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Scientific assessments of agricultural air quality, including
estimates of emissions and potential sequestration of greenhouse
gases, are an important emerging area of environmental
science that offers significant challenges to policy and regulatory
authorities. Improvements are needed in measurements,
modeling, emission controls, and farm operation management.
Controlling emissions of gases and particulate matter from
agriculture is notoriously difficult as this sector affects the most
basic need of humans, i.e., food. Current policies combine an
inadequate science covering a very disparate range of activities
in a complex industry with social and political overlays.
Moreover, agricultural emissions derive from both area and
point sources. In the United States, agricultural emissions play
an important role in several atmospherically mediated
processes of environmental and public health concerns.
These atmospheric processes affect local and regional
environmental quality, including odor, particulate matter (PM)
exposure,eutrophication,acidification,exposuretotoxics,climate,
and pathogens. Agricultural emissions also contribute to the
globalproblemscausedbygreenhousegasemissions.Agricultural
emissions are variable in space and time and in how they
interact within the various processes and media affected. Most
important in the U.S. are ammonia (where agriculture accounts
for ∼90% of total emissions), reduced sulfur (unquantified),
PM2.5 (∼16%), PM10 (∼18%), methane (∼29%), nitrous oxide
(∼72%), and odor and emissions of pathogens (both unquantified).
Agriculture also consumes fossil fuels for fertilizer production
and farm operations, thus emitting carbon dioxide (CO2),
oxides of nitrogen (NOx), sulfur oxides (SOx), and particulates.
Current research priorities include the quantification of
point and nonpoint sources, the biosphere-atmosphere
exchange of ammonia, reduced sulfur compounds, volatile
organic compounds, greenhouse gases, odor and pathogens,

the quantification of landscape processes, and the primary
and secondary emissions of PM. Given the serious concerns
raised regarding the amount and the impacts of agricultural air
emissions, policies must be pursued and regulations must be
enactedinorder tomakerealprogress inreducingtheseemissions
and their associated environmental impacts.

I. Introduction
The world’s population has grown from ∼1.5 billion at the
beginning of the 20th century to ∼6.8 billion today. This
population increase has been accompanied by the advent
and growth of “intensive” agriculture, with associated impacts
on the environment (1). During the next 50 years, the Earth’s
human population is predicted to increase to more than 9
billion, creating higher demand for agricultural commodities,
both crop and animal. Without scientific research to inform
policy decisions, there will likely be a parallel increase in
environmental impacts associated with this future growth in
agriculture (1-6).

Agronomists throughout the U.S. and Europe have sought
to increase food production by increasing productivity.
Farmers increased agricultural output significantly between
the 1940s and the 1990s, capitalizing on increased availability
of nitrogen fertilizer (the global production of fertilizer
currently is more than 90 Tg of N yr-1, compared to ∼1 Tg
only 50 years ago) (7, 8). Increased agricultural output is also
the result of mechanization combined with the abandonment
of traditional practices, better pesticides, cultivation of
marginal land, availability of hybrid and genetically modified
crop varieties, and improvements in production efficiency.
Many of these innovations have been supported by public
investment. Furthermore, inexpensive fossil fuels have been
available for fertilizer production, for replacement of human
labor by increased mechanization, and for transport of raw
material and products.

In both the U.S. and Western Europe, the governmental
agricultural policies encouraged intensification and com-
mercial factors magnified this effect. Farmers increased
agricultural intensity by the sustained use of chemical inputs,
increasing field size, and higher animal stocking densities
(i.e., concentrated animal feeding operations, CAFOs).
Farmers discontinued traditional fallowing practices and crop
rotations, resulting in a displacement of leguminous fodder
crops with increased use of silage and maize for livestock.
Specialization and intensification have resulted in a decrease
in the number of farm holdings and the number of people
employed in farming. This has been accompanied by a
concentration of production, leading to less diversity of local
agricultural habitats.

Growing public and regulatory concerns have recognized
the emissions and discharges from agriculture and adverse
impacts of agriculture on the quality of the air and water,
and on soil, biodiversity, and the long-term sustainability of
agricultural ecosystems (6). Public concerns about current
and predicted impacts to the environment pressure farmers
to reduce intensive agriculture. To develop policies to reduce
environmental impacts from agriculture, we must understand
the behavior of agricultural emissions and the subsequent
transformations, transport, and fate of pollutants in the
environment (Figure 1). Recognizing the growing needs in
this research area, a number of governmental agencies,
universities, and research organizations cosponsored an
international workshop on agricultural air quality (9) during
June 2006 (http://www.esa.org/AirWorkshop), to synthesize
and assess existing measurements and modeling results and
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to identify emerging research questions concerning agri-
cultural air quality (4, 10).

This paper examines the state of the science for agricul-
tural air quality, as well as future research opportunities for
studying agriculture-related pollutants and their impacts on
air quality, human health, and regional climate. We focus on
ammonia and on the shortcomings of current air quality
models applied to agriculture.

II. Agriculture and Its Contribution to Different
Environmental Issues
U.S. agriculture is diverse, ranging from large, highly intensive,
and specialized commercial holdings to subsistence (i.e.,
family owned) farming, using mainly traditional practices.
Consequently, impacts on the environment vary in scale and
intensity and may be positive or negative (1). However,
increasing evidence shows that the greater size and intensity
of farms and concentrated animal-feeding operations (CAFOs)
increase the emissions of odorous compounds (e.g., organic
acids) and trace gases (e.g., carbon dioxide (CO2), methane
(CH4), nitrous oxide (N2O), nitrogen oxides (NOx), ammonia
(NH3), and reduced sulfur compounds, such as hydrogen
sulfide (H2S)) to the atmosphere (4-6, 11, 13). For example,
globally the livestock sector (beef and dairy cattle, swine,
and poultry) is estimated to be responsible for ∼18% of all
greenhouse gas emissions measured in CO2 equivalents,
∼65% of anthropogenic nitrous oxide, ∼37% of anthropo-
genic methane, and ∼64% of anthropogenic ammonia (1).
Globally, the livestock sector is a major driver of deforestation,
as well as one of the leading drivers of land degradation,
pollution, climate change, coastal sedimentation, and inva-
sion of alien species (1, 6). In addition to these global
environmental impacts, uncontrolled agricultural emissions
in the United States will impact the ability of states to meet
their legal obligations under the Clean Air Act. For example,
NH3 plays a significant role in PM2.5 formation, and increasing
ammonia may enhance PM2.5 (aerosols with aerodynamic
diameters of less than or equal to 2.5 µm) concentrations
despite recent progress to lower emissions of sulfur oxides
(SOx) and NOx. Ammonia-derived PM2.5 may challenge the
stringent 24-h average National Ambient Air Quality Standard
(NAAQS) for PM2.5 of 35 µg m-3 promulgated by the U.S.
Environmental Protection Agency (4).

In the United States, air quality research in the past half-
century has focused largely on NOx, sulfur dioxide (SO2),
ozone (O3), and particulate matter (PM2.5 and PM10 (aerosols
with aerodynamic diameters of less than or equal to 10 µm)).
Limited attention has been given to reduced nitrogen-,
sulfur-, and carbon-containing compounds. Compounds
such as NH3, hydrogen sulfide (H2S), and volatile organic
compounds (VOCs) play important roles in the formation of

criteria pollutants such as tropospheric O3, SO2, and PM2.5,
as well as in the acidification and eutrophication of eco-
systems. These compounds interact in atmospheric reactions
(e.g., gas-to-particle conversion, 14-18), are transported by
winds, and return to the surface by wet and dry deposition
(5, 10, 19). Many of these compounds have adverse effects
on human health and the environment. Agriculture provides
major sources of reduced gases and particulate matter during
livestock production, fertilizer application, land use changes,
and biomass burning (3-5). Approximately 90% of the global
emission of NH3 results from animal and crop agriculture
(20), much of it from the U.S. and European countries
(21-25).

There are no nationwide monitoring networks in the U.S.
to quantify agricultural emissions of greenhouse gases (GHGs,
(e.g., N2O, CH4, etc.)), NOx, reduced sulfur compounds, VOCs,
or NH3. In contrast there is a large network in place to assess
the changes in atmospheric chemistry associated with fossil
fuel combustion. For instance, the National Atmospheric
Deposition Program/National Trends Network (NADP/NTN)
has been monitoring the wet deposition of sulfate (SO4

2-),
nitrate (NO3

-), and ammonium (NH4
+) since 1978 and

currently has some 250 sites across the U.S. (http://
nadp.sws.uiuc.edu/). Similarly, since 1987 the Clean Air Status
and Trends Network (CASTNET) has been monitoring dry
deposition of NO3

-, NH4
+, and HNO3 (but not NH3, NO) at

70 sites primarily in the eastern U.S. (http://www.epa.gov/
castnet/).

Animal production results in emissions of hundreds of
identified VOCs (26-31). These compounds are diverse, and
include many acids, alcohols, aldehydes, amides, amines,
aromatics, esters, ethers, halogenated hydrocarbons, hy-
drocarbons, ketones, nitriles, other nitrogen-containing
compounds, phenols, sulfur-containing compounds, and
steroids. Some of these compounds are responsible for
unpleasant odors and for impacts on the comfort, health,
and production efficiency of animals and humans (32, 33).

Hydrogen sulfide (H2S), a major emission from animal
agriculture, is a colorless, potentially lethal gas released from
swine manure decomposition (34). It is produced as manure
decomposes anaerobically, resulting from the mineralization
of organic sulfur compounds as well as the reduction of
oxidized inorganic sulfur compounds such as sulfate by
sulfur-reducing bacteria (35). The U.S. Center for Disease
Control (CDC) warns that brief exposures to high concentra-
tions (>500 ppm) can cause unconsciousness or death (36).
Campagna et al. (37) have reported a correlation between
elevated ambient H2S concentrations and hospital visits for
respiratory diseases. Donham et al. (38) reported that
hydrogen sulfide and “manure gas” appeared to be the main
toxic substance associated with death and illness for people

FIGURE 1. Atmospheric emissions, transport, transformation, and deposition of trace gases. Source: Aneja et al., 2006 (5).
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with acute exposure to gases emanating from liquid manure.
With an odor threshold ranging from 0.0005 to 0.3 ppm (36),
it is one of the primary gases released from swine facilities
causing odor complaints due to its characteristic “rotten egg”
smell. H2S is the major sulfur compound emitted from
concentrated animal-feeding operations (12, 13, 39), but we
know little about the emission of other gaseous sulfur
compounds, such as methyl mercaptan (CH3SH), dimethyl
sulfide (DMS (CH3)2S), dimethyl disulfide (DMDS (CH3)2S2),
carbonyl sulfide (COS), and carbon disulfide (CS2).

Nitrous oxide is a greenhouse gas with an atmospheric
lifetime of approximately 120 years. Nitrous oxide is about
310 times more effective in trapping heat in the atmosphere
than CO2 over a 100-year period (40). It is produced naturally
in soils through the microbial processes of denitrification
and nitrification. These natural emissions of N2O can be
increased by a variety of agricultural practices and activities,
including the use of synthetic and organic fertilizers,
production of nitrogen-fixing crops, cultivation of organic
soils, and the application of livestock manure to croplands
and pasture. Nitrous oxide emissions from croplands fertil-
ized for the production of biofuels can negate all of the
benefits of this renewable source of energy on the Earth’s
climate (41). Agricultural sources (both crop and animal
production) account for ∼72% of N2O emissions in the U.S.
(42).

Inadvertent additions of nitrogen to soils can also result
in N2O emissions. Indirect emissions occur when applied
fertilizer or manure nitrogen volatilizes as ammonia and
oxides of nitrogen, which are then deposited in downwind
regions in the form of particulate ammonium, nitric acid,
and oxides of nitrogen. Surface runoff and leaching of applied
nitrogen into groundwater and surface waters can also result
in indirect N2O emissions from downstream ecosystems (43).

Globally, agriculture (animal and crop) is the most
important source of anthropogenic methane. Among do-
mesticated livestock, ruminant animals (cattle, buffalo, sheep,
goats, and camels) produce significant amounts of methane
as part of their normal digestive process (42). The anaerobic
decomposition of organic material in livestock manure also
releases methane, especially when manure is stored in liquid
form, in lagoons or holding tanks. Lagoon systems are typical
for most large-scale hog operations in the U.S. (42). An-
thropogenic methane emissions from livestock account for
∼37% of total global emissions. Rice paddies are the primary
source of methane in crop agriculture (44).

Primary emissions of particles from agriculture in the U.S.
contribute about 16% to the PM2.5 emissions, and ∼18% to
PM10 emissions. However, there is no estimate for the
secondary formation of PM fine from precursor gases emitted
from agriculture. Current investigations show that PM
emissions from agriculture in regions of intensive ammonia
emission may have been previously underestimated, and a
large part of the gap between modeled and measured PM
concentrations might be explained by previously underes-
timated agricultural sources (45).

Ambient PM2.5 results from direct particle emissions (e.g.,
soil dust) and secondary particles (generated by atmospheric
reactions of precursor gas emissions). The major precursor
gases include SO2, NOx, VOCs, and NH3. The mass of ambient
PM2.5 is thus a mixture composed mostly of sulfate (SO4

2-),
nitrate (NO3

-), ammonium (NH4
+), organic carbon (OC),

black carbon (BC), and soil dust. A considerable and growing
body of evidence shows an association between adverse
health effects and exposure to ambient levels of PM (46). The
primary PM2.5 emissions from agricultural sources in the U.S.
are approximately 946 thousand tons/year (1 ton) 2000 lbs)
(47), composed of emissions from fertilizer and livestock of
approximately 4 thousand tons, agricultural emissions from
tilling and harvesting of approximately 717 thousand tons,
and agricultural emissions from fires of approximately 225
thousand tons. The total PM2.5 emissions from all sources in
the U.S. is approximately 6,031 thousand tons/year.

The reactions between NH3, sulfuric acid (H2SO4), nitric
acid (HNO3), hydrochloric acid (HCl), and water (H2O) are
the most important equilibrium reactions for gas/particle
partitioning and the formation of ammonium (NH4

+) salts,
which make up ∼20% of the PM2.5 in the atmosphere
(4, 5, 14-17, 48, 49). Once formed, these particles act as
cloud condensation nuclei, which affect the Earth’s radiation
budget and its climate through cloud formation, lifetime,
and precipitation. The aqueous phase chemistry of NH3 may
also provide a mechanism for reduced nitrogen to repartition
from larger particles to small particles, thus forming new
particles in ultrafine mode (< 0.1 µm aerodynamic diameter)
(50).

The PM10 emissions for agriculture (47) are approximately
4,032 thousand tons/year. These agriculture emissions consist
of PM10 from crop tilling and livestock dust emissions of
approximately 3,751 thousand tons, 265 thousand tons for
agricultural field burning, and 15 thousand tons from
livestock waste and fertilizer application. This compares to
total U.S. PM10 primary emissions of approximately 21,919
thousand tons in 2002.

III. NH3 Emission Control and Policy Implications
In the U.S., there are no federal regulations that control
ammonia emissions from agricultural operations. States have
generally refrained from regulating emissions from any
agricultural sources, even though such regulation may be
permitted (51). The extensive Clean Air Act permitting system
and pollution control measures applied to SO2, NOx, and
anthropogenic VOCs have not been extended to ammonia
by EPA (Table 1). Currently, incentives to reduce criteria
pollutants from agriculture aim primarily at preventing soil
loss by wind erosion processes rather than at reducing
gaseous emissions (52, 53).

In contrast, in Europe, health and environmental concerns
about agriculturally emitted air pollutants have led regulators
and policy makers to implement mitigation strategies for
ammonia (Table 1). For example, in The Netherlands,
livestock production must meet stringent targets for NH3

TABLE 1. U.S. and Europe Air Pollutant Emission Estimates (million tons/yr) (1 ton = 2000 pounds)
a

CO NOx PM2.5 PM10 SO2 VOC Pb NH3

1970 197.3 26.9 2.3 (1990) 12.2 31.2 33.7 0.221 1.9
2005 89 19 2 2 15 16 0.003 2.6
percent change (U.S.) -55% -29% -13% -84% -52% -53% -99% +27%
percent change
(Europe)2005-1990 -50% -31% -53% -45% -66% -41% -87% -20%

a Source: http://www.epa.gov/airtrends/econ-emissions.html (42, 47). European data: European Environment Agency and
EMEP (http://www.eea.europa.eu).
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emission (54, 55). However, in the U.S., both the USDA and
U.S. EPA have shown a preference for voluntary mitigation
strategies for ammonia (i.e., Best Management Practices,
BMPs), some of which are beginning to be implemented (4).
Nevertheless, there are no national ambient air quality
standards (NAAQS) for ammonia and hydrogen sulfide in
the U.S., and applicable regulatory provisions for emissions
from CAFOs are weak. Separately, some states (e.g., California)
are developing regulations to curb emissions of ammonia
and hydrogen sulfide.

The reporting requirements within the Comprehensive
Environmental Response, Compensation, and Liability Act
(CERCLA, also known as the Superfund program) and the
Emergency Planning and Community Right-to-Know Act
(EPCRA) for releases of NH3 and H2S now have an exemption
applicable to emissions from CAFOs. The application of
CERCLA and EPCRA reporting requirements to CAFOs has
been controversial and over the past few years there have
been legislative attempts to exempt manure management
from these regulations. Although these legislative efforts have
repeatedly failed, U.S. EPA recently finalized a limited
administrative reporting exemption for releases of hazardous
substances from animal waste at farms (56). The exemption
became effective on January 20, 2009 and exempts all farms
that have air releases from animal waste from CERCLA Section
103. The final rule also exempts farms that release reportable
quantities of hazardous substances from reporting under
EPCRA Section 304 if they confine fewer animals than a large
CAFO as defined in the NPDES regulations. In addition, some
states are implementing mitigation measures. For example,
both Minnesota and Texas have ambient air quality standards
for H2S, and in 1999 North Carolina was one of the first states
in the U.S. to adopt rules for odor control from swine farms.
U.S. policymakers should follow the lead of their counterparts
in western Europe by introducing regulations in the U.S.

Although little attention has been given to reducing NH3

emissions in the U.S., this has been an important policy issue
in Europe. A number of studies have been performed to
estimate the efficiency of various abatement options
(24, 55, 57). Multidisciplinary modeling approaches combine
information about environmental impacts, biophysical pro-
cesses, and agricultural operations (e.g., soil, land use, crop,
fertilizer, irrigation). For example, Cowell and Apsimon (58)
have developed the Model for the Assessment of Regional
Ammonia Cost Curves for Abatement Strategies (MARACCAS)
to assess the cost-effectiveness of potential abatement
measures and to design efficient abatement stategies. Mc-
cubbin et al. (57), employing the S-R (Source-Receptor)
matrix AQM (air quality model), suggested that reducing
livestock NH3 emissions by 10% could lead to particulate-
related health benefits of over $4 billon yr-1 in the EU. The
Regional Air Pollution Information and Simulation (RAINS)
model includes several options to control NH3, including
lowering the nitrogen content in feed, air purification,
improvements in animal housing, covered storage of manure,
low NH3 application of manure, urea substitution, and
stripping and absorption techniques in fertilizer industry (59).
Abatement of NH3 may also adversely impact (i.e., increase)
the emissions of CH4 and N2O (60).

Diffusive sources have been studied by the plume method
(61), which can be used to estimate emission factors (a
representative value that relates the quantity of a pollutant
released to the atmosphere with an activity associated with
the release of that pollutant). In past years, wet-denuder
techniques have been used to determine the cross-wind
integrated concentration (62). Currently tunable diode lasers
and quantum cascade lasers are used for NH3, N2O, and CH4

emission measurements (63). Methane plume measurements
carried out within the Greengrass EU project (http://
www.clermont.inra.fr/greengrass/) showed that the emission

factor for dairy cows in The Netherlands was higher than
that in the national methane inventory. Evaluation of this
emission factor with more accurate data on animal weight
and milk production shows that emissions are 20% higher
than the traditional factor.

More recently The GAINS (greenhouse gas - air pollution
interactions and synergies) model (64), which is an integrated
assessment model, has been used to allocate emissions across
economic sectors. GAINS brings together information on the
sources and impacts of air pollutants and greenhouse gases
and their interactions. GAINS also includes data on economic
development, the structure, potential control, and costs of
emission sources, the formation and dispersion of pollutants
in the atmosphere, and an assessment of the environmental
impacts of pollution. GAINS addresses air pollution impacts
on human health from fine particulate matter and ground-
level ozone, vegetation damage caused by ground-level
ozone, the acidification of terrestrial and aquatic ecosystems,
and the effects of excess nitrogen deposition on soils, in
addition to the mitigation of greenhouse gas emissions.
GAINS describes the interrelations among these multiple
effects and the range of pollutants (SO2, NOx, PM, NMVOC,
NH3, CO2, CH4, N2O, F-gases) that contribute to air quality
in Europe.

There are large uncertainties in current agricultural air
quality modeling as a result of a number of factors including
(1) inaccurate emission inventories and activity data (e.g.
when, where, and what kind of manure/fertilizer is applied);
(2) inaccurate meteorological data (e.g., temperature, wind
speed, wind direction, and precipitation); (3) a lack of detailed
information on terrain characteristics and land use at a fine
scale (e.g., topography, surface roughness, and vegetation);
(4) missing or inadequate model treatments of chemical and
physical processes (e.g., gas- and aqueous-phase chemistry
for NH3 and hydrogen sulfide, gas/particle partitioning,
aerosol dynamics, and dry and wet deposition); (5) inability
to simulate both the short-range dispersion and deposition
of NH3 near the ground and the long-range transport and
fate of NH4

+ at higher elevations downwind of sources; (6)
high uncertainty in the dry deposition of reactive nitrogen,
sulfur, and carbon compounds emitted from agriculture; and
(7) a paucity of observations of emissions, concentrations,
and deposition suitable for model verification and evaluation.
Reconciling modeled results with measurements is further
complicated by the weather, which has a profound effect on
ambient concentrations and dry deposition. Small changes
in temperature, wind speed, or humidity may change the
ambient concentration and dry deposition regardless of
emissions. Given predictions of global climate change, the
exponential increase in trace gas emissions with temperature
due to gas/solution partitioning is particularly important.

The most advanced technologies for reducing ammonia
(e.g., manure injection in soil systems, low emission housing
systems, etc.) are found in The Netherlands, Denmark, and
the UK (65). The Dutch mineral bookkeeping system at the
farm level keeps track of all the nitrogen flows, including
nitrogen deposition, and provides a helpful tool to decrease
farm-level nitrogen surplus (input minus output). Since the
introduction of the system of mineral bookkeeping in The
Netherlands in 1998, there has been a significant reduction
of the nitrogen surplus in the agricultural sector due to a
reduction of the use of inorganic fertilizers (55). Success in
reducing ammonia emissions has also been achieved through
requirements to reduce the volatilization from manure and
urea and indirectly as a result of a quota on milk production,
a reduction in feed nitrogen, and improved management of
nitrogen on the farm. There are two major options to reduce
nitrogen and ammonia emissions: (1) reducing the inputs
and at the same time increasing effective use, and (2) reducing
emissions through technology (55). Management options are
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farm-specific. Technology provides more general options,
which must be assessed for potential pollutant swapping,
i.e., the increased emission of one pollutant resulting from
abating another. An example of pollutant swapping is the
increased nitrate leaching as the result of manure injection
without reducing the nitrogen application rate (66). Manure
injection systems reduce the contact surface of manure slurry
with the atmosphere after application to decrease emissions
and encompass systems of direct slurry injection into the
soil, digging of small ditches filled with manure, or direct
under-plowing of manure after application.

Currently the models predict changes in concentrations
reasonably well (67), but many models predict 25-30% lower
concentrations than measured (66, 68). The gap may result
from overestimates of dry deposition and the underestima-
tion of emissions during land application of manure by
injection.

Promising results have been reported in the U.S. for
reducing ammonia from swine manure through the use of
“engineered systems”, i.e., a treatment plant with solid-liquid
separation (69). Szogi (70) reported a 73% reduction in
ammonia emissions from the implementation of such a
system. Vanotti (71) found that when manure was processed
in such a system, greenhouse gas emissions were reduced
by 98.8%, and additional income of $9,100 to $27,500/year
(approximately $0.91/finished pig) was generated from the
sale of byproducts. In addition, for row crop production,
when organic fertilizers are applied with gypsum, they can
reduce ammonia volatilization by ∼11% (72).

“Environmentally superior technology” (EST) represents
a recent initiative in North Carolina to develop alternatives
to lagoon treatment and land application of swine manure.
EST focuses on impacts of animal waste to surface and
groundwater, by emissions of ammonia, odor, and disease-
transmitting pathogens, and heavy metal contamination of
soil and groundwater. Five technologies have been shown to
reduce these impacts: a solids separation/nitrification-
denitrification/soluble phosphorus removal system; a ther-
mophilic anaerobic digester system; a centralized composting
system; a gasification system; and a fluidized bed combustion
system. Economic data compiled for all EST systems showed
annualized (10-year) costs of retrofitting existing swine farms
ranged between $90 and over $400 per 1000 lbs. steady-state
live weight (53). These ESTs are now being modified to handle
manure from other animal agricultural systems (e.g., dairy
and poultry waste).

IV. Current Topics of Research for Agriculture
Research should now focus on quantifying agricultural point
and nonpoint sources of air pollutants; the biosphere-
atmosphere exchange of reactive nitrogen (e.g., NH3, NOx,
N2O, etc.), sulfur (e.g., H2S), and VOCs; the quantification of
the primary and secondary emissions of PM; the gas-to-
particle conversions; the constituents and dynamics of odor
(66); and greenhouse gas emissions (33, 41, 44).

We have only limited understanding of the biosphere-
atmosphere exchange of agriculturally emitted trace gases.
After deposition, NH3 can be re-emitted in areas of lower
ambient concentration, which shifts the equilibrium toward
gaseous forms. The atmosphere-biosphere exchange is
largely driven by this equilibrium, which shows high variation
in space and time (73-75). The challenge will be to model
fluxes of gases and particulate matter on the regional or
landscape scale, where both emission and deposition take
place at the same time (76).

The contribution of agriculture to PM concentrations, both
primary PM10 emissions as well as secondary formation of
PM2.5 (i.e., PM fine) with NH3 as precursor, remains a challenge
(5). Erisman and Schaap (2003) concluded that PM2.5

concentrations can best be reduced when emissions of SO2,
NOx, and NH3 are all reduced simultaneously. PM2.5 reduction
strategies focused on SO2 and NOx while ignoring NH3 are
not as effective. However, NH3 reductions alone were
somewhat effective in reducing PM2.5. Similar conclusions
were reported in a modeling study by Meng et al. (77) in the
U.S.

Agriculture is an important sector contributing to envi-
ronmental effects and air quality. Agricultural air pollutants
contribute to human health problems through exposure to
ammonia, hydrogen sulfide, toxic organic compounds,
pesticides, and particulate matter. Agricultural air pollution
contributes to climate change in the form of greenhouse gas
emissions and aerosols. Agricultural air pollution also
contributes to odor. After deposition of reactive nitrogen,
eutrophication and acidification can result and biodiversity
is endangered.

Ammonia, in particular, plays a role in a host of envi-
ronmental problems (e.g., air quality, odor, climate change,
soil acidification, eutrophication, biodiversity), often through
interactions with other compounds in the atmosphere. The
central challenge is how to optimize the use of nitrogen to
sustain human life while minimizing its negative impacts on
the environment and human health.

Production agriculture has adopted modern technologies
and science to maximize productivity, but it has not yet been
subjected to the same environmental regulations that other
modern industries must obey. Regulations and policies
should also require that CAFOs and crop production systems
use all of the practical methods to reduce ammonia and
other air emissions. The potential health and environmental
risks of intensified modern agriculture demand that we
develop emission abatement policies based on best available
science (6, 10, 69).

Reducing uncertainties presents significant research
challenges and charts the direction of research for the next
decade or beyond. Resolving them will have important policy
implications on local to global scales and will profoundly
improve air quality, human health, the agricultural environ-
ments, and biodiversity. Progress on these challenges will
require an integrated and multidisciplinary effort both
nationally and globally from scientists, engineers, policy-
makers, managers, and the public.
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