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Emission, Transport, Transformation, and Deposition
of Trace Gases

Source: Aneja et al., 2006, Eos



U.S. Agricultural 2004 Revenues

Confined Animal Feeding Operations (CAFOs)
Cattle, hog, poultry, and dairy operations: ~$120 billion

Crop production: ~$116 billion

Source: http://www.ers.usda.gov



National Hog Farming Trends

States with most hogs

1992 2005
Hog Population

58.2 million 61.3 million

Animals in Facilities > 2000 Head
29% 79%

Changes in Production Facilities
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National Research Council, 2002
Report “The Scientific Basis for Estimating Emissions from Animal Feeding Operations”

“The stakes in this issue are large. More and more livestock 
are raised for at least part of their lives in AFO’s in response 
to economic factors that encourage further concentration. 
The impacts on the air in surrounding areas have grown to a 
point where further actions to mitigate them appear likely.”

“EPA may use information from this project in determining 
how it will approach regulating both air and water quality 
impacts of AFOs. Substantial emissions of nitrogen (N), 
sulfate (S), carbon (C), particulate matter (PM), and other 
substances from AFOs do occur and cannot be ignored.”



Nonattainment Areas in 2005

(Source: EPA Green Book, 2005)

Areas exceeding O3 Standard Areas exceeding PM2.5 Standard 

(PM2.5: Particulate Matter with an aerodynamic diameter of up to 2.5 µm )



Peak 1-hour average PM2.5 nitrate levels achieved at Riverside, California, 
on 28 August, 1987 as dependent on the degree of emissions reduction 
from the base conditions of the episode.

(Source: Meng, Dabdub, and Seinfeld, SCIENCE, 1997)



Objectives
Develop county level agricultural ammonia 
estimates and analyze spatial distributions for 
comparisons between Midwest and Southeast 
United States

Study correlation between NH3 emissions and 
NH4 ion concentrations in precipitation over the 
period of 1989-2004

Does precipitation chemistry provide a 
regulatory/policy framework for the 
environment?

Hog moratorium in North Carolina as a case study



Impacts of Enhanced Ammonia on the Environment

Particulate matter (PM) formation
Visibility degradation
Nitrogen enrichment and eutrophication in 
aquatic ecosystems
Impact on crop and forest production
Impact on ground water quality
Odors and odorants
Changes in rainfall chemistry



Volcanic emissions ?



Sources of NH3 in the U.S.

Microbial breakdown of urea and uric 
acid in animal excreta

• Natural emissions from soil   
and vegetation

• Minor Sources

CO(NH2)2 + H2O → 2NH3 + CO2

Traffic
coal combustion
human perspiration and excretion
biomass burning
industrial processes

Dairy and Beef Cattle
43.4%

Poultry
26.7%

Hogs and Pigs
10.1%

Fertilizer
9.5%

Industrial Sources
8.4%

Sheep
0.7%

Humans
1.2%

(Battye et al., 1994)

Total = 5.26 Tg N-NH3



GasGas--ToTo--Particle Conversion ProcessesParticle Conversion Processes
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Gas-phase
Products

Droplet Phase (Dp > 10um)
Chemical coupling in the atmospheric gas, particle, and droplet phases (Meng, et al., 1997).
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Southeast and Midwest United States

Atlantic Ocean

MN
WI
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FL

Midwest United 
States makes up 
16% of U.S. area
Southeast United 
States makes up 
12% of U.S. area

Atlantic
Ocean



Data Used
(Southeast and Midwest United States)

2002 USDA Census of Agriculture
County-level animal activities inventories 

National Atmospheric Deposition Program/National 
Trends Network (NADP/NTN) 

Ammonium ion concentrations in precipitation
59 sites

Hybrid Single-Particle LaGrangian Integrated 
Trajectory (HYSPLIT) Model

Back-trajectories for source-receptor relationship



Estimating Agricultural NH3 Emissions

Activity Data:  U.S. Census of Agriculture for 2002 at county-level

Emission Rate (kg NH3 year-1) =

Activity Data (animal population) * Emission Factor (kg NH3 animal-1 year-1)

Beef and Dairy Cattle
Hogs and Pigs
Chickens
Broilers

Turkeys
Horses
Sheep
Fertilizer Application 
(AAPFCO)



Ammonia Emissions Factors for Agricultural Operations

Source Emissions Factor
(kg NH3 animal-1 year -1)

Beef Cattle 10.2
Dairy Cattle 28.04
Horses 8
Hogs and Pigs

Sows 16.43
Fattening Pigs 6.39

Sheep 1.34
Broilers 0.28
Chicken

Laying Hens 0.37
Pullets 13-20 weeks old 0.269
Pullets <13 weeks old 0.17

Turkeys 0.858

Source:  Aneja, V.P., D.R. Nelson, P.A. Roelle, J.T. Walker, and W. Battye, Agricultural ammonia emissions and
ammonium concentrations associated with aerosols and precipitation in the southeast United States.  J. Geophys. Res., 
108(D4), 4152, doi:10.1029/2002JD002271, 2003.



U.S. EPA WATER9 Model
Ammonia Flux Measurements



Ammonia Emissions in the 
Southeast and Midwest United States

Source Total Emissions in Southeast (kTon) Total Emissions in Midwest (kTon)

Beef Cattle 65.1 67.1

Dairy Cattle 45.1 49.1

Horses 6.5 5.7

Hogs 220.0 91.0

Sheep 1.3 1.6

Broilers 17.9 168.0

Chickens 40.1 26.3

Turkeys 35.1 16.5

Fertilizer 70.1 107.5

TOTAL 491.2 532.8

12%

8%

1%

38%0%
4%

7%

6%

24%

BEEF
DAIRY
HORSE
HOGS
SHEEP
BROILERS
CHICKEN
TURKEYS
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10%
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19%
36%
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12%



Spatial Distribution of Agricultural Ammonia Emissions

(kg/sq. mile/ year)





0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9

1

0 20 40 60 80 100 120

NH4
predicted
Linear Trend

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9

1

0 20 40 60 80 100 120

wetnh4
predicted
Linear Trend

(b)  Site KY35  Rowan County, KY
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(a) Site NC35  Sampson County, NC
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Trends in  NH4
+ Concentration in Precipitation

• Mean NH4
+ concentration in 

precipitation rose from 0.2 mg/l in 
1990 to 0.48 mg/l in 1998

• Mean NH4
+ concentration in 

precipitation rose from 0.2 mg/l in 
1990 to 0.35 mg/l in 1998



Ammonium Ion Concentrations

R-square values for correlation between NH3
emissions and NH4

+ concentrations in 
precipitation

Midwest:  0.531
Southeast:  0.384

Differences attributed to meteorological 
conditions, long range transport and more 
uniform conditions over the Midwest
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Growth in North Carolina Hog Population



2003 North Carolina
Swine Population Distribution

Number Hogs

Source: http://www.ncagr.com/stats/cnty_est/ctyhogyv.htm

Most hogs live here!
NC 35

South Carolina Atlantic Ocean

Tennessee

Atlantic
Ocean

S. Carolina

Raleigh



Trends in Ammonium Concentrations Before/After 
Moratorium

4-week Averaged NH4+ wet deposition concentrations at high 
ammonia emission North Carolina NADP sites (1997-2004):  

During Moratorium

SLOPE = 3E-05
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4-week Averaged NH4+ wet deposition concentrations at high 
ammonia emission North Carolina NADP site:  NC 35 Sampson 

County (1989-1996):  Pre-Moratorium
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Trends in Ammonium Concentrations Before/After 
Moratorium

Over Sampson County (NC 35), annual rate 
of increase in NH4

+ ion concentration in 
precipitation dropped from 9% to 4% per 
year

in the heart of the high hog density region



Conclusions

A county-level NH3 emissions inventory (high resolution) for agricultural 
sources was developed for the Southeast United States
Three regions of elevated NH3 emissions were identified in the Southeast 
United States

Area I – Eastern North Carolina
Area II – Northeast Georgia
Area III – North-Central Alabama

Two regions of elevated NH3 emissions were identified in the Midwest 
United States

Area I – Central Iowa
Area II – Western Ohio

Results of wet NH4
+ concentration in precipitation regression revealed 

that ammonia emissions are statistically significant
An increasing trend in NH4

+ concentration in precipitation was found at 
NADP sites NC35 and IA23
Spatial distribution of NH4

+ concentrations in precipitation agreed well with 
the spatial distribution of estimated NH3 emissions
Ammonia emission signature reflects the moratorium in hog production as 
seen in the precipitation chemistry



Source: http://daq.state.nc.us/toxics/studies/H2S

North Carolina
2002 H2S Emissions Inventory

What about Animal Feeding Operations???
No data available due to poor data quality

U.S. EPA estimates ~40 Million lb (20,000 tons) H2S yr-1 in N.C. based on 

Midwest farm emission factors (unpublished data)

Total = 11.9 Million lb (6000 tons) H2S yr-1

Fertilizer
56%

Pulp + Paper
44%

Other
0% Asphalt 0%

Mineral Wool
0%



Global Non-Industrial Sources of Sulfur
in the Atmosphere (Gmol yr-1)*

Source Hydrogen
sulfide

Dimethyl
sulfide

Carbon
Disulfide

Carbonyl
Sulfide

Oceans
Coastal Wetlands
Soils and Plants
Volcanoes
Biomass burning
Other

SUMS

< 9
0.2-30
2-56
16-47

-
-

18-133

500-1300
0.2-18
3-24

-
-
-

503-1342

2.4-9.5
0.2-1.2

0.4
0.2-2.4

-
-

3.3-14.1

2.7-7.8
2.3-7.8

-
0.1-1.5
0.7-4.3

4.5-14.8**

10.4-37.1

Source: Warneck (2000)

**Reaction of OH• with carbon disulfide and dimethyl sulfide
*1 Gmol-S = ~7,000,000 lb-S What about Animal Feeding Operations???

No data available due to poor data quality
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