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ABSTRACT

A modeling study was conducted on dispersion and dry
deposition of ammonia taking one hog farm as a unit. The
ammonia emissions used in this study were measured
under our OPEN (Odor, Pathogens, and Emissions of Nitro-
gen) project over a waste lagoon and from hog barns.
Meteorological data were also collected at the farm site.
The actual layout of barns and lagoons on the farms was
used to simulate dry deposition downwind of the farm. Dry
deposition velocity, dispersion, and dry deposition of am-
monia were studied over different seasons and under differ-
ent stability conditions using the short-range dispersion/air
quality model, AERMOD. Dry deposition velocities were
highest under near-neutral conditions and lowest under
stable conditions. The highest deposition at short range
occurred under nighttime stable conditions and the low-
est occurred during daytime unstable conditions. Signifi-
cant differences in deposition over crop and grass surfaces
were observed under stable conditions.

INTRODUCTION

Atmospheric ammonia has become a very important trace
gas in recent years. Studies have shown increasing atmo-
spheric concentration levels of ammonia (NH;) and am-
monium (NH,"), especially in regions of concentrated
animal feeding operations.! Measurements made at Na-
tional Atmospheric Deposition Program/National Trends
Network sites in North Carolina show an increasing trend
in the NH, " concentration in precipitation since 1990.2
This increase has been linked with the increasing number
of hogs in North Carolina. On a global basis, the amount
of nitrogen that enters the biosphere has nearly dou-
bled when compared with preindustrial times, and a
significant component of this increase has been in the
form of NHj-nitrogen.3 In continents with intensive
agriculture, atmospheric inputs of reduced nitrogen as
NH, and NH," by dry and wet deposition may repre-
sent a substantial contribution to the acidification of
seminatural ecosystems.+5

IMPLICATIONS

Our study of dispersion and dry deposition of ammonia
from hog farms contributes to the understanding of disper-
sion and dry deposition pattern of ammonia downwind of a
hog farm during different seasons, which can help in un-
derstanding local and regional fate of ammonia. It also
provides validation data for dry deposition velocity of am-
monia in the AERMOD model in different seasons.
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Air mass trajectories suggest that wet and dry deposi-
tion of NH; and NH," emitted from agricultural opera-
tions in eastern North Carolina could potentially affect all
river basins in the coastal plain region, as well as sensitive
coastal ecosystems and estuaries.? High nitrogen-loading
can have detrimental effects on terrestrial ecosystems,
effects that can result in the greater export of nitrogen to
the surface and groundwater.® Adverse effects on sensitive
ecosystems caused by high nitrogen deposition can be
reduced by lowering the emissions and, to a limited ex-
tent, also by removing sources close to the ecosystem to
be protected.”

Wet and dry depositions are two pathways for re-
moval of NH; from the atmosphere. Data on wet deposi-
tion are available through the National Atmospheric Dep-
osition Program (NADP), but there is lack of data on dry
deposition of NH,. Reliance on wet deposition measure-
ment alone can lead to considerable underestimation (by
40-60%) of the total (wet + dry) atmospheric nitrogen
deposition.®8 A modeling study by Asman® found that dry
deposition contributes approximately 66% to the total
NH, (NH; and NH,")deposition to the land area of Den-
mark. Gaseous NH; undergoes dry deposition, with dep-
osition velocities ranging up to 14 cm/sec.19.11 Because of
its high deposition velocity and its reactivity in the atmo-
sphere, gaseous NH; has a relatively short atmosphere
lifetime, on the order of a few days or less.!2 NH, " aero-
sols deposit more slowly than gaseous NH,, with a depo-
sition velocity of approximately 0.2 cm/sec.'? Therefore
NH," has a longer atmospheric lifetime than gaseous
NH,;, on the order of 1-15 days,! and a more extensive
spatial sphere of influence.

Jansen and Asman'3 suggested that near the source,
with low emission height, ground-level concentrations
should be higher than average, resulting in faster deple-
tion due to enhanced dry deposition. NH; is mainly emit-
ted at ground level and has a relatively large deposition
velocity. Different studies have been conducted to esti-
mate NH; deposition near the source. According to As-
man and Van Jaarsveld,'* 20% of total NH; and NH,"
deposition takes place within 1 km of the source (animal
houses), with 80-90% returning to the earth within 10
km in the form of wet and dry deposition, and the re-
mainder gets dispersed into the atmosphere for distances
of several hundred kilometers. Loubet et al.'5 studied NH,
deposition over a maize canopy using a controlled line
source placed at the top of the canopy. The cumulated
deposition between 12 and 162 m from the source was
estimated to range between 5 and 30% of the emitted NH,
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using a mass balance technique. Fowler et al.1¢ quantified
the local fate of livestock NH; emissions from a poultry
farm using measured NH; concentrations and the rela-
tionship between canopy resistance and ambient NH,
concentration from intensive flux measurements. Their
results showed that local deposition of NH; to woodland
within 300 m of the source represents 3—-10% of the local
emissions. NH; flux and deposition measurements have
been made on different canopies.17-1?

Dry deposition measurements made by Walker and
Robarge2°® showed that NH; dry deposition over the near-
est 500 m from the barn/lagoon complex of a hog farm
accounted for 11.6% of emissions with 3.5% uncertainty,
assuming an emission factor of 6 kg NH;/animal/yr. Com-
munity Multiscale Air Quality (CMAQ) simulations by
Dennis et al.2! showed that 15-30% of the hot spot emis-
sions deposit locally in the 12-km grid cell used in simu-
lations, whereas the rest can travel up to 150-300 km
from the source region. Because of local advection ef-
fects,22 it is difficult to measure local deposition rates of
NH,; with the standard micrometeorological techniques
such as the gradient method. Many field experiments to
study NH; deposition on a local scale are based on the
measurement of the concentration decrease with distance
from the source.!519,20

Some uncertainty on the fate of NH; on a local and
regional scale still exists because of experimental and
modeling limitations. This research was designed to study
dry deposition of NH; in the vicinity of hog farms using
a short-range dispersion model. Asman’ showed that
source height, wind speed, surface resistance, atmo-
spheric stability, surface roughness length, and surface
concentration affect dry deposition of NH; in different
ways. The U.S. Environmental Protection Agency (EPA)
short-range air quality model, AERMOD, used in this
study takes into account these factors, except for the
surface concentration of NH;. The objectives were to
study dispersion and dry deposition patterns of NH,
downwind of a hog farm using the actual geometry of
emission sources at the hog farm. This will help us to
further understand how much NH; is dry deposited near
the farm and how the remaining NH, gets transported
farther away.

METHODS AND MATERIALS

The EPA’s recommended short-range air quality model,
AERMOD, is used to study dispersion and dry deposition
of NH; from hog farms. AERMOD, a steady-state disper-
sion model, includes the effects on dispersion from verti-
cal variations of winds and turbulence in the planetary
boundary layer (PBL). In the stable boundary layer (SBL),
the concentration distribution is assumed to be Gaussian,
both vertically and horizontally, across the plume from a
continuous point source. Gaussian distribution is also
assumed in the horizontal (lateral) direction in the con-
vective boundary layer (CBL), whereas the vertical con-
centration distribution is described with bi-Gaussian
probability density functions, as demonstrated by Willis
and Deardoff.23 The buoyant plume mass that penetrates
the elevated stable layer is tracked by AERMOD and al-
lowed to reenter the mixed layer at some distance down-
wind. Cimorelli et al.24 have given a description of model
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formulation and boundary layer parameterization in AER-
MOD. The growth and structure of the PBL is driven by
the fluxes of heat and momentum. The PBL depth or
height and dispersion of pollutants within it are influ-
enced on a local scale by surface roughness, albedo, and
available moisture. AERMOD utilizes surface and mixed-
layer scaling to characterize the structure of the PBL.24
AERMOD'’s meteorological preprocessor (AERMET) uses
surface characteristics, cloud cover, upper-air temperature
sounding, and at least one set of near-surface measure-
ments of wind speed, wind direction, and temperature.
AERMET computes the friction velocity, Obukhov length,
convective velocity scale, temperature scale, mixing
height, and surface heat flux. AERMOD uses these scaling
parameters to construct vertical profiles of wind speed,
lateral and vertical turbulence, potential temperature gra-
dient, and potential temperature. Evaluations of the over-
all model have shown that these parameterizations lead
to estimates of plume concentration that compare well
with a wide variety of field observations.2+

Dry deposition refers to the transfer of airborne ma-
terial to the earth surface, including soil, vegetation, and
water, where it is removed.25 The dry deposition flux, F,
is calculated in AERMOD as the product of the concen-
tration, C, and a deposition velocity, V4, computed at a
reference height, z, as

Fa=C X V4 1)

Dry deposition velocity is calculated using the commonly
used resistance method in most land-surface models.26.27

Vd = (Ra + Rb + Rc)71 (2)

where R, is the aerodynamic resistance (sec/m), R, is the
quasi-laminar sublayer resistance (sec/m), and R. is the
bulk surface or canopy resistance (sec/m).

Measurements

As a part of the Odor, Pathogens, and Emissions of Nitro-
gen (OPEN) project, NH; flux measurements were made at
several hog farms in eastern North Carolina. Barham farm
(35.70 N, 78.31 W) was sampled during spring and fall of
2002, and Moores (35.14 N, 77.47 W) farm was sampled
during winter of 2002 and summer of 2003, but limited to
a sampling period of about 2 weeks in each season. NH,
flux measurements were made over waste lagoons using a
dynamic flow-through chamber system, whereas barn
emissions were measured using open-path Fourier trans-
form infrared (OP-FTIR) spectroscopy. Meteorological
data on ambient temperature, relative humidity (RH),
wind speed, and wind direction were also collected during
each sampling period. These emission and meteorological
data were used in modeling NH; dispersion and dry dep-
osition from the two farms. AERMOD also needs upper-air
sounding and cloud-cover data for its meteorological in-
put file. Upper-air sounding data were used from National
Weather Service stations and cloud-cover data were taken
from the nearest North Carolina State Climate Office’s
weather stations.
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Philips et al.!* used a micrometeorological method in
conjunction with Monin-Obukhov similarity theory to
estimate the vertical flux and dry deposition velocity of
NH; over a natural grass surface near an animal farm site,
over a wide range of meteorological conditions encoun-
tered between fall 2001 and summer 2002. Data on NH;
concentration, wind speed, wind direction, RH, and am-
bient temperature were also collected at two different
heights (2 and 6 m). The measured meteorological data
and concentration data from Philips et al.'* were used to
calculate model dry deposition velocities of NH; using
AERMOD. These modeled dry deposition velocities were
then used for comparison with observed values by Philips
et al.'! under the same meteorological conditions to val-
idate the modeled deposition velocities.

The emissions data from Barham and Moores farms
were collected at different periods and different locations
than the dry deposition velocity data by Philips et al.!!
and should not be confused with each other. NH; con-
centrations were measured using Thermo Environmental
Instruments Inc. (TEI), Model 17C chemiluminescence
ambient NH; analyzer.?8 These NH; analyzers can mea-
sure NH; concentrations with uncertainty level of
+10%28% and dry deposition velocities can be resolved
with an uncertainty of +20%.1!

Model Runs
In this study, grass and crop were used as surrogate
ground covers to study dry deposition on these surfaces
separately. Separate AERMET files were created for both
surfaces giving respective surface characteristics. Different
stability conditions are predicted by AERMET for grass
and crop surfaces. The information on surface character-
istics can be found in the AERMET manual.2? AERMOD
calculations were made for both grass and crop surfaces in
each season. Crop and grass dry deposition calculations
were made for the same date and hour with the same
wind speed at a height of 10 m to compare the differences
between deposition under the same wind speed and emis-
sion conditions. The deposition along the wind direction
given as orientation 1 (Figure 1) was studied in detail and

(a) @ Orientation 1 /‘N

o O
Orientation 2 pan—0 O © 0
—
Lagoon —

Barham Farm

(b)

N ﬁ Orientation 1
Orientation 2 © o0 0 0 0 o o 0%+ gy
—y

Lagoon

Moores Farm

Figure 1. Orientations of (a) Barham farm and (b) Moores farm with
respect to wind direction.
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later compared with orientation 2. All other meteorolog-
ical parameters were kept the same while changing wind
direction only to study dispersion and dry deposition
along these orientations.

RESULTS AND DISCUSSION
Dry Deposition Velocity

Considerable uncertainty is involved in modeling depo-
sition of NH;, because deposited NH; can also be emitted
back to the atmosphere. Farquhar et al.3¢ explained this in
the terms of a “compensation point,” which is the air
concentration at which no net influx occurs through a
stomata. A compensation point is expected to occur be-
cause of the presence of NH, in plant metabolism and in
soil and its equilibrium with gaseous NH,. Deposition of
NH; occurs when ambient NH; concentration is higher
than the compensation point, otherwise there would be
net emission. In some cases, NH; emission may also occur
from recently fertilized soils, decomposing leaves, or de-
composing urine from grazing animals.

Determination of compensation point requires the
knowledge of soil and plant leaf chemistry. Appropriate
use of compensation point in relation to NH; exchange
has been made in resistance models developed by Sutton
et al.3! However, AERMOD assumes the surface concen-
tration of NH; to be zero to calculate NH, deposition flux.
An important parameter in the calculation of NH; depo-
sition velocity is the cuticular resistance to NH; on the
leaf surface. However, a satisfactory parameterization of
cuticular resistance is not available under North American
conditions because no measurements of this resistance
have been made. A simple parameterization of cuticular
resistance was proposed by Sutton et al.3! as a function of
RH. This estimation of cuticular resistance was used for
this study, but model-predicted deposition velocities were
too low when RH was low. To obtain a deposition velocity
in a comparable range to measured values, a minimum
cuticular resistance value was used as an input to this
model.

Philips et al.1* measured NH; deposition velocity at a
relatively flat, uniform, and smooth site with grass or
short vegetation. This site was located near a small exper-
imental hog farm with a lagoon. Dry deposition velocity
was modeled using AERMOD, the meteorological data
from Philips et al.,! and using grass surface. Table 1 gives
a comparison between measured and modeled NH; dep-
osition velocities in different seasons. Deposition veloci-
ties are divided into daytime and nighttime on the basis
of sunrise and sunset times in each season. The model
underpredicted deposition velocities in all seasons and at
both daytimes and nighttimes. Daytime deposition veloc-
ities were lower by a factor of about 2 in spring and 3-5 in
other seasons. Nighttime dry deposition velocities were
consistently very low (0.06 to 0.09 cm/sec) in all seasons.
The reason for such a low calculated deposition velocity
was that the aerodynamic resistance calculated by
AERMOD was very high and was the dominant resistance
at night. The highest deposition velocities calculated by
the model were during unstable and near-neutral condi-
tions and lowest during stable conditions. This is consis-
tent with stability dependence of observed deposition
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Table 1. Comparison of modeled vs. measured dry deposition velocities for different seasons and times of day.

Spring

Summer Fall Winter

Dry Deposition Velocity Day Night

Night Day Night Day Night

Modeled (cm/sec) 1.74 0.09
Measured (cm/sec) 2.85 0.62

0.09 0.80 0.06 0.51 0.08
0.76 2.82 0.07 2.4 0.19

velocities by Philips et al.!! Lower model-calculated dep-
osition velocities were also reported by Dennis et al.2!
using the CMAQ regional model. They proposed that
deposition velocities of NH; should be adjusted higher in
the models so that these are comparable to observed dep-
osition velocities of sulfur dioxide.

Dispersion of NH;

Perry et al.32 provide an overview of the AERMOD model’s
performance against the concentration observations
taken from 17 field-study databases. The studies include
sites with flat and complex terrain, urban and rural con-
ditions, elevated and surface releases, and with and with-
out building wake effects. The evaluation measures were
restricted to those that are relevant to regulatory applica-
tions, with an emphasis on the ability of the model to
simulate the upper end of the concentration distribution.
Among these databases, Project Prairie Grass represented
surface releases over a flat terrain rural site, similar to our
modeling scenario. AERMOD shows a tendency to under-
predict the higher concentrations over this flat terrain rural
site. It showed a concentration distribution that matched
observations well, suggesting that the model is capable of
simulating near-field dispersion from the surface releases.
The robust high concentration (RHC) ratio of predicted-to-
observed concentration was 0.87, which also shows 13%
underprediction. RHC represents a smoothed estimate of
highest concentrations on the basis of an exponential fit to
the upper end of the concentration distribution and is the
preferred statistic because it mitigates the undue influence of
the individual unusual events.

Our study represents surface releases of NH; from
several point sources (exhaust fans in barns) and a finite
area source (waste lagoon) at the hog farm and its disper-
sion over a flat rural terrain. The NH; dispersion pattern
was studied by plotting crosswind-integrated NH, con-
centrations against the downwind distance. Dispersion
study was done with data from Barham farm, with wind
direction along orientation 1 (Figure 1). Downwind con-
centrations depended on the barn and lagoon emission
rates, wind speed, and stability conditions for the given
hour. NH; concentration was crosswind-integrated every
50 m to study the decrease in concentration at a height of
1 m or at ground level.

NH; Dispersion under Different Stability Conditions. Cross-
wind-integrated concentrations were normalized using
the surface-layer similarity theory to study the downwind
dispersion pattern. Dry deposition was not considered
in the first part of this dispersion study, which means
that dry deposition was assumed to be zero. Crosswind-
integrated concentration (C,) was normalized with fric-

Y
tion velocity (U*), roughness parameter (Z,), and emission
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rate (Q). Dimensionless ground-level concentration, C,*, is
given by Van Ulden 33 as

Co*=Cyo U X Z,/Q 3)

where the subscript O indicates surface-layer scaling.
Downwind distance is made nondimensional as
X/Z, where X is downwind distance, and C,* is plotted
against X/Z, for different values of stability parameter
Z,/L (Figure 2), where L is the Obukhov length. Negative
values of Z,/L represent unstable conditions, positive val-
ues represent stable conditions, and near-zero values in-
dicate near-neutral conditions. Figure 2 shows normalized
ground-level concentrations at X/Z, values from 1000 to
50,000 under different stability conditions. Concentra-
tions were high in the immediate vicinity of the farm but
decreased very rapidly as we moved away from the farm.
Further downwind concentrations were smaller and the
decrease in concentration is also small. The decrease in
downwind concentration was slowest under the most sta-
ble conditions because of low vertical mixing. Under very
stable conditions (Z,/L = 0.031), concentration first re-
mained almost constant with distance and then started
decreasing. Under near-neutral and unstable conditions,
the decrease in concentration with distance was faster
than in stable conditions. Ground-level concentration
showed a different pattern under unstable conditions
when compared with other stability conditions. Slopes of
Co* versus X/Z, curves show that downwind concentra-
tion decreased more rapidly under unstable condition as
compared with stable and near-neutral conditions but
further downwind, ground-level concentrations de-
creased very slowly and concentrations became even
higher than those in near-neutral conditions. This pattern
is a result of the way the vertical distribution is treated in
AERMOD under convective conditions. The vertical and
lateral velocities in each element are assumed to be ran-
dom variables and characterized by their probability den-
sity functions (PDF). In the CBL, the PDF of the vertical
velocity (w) is positively skewed and results in a non-
Gaussian vertical concentration distribution.34 This posi-
tive skewness is consistent with the higher frequency of
occurrences of downdrafts than updrafts under convec-
tive conditions. NH; that mixes up in the CBL keeps
moving slowly toward the ground in more frequent
downdrafts than updrafts. The sudden change in slope of
concentration distribution under unstable conditions is
because of the assumed bi-Gaussian distribution. This pat-
tern is consistent with the results of numerical simula-
tions and field observations.3435 This plot also shows that
concentrations at ground level in the vicinity of a hog
farm would be higher under stable conditions and lower
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Figure 2. Change in dimensionless ground-level concentration with dimensionless distance for several stability conditions based on Z,/L at

Barham farm with direction along the orientation 1.

under unstable conditions for a given emission rate and
wind speed conditions. But further downwind, ground-
level concentrations under unstable conditions might be-
come higher than those in near-neutral conditions.

NH;; Dispersion in Highly Convective Conditions. For highly
convective conditions, the mixed layer similarity theory
was used to study dispersion pattern. The convective ve-
locity scale (W*) and mixed layer depth (H) along with
wind speed (U) and emission rate (Q) are used to normal-
ize downwind crosswind-integrated concentration (C,)
and downwind distance (X), as given in Arya.3¢ Normal-
ized concentration is given by

Cy,* = C,UH/Q (4)
and downwind distance is normalized as
X*=W X X/UH (5)

In the CBL, C.* is plotted as a function of X* for different
stability conditions on the basis of H/L, and is shown in
Figure 3. This graph shows that under convective condi-
tions, concentration distribution does not change much
with the change in H/L. Arya3¢ has discussed that normal-
ized crosswind-integrated ground-level concentration ini-
tially decreases as X* %/, as predicted by local free con-
vection and mixed-layer similarity theories. It attains a
minimum value of less than 1 and then increases and
becomes constant at value of one. A similar decrease in
Cy* with X* can be seen in Figure 3, where it flattens out
at a large distance. This could be the minimum value
attained by C,* before it increases and becomes constant.
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The slopes of C,* versus X* are —1.55 and —1.72 for H/L
values of —550 and —620, respectively, which are higher
than the expected value of 1.5 discussed above. Nieuw-
stadt3” also discussed the dependence of C* on X* using
the measured data from Project Prairie Grass. Van Ulden33
and Briggs3® predicted that under convective conditions
Cy* decreases as a function of X*72. However, Nieuw-
stadt3” showed that within the convective matching re-
gion, the X* 32 power law is superior to X* 2 depen-
dence, where the convective matching region has been
defined by the —L < z < 0.1 H condition. Venkatram?3®
discussed the behavior of crosswind-integrated ground-
level concentrations under neutral, stable, and unstable
conditions. He found that under unstable conditions, the
normalized concentration falls off as X* 2 rather than
X*3/2 predicted by the local free convection similarity
theory, where X* = X/L.

The vertical profile of concentration in the plume in
the CBL from a near-surface continuous point source was
studied by Willis and Deardorff4© using laboratory simu-
lation in a convection tank. They found that the height of
maximum C*, or the plume centerline, coincides with the
release height only up to a dimensionless distance X* ~
0.5, after which it lifts off rapidly, attains a maximum
around Z* = 0.8, and then gradually comes down to the
surface. This implies a highly non-Gaussian vertical dis-
tribution of concentration for X* > 0.5.

Vertical Profiles in Convective Conditions. We also studied
the vertical profiles of concentration under convective
conditions for H/L = —550. This vertical profile was stud-
ied for Barham farm using the wind direction orientation
1 and downwind distance was measured from the bound-
ary of the farm. Here, C,* is plotted against Z* = z/H for
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based on H/L at Barham farm with direction along the orientation 1.

different values of X* (Figure 4). Vertical profiles show
nearly exponential distribution up to X* ~ 0.5, but
without a clear lifting of plume at X* > 0.5. A slight
bend in slope is visible at X* = 0.97, but maximum

concentration is still at the surface. Nearly uniform
concentration distribution throughout the PBL was
reached at higher value of X* ~ 3.2, as a consequence of
plume trapping between the surface and the capping

1
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Figure 4. Vertical profile of normalized crosswind-integrated concentration (C,*) at (a) X* = 0.13, (b) X* = 0.39, (c) X* = 0.51, (d) X* = 0.97,

(e) X* = 1.93, and (f) X* = 3.22.
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inversion. Some differences between our model simu-
lations and Willis and Deardorff’s40 laboratory experi-
ment might be expected because of different source
geometry and configuration (an area source and multi-
ple sources) used in our model study.

NH; Deposition

NH; deposition was studied downwind at two hog farms,
Barham farm and Moores farm using AERMOD. Barham
farm has two types of sources, a wastewater lagoon and six
barns where hogs are housed. Moores farm has a waste-
water lagoon and eight barns. Barns at both farms are
forced ventilated using large fans. Barn fans were treated
as point sources and the lagoon was treated as an area
source in this study. Meteorological data from Barham
farm represent spring and fall seasons, whereas Moores
farm data represent summer and winter periods.

Deposition of NH; is influenced by the stability con-
ditions, wind speed, dry deposition velocity, and emis-
sion rate of NH; for that particular hour. Three particular
hours were selected to represent a set of conditions under
which deposition was studied and compared. Three hours
represent different times of the day with different stability
conditions and emission rates. An unstable condition
with a low, negative value of the Obhukhov length was
chosen to also represent high emission rate. A nighttime
stable condition was selected with a low, positive value of
the Obukhov length and low emission rate. Evening time
near-neutral conditions were chosen with large magni-
tude of the Obukhov length. Deposition of NH,; down-
wind of the farm boundary was studied on grass and crop
surfaces separately.

Table 2a. Dry deposition of NH, (in grams and percentage) from

For comparison of grass and agricultural/crop sur-
faces, wind speed was assumed to be the same at a height
of 10 m on both surfaces. Because roughness length is
different for grass and crop, the wind speed profile would
also be different over both surfaces. Bowen ratio and
albedo values for grass are different from crop surface in
each season, which would affect sensible heat flux. Thus,
the values of the Obukhov length and friction velocity
were different over both surfaces. These factors affected
the dry deposition velocity calculations and deposition
patterns. The Bowen ratio was higher over the crop sur-
face when compared with the grass surface in all seasons,
although the difference between the two values was small
in spring, which is the sowing season for crops in North
Carolina, and so the crop height and leaf area index were
low. In winter, Bowen ratios for the crop and grass sur-
faces were comparable under conditions of frost or snow.
The Bowen ratio was higher over the crop surface in
summer, assuming high leaf density, because crops are
green and at full bloom in summer. This high Bowen ratio
over the crop surface led to a lower sensible heat flux as
compared with that over the grass surface. Roughness
length, which affects friction velocity, was higher for
crops as compared with grass surface, except in spring
when crop height was small. These combinations of dif-
ferent sensible heat fluxes and friction velocities led to
different stability parameter values over grass and crop
surfaces under similar meteorological conditions. Thus,
deposition velocity and deposition pattern are expected
to be different over the two surfaces.

Table 2, a and b, gives deposition of NH; emitted
from Barham farm in spring and fall, respectively, over

Barham farm during the spring measurement period.

Grass Crop

Stable Near Neutral Unstable Stable Near Neutral Unstable
Monin—Obukhov length (m) 7 —610 -21.1 6.1 —489 —-18.7
Wind speed (m/sec) 2.1 5.1 3.1 2.1 51 31
Emission (g/hr) 4765 6973 6484 4765 6973 6484
Deposition velocity (cm/sec) 0.09 1.7 1.49 0.09 1.68 1.42
Up to 500-m deposition 282 (5.9 421 (6.5) 408 (5.8) 316 (6.6) 448 (6.9) 426 (6.1)
500- to 2500-m deposition 354 259 181 398 266 187
Total deposition 636 (13.3) 680 (10.5) 589 (8.4) 714 (15) 715 (11) 612 (8.8)

Table 2bh. Dry deposition of NH; (in grams and percentage) from Barham farm during the fall measurement period.

Grass Crop

Stable Near Neutral Unstable Stable Near Neutral Unstable
Monin—Obukhov length (m) 5.8 —54.9 -5 8.6 —132 —12
Wind speed (m/sec) 2.6 4.2 2.6 2.6 4.2 2.6
Emission (g/hr) 3748 4406 5476 3748 4406 5476
Deposition velocity (cm/sec) 0.09 1.10 0.92 0.09 1.10 0.95
Up to 500-m deposition 225 (6.0) 191 (4.3) 159 (2.9) 157 (4.2) 160 (3.6) 160 (2.9)
500- to 2500-m deposition 303 109 75 208 96 80
Total deposition 528 (14.1) 300 (6.8) 234 (4.3) 365 (9.8) 256 (5.8) 240 (4.4)

1204 Journal of the Air & Waste Management Association

Volume 58 September 2008



Bajwa, Arya, and Aneja

Table 3a. Dry deposition of NH; (in grams and percentage) from Moores farm during the summer measurement period.

Grass Crop

Stable Near Neutral Unstable Stable Near Neutral Unstable
Monin—-0bukhov length (m) 7.1 —88.8 —6.6 1141 —280 —18.7
Wind speed (m/sec) 2.1 4.6 2.6 2.1 4.6 2.6
Emission (g/hr) 4392 5796 5040 4392 5796 5040
Deposition velocity (cm/sec) 0.09 1.14 1.06 0.09 1.94 1.76
Up to 500-m deposition 242 (5.5) 245 (4.2) 154 (3.0) 164 (3.7) 327 (5.6) 248 (4.9)
500- to 2500-m deposition 285 119 54 190 173 98
Total deposition 527 (12.0) 364 (6.3) 208 (4.1) 354 (8.0) 500 (8.6) 346 (6.9)

Table 3b. Dry deposition of NH, (in grams and percentage) from Moores farm during the winter measurement period.

Grass Crop

Stable Near Neutral Unstable Stable Near Neutral Unstable
Monin—Obukhov length (m) 3.7 —59.4 —-3.7 5.7 —135.4 -85
Wind speed (m/sec) 2.6 5.1 2.6 2.6 5.1 2.6
Emission (g/hr) 756 936 936 576 936 936
Deposition velocity (cm/sec) 0.09 0.62 0.48 0.09 0.92 0.74
Up to 500-m deposition 52 (7.0) 32(3.4) 23 (2.5) 42 (5.5) 38 (4.1) 31(3.3)
500- to 2500-m deposition 73 16 20 61 20 23
Total deposition 125 (16.6) 48 (5.1) 43 (4.6) 93 (12.2) 58 (6.2) 54 (5.8)

the grass and crop surfaces. Table 3, a and b, gives depo-
sition of NH; from Moores farm in summer and winter,
respectively, over the grass and crop surface. These tables
give NH, depositions up to 500 m from the farm, between
500 and 2500 m, and total deposition up to 2500 m. In
parentheses are the depositions as a percentage of total
NH; emitted for that hour. Tables 2 and 3 also show that
Obukhov length was higher over the crop surface than
the grass surface, except in spring when it was comparable
for the two surfaces. In other seasons, conditions were
more stable at night for crop area and unstable during the
daytime hour selected for this study. Deposition velocity
was high in near-neutral and unstable conditions but low
in stable conditions and this trend was seen in all seasons
for both crop and grassy surfaces. This trend was also
observed in measurements and was discussed earlier in
this paper. Difference between deposition velocities over
crop and grass surfaces was very small in spring and fall.
In summer and fall, however, deposition velocities over
crops were higher than those over the grass surface. As
shown in Figure 2, NH, ground-level concentrations were
large in the immediate vicinity of the farm. NH, deposi-
tion was also high in the first few hundred meters down-
wind of the farm. Deposition up to the first 500 m is
compared with that between 500 and 2500 m in Tables 2
and 3.

Deposition Pattern in Spring. At Barham farm in spring, 8.4
and 10.5% of NH, emitted from the farm gets deposited
on the grass surface up to 2500 m from the farm, under
unstable and near-neutral conditions, respectively (Table
2). Out of this percentage, more than half gets deposited
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within 500 m of the farm. NH; deposition was highest
under stable conditions, in which 13.3% deposition oc-
curred within 2500 m of the farm. This value was high
compared with unstable and near-neutral conditions,
even though deposition velocity was much lower, because
ground-level concentrations of NH; are higher under sta-
ble conditions due to less turbulent mixing. Also, the
wind speed was lower than in unstable and near-neutral
conditions and this lower wind speed also contributed to
higher deposition. Deposition under near-neutral condi-
tions could be higher because wind speed was high when
compared with other stability conditions. Over the crop
surface, deposition was slightly higher than that over the
grass surface. Difference in total deposition up to 2500 m
under unstable and near-neutral conditions was very
small (~0.5%), but under stable conditions, deposition
was 1.5% higher over crop area than the grass surface.

Deposition Pattern in Fall. In fall, total deposition (up to
2500 m) on grass surface was higher (14.1%) under stable
conditions as compared with 4.3% under unstable condi-
tions for the same wind speed (Table 2b). Here the differ-
ence was larger than for spring, although the Obukhov
length was also lower in fall than in spring. Deposition
under near-neutral conditions was 6.8%, which falls be-
tween stable and unstable conditions. Deposition velocity
was high under near-neutral conditions, because wind
speed was also higher in comparison to other stability
conditions. The deposition velocities over crop and grass
surfaces were not much different, except for the night-
time stable conditions. The same pattern was predicted
for spring, when a major portion of deposition occurred
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in the first 500 m, except under stable conditions in
which this contribution was lower.

Deposition Pattern in Summer. Deposition study under
summer conditions was done with the data from Moores
farm (Table 3a). As in spring and fall seasons, deposition
during summer was higher under stable, and lowest under
unstable conditions, with a major portion of the deposi-
tion being within 500 m. NH; deposition was higher by
4% under stable conditions over the grass surface,
whereas it was higher over crop surface under unstable
and near-neutral conditions. This could be because dep-
osition velocity was higher over crop surface under unsta-
ble and near-neutral conditions, whereas it was compara-
ble to the grass surface under stable conditions. The
difference in deposition in unstable and near-neutral con-
ditions was also higher in fall season (2.3-2.8%).

Deposition Pattern in Winter. In winter, NH; deposition
downwind of Moores farm showed the highest deposition
of 16.6% under stable conditions over the grass surface.
This could be due to smaller Obukhov length when com-
pared with other seasons. Depositions under unstable and
near-neutral conditions were 4.6 and 5.1%, respectively.
Under stable conditions, deposition was higher over grass
surface by 4.4%, whereas it was slightly higher over crop
surface under unstable (1.2%) and near-neutral (1.1%)
conditions.

Wind Orientation. NH,; deposition modeling results as dis-
cussed above, are for along the wind direction orientation
1 as shown in Figure 1. NH; deposition calculations were
also done along the orientation 2 as shown in Figure 1, for
both Barham and Moores farms. Comparison of results
shows that the change of orientation can make a differ-
ence of up to 2.3% in NH; deposition. This difference was
more on the Barham farm than on Moores farm. Orien-
tation 1 gave higher deposition on both of the farms and
in all the seasons and stability conditions. The reason for
this difference could be the difference in geometry of
the farms, with different wind directions and the area
over which NH; disperses being different under differ-
ent orientations.

CONCLUSIONS

This study was done to investigate how NH; emitted from
a hog farm disperses and gets deposited downwind of the
farm using EPA’s air quality/dispersion model AERMOD.
Data on meteorological parameters and emission rates
collected at two hog farms (Barham and Moores farms)
were used for this study. Dry deposition velocity and
related meteorological data from Philips et al.!* were used to
compare dry deposition velocity calculations by AERMOD.
Modeled dry deposition velocities were lower than the ob-
served values, by a factor of 2-4 during daytime and up to 8
during nighttime. These lower values are attributed to the
lack of understanding of the NH; deposition and emission
from grass and crop surfaces. Observations show both dep-
osition and emission occurring, depending on the compen-
sation point at the vegetation surface. AERMOD cannot
simulate this pattern because deposition parameterization
in the model does not account for compensation point. An
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NH, dispersion study showed that NH; ground-level con-
centrations are very high near the farm and decrease rapidly
as we move away from the farm. This decrease in concen-
tration with distance is small when we move further down-
wind of the farm. The decrease of concentration is faster
under unstable conditions and slowest under stable condi-
tions. The rate of decrease in concentration with distance for
near-neutral conditions lies somewhere between stable and
unstable conditions. Ground-level concentrations are lower
under unstable conditions for a given emission rate, but
become higher than those under near-neutral conditions at
certain distance downwind because of bi-Gaussian distribu-
tion of vertical distribution under unstable conditions. Dry
deposition of NH; up to 2500 m downwind of the farm was
studied under different stability conditions and over crop
and grass surfaces. The majority of deposition as a percent-
age of total emission occurs within 500 m of the farm be-
cause ground-level concentrations are much higher there.
Deposition was highest under stable conditions and lowest
under unstable conditions. Under stable conditions, more
deposition occurred over the grass surface than over the
crop surface with the exception of spring, in which it was
higher over the crop surface. Under unstable and near-neu-
tral conditions, deposition was higher over the crop surface
for winter, summer, and spring; these differences between
crop and grass surfaces were higher under stable conditions.
The underprediction of dry deposition velocity of NH; by
AERMOD suggests that the actual amount of dry deposition
of NH; in the vicinity of the farm could be higher than
predicted. Higher deposition of NH; near the farm would
lead to lower ground-level concentrations of NH; further
downwind from the farm because less NH; will be available
for dispersion. Wind orientation could also make a differ-
ence on the downwind deposition depending on the layout
of the sources on the farm. Further studies should be done
by taking into account the effect of soil emissions and farm
buildings. Study on the dry deposition of NH; in the forest
canopy downwind, if present, should also be studied. Better
understanding of deposition parameterization and soil and
leaf chemistry is also needed to reduce the uncertainties
involved in this study.
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