations.

6.2.7 Data Analysis

Data were analyzed using SAS (2004; SAS Inst. [bary, NC)Mean values were
presented for parameters that follow normal distidn (e.g., temperature;); on the other
hand, median values were reported for those tldamali follow the normal distribution (e.g.,
PMso concentrationd?Mpemission fluxesS, Kc). Outlier analysis and standard deviation
calculation were based on the procedure by Schvaerghal. (2004) for non-normal datasets. In
determining the influence of micrometeorologicalgraeters omlc/dz,K.and PMpemission

flux, backward elimination was applied with a 5%rsficance level.
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6.3 Results and Discussion

6.3.1 Micrometeorological Conditions

WindRose plots (WRPLOT View, Lakes Environmenta$ provided to show wind
speed and wind direction trends at 6-month inter@@igure 6-3). For the first 6 months of the
measurement period, most of the hourly data pg88%o) had wind coming from the south
(135° to 225); for the second 6 months, 45% and 32% of the plaitats had wind from the
north (O to 45, 315 to 36C") and the south, respectively; and for the lasttm&n 9% and 59%
from the north and the south, respectively. Ovevalhd came from the south 55% of the time
and from the north 25% of the time; wind comingnirthe east and west had occurrence
percentages of only 14% and 6%, respectively.

Fetches for the four sampling heights were withim feedlot boundary 98%, 87%, 76%
and 62% of the time for 2.0, 3.81, 5.34 and 7.6Remghts, respectively. Median fetch values for
the acceptable hourly data points (n = 1,626)Herfour measurement heights were 84, 163, 189
and 209 m, respectively (Table 6-1); note thatf¢heh of the instrumentation tower from the

feedlot boundary ranged from 210 to 1,308 m.
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Figure 6-3.Wind speed and wind direction distribution at thedged feedlot: a) May through
October 2010 (n = 811 hourly data points); b) Noken?010 through April 2011 (n = 832
hourly data points); and c) May through Septemi@drln = 1,296 hourly data points).
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Table 6-1.Fetch values (n = 1,626) for the four measuremeigttts as calculated using the
procedure by Hsieh et al. (2000)

Fetches (m)

Feedlof 20m 3.81lm 5.34m 7.62m

Count 1,626 1,626 1,626 1,397 1,104
Median 420 84 163 189 209
Minimum 210 7 12 16 21
Maximum 1,308 401 1,214 1,281 1,246
Standard deviatioh

Lower range - 33 85 87 86

Upper range - 29 104 176 141

2 Feedlot fetch based on feedlot dimensions
P Two values for standard deviations, for lower apger ranges, because of non-normality of
distribution.

Overall values for micrometeorological parametéithe feedlot were as follows:
temperature of 14C; wind speed of 5.0 m/seg; of 0.40 m/sec; ang, of 4.0 cm (Table 6-2).
Sensible heat fluxes were 66 and -10 Wfan surface-to-atmosphere and atmosphere-to-srfac
heat flux directions, respectively (Table 6-2). Dgrthe 17-month measurement period, August
was the hottest month in both 2010 (32 %5 and 2011 (27 + C); December was the coldest
month in 2010 (-3 + 8C) and January was the coldest in 2011 (-5°€)7 Highest wind speeds
were observed in July (5.5 + 1.8 m/sec) and Au@u&t+ 1.6 m/sec) in 2010, and May (5.6 +
2.7 m/sec) and June (5.6 + 2.3 m/sec) in 2011;emprently, these months also had the highest
friction velocities (0.43 + 0.17 m/sec). Lowest wispeeds were measured in October 2010 (2.5
+ 0.5 m/sec), which also had the lowest frictiotoegies (0.22 + 0.04 m/sec). Overall medgn
was 4.0 cm, which was comparable to the mediarev@w6 cm) reported by Baum et al. (2008)

for the same feedlot.

111



Table 6-2.Micrometeorological parameters at the feedlot fayN2010 through September 2011

Temperature Wind speed Us Z Sensible heat (W/fM
(°C) (m/sec) (m/sec) (cm) |2 P
Mean 14 5.0 0.40 490 66° -10¢
Minimum -24 0.5 0.06 1.2 x 10 0.03 -0.05
Maximum 39 28.9 3.00 100 772 -1,425
csjta'.‘d‘."“d 14 2.3 018 19/74 71/15¢  16/8
eviation

@Heat flux direction from surface to atmosphere

P Heat flux direction from atmosphere to surface

¢ Value based on median due to non-normal distidloufir z,

4 Two values for standard deviations, for lower apger ranges, due to non-normal distribution
for z,.

6.3.2 PM, Concentration and Vertical Concentration Gradient

PMjo concentrations measured at all four measuremégitseexhibited diurnal trends,
with highest concentrations measured during thiy eening period (7:00 p.m. to 9:00 p.m.)
and lowest during early morning period (2:00 a@b5100 a.m.) (Figure 6-4). Overall hourly net
PMso concentrations (SD = lower, upper) for the foughes were 96 (SD = 101, 197), 62 (SD =
67, 126), 55 (SD = 58, 115) and 57 (SD = 59, 1agjifor 2.0-m (n = 1,965), 3.8-m (n =
1,915), 5.3-m (n = 1,538) and 7.6-m (n = 1,148yhts, respectively. Although not significantly
different (P = 0.44), PM concentration was slightly higher at the 7.6-nghethan at the 5.34-
m height due to the difference in numbers of daiats. Considering only points with
concentrations for both heights (n = 1,088), medamcentrations were 73 (SD = 68, 123) and
61 (SD = 59, 104) pg/fior the 5.3-m and 7.6-m heights, respectively. thiw set, statistical
analyses showed that RMoncentration was significantly higher (P < 0.06)h& 5.34-m
height. Using overall concentration values, regogsanalysis between the logarithm of
measurement height and RMoncentration indicated a strong linear relatigm¢R® = 0.82) as
expected (Ryden and McNeill, 1984).
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Figure 6-4.Hourly median net PM concentrations as measured from the four measumteme
heights for May through September 2011. Error beypsesent upper standard deviation

estimates.

Calculation of hourly vertical concentration grattiglc/dz showed that PM
concentration decreased by approximately 10 fl§gmevery meter increase in height (n =
1,626). Within the day, the 7:00 p.m. to 9:00 poeriod had the largest Riytoncentration
gradient, 20 (SD = 49, 22) pglm, and the 2:00 a.m. to 5:00 a.m. period haddhes$t
gradient, 4 (SD = 7, 3) pgfhm. Also, the vertical concentration gradient foe mid-morning to
late afternoon period (9:00 a.m. to 6:00 p.m.) &2$SD = 13, 10) pg/fm.

Based on statistical analyses of daily values 238), temperature had a significant
influence (P < 0.05) on vertical Rlylconcentration gradient whereas bot{P = 0.96) had
none. Analysis indicated that temperature and cedri?IVho concentration gradient were
inversely correlated. Fay, analysis suggested that it also might have sdfaet€P = 0.11) on

the resulting vertical concentration gradient.

113



6.3.3 PMg Eddy Diffusivity

With & = 0.63, overall mean hourly eddy diffusivity foMi, K¢, was 1.10 + 0.60
m?/sec for the 17-month period (n = 1,626 hourly ealu Within the dayK. was highest from
12:00 p.m. to 3:00 p.m., and lowest and relatigdady from 8:00 p.m. to 8:00 a.m. (Figure 6-
5). The hourly variation of the different micrometelogical parameters might explain the
observed trend fdk.. Figure 6-6 shows hourly trends of sensible heatemperature ang for
the entire measurement period. The first threerpaters had the same trendkasthe
parameter was highest in the mid-afternoon andlovasst and steady from evening to mid-
morning. Statistical analyses also showed thatigleniseat,u- and temperature significantly
affectedK. (P < 0.05). Atmospheric conditions within the dayld help explain this trend. The
presence of solar radiation in the afternoon resalhigher heat flux and temperature that make
atmospheric conditions unstable (i.e., strong atilispersion) whereas the absence of solar
radiation keeps the atmosphere stable (i.e., mimmertical dispersion) (Turner, 1994).
Unstable atmospheric conditions could explain tigh K. values estimated for the afternoon
period, and stable conditions could explain the él stablé. values at night. Compared with
K. and other micrometeorological parametessyas essentially stable the whole day, ranging
from 2.7 to 5.8 cm (Figure 6-6); in addition, sttitial analyses suggested thatlid not
influence (P = 0.56) oK..
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Figure 6-5.Hourly median PMp eddy diffusivity,K., calculated for May 2010 through
September 2011 (n = 1,626 hourly data points).rHraos represent upper and lower standard

deviations.
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Figure 6-6.Hourly trends of a) sensible heat; b) friction \@ig, u-; c) temperature; and d)

surface roughness,, plotted with PM, eddy diffusivity,K, for the entire measurement period.
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6.3.4 PM, Emission Flux

During the 17-month measurement period (n = 1,686l data points), hourly P{
emission flux ranged from ~0 to 272 mdthr, with an overall median value of 36 md#hr.
Based on days with at least 12 hourly emissioneffufn = 44), the overall median daily pM
emission flux was 1.81 gfatlay, which was slightly higher but within rangetise recently
published for beef cattle feedlots (McGinn et 2010; Bonifacio et al., 2012). McGinn et al.
(2010) reported values of 1.45 and 1.61%dfay for Australian feedlots based on reverse
dispersion modeling with WindTrax. Bonifacio et @012) reported median Ryemission
fluxes of 1.10 and 1.60 gfulay for Kansas feedlots based on reverse dispenstmleling with
AERMOD. Differences in approaches and feedlot cmals/characteristics could help explain
the difference among these Rjmission fluxes. Reverse dispersion modeling vasied to
determine PN emission fluxes in the two previous studies whetea flux-gradient technique
was used in this study. Water application on peas @one using a solid-set sprinkler system at
one feedlot evaluated by Bonifacio et al. (2012i; & the feedlot evaluated, water was
occasionally applied on either unpaved roads/a2940) or pens (2011) using water trucks.
Although the feedlot studied was comparable to ldarisedlots examined by Bonifacio et al.
(2012) in terms of temperature, wind speed and wlirettion, it received far less precipitation
(420 mm in 2010, 152 mm in 2011) than other feed{average of 622 mm). As noted in a
previous study (Bonifacio et al., 2011), rainfdfieets on lowering PM emission generally lasted
from 3 to 7 days. In calculation of overall RMmission flux (1.81 g/faday), 78% of the days
used (n = 44) was preceded by at least 7 daysnwittainfall.

PMjoemission fluxes for these 44 days (with at leashd2rly values) were plotted as
24-hr averages in time series with wimd temperature, and measumdFig. 6-7). Based on
both the plot (Fig. 6-7b) and statistical analygspperature significantly influenced (P < 0.05)
the daily PMo emission flux. Relatively high temperatures migave contributed to large Ryl
emissions at the feedlot from June through July02@dmperature of 28 to 3&, median PNy
emission of 85 mg/frhr) and May 2011 (temperature of 5 to°Z3 median PMyemission of
100 mg/m-hr) as seen in Fig. 6-7b. Days with low tempemsguhowever, also could have high
PMjpemission rates. For example, November 1 and 4,,2f8<pite having 24-hr average
temperatures of 4 and°Z, respectively, had daily Piylemission fluxes of 87 and 129 md#m

hr, respectively. Another example was January 8112hat had below freezing temperatures (-
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12 °C, 24-hr average) but high R)Memission fluxes (66 mg/mhr, 24-hr average). The high PM
emissions determined for periods with low tempeaescould be attributed to the absence of
precipitation (e.g., rainfall, snow, water applioa) for extended periods of time. The high
emissions in November 2010 could be largely dugegligible precipitation (2.0 mm) in
October 2011. Statistical analysis showed thanhtiraber of days without rain significantly
affected (P = 0.02) the resulting RMemissions. Although not evident from the plot (Fdgra),
the other micrometeorological parameter that affét¢he daily PMpemission flux wask (P <

0.05).
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Figure 6-7.Daily PM;o emission fluxes plotted with a) friction velocity, b) temperature; and

c) surface roughness, Days considered were those with at least 12 fialata points (n = 44).

Statistics of the hourly PMemission fluxes at the feedlot are summarized il 6-3.
Within a day, PMo emission flux at the feedlot remained relativelythand steady from 9:00
a.m. to 9:00 p.m. This trend was different fromewtbattle feedlot studies: the highest M
emissions within a day were observed in the afiem@0:00 a.m. to 5:00 p.m.) at two Kansas

cattle feedlots (Bonifacio et al., 2012) and in ¢#aly evening at two Australian feedlots
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(McGinn et al., 2010). Still, similar to these pi@ys studies, increase in RMemissions was
observed during the early evening period (8:00 pan®.00 p.m.). Reasons for these different
PMjpemission trends could include differences in feedéaracteristics (e.g., animal spacing),
dust control methods (e.g., pen scraping frequemayer application), emission estimation
technique, and measurement design (e.g., locatisarmplers, measurement period). In addition,
note that PMp emission estimates presented by all these stimlid¢ise evening period might be
suspect because of measurement and meteorolagidaltions associated with atmospheric
stable conditions (Massman and Lee, 2002). Basedatistical analysesi, temperature,
sensible heat arg all influenced (P < 0.05) hourly PiMemissions. Highu, temperature and
sensible heat, and small effectxenere conditions favorable to high PM emissionghat
feedlot.

Differences were observed in hourly Bjdmissions between warm (21 + D) and
cold (-2 + 8°C) conditions (Fig. 6-8). Using median values, waonditions had significantly
higher PMg emission fluxes, ranging from 9 to 146 mg/m, than cold conditions, which had
only 3 to 27 mg/rfthr PMyo emissions. For the trend within the day, peakNhdemissions for
warm conditions occurred during the early eveniagqa, from 8:00 p.m. to 9:00 p.m. (116 and
146 mg/m-hr, respectively). For cold conditions, on theasthand, the highest estimated gM
emissions (14 to 27 mgfair) were from the afternoon, from 11:00 a.m. @08p.m.;
surprisingly, no increase in Riyemissions was measured in the evening (< 7 fjstarting
at 8:00 p.m.). Similar to the previous analyses;fdvhissions during warm conditions were
largely influenced (P < 0.05) hy, temperature, sensible heat agichowever, during cold

conditions, PMpemissions were no longer influenced (P = 0.972,by
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Table 6-3.Hourly medians and standard deviations for;P&Mmission fluxn = 1,626) as

guantified by flux-gradient technique

Hour Count Median Standard deviatioh
(mg/nt-hr) (mg/nf-hr)
Lower standard Upper standard

deviation deviation
12 a.m. 74 23 20 51
lam. 75 21 21 32
2am. 60 19 17 27
3am. 61 14 15 25
4 a.m. 58 10 7 24
5a.m. 53 8 6 22
6 a.m. 57 14 14 31
7 a.m. 58 26 19 47
8 a.m. 69 35 33 38
9 a.m. 76 56 64 90
10 a.m. 66 59 66 117
11 a.m. 63 68 49 67
12 p.m. 67 62 55 105
1p.m. 66 72 71 65
2 p.m. 78 72 60 86
3 p.m. 73 59 58 54
4 p.m. 69 53 48 96
S p.m. 81 59 52 64
6 p.m. 86 59 64 72
7 p.m. 79 47 40 90
8 p.m. 71 63 81 135
9 p.m. 53 55 66 143
10 p.m. 70 36 42 115
11 p.m. 63 22 22 35
Overall 1,626 36 38 85

& Two values for standard deviations, for lower apger ranges, because of non-normality of
distribution.
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Figure 6-8.Hourly median PMp emission fluxes for warm and cold conditions.

Aside from micrometeorological conditions, anotimeportant parameter affecting PM
emission is the water content of the pen surface.0D41 days with pen surface water content
measurement, 26 days had fkImission flux data. To keep at least 75% of 26 dawtts both
water content and P)demission measurements, days with at least 7 heuanigsion fluxes were
considered in the analyses. A plot of pen surfeater content and corresponding BM
emission flux is illustrated in Fig. 6-9. As expedt statistical analyses revealed that pen surface
water content had a significant influence (P < D&@%PMjpemission flux. Periods with water
content greater than 20% had relatively smallerf&vhission fluxes (Fig. 6-9). For the studied
feedlot, pen surface conditions with water contgeaiter than 20% (23 to 50%, n = 5) had,PM
emission fluxes ranging from 3 to 14 mdg¢hr, with a median of 11 mg/hr, whereas
conditions with water content of 20% or less (2086, n = 16) had higher Plyemission fluxes
that ranged from 7 to 40 mg#hr and had a median of 15 mdH; this implies reduction in

PMyo emissions of up to 60% for pens with surface watertent of greater than 20%.

122



Figure 6-9.Effect of pen moisture content (wet-based) o fPédmission flux (n = 21 days).

6.4 Conclusions

The flux-gradient technique was implemented to ¢jiaRM o emission fluxes from
open-lot beef cattle feedlots. RMtoncentrations at a Kansas commercial beef datidot
were vertical-profiled using TEOM Pjsamplers, and micrometeorological conditions were
measured using eddy covariance instrumentationg@Mission fluxes at the feedlot varied
diurnally and seasonally, with hourly emission #sxanging from ~0 to 272 mgthr (overall
median of 36 mg/fahr). During warm conditions, P}demissions at the feedlot peaked at 8:00
p.m. to 9:00 p.m., whereas during cold conditianisich obviously had significantly lower PM
emissions, the highest Ryemissions occurred in the 11:00 a.m. to 3:00 panod. Friction
velocity, temperature, sensible heat flux, andasigfroughness were all found to influence;PM
emission. Conditions favorable to high PM emisdlares had high friction velocity,
temperature, and sensible heat flux but low surfaaoghness. In addition, Plylemission flux
was highly affected by the pen surface water canfmn surface water content of at least 20%
(wet basis) would significantly reduce PM emissabrieedlots.

The flux-gradient technique was applied successfollestimate PM emission fluxes at
the cattle feedlot; however, more research is rete&ml@nprove its implementation and flux
estimates for feedlots. Individual contributionsddferent PM sources, such as pens, unpaved

roads, and feed mills, to the overall feedlot PMs=ion flux still need to be assessed. Because
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pens may differ in soil type, soil/manure depthd anmber of cattle, effects of pen
characteristics on PM emission flux also must hdistd. In addition, uncertainties associated

with stable conditions must be addressed to have mediable emission estimates.
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CHAPTER 7 -Numerical Simulation of Transport of Particles

Emitted from a Ground-level Area Source

7.1 Introduction

Air emissions from animal feeding operations (AF@¢luding commercial beef cattle
feedlots, have been studied because of their patempact on both health and environment.
These studies are generally designed to estald@irate emission rates, and develop or evaluate
emission estimation methodologies that can be epplihen assessing the potential impact of
these pollutants on the surrounding locality (CE®L1). The accuracy of these emission
estimates depends greatly not only on the quafitpncentration measurements but also on the
reliability of methodologies.

Various techniques are available for simulatingdision of particles in the atmosphere.
They include box, Gaussian, Lagrangian, statistenradl computational fluid dynamics (CFD)
models (Holmes and Morawska, 2006; Turner and 2eh@007). Currently, the preferred
regulatory dispersion model in the U.S. is the Aicger Meteorological Society/Environmental
Protection Agency Regulatory Model or AERMOD (CER05). For AFOs, AERMOD has
been used in assessing dispersion of odor (Kopgtadli, 2002; Sarr et al., 2010) and gaseous
(Sarr et al., 2010) emissions downwind of swinelitges; and by reverse dispersion modeling
technique, AERMOD has been applied in determiniaugiqulate emission rates from cattle
feedlots (Bonifacio et al., 2012). Due to limitatgoof AERMOD inherent to all Gaussian
models, the accuracy of its dispersion simulatgarticularly for emissions from area sources
like AFOs, is still for further investigation.

CFD models have been used in solving fluid flowljpeans in engineering applications.
These models simulate fluid flow by solving Navitiekes equations. For turbulent flows, CFD
models are categorized as direct numerical sinarldDNS), large eddy simulation (LES),
Reynolds-averaged Navier-Stokes (RANS), and Rewsticess models (Ferziger and Peric,
2002). With the increasing performance of lateshpoters, the potential of using CFD models
in emission studies on AFOs and other open are@a®is already being explored. Coupled
with a partial differential equation for mass tnaod, CFD models, such as LES model and the
RANS-basek-emodel, have been applied to simulate dispersiardof from a livestock

facility (Hong et al., 2011) and of particulatesaatexposed land area (Seo et al., 2010). Even
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with limited research data on the dispersion penorce of CFD models, these models have
been used in evaluation studies as alternativegferimental research, which can be costly and
measurement-intensive. For AFOs, several reseaalhaing emissions within and outside
these facilities employed CFD models exactly fas tieason. CFD models likeeandk-w
models, which are both RANS-based, have been unsaetérmining efficiencies of vegetative
barriers in reducing odor (Lin et al., 2007) andtipalates (Guo and Maghirang, 2012)
downwind of AFOs facilities. One study compared Lia8del and CALPUFF, a Gaussian
dispersion model, in simulating odor dispersioar@AFO facility and found that higher
concentrations were predicted by the CFD mode&fid Guo, 2006). Thieemodel had been
used to assess the performance of a micrometeacalagethod in estimating G@&mission
rates in an agricultural study (Magliulo et al.02}.

In this study, two techniques were used to simudépersion of particles from a ground-
level area source. The first technique was atmagptispersion modeling using AERMOD
(ver. 09292, U.S. EPA; www.epa.gov). The secondnuamserical approach using CFD based on
thek-eturbulence model for velocity simulation and on $lealar convection-diffusion transport
equation for particle transport simulation. CFD slation was performed using OpenFOAM
(ver. 2.1.1, ESI-OpenCFD; openfoam.com), an opemesoCFD software package. In
comparing AERMOD and CFD, a feedlot pen in a thd@eensional domain was used to

evaluate dispersion downwind, crosswind, and vartaections of a ground-level area source.
7.2 Materials and Methods

7.2.1 Computational Domain

A three-dimensional (3-D) computational domain (Fe7-1) was created to simulate
transport of particles emitted from the feedlot pedownwind &), crosswindy), and vertical
(2) directions. The feedlot pen was 1,000 m long 20@ m wide. The computational domain
had dimensions of 2,000 m along downwind directiad 600 m along crosswind direction. The
domain height was based on the boundary layer héigl) computed at a wind speed of 1
m/sec (low wind). Numbers of cells were 120, 64J &6 inx, y, andz directions, respectively,
and the total cell number for simulation was 430,00he cell size was constant in thandy
directions. For the-direction, an expansion ratio, defined as theratithe last cell (i.e., top) to
the first cell (i.e., bottom), was set at 20 to &&wner grid near the ground.
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Figure 7-1.The computational domain for simulating particlspstirsion for a ground-level area

source (i.e., simulated feedlot pen).

7.2.2 AERMOD Dispersion

7.2.2.1 Dispersion Modeling
AERMOD is based on the general concentration egundtir Gaussian models given by:
2 2
1Cc __ 1C 1°C
Ux = Dy 2 *D: 2
fix iy 1z

(7-1)

whereC is concentrationyy is wind speed in downwind) direction, andy andD, are
diffusion coefficients in crosswing<) and vertical £-) directions, respectively. The overall
mass transport for Gaussian models is defined dgdnvective mass transport in downwind
direction with constant,, and the diffusion mass transports in crosswirdiartical directions
with constanDy andD, (Heinsohn and Kabel, 1999). The general analysoAltion to eq 7-1 is
commonly referred to as the Gaussian plume modeh@dhn and Kabel, 1999). AERMOD is
different from other Gaussian models in the waginiulates dispersion as it uses a well-

characterized planetary boundary layer structuleo Aor unstable conditions, AERMOD
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applies bi-Gaussian distribution to represent gatttoncentration distribution rather than a
Gaussian distribution (Cimorelli et al., 2004; Rest al., 2005).

In AERMOD modeling, an emission flux of 20.0 pgfsec was assumed for the
simulated feedlot pen based on the study descnb€thapter 3. Concentrations were calculated
for cells of the designed computational domain. filewing conditions were specified:

1. The feedlot pen had a flat terrain with a constamission flux for the 1-hr averaging

period.

2. Effects of precipitation were not considered. Cthly dry depletion of particles was
included as the main removal mechanism. Partigiéetien due to gravitational
effects was considered by assuming a 13-um aerodgnzarticle size, based on the
mean geometric diameter derived for a commercitllecieedlot (Gonzales et al.,
2011)

7.2.2.2 Meteorological Parameters

Previous CFD studies on ground-level area souroesstigated the effects of
atmospheric stability and wind speed on disperfioand Guo, 2006; Hong et al., 2011). These
meteorological parameters served as basis of cosopan this study. Using the classification
presented by Seinfeld and Pandis (2006), five ghfmersc stability classes were considered.
These stability classes were as follows, with thespective Monin-Obukhov length)(settings
parenthesized: very stablle £ 50 m), stablel(= 500 m), neutrall{= 500,000 m), unstablé& &
-500 m), and very unstable € -50 m) conditions. While neutral conditions abhiave high
negativel. values I < -500, 000 m), these were not allowed in AERM@Bd therefore, not
considered. Downwind wind speeds of 1 and 5 m/sdweaheight of 2.5 m were applied to
represent low and high wind conditions, respecyivil total, 10 conditions were evaluated by
each transport simulation.

Other meteorological parameters were needed tdERMOD. Temperature, surface
roughnessz,), and wind direction were fixed to remove theitience on the simulation:
temperature was set at 45, the average temperature measured at a Kansiasfeatllot
(Chapters 4 and 6%, was set at 5 cm, the typical roughness valuedtitecfeedlots (Chapter 6);
and wind direction was constant along downwinddiom (x-axis), starting from the edge with
the origin. Other meteorological parameters, swcfrietion velocity (i), sensible heat, and

mixing heights, were derived using formulationssgrged by Cimorelli et al. (2004).
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7.2.3 CFD Simulation
CFD simulation involved three major steps: (1) mgsheration based on the designed
computational domain (Figure 7-1); (2) velocity siation with the standarklemodel; and (3)

particle transport simulation using a scalar transpquation.
7.2.3.1 Velocity Simulation

7.2.3.1.1 Governing Equations for Velocity Trangpor

Air flow was assumed to be incompressible (i.enstant air density), isothermal, and
steady state. Incorporating turbulence into Na@kes equation by Reynolds decomposition
leads to RANS (i.e., Reynolds-average Navier-Stpk&gsaation given by:

L ISR U P o
i 9

xi J
wherei is subscript for all three directions {, andz), j is subscript for the direction evaluated
(x,y, orz), r is air densityu is velocity component in eithéror j- direction,P is pressure force
in j-direction, #;; is viscous stress componegtis gravitational force if-direction, apostrophe
means fluctuations, and overbar means time-aver@glaggow, 2010). The viscous stress

componentf;, is given by:

f=m U, fu (7-3)
™%
wheremis fluid viscosity (Feistauer et al. 2003; Ferzigad Peric, 2002). With constant, the

corresponding continuity equation for RANS equaign

Tu. _ (7-4)
I 0

RANS equations are solved using turbulence modelsteady state, the transport
equations for the turbulent kinetic energgy 4nd turbulent dissipation rate @re given by:
T = —1 1 m+m ﬂk +ﬂ ﬂuj+ﬂui ﬂui-e (7-5)

o UK T e s T I T
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T oo -LT ,.mile Cime fuj fu fu Coe
X r X Se i 7 k T X X kK

wherermpgis turbulent viscositysx ands. are turbulent Prandtl numbers foande respectively,
andC; andC; are turbulent model constants with values of hdd 1.92, respectively (Launder

and Spalding, 1974). Turbulent viscosity is comgudtemk and eusing the expression:

r C, k>
W:Tnk (7-7)

whereC,;has a value of 0.09.

The turbulence model applied in this study wasstaedardk-emodel, and this was
implemented using OpenFOAM standard sole@mpleFoani. Similar to other OpenFOAM
steady-state solvers, the semi-implicit methodof@ssure-linked equations (SIMPLE) algorithm
is applied in SimpleFoarhin solving velocity and pressure iteratively (Q@€AM, 2011). For
convergence, an iterative solution was consideunfftcently accurate when: (a) residuals were

less than 0.00001; and/or (b) ratios of latestr&vipus residuals were below 0.1.

7.2.3.1.2 Boundary Conditions

Settings fow, k, andemust be specified in thHe eturbulence model. Effects of
atmospheric stability were introduced into CFD dition through these three parameters as
they are all functions df. For the computational domain (Figure 7-1), candg were set at six
boundaries, namely inlet (where the origin is ledjtand outlet along-direction, upper and
lower walls along-direction, and the two side walls alopglirection. Within the domain,
values of these parameters were initially set to.ZEhe inlet profile fou was composed of the
downwind componentu) only; the crosswindy) and vertical ;) components were assumed

zero. Based on AERMOD formulations, the inlet geofor ux was computed using:

U= Z Z Z
Ux=--1In — Y +ymL—° (7-8)

wherek, is von Karman constant (0.4)is measurement height at whighis computed, angl’s

are stability terms (Cimorelli et al., 2004). Vatuer y's were also computed using formulations
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in AERMOD. For 1 and 5 m/sec wind speed settings,derived and used in vertical profiling

of uy are summarized in Table 7-1.

Table 7-1.Friction velocities @) and atmospheric boundary layer heighig )\ computed using
AERMOD formulations

Atmospheric stability 1 m/sec 5 m/sec
classification

U= Papi Ux Nabl

(m/sec) (m) (m/sec) (m)
Very stable 0.096 67 0.482 770
Stable 0.102 73 0.508 833
Neutral 0.102 73 0.511 841
Unstable 0.103 74 0.514 847
Very unstable 0.107 78 0.533 895

With u+, the inlet vertical profile fok was set with one of these expressions:

k =597 UTwn (7-9a)
K =597 T2, +w2(03 + 0212 (7-9b)
k =597 UWTan (7-9¢)
andT,, and Ty were:

feoga i 7100
Nabi~ Zo
Z -~ Zo %

Twc: 21 - Twn (7-10b)
Nabi~ Zo

whereas is a constant whose value depends on stabilitgiion and/or measurement height
ws is mixing layer velocity scale, andy, is atmospheric boundary layer height (Lin et2007).
Equations 7-9a, 7-9b, and 7-9c are equations &mestunstable, and neutral conditions,
respectively. Values form were calculated using formulations presented mdtial. (2007),
whereas values fdr,, were the AERMOD-derived mixing heights (Table 7-1).
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Inlet vertical profile forewas derived fronk (Hong et al., 2011):
075,15

. Cm (7-12)
e 05

100 %
30

Conditions foru, k, andeat the other five boundaries were the followingtyrdeveloped
flow at the outlet (i.e., zero velocity gradiemy-slip condition at the lower wall; and symmetry
condition at upper and side walls. OpenFOAM boundandition near-wall functions, declared
by ‘kqRWallFunctiohand ‘epsilonWallFunctiohfor k andg respectively, were applied in the
simulation.

Change in pressur@P/fx;, was needed in solving velocity transport (eq ,7aRp
therefore, boundary conditions and initial settifgspressureP, were specified. Inlet and
outlet boundary settings f&were dependent on settings oras inlet boundary fan was
fixed, for P it was zero gradient; and in contrad®tyvas fixed (i.e., at 0 atm as eq 7-2 is more
concerned witlfIP/flx; than the absolute value fBj at the outlet as had an zero gradient outlet
setting. A symmetry condition was applied at thpermnd side walls, whereas a zero gradient
condition was implemented at the lower wBllsetting inside the domain was initially given a

uniform value similar to the outlet boundary segt{ne., at 0 atm).
7.2.3.2 Concentration Simulation

7.2.3.2.1 Governing Equation for Particle Transport

The transport of particles was modeled with Eutettaulerian approach. Treating the
particle concentration as passive scalar, theghafiow was solved using the convection-
diffusion equation. The scalar transport solveDpenFOAM was modified to apply steady-state
assumption and include turbulence effects on didfusThe resulting particle transport equation

used in solving concentratio@, is given by:

1L(uic ) #])%(GDC =0 (712
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whereG; is diffusion coefficient of particles. The diffusi coefficientG; combined both
laminar &) and turbulent@r) diffusion components. Following the procedureGiyo and
Maghirang (2012), the correspondigfor the 13 pm-aerodynamic size particle was 2.98%1
m?/sec, wherea6r was computed as the quotientmand turbulent Schmidt numbek), S in
the modeling was set at 0.63. Values/Apfeq 7-7) were generated by the OpenFOAM solver
‘simpleFoar Gravitational effects were also incorporateddalyusting the turbulence model-
derivedu, by 5.23 x 10 m/sec, the particle settling velocity for the ased particle size (13
pum).

With only one equation to be solved for particengport, stricter convergence criteria
was applied without significantly increasing congtign time. The criteria were as follows: (a)
residuals should be less than 0.000001; and (io) o&tatest to previous residuals should be
below 0.01.

7.2.3.2.2 Boundary Conditions

Previous CFD studies on ground-level area soursed oonstant concentration at the
source boundary (Seo et al., 2010; Wong and Li@i120n this study, the concentration
boundary settings for the feedlot pen were baseflERMOD predictions. With an emission
flux of 20.0 pg/m-sec, AERMOD was run to calculate ground-leveliplrtconcentrations
within the feedlot pen boundary. The ground-leveght was arbitrarily set at 10 cm to have a
value higher thag, (5 cm). Ground-level concentration ranges foretght atmospheric stability
classes are summarized in Table 7-2, with the mimmralue at the upwind edge of the feedlot
pen (i.e., origin) and the maximum value at the n\aimd edge. Expectedly, higher ground-level
concentrations were calculated for conditions withd speed of 1 m/sec. Additionally, for a
given wind speed, stable conditiohsX 0) resulted in higher concentrations, whereag ve

unstable conditiond_(< 0) resulted in lower concentrations.
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Table 7-2.Ranges of ground-level particle concentrationsrigbased on AERMOD

simulation (emission flux = 20.0 pgfrsec)

Atmospheric stability 1 m/sec 5 m/sec
classification
Very stable 371-1,573 74 - 280
Stable 352 - 1,227 71-224
Neutral 352-1,172 70 -214
Unstable 299 - 885 60 -172
Very unstable 269 - 780 54 - 147

Other boundary conditions for concentration simatatvere as follows: zero
concentration at the inlet (i.e., zero backgrouocentration); zero concentration gradient at the
non-source (non-feedlot pen) ground areas andtdude fully-developed flow); and symmetry

condition at upper and side walls.
All input values applied in CFD simulation are suarined in Table 7-3. Convergence

was achieved with 3,000 to 7,500 iteration stepyédocity using the standakdemodel, and

with 99 to 113 iterations for the concentration {efj2).
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Table 7-3.Summary of input values for CFD simulation

Parameter Symbol Value
Air density (kg/m) r 1.225
Air dynamic viscosity (kg/m-sec) m 1.79 x 10°
Kinematic viscosity (rfisec) u 1.46 x 10°
Turbulent Prandtl number &f Sk 1
Turbulent Prandtl number @&f Se 1.3
Turbulent model constant C 1.44
Turbulent model constant C 1.92
Turbulent model constant Cnm 0.09
Settling velocity for particles with 5923 x 10°

aerodynamic diameter of 13 um (m/sec)

Laminar diffusion coefficient for

particles with aerodynamic diameter of G 2.48 x 10
13 um (n¥/sec)
Schmidt number S 0.63

7.2.4 Data Analysis

Simulation results for velocity and particle conication were presented. Vertical
profiles ofux were plotted, and for CFD, valueswfandu, were summarized. Effects of
atmospheric stability and wind speed on particgpéeision were examined for both AERMOD
and CFD. For vertical dispersion, vertical gratkest plume centerline particle concentrations
(i.e., concentrations at the 300-m crosswind ditdrom the origin, at the center of the feedlot
pen) within the 20-m height were calculated for tecations: at the feedlot pen downwind
edge; and at the 100-m downwind distance (i.eqmecended minimum modeling length for
Gaussian-based models) from the pen. Also, vertmaldour plots of plume centerline particle
concentrations within the 20-m height were obtaigdhe 100-m downwind distance, plume
centerline concentrations at the 2.5-m height waerked to assess downwind particle
dispersion. And with the same downwind distance n2.height-particle concentrations 100-m

crosswind of the plume centerline were used as unesdor crosswind particle dispersion.
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Plotting of vertical gradients and vertical con®involved use of Excel (Microsoft Corporation,
Redmond, WA) and Scilab (ver. 5.3, Scilab Entegsjsvww.scilab.org), respectively.

In addition, the fractional bias method was emptbteecompare calculated
concentrations from AERMOD and CFD (Li and Guo, 200.S. EPA, 1992). The fractional

bias ¢B) was defined in this study as:

FB =2 Ccrp- Ca (7-13)
Ccrp*Ca

whereCcrp is concentration calculated using CFD &)ds concentration calculated using
AERMOD. As described (U.S. EPA, 199FRB values are bounded between 2 and -2, and values
close to zero imply negligible bias between the taahniqueskB values falling within (-0.67,
0.67) range were considered to indicate reasorgang agreement between AERMOD and
CFD. With CFD as the reference model Fh> + 0.67 indicates underprediction by AERMOD
by a factor of 2 or more, whereaskB < -0.67 indicates overprediction by the same facto

value.
7.3 Results and Discussion

7.3.1 AERMOD

7.3.1.1 Velocity

In AERMOD, wind velocity has a logarithmic vertigadofile that is assumed to be
constant in both downwind and crosswind directigxiso, AERMOD only considers the
downwind component of wind velocity (eq 7-1). Withnormalized by dividing by, vertical
profiles foruy for 1 and 5 m/sec wind speeds (i.e., 2.5 m heighte similar (Figure 7-2).
Atmospheric stability classes in the order of hgjhte lowest wind speeds were: very stable,
stable, neutral, unstable, and very unstable. Basdgpical conditions, neutral atmospheric
stability has high wind velocities whereas stal#ej\stable and unstable/very unstable
conditions have low wind velocities (Turner, 1994).
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Figure 7-2.Vertical profiles of normalizedy (i.e., u/u+) within the 20-m height for both 1 and 5
m/sec wind speeds as derived using AERMOD formuaasti

7.3.1.2 Concentration

Concentration profiles from AERMOD were generalig same for the five atmospheric
stability conditions. To illustrate, shown in Figur-3 are contour plots of particle concentrations
at the crosswind distance of 300 m from the origerein referred to as the plume centerline, for
neutral condition at both 1 and 5 m/sec wind speldgicle concentrations directly above the
feedlot pen (i.e., distances of 0 to 1,000 m) desed with height. The vertical concentration
gradient (i.e., change in particle concentratiothwieight) was computed to demonstrate
influence of atmospheric stability on vertical ddspion/mixing. At the downwind edge of the
feedlot pen (i.e., distance of 992 m from the origiownwindmost cell within the feedlot pen
domain), vertical concentration gradients for éthaspheric stability-wind speed combinations
are summarized in Table 7-4. Lower concentrati@udigmts for unstable and very unstable
conditions indicate stronger vertical dispersiomafticles (i.e., more particles dispersed to
higher heights, thus smaller concentration diffeeebetween heights), whereas relatively higher
concentration gradients for the other three atmesplstability conditions indicated the
opposite. Comparing 1 and 5 m/sec wind speed gsitdmaller vertical concentration gradients

were obtained for the higher wind speed.
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Figure 7-3.Vertical contour plots of AERMOD-based plume celinerparticle concentrations
( within the 20-m height at a crosswind distanc8@d m for (a) 1 and (b) 5 m/sec wind

speeds.

Table 7-4.Vertical concentration gradients (ughkm)® of AERMOD-based plume centerline

particle concentrations at the feedlot pen downveidgde for (a) 1 and (b) 5 m/sec wind speeds

Atmospheric stability 1 m/sec 5 m/sec
classification
Very Stable 55 11
Stable 35 8
Neutral 32 7
Unstable 23 6
Very Unstable 20 5

#Concentration gradient computed within the 20-nghtfrom the ground.

Surprisingly, particle concentrations downwind loé feedlot pen (i.e., distances of 1,000
to 2,000 m) were simulated by AERMOD such thatwéeical concentration gradient for the
first few meters from the ground £ 0 m) were almost negligible. As observed fohbeind
speeds, AERMOD-calculated concentrations at angrgdistance downwind of the source
remained relatively constant from the ground up tertain height (Figure 7-3). At the 100-m
distance downwind of the feedlot pen, as an exampelgical concentration gradient up to a
height of 5 m ranged only from 0.5 to 5.2 pd#fm and 0.2 to 0.5 pg/frm for 1 and 5 m/sec
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wind speeds, respectively. In addition, the he@hwhich the particle concentration remained
relatively constant increased with downwind distanc

Effects of atmospheric stability on downwind pdgidispersion were examined by
comparing concentrations at a specific location mlewd of the feedlot pen. With 2.5 m as the
reference height and 100 m, the minimum modelingtle recommended for Gaussian-based
models, as the reference downwind distance, plientedine particle concentrations for the 1
m/sec wind speed for very stable, stable, neutredtable, and very unstable conditions were
737, 468, 408, 283, and 247 pd/mespectively. For the 5 m/sec wind speed, at vhiover
concentrations were expected due to faster homatadigpersion, particle concentrations were
117, 76, 67, 52, and 39 pgimespectively. Based on these concentrationssttbagest
downwind dispersions, and equivalently the londetsthes, were modeled for very stable,
stable, and neutral conditions, whereas the weakeghwind dispersions (and the shortest
fetches) were for very unstable and unstable crmmdit

At 100-m downwind distance from the feedlot pen &488-m crosswind of the plume
centerline, 2.5 m height-particle concentrationsenghecked to verify effects of atmospheric
stability on crosswind dispersion. Particle concatiins for the 1 m/sec wind speed for very
stable, stable, neutral, unstable, and very ursianditions were 369, 234, 204, 141, and 124
ng/nT, respectively whereas for the 5 m/sec wind speeagentrations were 61, 40, 35, 27, and
20 pg/m, respectively. Similar to downwind dispersion,sswind dispersion was highest for
very stable, stable, and neutral conditions. Comparbetween 1 and 5 m/sec wind speed

showed that increasing the wind speed narrowedhread of the dispersion/plume.
7.3.2 CFD

7.3.2.1 Velocity

In CFD modeling, velocity conditions upwind of tfeedlot pen (i.e., 0 m from the
origin) were based on AERMOD formulations (eq #®yure 7-2), with crosswind and vertical
components of the velocity both assumed to be &imoulation with the standaidemodel
resulted in changes in the velocity profile sudt tlhe downwind componen,j of the velocity
now varied along the downwind distance. Figureshdws the vertical profiles for normalized
Uy (i.e.,udu+) for 1 and 5 m/sec wind speeds at the feedlotdeemwind edge (i.e., 1,000 m

from the origin). Trends aiy at upwind and downwind edges of the feedlot perewanilar
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such that its vertical profile was logarithmic, thighest velocity was obtained for very stable
condition, and the lowest velocity for very unstabbndition. Calculated differencesun

between upwind and downwind edges of the feedlotvpere observed to be largest at lowest
heights (e.g., 193% at 0.18 m for very stable cowor)i, possibly due to very small absolute wind
speeds near the ground. Excluding the first 1 nmftlee ground, percentage differences,n
between upwind and downwind feedlot pen edgeswarargrized in Table 7-5. In general,
largest percentage differences were obtained &lalver wind speed. Very stable condition had
the largest positive, or smallest negative, diffeeeinuy (35% and 1% for 1 and 5 m/sec wind
speed, respectively), whereas very unstable camditad the smallest positive, or largest
negative, difference (1% and -1% for 1 and 5 mysec speed, respectively).

Figure 7-4.Vertical profiles of normalizedy (i.e., u/u-) within the 20-m height for (a) 1 and (b)

5 m/sec wind speed settings at the feedlot pen davehedge as derived by CFD.
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Table 7-5.Percentage differencesin between upwind and downwind edges of the feediat p
as simulated by CFD

Atmospheric stability 1 m/sec 5 m/sec
classification
Very Stable 35% 1%
(30 to 51%) (-1 to 10%)
Stable 10% -0.2%
(9.9 to 10%) (-1 to 0.1%)
Neutral 4% -0.4%
(2 to 5%) (-3 to 0.4%)
Unstable 3% -0.5%
(0.6 to 4%) (-4 to 0.6%)
Very Unstable 1% -1%
(-0.4 to 3%) (-9 to 2%)

#Values presented are medians for the first 20-mHtgvalues in the parentheses are ranges.

Simulation with the standatdemodel also led to crosswindy) and vertical ,)
components of velocity having non-zero values. &abb lists the ranges af andu, for both 1
and 5 m/sec wind speed settings at the downwind etlthe feedlot pen. Velocity values for
each component were very small comparedto, andu, were lower by orders of magnitude of
at least 8 and 3, respectively. Unliligthat had logarithmic vertical profile, no gendrahd was

observed for botl, andu, as their respective profiles changed along the dvmahdistance.
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Table 7-6.CFD-baseds, andu, at the feedlot pen downwind edge

Atmospheric stability Uy Uy
classification
1 m/sec 5 m/sec 1 m/sec 5 m/sec
8 3.6x10° to 1.0x10°to 2.0x10°to
Very Stable %‘11;()1(?030 1.7x10° 8.8x10° 2.6x10°
Stable -1.7x10% to 9.2x10*° to 1.0x10°to 2.0x10°to
6x10%° 5.9x10° 8.5x10% 2.4x10°
Neutral -4x10° to 1.8x10%to 1.0x10°to 2.0x10°to
3.8x10° 4.4x10° 8.3x10% 2.4x10°
-8.5x10° to -1.8x10% to 1.0x10°to 2.0x10°to
Unstable -2.4x10° 4.6x10° 9.3x10% 2.6x10°
-1.9x10° to 4.8x10° to 1.0x10°to 2.0x10°to
Very Unstable -5x10% 2x10° 1.1x10° 2.8x10°

&For u,, minimum values for the second lowest cell werspnted as values for the lowest cell
(height of 0.18 m) were zero; ranges were baseti®first 20-m height.

7.3.2.2 Concentration

Figure 7-5 shows the contour plots of plume cemertoncentrations from CFD
simulation for neutral condition and at the two wepeed settings. Similar to AERMOD results,
particle concentrations above the feedlot pen dasigh height. Vertical concentration gradients
(i.e., at distance of 992 m from origin) were ob&l and summarized in Table 7-7. Findings
were similar to those for AERMOD: (1) very unstabled unstable conditions had smaller
vertical concentration gradients compared to themthree atmospheric stability classes
suggesting stronger vertical dispersion; and (8)3tm/sec wind speed setting, which was the
highest setting evaluated in this study, had thallest concentration gradients. Vertical
concentration gradients obtained with CFD were lotlvan those calculated with AERMOD by
18 to 44% for the 1 m/sec wind speed and 29 to #0%e 5 m/sec wind speed.
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Figure 7-5.Vertical contour plots of CFD-based plume centerfiarticle concentrations
( within the 20-m height at a crosswind distance@d & for (a) 1 and (b) 5 m/sec wind

speeds.

Table 7-7.Vertical concentration gradients (Lghm)?® of CFD-based plume centerline particle

concentrations at the feedlot pen downwind edgé€dpl and (b) 5 m/sec wind speeds

Atmospheric stability 1 m/sec 5 m/sec
classification
Very Stable 31 7
Stable 25 5
Neutral 25 5
Unstable 19 4
Very Unstable 16 3

&Concentration gradient computed within the 20-nghefrom the ground.

Compared with AERMOD, CFD produced a different amate detailed vertical particle
concentration profile downwind of the feedlot p&#D-derived downwind particle
concentrations changed with height (Figure 7-5)kaerwith AERMOD in which concentrations
remained relatively constant for the first few mmetieom the ground (Figure 7-3). Notably,
shapes of contour lines for downwind particle conicdions also differed between the two wind
speed settings: for the 1 m/sec wind speed, coratant contour lines downwind of the source

extended over distances considerably longer thasetfor the 5 m/sec wind speed. For both
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wind speed settings, particle concentration dowdvaihthe feedlot pen decreased with height.
At the distance of 100 m from the feedlot pen,igattconcentration gradient for the first 5 m
from the ground ranged from 25 to 36 pd/m and 2 to 5 pg/fam for 1 and 5 m/sec wind
speed settings, respectively, and were much lahgertheir AERMOD counterparts (0.5t0 5.2
pg/m-m and 0.2 to 0.5 pg/fm, respectively). Similar to findings within them very unstable
and unstable conditions had the smaller verticateatration gradients (i.e., stronger vertical
dispersion), and the 5 m/sec wind speed had th#esheoncentration gradients.

Using the 2.5-m height and 100-m downwind distanoexamine influence of
atmospheric stability on downwind dispersion in Clplime centerline particle concentrations
for very stable, stable, neutral, unstable and vestable conditions were 576, 448, 428, 325
and 295 pg/m respectively, for the 1 m/sec wind speed and W&fe 90, 86, 69 and 61 pugim
respectively, for the 5 m/sec wind speed. Like ERMOD, the strongest downwind dispersion
was modeled for very stable, stable and neutralitions, and the weakest for very unstable and
unstable conditions. Similar findings were alsoayled in previous studies that employed CFD
modeling for simulating downwind dispersion (Horigk, 2011; Li and Guo, 2006). The
limited vertical mixing, particularly for very steband stable conditions, leads to dispersion of
air emissions further downwind of the source wheitba stronger vertical mixing during very
unstable and unstable conditions results to digped air emissions vertically rather than
horizontally.

Effects of atmospheric stability on crosswind dispen were also verified. The 2.5 m
height-concentrations at the downwind distance0&f ih from the feedlot pen and crosswind
distance of 100 m from the plume centerline at \waple, stable, neutral, unstable and very
unstable conditions were as follows: for the 1 misend speed, 364, 293, 282, 218 and 195
ng/nt, respectively; and for the 5 m/sec wind speed59157, 45 and 39 pghrespectively.
Similar in AERMOD, crosswind dispersion was muctitfar from the centerline for very stable,

stable and neutral conditions, and at lower wineksisetting.

7.3.3 Fractional Bias (FB)

Applying the 100-m downwind distance as the refeedocation B was calculated for
comparisons of downwind, crosswind and verticapeisions between the two approaches.
Using 2.5-m height plume centerline particle conicdions to compare downwind dispersion

simulation performancé;B values between AERMOD and CFD ranged from -0.25.18 for
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the 1 m/sec wind speed and -0.06 to 0.45 for thésec wind speed for the five atmospheric
stability classes evaluated. Based-@walues, AERMOD tended to underpredict downwind
particle concentration$-B > 0) as the atmospheric condition became moreablestAt the 1
m/sec wind speed, the bias between CFD and AERM@®smallest for stabl&B = -0.04)

and neutralEB = 0.04) conditions and largest for very stalsiB € -0.25) and unstablé&B =

0.18) conditions; at the 5 m/sec wind speed, thallsest and largest biases were determined for
very unstableRB = -0.06) and very unstablEB = 0.45) conditions, respectively. In addition,
comparison ofB between 1 and 5 m/sec wind speeds indicatedhbdiiais between CFD and
AERMOD would be larger at higher wind speeds.

At a distance of 100 m crosswind of the plume adins assessment of crosswind
dispersion was also performed using 2.5-m heightentrations. Likewise, AERMOD
calculated much lower particle concentrations asctindition became more unstable. For the 1
m/sec wind speed, excluding very stable conditi® £ -0.02),FB ranged from 0.22 (stable) to
0.45 (very unstable) indicating that AERMOD undexpcted concentrations even for downwind
locations away from the plume. For the 5 m/sec veipeledFB was smallest for very stable
condition £B = 0.16) and highest for very unstable conditiBB € 0.65). SimilarlyFB values
for the 5 m/sec wind speed were larger than thasthé 1 m/sec wind speed.

Up to 20-m height, vertical profiles &B at the 100-m downwind distance from the pen
were plotted using plume centerline particle cotregions (Figure 7-6)-B values for the 1
m/sec wind speed were within +/- 0.67 criteriorerand lie near the zero line (Figure 7-6a),
indicating good agreement between AERMOD and CFB.values for the 5 m/sec wind speed
also were within +/- 0.67 criterion lines (Figuréid), except that the values were more on the
positive side (i.e., underprediction by AERMOD).rther evaluation revealed that the bias
tended to become more highly positive (i.e., higbED concentrations) at farther downwind

distances.
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Figure 7-6.Fractional bias between AERMOD and CFD for (a) d @) 5 m/sec wind speeds
using plume centerline particle concentrationfiat00-m downwind distance from the feedlot

pen.

Although not verified in this study, differencesAERMOD and CFD results may be
attributed to their respective approach in simatatlispersion. As a mass dispersion technique,
AERMOD models mass transport based on a domainlfpeindary layer) characterized by
meteorological parameter inputs (ewg,,u-, L), whereas CFD simulates mass transport based on
a domain with simulated fluid flow parameters (girgterms oiu, k, 8. Mass transport for
AERMOD is also simplified as it is steady-state aedounts only for one mass transport type
(i.e., convection irx- direction, diffusion iny- andz-directions) in each direction but for CFD,
such as the standakdemodel, mass transport can consider convectiorddhdion in all
directions. AERMOD uses an algebraic equation teatliy calculate mass concentration
whereas CFD solves a partial differential equatidaf mass transport numerically before
obtaining concentration values. In characterizatibthe simulation domain, partial differential
equations for the three velocity components, tuebukinetic energy and turbulent dissipation
rate must be solved first numerically in CFD tecjus (i.e. k-emodel), and on the other hand,

parameters required in AERMOD are just directlyivet using algebraic formulations.

7.4 Conclusions

This study compared CFD and AERMOD in simulatingpéirsion of particles emitted
downwind from a ground-level area source. CFD miadehvolved velocity and particle
dispersion simulations using the standat®@imodel and a convection-diffusion transport

equation, respectively. Simulation conditions eatdd were based on five atmospheric stability

149



classes, classified according to Monin-Obukhov fengnd two wind speeds. Predicated results
indicated the following:

AERMOD and CFD had similarities in simulating peli dispersion from the ground-

level area source. As a function of atmospheribikty vertical gradients of particle

concentrations at the downwind edge of the souere wmallest for very unstable and
unstable conditions indicating stronger verticalpdirsion. Very stable, stable and neutral

conditions had stronger dispersion in both downvénd crosswind directions. As a

function of wind speed, smallest vertical concerdragradients were obtained at the

higher setting.

AERMOD and CFD simulated the particle dispersiowdwind of the source differently

based on vertical particle concentration profilsisany location downwind of the source,

vertical gradients of AERMOD-based particle concatidns from the ground up to a

certain height were negligible. In contrast, CFDsva@ale to provide a more detailed

profile for downwind concentrations such that tba@entration decreased with height
and that the simulated concentration gradients &atvadjacent heights, even those near
the ground, were significant. In addition, the it profile of downwind particle
concentrations changed with wind speed setting.

Although this study demonstrated the capabilit£&D technique to provide more
detailed vertical concentration gradients, furtlesearch on these two techniques is needed to
determine the more accurate method for simulatartjgde dispersion from ground-level area
sources. To accomplish this, extensive field meaments at ground-level area sources may be
necessary. More important, the performance of AERM@modeling dispersion for ground-
level area sources must be thoroughly investigafeslAERMOD'’s performance in modeling
vertical profiles of downwind concentrations waarid to be limited, this raises some concerns

on its application as an emission estimation tegnmifor area sources.
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CHAPTER 8 -Conclusions and Recommendations

8.1 Summary and Conclusions

Field measurements of Riyand meteorological conditions were conducted & rsé
commercial beef cattle feedlots in Kansas andd¥dvhission rates were determined using
different techniques. The performance of AERMODniadeling area sources such as cattle
feedlots was also assessed by comparing it witkrdéthniques. The following conclusions
were drawn:

1. By reverse dispersion modeling with AERMOD, medivl;o emission rates for two
Kansas cattle feedlots were 1.60 and 1.1Gglay for a 2-yr measurement period
(241 and 186 days, respectively). These valuesyaignt to PM, emission factors
of 27 and 30 kg/1,000 hd-day, respectively, wemsaterably smaller than the U.S.
EPA published PN emission factor for cattle feedlots (82 kg/1,0@Rday).

2. Comparison of AERMOD and WindTrax showed that AERM@ad higher back-
calculated PNy emission rates than WindTrax. Calculated valuesifthe two
methods were linearly correlated?(R0.88), suggesting the possibility of the
conversion factor development between these twoetsoBurthermore, in each
model, emission rates determined using two diffeneeteorological data sets also
had high linearity (R= 0.91 for NOAA-derived and eddy covariance measents
in AERMOD, R = 0.98 for empirically-derived and sonic anemomeateasurements
in WindTrax).

3. Examining the sensitivity of AERMOD and WindTraxddferent modeling inputs
indicated that both models responded similarlyitanges in wind speed, surface
roughness, atmospheric stability, and area sourdeeceptor locations, with their
profiles of concentrations as functions of thegmits highly similar. However, for a
given emission rate, AERMOD calculated lower cotiions than WindTrax.

4. The flux-gradient technique, a micrometeorologimathod commonly used for
estimating gaseous emissions, was successfullyegipipl quantifying PMo emission
rates at a cattle feedlot in Kansas. In additiogh alues for friction velocity,
temperature, and sensible heat, and low surfaghrass were apparently favorable
to high feedlot Py emissions. The water content of the pen surfagielyaffected

154



PMjo emissions and a water content of at least 20% lfa®is) is recommended to
significantly reduce feedlot PM emissions.

5. AERMOD and CFD responded similarly to atmosphetabiity and wind speed in
general. However, unlike CFD, AERMOD was found &olimited in providing a
more detailed vertical concentration profile agieal concentration gradients for the
first few meters from the ground were negligibl@isTmay be a challenge for

AERMOD when used in reverse dispersion modelingriegie for area sources.

8.2 Recommendations for Further Study

Based on findings of this research, the following @ecommendations for further study:
Assess the performance of available emission eBtimeechniques, which include
dispersion models and micrometeorological techregiredetermining gaseous and
particulate emission rates from cattle feedlotagigextensive) field measurements.
Assess performance of CFD turbulence models inlsitimg both gaseous and
particulate dispersion for area sources like cégtellots. These models may include
k-e andk-w models for simulating velocity transport, and bBthlerian and
Lagrangian approaches for particle transport.
Perform more detailed comparison of the flux-gratitechnique and dispersion
models (AERMOD, WindTrax) in estimating gaseous padiculate emission
fluxes.
Compare the flux-gradient technique and revergeedsson modeling with the eddy
covariance technique in determining gaseous enmssies for cattle feedlots and

other ground-level area sources.
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Appendix A - Supporting Analysis for Chapter 6: Verification of

PM , Turbulent Fluctuations

A.1 Verification of PM ;o Turbulent Fluctuations

Use of the flux gradient technique requires thatalr emission concerned follows
turbulent behavior. Particles may not always fellorbulent fluctuations in cases, such as
having large particle size and/or particle densityyhich they can have high particle inertia
(Lilly, 1973). Micrometeorological techniques mighat be effective emission flux estimation
tools in these situations as the particle transigard longer governed by turbulent/eddy
diffusion alone. As a supporting analysis to Chaptd®Mo turbulent fluctuations were verified,
and thus the suitability of flux-gradient technigoeguantifying particulate mattemission
fluxes from the studied cattle feedlot. The meanam applied to do this was based on the
concept presented by Lilly (1973) that involvedtjude relaxation time and Lagrangian time

scale. Particle relaxation timg,is given by:
2
18m

whereris particle density (i.e., 1,000 kglrfor aerodynamic particledl, is particle diameter

4

(A-1)

(m), andrmiis air viscosity (kg/m-sec) (Lilly, 1973). Parctliameter was set at 13 pm (1.3 10
m), which was the geometric mean diameter repdaied Kansas cattle feedlot (Gonzales et al.,
2011). Air viscosity was approximated using theh®dand equation (White, 1991). The
Lagrangian time scald;, was calculated by:

Km

TL="5 (A-2)
ul

whereK, is eddy diffusivity for momentum (ffsec), andr’ is root-mean-square of turbulent

velocity fluctuations (rfise@) (Lilly, 1973). Eddy diffusivity for momentunk,, was estimated
from micrometeorological measurements. The rootaysgpiare of turbulent velocity

fluctuations was calculated using variances medsioral,, u, andu,.
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The ratio off andT_ was utilized to determine whether or not the phasi¢ollowed
turbulent fluctuations. The particle transport govgl by turbulent/eddy diffusion hadT,
0.02 whereas the particle transport unaffectedidiudlent fluctuations had/T,_ > 10 (Lilly,
1973). Analysis of the data (n = 1,653 hourly dadants) indicated that the mediaT, was
0.0006, with only 5 points exceeding 0.02. Therefdiis confirmed the suitability of flux-
gradient technique in particulate emission fluxreation given the particle characteristics and

micrometeorological (i.e., turbulence) conditionghe feedlot considered.
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Appendix B -Comparison of AERMOD, WindTrax, and Flux-

gradient Technique in Estimating PM;; Emission Rates

PMjo emission rates estimated using the flux-gradiectiiique were compared to those
determined using AERMOD and WindTrax dispersion eiedAERMOD and WindTrax-
derived PMpemission rates in this analysis were from Chapige4 3.81-m measurement
height): PMo emission rates derived using eddy covariance anit snemometer
measurements were used for AERMOD and WindTrayees/ely. Based on 1,712 hourly data
points, median PMemission rates for these three techniques werellasvé: 47 mg/r-hr for
the flux-gradient technique; 55 mgfshr for AERMOD; and 39 mg/fahr for WindTrax (Table
B-1). Paired t-test showed that the flux-gradiectnique was not significantly different (P =
0.65) from AERMOD but was significantly differer® & 0.05) from WindTrax in terms of
estimated PN} emission rates. Similar to what was observed iapBdr 4, the two dispersion

models were significantly different (P < 0.05) fraach other.

Table B-1.Hourly median and standard deviations forgEmission rates (mg/hr) for flux-
gradient, AERMOD and WindTrax techniques (n = 1)712

Flux-gradient AERMOD”" WindTrax”
Rangé ~0to 2,270 ~0to 1,660 ~0 to 1,508
Median 47 55 39
Standard deviatiof
Lower 49 61 43
Upper 116 141 98

2PMjo vertical concentration gradients computed usingsueement heights of 2.0, 3.81, 5.34
and 7.62 m

P PMyo emission rates back-calculated using 3.81 m heigfasurements

¢ Outliers not removed

4 Two values for standard deviations, for lower apger ranges, because of non-normality of
distribution.

PM;o emission rates calculated with these three enmssstimation techniques are
plotted as a scatter plot matrix (Figure B-1). Aswsn, the linearity in determined R
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emission rates could be observed between the fladignt technique and either of the two
dispersion models R= 0.46 with AERMOD; R = 0.52 with WindTrax). This linearity of the
flux-gradient technique with AERMOD and WindTraxqvirever, was not as strong as the

linearity (R = 0.94) observed between the two dispersion models

Figure B-1. Estimated hourly P emission fluxes (mg/fahr) for the three emission estimation

techniques.
Note that for this analysis, Plylemission rates for the flux-gradient techniqueaver

derived using on& value (0.63), which might cause some uncertaimtiése emission rates

calculated by flux-gradient technique.
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Appendix C -Additional Graphs from AERMOD and CFD Particle

Dispersion Simulation

Figure C-1. Vertical contour plots of AERMOD-based plume celiier particle concentrations
(Lg/nT): (a) to (e) for 1 m/sec wind speed; and (f) }ddf 5 m/sec wind speed at very stable,
stable, neutral, unstable, and very unstable ciomditrespectively.
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Figure C-2. Vertical contour plots of CFD-based plume centerjrarticle concentrations
(Lg/nT): (a) to (e) for 1 m/sec wind speed; and (f) }ddf 5 m/sec wind speed at very stable,
stable, neutral, unstable, and very unstable comdit respectively.
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