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�gricultural activities contribute directly to emissions of greenhouse gases through a variety of processes.

This chapter includes the following sources: enteric fermentation in domestic livestock, livestock manure

management, rice cultivation, agricultural soil management, and agricultural residue burning (see Figure 5-1). Agri-

culture-related land-use activities, such as conversion of

grassland to cultivated land, are discussed in the Land-

Use Change and Forestry chapter.

In 1998, agricultural activities were responsible

for emissions of 148.4 MMTCE, or 8 percent of total

U.S. greenhouse gas emissions. Methane (CH4) and ni-

trous oxide (N2O) were the primary greenhouse gases

emitted by agricultural activities. Methane emissions

from enteric fermentation and manure management rep-

resent about 19 and 13 percent of total CH4 emissions

from anthropogenic activities, respectively. Of all do-

mestic animal types, beef and dairy cattle were by far the

largest emitters of methane. Rice cultivation and agri-

cultural crop residue burning were minor sources of meth-

ane. Agricultural soil management activities such as fer-

tilizer application and other cropping practices were the

largest source of U.S. N2O emissions, accounting for 71

percent. Manure management and agricultural residue

burning were also smaller sources of N2O emissions.

Table 5-1 and Table 5-2 present emission estimates for the Agriculture chapter. Between 1990 and 1998, CH4

emissions from agricultural activities increased by 19 percent while N2O emissions increased by 12 percent. In

addition to CH4 and N2O, agricultural residue burning was also a minor source of the criteria pollutants carbon

monoxide (CO) and nitrogen oxides (NOx).
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Methane (CH4) is produced as part of normal di-

gestive processes in animals. During digestion, microbes

resident in an animal’s digestive system ferment food

consumed by the animal. This microbial fermentation

process, referred to as enteric fermentation, produces

methane as a by-product, which can be exhaled or eruc-

tated by the animal. The amount of methane produced

and excreted by an individual animal depends primarily

upon the animal’s digestive system, and the amount and

type of feed it consumes.

Among domestic animal types, ruminant animals

(e.g., cattle, buffalo, sheep, goats, and camels) are the

major emitters of anthropogenic methane because of their

unique digestive system. Ruminants possess a rumen, or

large “fore-stomach,” in which microbial fermentation

breaks down the feed they consume into soluble prod-

ucts that can be utilized by the animal. The microbial
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fermentation that occurs in the rumen enables them to

digest coarse plant material that non-ruminant animals

cannot. Ruminant animals, consequently, have the high-

est methane emissions among all animal types.

Non-ruminant domestic animals (e.g., pigs, horses,

mules, rabbits, and guinea pigs) also produce anthropo-

genic methane emissions through enteric fermentation,

although this microbial fermentation occurs in the large

intestine. These non-ruminants have significantly lower

methane emissions than ruminants because the capacity

of the large intestine to produce methane is lower.

In addition to the type of digestive system, an

animal’s feed intake also affects methane excretion. In

general, a higher feed intake leads to higher methane

emissions. Feed intake is positively related to animal

size, growth rate, and production (e.g., milk production,

wool growth, pregnancy, or work). Therefore, feed in-

take varies among animal types as well as among differ-

ent management practices for individual animal types.
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Methane emission estimates from enteric fermen-

tation are shown in Table 5-3 and Table 5-4. Total live-

stock emissions in 1998 were 33.7 MMTCE (5,885 Gg).

Emissions from dairy cattle remained relatively constant

from 1990 to 1998 despite a steady increase in milk

production. During this time, emissions per cow in-

creased due to a rise in milk production per dairy cow

(see Table 5-5); however, this trend was offset by a de-

cline in the dairy cow population. Beef cattle emissions

continued to decline, caused by the second consecutive

year of declining cattle populations. Methane emissions

from other animals have remained relatively constant.

$��%�&�"�'(
Livestock emission estimates fall into two catego-

ries: cattle and other domesticated animals. Cattle, due

to their large population, large size, and particular di-

gestive characteristics, account for the majority of meth-

ane emissions from livestock in the United States and

are handled separately. Also, cattle production systems

in the United States are well characterized in compari-

son with other livestock management systems. Overall,

emissions estimates were derived using emission fac-

tors, which were multiplied by animal population data.

While the large diversity of animal management

practices cannot be precisely characterized and evalu-

ated, significant scientific literature exists that describes

the quantity of methane produced by individual rumi-

nant animals, particularly cattle. A detailed model that

incorporates this information and other analyses of feed-

ing practices and production characteristics was used to

estimate emissions from cattle populations.

To derive emission factors for the various types of

cattle found in the United States, a mechanistic model of

rumen digestion and animal production was applied to

data on thirty-two different diets and nine different cattle

types (Baldwin et al. 1987a and b).1 The cattle types

were defined to represent the different sizes, ages, feed-

ing systems, and management systems that are typically

found in the United States. Representative diets were

1 The basic model of Baldwin et al. (1987a and b) was revised somewhat to allow for evaluations of a greater range of animal types and
diets. See EPA (1993).
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defined for each category of animal, reflecting the feeds

and forages consumed by cattle type and region. Using

this model, emission factors were derived for each com-

bination of animal type and representative diet. Based

upon the level of use of each diet in the five regions,

average regional emission factors for each of the nine

cattle types were derived.2 These emission factors were

then multiplied by the applicable animal populations

from each region.

For dairy and beef cows and replacements, emis-

sion estimates were developed using regional emission

factors. Dairy cow emission factors were modified to re-

flect changing—primarily increasing—milk production

per cow over time in each region. All other emission

factors were held constant over time. Emissions from

other cattle types were estimated using national average

emission factors.

Emissions estimates for other animal types were

based upon average emission factors representative of

entire populations of each animal type. Methane emis-

sions from these animals accounted for a minor portion

of total methane emissions from livestock in the United

States. Also, the variability in emission factors for each

of these other animal types (e.g., variability by age, pro-

duction system, and feeding practice within each ani-

mal type) is less than that for cattle.

See Annex H for more detailed information on the

methodology and data used to calculate methane emis-

sions from enteric fermentation.

+�����������
The emission estimates for all domestic livestock

were determined using a mechanistic model of rumen

digestion and emission factors developed in EPA (1993).

For dairy and beef cows and replacements, regional emis-

sion factors were used from EPA (1993). Emissions from

other cattle types were estimated using national average

emission factors from EPA (1993). Methane emissions

from sheep, goats, pigs, and horses were estimated by

using emission factors utilized in Crutzen et al. (1986)

and annual population data from U.S. Department of

Agriculture statistical reports (USDA 1994a-b, 1995a-d,

1996, 1997, 1998a-c, 1999a-i). These emission factors

are representative of typical animal sizes, feed intakes,

and feed characteristics in developed countries. The

methodology employed in EPA (1993) is the same as

those recommended in IPCC (1997). All livestock popu-

lation data were taken from USDA statistical reports. See

the following section on manure management for a com-

plete listing of reports cited. Table 5-5 provides a sum-

mary of cattle population and milk production data.

,���������(
The diets analyzed using the rumen digestion

model include broad representations of the types of feed

consumed within each region. Therefore, the full diver-

sity of feeding strategies employed in the United States

is not represented and the emission factors used may be

biased. The rumen digestion model, however, has been

validated by experimental data. Animal population and

production statistics, particularly for beef cows and other

grazing cattle, are also uncertain. Overall, the uncertainty

in the emission estimate is estimated to be roughly “20

percent (EPA 1993).

$������$���'�
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The management of livestock manure can produce

anthropogenic methane (CH4) and nitrous oxide (N2O)

emissions. Methane is produced by the anaerobic de-

composition of manure. Nitrous oxide is produced as

part of the nitrogen cycle through the nitrification and
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2 Feed intake of bulls does not vary significantly by region, so only a national emission factor was derived for this cattle type.
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denitrification of the organic nitrogen in livestock ma-

nure and urine.

When livestock and poultry manure is stored or

treated in systems that promote anaerobic conditions

(e.g., as a liquid in lagoons, ponds, tanks, or pits), the

decomposition of materials in manure tends to produce

methane. When manure is handled as a solid (e.g., in

stacks or pits) or deposited on pastures and range lands,

it tends to decompose aerobically and produce little or

no methane. A number of other factors related to how the

manure is handled also affect the amount of methane

produced: 1) air temperature and moisture affect the

amount of methane produced because they influence

the growth of the bacteria responsible for methane for-

mation; 2) methane production generally increases with

rising temperature and residency time; and 3) for non-

liquid based manure systems, moist conditions (which

are a function of rainfall and humidity) favor methane

production. Although the majority of manure is handled

as a solid, producing little methane, the general trend in

manure management, particularly for dairy and swine

producers, is one of increasing usage of liquid systems.

The composition of the manure also affects the

amount of methane produced. Manure composition var-

ies by animal type and diet. The greater the energy con-

tent and digestibility of the feed, the greater the poten-

tial for methane emissions. For example, feedlot cattle

fed a high energy grain diet generate manure with a high

methane-producing capacity. Range cattle feeding on a

low energy diet of forage material produce manure with

roughly half the methane-producing potential of feed-

lot cattle manure.

The amount of N2O produced depends on the ma-

nure and urine composition, the type of bacteria involved

in the process and the amount of oxygen and liquid in

the manure system. Nitrous oxide emissions result from

livestock manure and urine that is managed using liquid

and slurry systems, as well as manure and urine that is

collected and stored as a solid. Nitrous oxide emissions

from unmanaged livestock manure and urine on pas-

tures, ranges, and paddocks, as well as from manure and

urine that is spread onto fields either directly as “daily

spread,” or after it is removed from manure management

systems (e.g., lagoon, pit, etc.) is accounted for and dis-

cussed under Agricultural Soil Management.

Table 5-6, Table 5-7, and Table 5-8 provide esti-

mates of methane and N2O emissions from manure man-

agement by animal category. Estimates for methane emis-

sions in 1998 were 22.9 MMTCE (3,990 Gg), 53 percent

higher than in 1990. The majority of the increase in

methane emissions was from swine and dairy cow ma-

nure and are attributed to shifts by the swine and dairy

industries towards larger facilities. Larger swine and dairy

farms tend to use flush or scrape liquid systems. Thus the

shift towards larger facilities is translated into an in-

creasing use of liquid systems. This shift was accounted

for by incorporating weighted methane conversion fac-

tor (MCF) values calculated from the 1997 farm-size dis-

tribution reported in the 1997 Census of Agriculture

(USDA 1999m). An increase in feed consumption by dairy

cows to maximize milk production is also accounted for

in the estimates. A detailed description of the methodol-

ogy is provided in Annex I.

Total N2O emissions from managed manure sys-

tems in 1998 were estimated to be 4.0 MMTCE (47 Gg).

The 19 percent increase in N2O emissions from 1990 to

1998 can be partially attributed to an increase in the

population of poultry and swine. The population of beef

cattle in feedlots, which tend to use managed manure

systems, also increased. As stated previously, N2O emis-

sions from unmanaged livestock manure is accounted

for under Agricultural Soil Management. Methane emis-

sions were mostly unaffected by this increase in the beef

cattle population because feedlot cattle use solid stor-

age systems, which produce little methane.

$��%�&�"�'(
The methodologies presented in EPA (1993) form

the basis of the methane emissions estimates for each

animal type. The calculation of emissions requires the

following information:

● Amount of manure produced (amount per head times

number of head)

● Portion of the manure that is volatile solids (by ani-

mal type)

● Methane producing potential of the volatile solids

(by animal type)
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● Extent to which the methane producing potential is

realized for each type of manure management sys-

tem (by state and manure management system)

● Portion of manure managed in each manure man-

agement system (by state and animal type)

For swine and dairy cattle —the two largest emit-

ters of methane—estimates were developed using state-

level animal population data and average weighted

MCFs for each state. These weighted MCFs were deter-

mined for each farm size category based on the general

relationship between farm sizes and manure system us-

age, where larger facilities will tend to use liquid sys-

tems. These values were further adjusted to harmonize

with emissions reported in EPA (1993). For other animal

types, 1990 state-level emission estimates from the de-

tailed analysis presented in EPA (1993) were scaled by

the change in the state population.

Nitrous oxide emissions were estimated by first

determining manure management system usage. Manure

system usage for swine and dairy cows were based on

assumptions of system usage for the respective popula-

tions’ farm size distribution. Total Kjeldahl nitrogen3

production was calculated for all livestock using live-

stock population data and nitrogen excretion rates. Ni-

trous oxide emission factors specific to the type of ma-

nure management system were then applied to total ni-

trogen production to estimate N2O emissions.

See Annex I for more detailed information on the

methodology and data used to calculate methane emis-

sions from manure management. The same activity data

were also used to calculate N2O emissions.

+�����������
Annual livestock population data for all livestock

types except horses were obtained from the U.S. Depart-

ment of Agriculture’s National Agricultural Statistics

Service (USDA 1994a, 1995 a-e, 1996a-b, 1997a-b,

1998a-d, 1999a-k). Horse population data were obtained

from the FAOSTAT database (FAO 1999). Data on farm

size distribution for dairy cows and swine were taken

from the U.S. Department of Commerce (DOC 1995,

1987). Manure management system usage data for other

livestock were taken from EPA (1992). Nitrogen excre-

tion rate data were developed by the American Society

of Agricultural Engineers (ASAE 1999). Nitrous oxide

emission factors were taken from IPCC/UNEP/OECD/

IEA (1997). Manure management systems characterized

as “Other” generally refers to deep pit and litter systems.

The IPCC N2O emission factor for “other” systems (0.005

kg N2O/kg N excreted), was determined to be inconsis-

tent with the characteristics of these management sys-

tems. Therefore, in its place the solid storage/drylot emis-

sion factor was used.

,���������(
The primary factors contributing to the uncertainty

in emission estimates are a lack of information on the

usage of various manure management systems in each

state and the exact methane generating characteristics

of each type of manure management system. Because of

significant shifts in the swine and dairy sectors toward

larger farms, it is believed that increasing amounts of

manure are being managed in liquid manure manage-

ment systems. The existing estimates reflect these shifts

in the weighted MCFs based on the 1997 farm-size data.

However, the assumption of a direct relationship between

farm-size and liquid system usage may not apply in all

cases. In addition, the methane generating characteris-

tics of each manure management system type are based

on relatively few laboratory and field measurements, and

may not match the diversity of conditions under which

manure is managed nationally.

The N2O emission factors published in IPCC/

UNEP/OECD/IEA (1997) were also derived using lim-

ited information. The IPCC factors are global averages;

U.S.-specific emission factors may be significantly dif-

ferent. Manure and urine in anaerobic lagoons and liq-

uid/slurry management systems produce methane at dif-

ferent rates, and would in all likelihood produce N2O at

different rates, although a single emission factor was used

for both system types.

3 Total Kjeldahl nitrogen is a measure of organically bound nitrogen and ammonia nitrogen.
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Most of the world’s rice, and all rice in the United

States, is grown on flooded fields. When fields are

flooded, aerobic decomposition of organic material

gradually depletes the oxygen present in the soil and

floodwater, causing anaerobic conditions in the soil to

develop. Once the environment becomes anaerobic, meth-

ane is produced through anaerobic decomposition of

soil organic matter by methanogenic bacteria. As much

as 60 to 90 percent of the methane produced, however, is

oxidized by aerobic methanotrophic bacteria in the soil

(Holzapfel-Pschorn et al. 1985, Sass et al. 1990). Some

of the methane is also leached away as dissolved meth-

ane in floodwater that percolates from the field. The re-

maining un-oxidized methane is transported from the

submerged soil to the atmosphere primarily by diffusive

transport through the rice plants. Some methane also

escapes from the soil via diffusion and bubbling through

floodwaters.

The water management system under which rice is

grown is one of the most important factors affecting

methane emissions. Upland rice fields are not flooded,

and therefore are not believed to produce methane. In

deepwater rice fields (i.e., fields with flooding depths

greater than one meter), the lower stems and roots of the

rice plants are dead so the primary methane transport

pathway to the atmosphere is blocked. The quantities of

methane released from deepwater fields, therefore, are

believed to be significantly less than the quantities re-

leased from areas with more shallow flooding depths.

Some flooded fields are drained periodically during the

growing season, either intentionally or accidentally. If

water is drained and soils are allowed to dry sufficiently,

methane emissions decrease or stop entirely. This is due

to soil aeration, which not only causes existing soil meth-

ane to oxidize but also inhibits further methane produc-

tion in soils. All rice in the United States is grown under

continuously flooded conditions; none is grown under

deepwater conditions.

Other factors that influence methane emissions

from flooded rice fields include fertilization practices

(especially the use of organic fertilizers,) soil tempera-

ture, soil type, cultivar selection, and cultivation prac-

tices (e.g., tillage, and seeding and weeding practices).

The factors that determine the amount of organic mate-

rial that is available to decompose, i.e., organic fertilizer

use, soil type, cultivar type4, and cultivation practices,

are the most important variables influencing methane

emissions over an entire growing season because the

total amount of methane released depends primarily on

the amount of organic substrate available. Soil tempera-

ture is known to be an important factor regulating the

activity of methanogenic bacteria, and therefore the rate

of methane production. However, although temperature

controls the amount of time it takes to convert a given

amount of organic material to methane, that time is short

relative to a growing season, so the dependence of emis-

sions over an entire growing season on soil temperature

is weak. The application of synthetic fertilizers has also

been found to influence methane emissions; in particu-

lar, both nitrate and sulfate fertilizers (e.g., ammonium

nitrate, and ammonium sulfate) appear to inhibit meth-

ane formation. In the United States, soil types, soil tem-

peratures, cultivar types, and cultivation practices for

rice vary from region to region, and even from farm to

farm. However, most rice farmers utilize organic fertiliz-

ers in the form of rice residue from the previous crop,

which is left standing, disked, or rolled into the fields.

Most farmers also apply synthetic fertilizer to their fields,

usually urea. Nitrate and sulfate fertilizers are not com-

monly used in rice cultivation in the United States. In

addition, the climatic conditions of Arkansas, southwest

Louisiana, Texas, and Florida allow for a second, or ra-

toon, rice crop. This second rice crop is produced on the

stubble after the first crop has been harvested. Because

the first crop’s stubble is left behind in ratooned fields,

the amount of organic material that is available for de-

composition is considerably higher than with the first

(i.e., primary) crop. Methane emissions from ratoon crops

have been found to be considerably higher than those

from the primary crop.

Rice cultivation is a small source of methane emis-

sions in the United States (2 percent). Rice is cultivated

4 The roots of rice plants shed organic material. The amount of root exudates produced varies among cultivar types.
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in seven states: Arkansas, California, Florida, Louisiana,

Mississippi, Missouri, and Texas. Estimates of total an-

nual CH4 emissions from rice cultivation range from 2.3

to 2.7 MMTCE (404 to 476 Gg CH4) for the years 1990

to 1998 (Table 5-9 and Table 5-10). There was no appar-

ent trend over the nine year period, although total emis-

sions increased by 15 percent between 1990 and 1998

due to an increase in harvested area.

The factors that affect the rice area harvested vary

from state to state.5 In Florida, the state having the small-

est harvested rice area, rice acreage is largely a function

of sugarcane acreage. Sugarcane fields are flooded each

year to control pests, and on this flooded land a rice crop

is grown along with a ratoon crop of sugarcane

(Schueneman 1997). In Missouri, rice acreage is affected

by weather (e.g., rain during the planting season may

prevent the planting of rice), the price differential be-

tween soybeans and rice (e.g., if soybean prices are higher,

then soybeans may be planted on some of the land which

would otherwise have been planted in rice), and govern-

ment support programs (Stevens 1997). The price differ-

ential between soybeans and rice also affects rice acre-

age in Mississippi. Rice in Mississippi is usually rotated

with soybeans, but if soybean prices increase relative to

rice prices, then some of the acreage that would have

been planted in rice, is instead planted in soybeans (Street

1997). In Texas, rice production, and thus, harvested area,

are affected by both government programs and the cost

of production (Klosterboer 1997). California rice area is

influenced by water availability as well as government

programs and commodity prices. In Louisiana, rice area

is influenced by government programs, weather condi-

tions (e.g., rainfall during the planting season), as well

as the price differential between rice and corn and other

crops (Saichuk 1997). Arkansas rice area has been influ-

enced in the past by government programs. However,
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5 The statistic “area harvested” accounts for double cropping, i.e., if one hectare is cultivated twice in one year, then that hectare is
counted as two hectares harvested.
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due to the phase-out of these programs nationally, which

began in 1996, spring commodity prices have had a

greater effect on the amount of land planted in rice in

recent years (Mayhew 1997).

$��%�&�"�'(
The Revised 1996 IPCC Guidelines (IPCC/UNEP/

OECD/IEA 1997) recommend applying a seasonal emis-

sion factor to the annual harvested rice area to estimate

annual CH4 emissions. This methodology assumes that

a seasonal emission factor is available for all growing

conditions. Because season lengths are quite variable

both within and among states in the United States, and

because flux measurements have not been taken under

all growing conditions in the United States, an earlier

IPCC methodology (IPCC/UNEP/OECD/IEA 1995) has

been applied here, using season lengths that vary slightly

from the recommended approach. The 1995 IPCC Guide-

lines recommend multiplying a daily average emission

factor by growing season length and annual harvested

area. The IPCC Guidelines suggest that the “growing”

season be used to calculate emissions based on the as-

sumption that emission factors are derived from mea-

surements over the whole growing season rather than

just the flooding season. Applying this assumption to

the United States, however, would result in an overesti-

mate of emissions because the emission factors devel-

oped for the United States are based on measurements

over the flooding, rather than the growing, season. There-

fore, the method used here is based on the number of

days of flooding during the growing season and a daily

average emission factor, which is multiplied by the har-

vested area. Agricultural extension agents in each of the

seven states in the United States that produce rice were

contacted to determine water management practices and

flooding season lengths in each state. Although all con-

tacts reported that rice growing areas were continuously

flooded, flooding season lengths varied considerably

among states; therefore, emissions were calculated sepa-

rately for each state.

Emissions from ratooned and primary areas are es-

timated separately. Information on ratoon flooding sea-

son lengths was collected from agricultural extension

agents in the states that practice ratooning, and emis-

sion factors for both the primary season and the ratoon

season were derived from published results of field ex-

periments in the United States.

+�����������
The harvested rice areas for the primary and ratoon

crops in each state are presented in Table 5-11. Data for

all states except Florida for 1990 through 1995 were

taken from U.S. Department of Agriculture’s National

Agriculture Statistics Data—Historical Data (USDA

1999b). The data for 1996 through 1998 were obtained

from the Crop Production 1998 Summary (USDA 1999a).

Harvested rice areas in Florida from 1990 to 1998 were

obtained from Tom Schueneman (1999b, 1999c), a

Florida Agricultural Extension Agent. Acreages for the

ratoon crops were derived from conversations with the

agricultural extension agents in each state. In Arkansas,

ratooning occurred only in 1998, when the ratooned area

was less than 1 percent of the primary area (Slaton 1999a).

In the other three states in which ratooning is practiced

(i.e., Florida, Louisiana, and Texas), the percentage of

the primary area that was ratooned was constant over the

entire 1990 to 1998 period. In Florida, the ratooned area

was 50 percent of the primary area (Schueneman 1999a),

in Louisiana it was 30 percent (Linscombe 1999a), and

in Texas it was 40 percent (Klosterboer 1999a).

Information about flooding season lengths was

obtained from agricultural extension agents in each state

(Beck 1999, Guethle 1999, Klosterboer 1999b,

Linscombe 1999b, Scardaci 1999a and 1999b,

Schueneman 1999b, Slaton 1999b, Street 1999a and

1999b). These data are presented in Table 5-12.

To determine what daily methane emission factors

should be used for the primary and ratoon crops, meth-

ane flux information from all the rice field measurements

made in the United States was collected. Experiments in

which nitrate and sulfate fertilizers, or other substances

known to suppress methane formation, were applied, as

well as experiments in which measurements were not

made over an entire flooding season or in which flood-

waters were drained mid-season, were excluded from the

analysis. This left ten field experiments from California

(Cicerone et al. 1992), Texas (Sass et al. 1990, 1991a,

1991b, 1992), and Louisiana (Lindau et al. 1991, Lindau
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and Bollich 1993, Lindau et al. 1993, Lindau et al. 1995,

Lindau et al. 1998).6 These experimental results were

then sorted by season and type of fertilizer amendment

(i.e., no fertilizer added, organic fertilizer added, and

synthetic and organic fertilizer added). The results for

the primary crop showed no consistent correlation be-

tween emission rate and type or magnitude of fertilizer

application. Although individual experiments have

shown a significant increase in emissions when organic

fertilizers are added, when the results were combined,

emissions from fields that receive organic fertilizers were

not found to be, on average, higher that those from fields

that receive synthetic fertilizer only. In addition, there

appeared to be no correlation between fertilizer applica-

tion rate and emission rate, either for synthetic or or-

ganic fertilizers. These somewhat surprising results are

probably due to other variables that have not been taken

into account, such as timing and mode of fertilizer ap-

plication, soil type, cultivar type, and other cultivation

practices. There were limited results from ratooned fields.

Of those that received synthetic fertilizers, there was no

consistent correlation between emission rate and amount

of fertilizer applied, however, the type of synthetic fer-

tilizer did not vary among experiments. In contrast, all

the ratooned fields that received synthetic fertilizer had

emission rates that were higher than the one ratoon ex-

periment in which no synthetic fertilizer was applied.

Given these results, the highest and lowest emission rates

measured in primary fields that received synthetic fertil-

izer only—which bounded the results from fields that
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6 In some of these remaining experiments, measurements from individual plots were excluded from the analysis because of the reasons
just mentioned. In addition, one measurement from the ratooned fields (i.e., the flux of 2.041 g/m2/day in Lindau and Bollich 1993)
was excluded since this emission rate is unusually high compared to other flux measurements in the United States, as well as in Europe
and Asia (IPCC/UNEP/OECD/IEA 1997).
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received both synthetic and organic fertilizers—was used

as the emission factor range for the primary crop, and the

lowest and highest emission rates measured in all the

ratooned fields was used as the emission factor range for

the ratoon crop. These ranges are 0.020 to 0.609 g/m2-

day for the primary crop, and 0.301 to 0.933 g/m2-day

for the ratoon crop.

,���������(
The largest uncertainty in the calculation of CH4

emissions from rice cultivation is associated with the emis-

sion factors applied. Daily average emissions, derived

from field measurements in the United States, vary by

more than one order of magnitude (IPCC/UNEP/OECD/

IEA 1997). This variability is due to differences in culti-

vation practices, particularly the type, amount, and mode

of fertilizer application; differences in cultivar type; and

differences in soil and climatic conditions. By separat-

ing primary from ratooned areas, this Inventory has ac-

counted for more of this variability than previous inven-

tories. However, a range for both the primary (0.315 g/

m2day ±93 percent) and ratoon crop (0.617 g/m2day ±51

percent) has been used in these calculations to reflect the

remaining uncertainty. Based on this range, total meth-

ane emissions from rice cultivation in 1998 were esti-

mated to have been approximately 0.43 to 5.0 MMTCE

(75 to 876 Gg CH4), or 2.7 MMTCE ±84 percent.

Another source of uncertainty is in the flooding

season lengths used for each state. Flooding seasons in

each state may fluctuate from year to year, and thus a

range has been used to reflect this uncertainty. Even

within a state, flooding seasons can vary by county and

cultivar type (Linscombe 1999a).

The last source of uncertainty is in the practice of

flooding outside of the normal rice season. According to

the agriculture extension agents, all of the rice-growing

states practice this on some part of their rice acreage,

ranging from 5 to 33 percent of the rice acreage. Fields

are flooded for a variety of reasons: to provide habitat

for waterfowl, to provide ponds for crawfish production,

and to aid in rice straw decomposition. To date, methane

flux measurements have not been undertaken in these

flooded areas.

As scientific understanding improves, these emis-

sion estimates will be adjusted to better reflect these

variables.

)'����"����"����"�$���'�
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Nitrous oxide (N2O) is produced naturally in soils

through the microbial processes of nitrification and deni-

trification.7 A number of agricultural activities add ni-

trogen to soils, thereby increasing the amount of nitro-

gen available for nitrification and denitrification, and

ultimately the amount of N2O emitted. These activities

may add nitrogen to soils either directly or indirectly.

Direct additions occur through various soil management

practices (i.e., application of synthetic and organic fer-

tilizers, application of sewage sludge, application of

animal wastes, production of nitrogen-fixing crops, ap-

plication of crop residues, and cultivation of high or-

ganic content soils, which are also called histosols), and

through animal grazing (i.e., direct deposition of animal

wastes on pastures, range, and paddocks by grazing ani-

mals). Indirect additions occur through two mechanisms:

1) volatilization of applied nitrogen (i.e., fertilizer, sew-

age sludge and animal waste) as ammonia (NH3) and

oxides of nitrogen (NOx) and subsequent atmospheric

deposition of that nitrogen in the form of ammonium

(NH4) and oxides of nitrogen (NOx); and 2) surface run-

off and leaching of applied nitrogen into aquatic sys-

tems. Figure 5-2 illustrates these sources and pathways

of nitrogen additions to soils in the United States. Other

agricultural soil management practices, such as irriga-

tion, drainage, tillage practices, and fallowing of land,

can affect fluxes of N2O, as well as other greenhouse

gases, to and from soils. However, because there are sig-

nificant uncertainties associated with these other fluxes,

they have not been estimated.

Estimates of annual N2O emissions from agricul-

tural soil management range from 75.3 to 83.9 MMTCE

7 Nitrification is the aerobic microbial oxidation of ammonium to nitrate, and denitrification is the anaerobic microbial reduction of
nitrate to dinitrogen gas (IPCC/UNEP/OECD/IEA 1997). Nitrous oxide is a gaseous intermediate product in the reaction sequences of
both processes, which leaks from microbial cells into the soil atmosphere.
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(891 to 992 Gg) for the years 1990 to 1998 (Table 5-13

and Table 5-14).8 Emission levels fluctuated moderately

during the 1990 to 1993 period, increased sharply in

1994, and fluctuated again through 1998. These fluc-

tuations are largely a reflection of annual variations in

synthetic nitrogen fertilizer consumption and crop pro-

duction. Synthetic nitrogen fertilizer consumption, and

production of corn and most beans and pulses, increased

in 1994 due to the 1993 flooding of the North Central

region and the intensive cultivation that followed. From

1997 to 1998, N2O emission estimates decreased by 0.4

percent. Over the nine-year period, total emissions of

N2O increased by approximately 11 percent.

This N2O source category is divided into

three components: (1) direct emissions from

managed soils due to N applications and culti-

vation of histosols; (2) direct emissions from

managed soils due to grazing animals; and (3)

emissions from soils indirectly induced by ap-

plications of nitrogen. Except where specifi-

cally noted, the emission estimates for all three

components follow the methodologies in the

Revised 1996 IPCC Guidelines (IPCC/UNEP/

OECD/IEA 1997).
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Estimates of N2O emissions from this

component are based on the total amount of

nitrogen that is applied to, or made available

to—in the case of histosol cultivation—soils

through various practices. The practices are:

(1) the application of synthetic and organic

fertilizers, (2) the application of sewage sludge,

(3) the application of livestock and poultry

waste through both daily spread and eventual

application of wastes that had been managed

in waste management systems (e.g., lagoons),

(4) the production of nitrogen-fixing crops, (5)

the application of crop residues, and (6) the

cultivation of histosols.

Annual synthetic and organic fertilizer consump-

tion data for the United States were taken from annual

publications on commercial fertilizer statistics (AAPFCO

1995, 1996, 1997, 1998; TVA 1990, 1992a,b, 1994).

Organic fertilizers included in these publications are

manure, compost, dried blood, sewage sludge, tankage9,

and “other”. The manure portion of the organic fertiliz-

ers was subtracted from the total organic fertilizer con-

sumption data to avoid double counting10. Fertilizer

consumption data are recorded in “fertilizer year” totals

(i.e., July to June), which were converted to calendar

year totals by assuming that approximately 35 percent

8 Note that these emission estimates include applications of N to all soils, but the phrase “Agricultural Soil Management” is kept for
consistency with the reporting structure of the Revised 1996 IPCC Guidelines.
9 Tankage is dried animal residue, usually freed from fat and gelatin.
10 The manure used in commercial fertilizer is accounted for when estimating the total amount of animal waste nitrogen applied to soils.
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of fertilizer usage occurred from July to December (TVA

1992b). July to December values were not available for

calendar year 1998, so a “least squares line” statistical

test using the past eight data points was used to arrive at

an approximate total. Data on the nitrogen content of

synthetic fertilizers were available in the published fer-

tilizer reports; however, these reports did not include

nitrogen content information for organic fertilizers. It

was assumed that 4.1 percent of non-manure organic fer-

tilizers on a mass basis was nitrogen (Terry 1997). An-

nual consumption of commercial fertilizers—synthetic

and non-manure organic—in units of nitrogen are pre-

sented in Table 5-15. The total amount of nitrogen con-

sumed from synthetic and non-manure organic fertiliz-

ers was reduced by 10 percent and 20 percent, respec-

tively, to account for the portion that volatilizes to NH3

and NOx (IPCC/UNEP/OECD/IEA 1997).

Data collected by the U.S. Environmental Protec-

tion Agency (EPA) were used to derive annual estimates

of nitrogen additions from land application of sewage

sludge. Sewage sludge is generated from the treatment

of raw sewage in public or private wastewater treatment

works. Based on a 1988 questionnaire returned from 600

publicly owned treatment works (POTWs), the EPA esti-

mated that 5.4 million metric tons of dry sewage sludge

were generated in the United States in that year (EPA

1993). Of this total, 36 percent was applied to land—

including agricultural applications, compost manufac-

ture, forest land application, and the reclamation of min-

ing areas—34.0 percent was disposed in landfills, 10.3

percent was surface-disposed (in open dumps), 16.1 per-

cent was incinerated, and 6.3 percent was dumped into

the oceans (EPA 1993). In 1997, the EPA conducted a

nationwide state-by-state study that estimated that ap-

proximately 7 million metric tons of dry sewage sludge

were generated by 12,000 POTWs (Bastian 1999). The

same study concluded that 54 percent of sewage sludge

generated that year was applied to land. Sewage sludge

production increased between 1988 and 1997 due to

increases in the number of treatment plants and the mag-

nitude of industrial wastewater treated, as well as changes

in sewage treatment techniques. The proportion of sew-

age sludge applied to land increased due to the passage

of legislation in 1989 that banned all ocean dumping of

sewage, as well as stricter laws regulating the use of land-

fills for sewage disposal (Bastian 1999). To estimate sew-

age sludge production for the 1990 to 1998 period, the

values for 1988 and 1997 were linearly interpolated. To
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estimate the proportion of sewage sludge that was ap-

plied to land, the values for 1988 and 1992 were linearly

interpolated; the 1992 value was estimated by assuming

all sewage sludge dumped in the ocean before 1992 was

land applied that year (i.e., 1991 was the last year ocean

dumping of sludge occurred). A second interpolation

was then calculated for the period 1992 to 1997 using

the 1997 value and the 1992 estimate. The rate of sew-

age sludge production destined for land application is

currently leveling off (Bastian 1999); in the absence of

more precise data for 1998, the 1997 estimate was used

for 1998. Anywhere between 1 to 6 percent of dry weight

sewage sludge is nitrogen, both in organic and inorganic

form (National Research Council 1996); 4 percent was

used as a conservative average estimate of the nitrogen

content in sewage sludge. Annual land application of

sewage sludge in units of nitrogen is presented in Table

5-15. As with non-manure organic fertilizer applications

to managed soils, it was assumed that 20 percent of the

sewage sludge nitrogen volatilizes. A portion of sewage

sludge is used as commercial fertilizer; application of

this nitrogen and associated N2O emissions are accounted

for under the organic fertilizer application category.

To estimate the amount of livestock and poultry

waste nitrogen applied to soils, it was assumed that all of

it will eventually be applied to soils with two excep-

tions. These exceptions are (1) the nitrogen in the poul-

try waste that is used as feed for ruminants (i.e., approxi-

mately 10 percent of the poultry waste), and (2) the ni-

trogen in the waste that is directly deposited onto fields

by grazing animals.11 Annual animal population data

for all livestock types, except horses, were obtained from

the USDA National Agricultural Statistics Service (USDA

1994b,c, 1995a,b, 1996a,b, 1997a,b, 1998a,b; 1999a-

g,i-m). Horse population data were obtained from the

FAOSTAT database (FAO 1999). Population data by ani-

mal type were multiplied by an average animal mass

constant (ASAE 1999) to derive total animal mass for

each animal type. Total Kjeldahl nitrogen12 excreted

per year (i.e., manure and urine) was then calculated us-

ing daily rates of nitrogen excretion per unit of animal

mass (ASAE 1999) (Table 5-16). The amount of animal

waste nitrogen directly deposited by grazing animals—

derived using manure management system usage data

and farm size (Safely et al. 1992, DOC 1995) as described

in the “Direct N2O Emissions from Grazing Animals”

section—was then subtracted from the total nitrogen.

Ten percent of the poultry waste nitrogen produced in

managed systems and used as feed for ruminants was

then subtracted. Finally, the total amount of nitrogen

from livestock and poultry waste applied to soils was

then reduced by 20 percent to account for the portion

that volatilizes to NH3 and NOx (IPCC/UNEP/OECD/

IEA 1997).

11 An additional exception is the nitrogen in the waste that will runoff from waste management systems due to inadequate management.
There is insufficient information with which to estimate this fraction of waste nitrogen.
12 Total Kjeldahl nitrogen is a measure of organically bound nitrogen and ammonia nitrogen.
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Annual production statistics for some of the nitro-

gen-fixing crops (i.e., beans, pulses, and alfalfa) were

taken from U.S. Department of Agriculture reports (USDA

1994a, 1997c, 1998c, 1999h). These statistics are pre-

sented in Table 5-17. Crop product values for beans and

pulses were expanded to total crop dry biomass, in mass

units of dry matter, by applying residue to crop ratios

and dry matter fractions for residue from Strehler and

Stützle (1987). Crop production for the alfalfa were con-

verted to dry matter mass units by applying a dry matter

fraction value estimated at 80 percent (Mosier 1998). To

convert to units of nitrogen, it was assumed that 3 per-

cent of the total crop dry mass for all crops was nitrogen

(IPCC/UNEP/OECD/IEA 1997).

There are no published annual production statis-

tics for non-alfalfa legumes used as forage in the United

States (i.e., red clover, white clover, birdsfoot trefoil,

arrowleaf clover, crimson clover, hairy vetch). Estimates

of average annual crop coverage density and crop area

were obtained through personal communications with

agricultural extension agents or faculty at agronomy and

soil science departments of universities. The estimates

of dry matter crop coverage density were obtained

through on-site experiment and measurement results

(Smith 1999, Peterson 1999, Mosjidis 1999). Estimates

of average annual crop areas at the national level are

reported in Taylor and Smith (1995). Estimates of an-

nual crop production were derived by multiplying the

crop coverage densities by the crop areas. Total nitrogen

content was estimated in the same manner as for alfalfa.

Annual production estimates for non-alfalfa forage le-

gumes are presented in Table 5-17.

To estimate the amount of nitrogen applied to soils

as crop residue, it was assumed that all residues from

corn, wheat, bean, and pulse production, except the frac-

tions that are burned in the field after harvest, were ei-

ther plowed under or left on the field.13 Annual produc-

tion statistics were taken from U.S. Department of Agri-

culture (USDA 1994a, 1997c, 1998c, 1999h). These sta-

tistics are presented in Table 5-17 and Table 5-18. Crop

residue biomass, in dry matter mass units, was calcu-

lated from the production statistics by applying residue

13 Although residue application mode would probably affect the magnitude of emissions, a methodology for estimating N2O emissions
for these two practices separately has not been developed yet.
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to crop mass ratios and dry matter fractions for residue

from Strehler and Stützle (1987). For wheat and corn,

nitrogen contents were taken from Barnard and

Kristoferson (1985). For beans and pulses, it was assumed

that 3 percent of the total crop residue was nitrogen (IPCC/

UNEP/OECD/IEA 1997). The crops whose residues were

burned in the field are corn, wheat, soybeans, and pea-

nuts. For these crop types, the total residue nitrogen was

reduced by 3 percent to subtract the fractions burned in

the field (see the Agricultural Residue Burning section).

Total crop nitrogen in the residues returned to soils

was then added to the unvolatilized applied nitrogen

from commercial fertilizers, sewage sludge, and animal

wastes, and the nitrogen fixation from bean, pulse, al-

falfa and non-alfalfa forage legume cultivation. The sum

was multiplied by the IPCC default emission factor

(0.0125 kg N2O-N/kg N applied) to estimate annual N2O

emissions from nitrogen applied to soils.

Statistics on the area of histosols cultivated each

year were not available; however, estimates for the years

1982 and 1992 were available from National Resources

Inventory (USDA 1994d). The area statistics for 1982

and 1992 were linearly interpolated to obtain area esti-

mates for 1990 and 1991, and linearly extrapolated to

obtain area estimates for 1993 to 1998 (Table 5-19). To

estimate annual N2O emissions from histosol cultiva-

tion, the histosol areas were multiplied by the default

emission factor (8 kg N2O-N/ha cultivated) recommended

in the draft IPCC paper on “good practice” in imple-

14 The Revised 1996 IPCC Guidelines (IPCC/UNEP/OECD/IEA 1997) indicate that emissions from animal wastes managed in solid
storage and drylot should also be included in the emissions from soils (see footnote “c” in Table 4-22 in the Reference Manual);
however, this instruction appeared to be an error (and footnote “b” should have been listed next to “Solid storage and drylot” in Table
4-22). Therefore, N2O emissions from livestock wastes managed in solid storage and drylot are reported under Manure Management,
rather than here. (See Annex H for a discussion of the activity data used to calculate emissions from the manure management source
category.)

menting the Revised 1996 IPCC Guidelines (IPCC

1999a). This recommended emission factor is based on

the results of recent measurements that indicate that ni-

trous oxide emissions from cultivated organic soils in

mid-latitudes are higher than previously estimated.

Annual N2O emissions from nitrogen applied to soils

were then added to annual N2O emissions from histosol

cultivation to estimate total annual direct N2O emissions

from agricultural cropping practices (Table 5-20).
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Estimates of N2O emissions from this component

were based on animal wastes that are not used as animal

feed, or applied to soils, or managed in manure manage-

ment systems, but instead are deposited directly on soils

by animals in pastures, range, and paddocks.14 It was

assumed that all unmanaged wastes fall into this cat-
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mainder was multiplied by the IPCC default emission

factor (0.02 kg N2O-N/kg N excreted) to estimate N2O

emissions (see Table 5-21).
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This component accounts for N2O that is emitted

indirectly from nitrogen applied as commercial fertil-

izer, sewage sludge, and animal waste. Through volatil-

ization, some of this nitrogen enters the atmosphere as

NH3 and NOx, and subsequently returns to soils through

atmospheric deposition, thereby enhancing N2O produc-

tion. Additional nitrogen is lost from soils through leach-

ing and runoff, and enters groundwater and surface wa-

ter systems, from which a portion is emitted as N2O. These

two indirect emission pathways are treated separately,

although the activity data used are identical.

Estimates of total nitrogen applied as commercial

fertilizer, sewage sludge, and animal waste were derived

using the same approach as was employed to estimate the

direct soil emissions. Annual application rates for syn-

thetic and non-manure organic fertilizer nitrogen were

derived from commercial fertilizer statistics as described

above (AAPFCO 1995, 1996, 1997, 1998; TVA 1990,

1992a and b, 1994). Annual application rates for sewage

sludge were also derived as described above. Annual to-

tal nitrogen excretion data for livestock and poultry by

animal type were derived from EPA data, also as described

above, using population statistics (USDA 1994b,c;

1995a,b; 1996a,b; 1997a,b; 1998a,b; 1999a-g,i-m; DOC

1987; and FAO 1999), average animal mass constants

(ASAE 1999), and daily rates of nitrogen excretion per

unit of animal mass (ASAE 1999). Annual nitrogen ex-

cretion was then summed over all animal types.

To estimate N2O emissions from volatilization and

subsequent atmospheric deposition, the methodology

described in the Revised 1996 IPCC Guidelines (IPCC/

UNEP/OECD/IEA 1997) was followed, where it is assumed

that 10 percent of the synthetic fertilizer nitrogen and 20

percent of animal waste (i.e., livestock and poultry) nitro-

gen applied as fertilizer are volatilized to NH3 and NOx. It

was then assumed that 1 percent of the total deposited

nitrogen is emitted as N2O. The same NH3 and NOx vola-

tilization and N2O emission rates as those used for animal

egory (Safely et al. 1992), except for unmanaged dairy

cow wastes. Although it is known that there is a small

portion of dairy cattle that graze, there are no available

statistics for this category, and therefore the simplifying

assumption is made that all unmanaged dairy cow wastes

fall into the daily spread category. Estimates of nitrogen

excretion by the remaining animals were derived from

animal population and weight statistics, information on

manure management system usage in the United States,

and nitrogen excretion values for each animal type.

Annual animal population data for all the remain-

ing livestock types, except horses, were obtained from

the USDA National Agricultural Statistics Service (USDA

1994b,c; 1995a,b; 1996a,b; 1997a,b; 1998a,b; 1999a-

g,i-m). Horse population data were obtained from the

FAOSTAT database (FAO 1999). Manure management

system utilization data for all livestock types except for

diary cattle and swine was taken from Safely et al (1992).

In the last few years, there has been a significant shift in

the dairy and swine industries toward larger, consoli-

dated facilities, which use manure management systems.

Based on the assumption that larger facilities have a

higher chance of using manure management systems,

farm-size distribution data reported in the 1992 and 1997

Census of Agriculture (DOC 1995, USDA 1999n) were

used to assess system utilization in the dairy and swine

industries. Populations in the larger farm categories were

assumed to utilize manure collection and storage sys-

tems; all the wastes from smaller farms were assumed to

be managed as pasture, range, and paddock. As stated

earlier, waste from manure collection and storage sys-

tems is covered under the manure management section.

Waste from pasture, range, and paddock is considered

direct depositing of waste, and is covered in this section.

For each animal type, the population of animals

within pasture, range, and paddock systems was multi-

plied by an average animal mass constant (ASAE 1999)

to derive total animal mass for each animal type. Total

Kjeldahl nitrogen excreted per year was then calculated

for each animal type using daily rates of nitrogen excre-

tion per unit of animal mass (ASAE 1999). Annual nitro-

gen excretion was then summed over all animal types

(see Table 5-21), and reduced by 20 percent to account

for the portion that volatilizes to NH3 and NOx. The re-
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waste fertilizer were used for nitrogen applied to land as

non-manure organic fertilizer and as sewage sludge. These

emission estimates are presented in Table 5-22.

To estimate N2O emissions from leaching and run-

off, it was assumed that 30 percent of the total nitrogen

applied to managed soils was lost to leaching and sur-

face runoff, and 2.5 percent of the lost nitrogen was emit-

ted as N2O (IPCC/UNEP/OECD/IEA 1997). These emis-

sion estimates are also presented in Table 5-22.

,���������(
A number of conditions can affect nitrification and

denitrification rates in soils. These conditions vary

greatly by soil type, climate, cropping system, and soil

management regime, and their combined effect on the

processes leading to N2O emissions are not fully under-

stood. Moreover, the amount of added nitrogen from each

source that is not absorbed by crops or wild vegetation,

but remains in the soil and is available for production of

N2O, is uncertain. Therefore, it is not yet possible to

develop statistically valid estimates of emission factors

for all possible combinations of soil, climate, and man-

agement conditions. The emission factors used were mid-

point estimates based on measurements described in the

scientific literature, and as such, are representative of

current scientific understanding. Nevertheless, estimated

ranges around each midpoint estimate are wide; most

are an order of magnitude or larger (IPCC/UNEP/OECD/

IEA 1997; IPCC 1999a,b).

Uncertainties also exist in the activity data used to

derive emission estimates. In particular, the fertilizer sta-

tistics include only those organic fertilizers that enter

the commercial market, so some non-commercial fertil-

izer uses have not been captured. Statistics on sewage

sludge applied to soils were not available on an annual

basis; annual production and application estimates were

based on two data points that were calculated from sur-

veys that yielded uncertainty levels as high as 14 per-

cent (Bastian 1999). Also, the nitrogen content of or-

ganic fertilizers varies by type, as well as within indi-

vidual types; however, average values were used to esti-

mate total organic fertilizer nitrogen consumed. Similar

uncertainty levels are associated with the nitrogen con-

tent of sewage sludge. Conversion factors for the bean,
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pulse, alfalfa, and non-alfalfa legume production statis-

tics were based on a limited number of studies, and may

not be representative of all conditions in the United

States. It was assumed that the entire crop residue for

corn, wheat, beans, and pulses was returned to the soils,

with the exception of the fraction burned. A portion of

this residue may be disposed of through other practices,

such as composting or landfilling; however, data on these

practices are not available. The point estimates of yearly

production yields for non-alfalfa forage legumes carry a

high degree of uncertainty; many of the estimated aver-

age coverage densities and cover areas are based on a

combination of on-field experimentation and expert

judgment. Also, the amount of nitrogen that is added to

soils from non-alfalfa forage will depend at least in part

on grazing intensity, which has not been taken into ac-

count. Lastly, the livestock excretion values, while based

on detailed population and weight statistics, were de-

rived using simplifying assumptions concerning the

types of management systems employed; for example,

emissions due to grazing dairy cattle are probably un-

derestimated, while emissions due to soil application of

dairy cattle waste are overestimated.

)'����"����"�3���&���-�����'

Large quantities of agricultural crop residues are

produced by farming activities. There are a variety of

ways to dispose of these residues. For example, agricul-

tural residues can be plowed back into the field,

composted and then applied to soils, landfilled, or

burned in the field. Alternatively, they can be collected

and used as a fuel or sold in supplemental feed markets.

Field burning of crop residues is not considered a net

source of carbon dioxide (CO2) because the carbon re-

leased to the atmosphere as CO2 during burning is as-

sumed to be reabsorbed during the next growing season.

Crop residue burning is, however, a net source of meth-

ane (CH4), nitrous oxide (N2O), carbon monoxide (CO),

and nitrogen oxides (NOx), which are released during

combustion.

Field burning is not a common method of agricul-

tural residue disposal in the United States; therefore,

emissions from this source are minor. The primary crop

types whose residues are typically burned in the United

States are wheat, rice, sugarcane, corn, barley, soybeans,

and peanuts, and of these residues, less than 5 percent is

burned each year, except for rice.15 Annual emissions
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15 The fraction of rice straw burned each year is significantly higher than that for other crops (see “Data Sources” discussion below).
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16 Burning Efficiency is defined as the fraction of dry biomass exposed to burning that actually burns. Combustion Efficiency is
defined as the fraction of carbon in the fire that is oxidized completely to CO2. In the methodology recommended by the IPCC, the
“burning efficiency” is assumed to be contained in the “fraction of residues burned” factor. However, the number used here to estimate
the “fraction of residues burned” does not account for the fraction of exposed residue that does not burn. Therefore, a “burning
efficiency factor” was added to the calculations.
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from this source over the period 1990 through 1998 av-

eraged approximately 0.2 MMTCE (31 Gg) of CH4, 0.1

MMTCE (1 Gg) of N2O, 650 Gg of CO, and 29 Gg of NOx

(see Table 5-23 and Table 5-24).

$��%�&�"�'(
The methodology for estimating greenhouse gas

emissions from field burning of agricultural residues is

consistent with the Revised 1996 IPCC Guidelines (IPCC/

UNEP/OECD/IEA 1997). In order to estimate the

amounts of carbon and nitrogen released during burn-

ing, the following equations were used:

Carbon Released = (Annual Crop Production) ×

(Residue/Crop Product Ratio) × (Fraction of Residues

Burned in situ) × (Dry Matter content of the Residue) ×

(Burning Efficiency) × (Carbon Content of the Residue)

× (Combustion Efficiency)16

Nitrogen Released = (Annual Crop Production) ×

(Residue/Crop Product Ratio) × (Fraction of Residues
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Burned in situ) × (Dry Matter Content of the Residue) ⋅
(Burning Efficiency) × (Nitrogen Content of the Resi-

due) × (Combustion Efficiency)

Emissions of CH4 and CO were calculated by mul-

tiplying the amount of carbon released by the appropri-

ate IPCC default emission ratio (i.e., CH4-C/C or CO-C/

C). Similarly, N2O and NOx emissions were calculated

by multiplying the amount of nitrogen released by the

appropriate IPCC default emission ratio (i.e., N2O-N/N

or NOx-N/N).

+�����������
The crop residues that are burned in the United

States were determined from various state level green-

house gas emission inventories (ILENR 1993, Oregon

Department of Energy 1995, Wisconsin Department of

Natural Resources 1993) and publications on agricul-

tural burning in the United States (Jenkins et al. 1992,

Turn et al. 1997, EPA 1992).

Crop production data were taken from the USDA’s

Field Crops, Final Estimates 1987-1992, 1992-1997

(USDA 1994, 1998) and Crop Production 1998 Sum-

mary (USDA 1999), except data on the production of

rice in Florida, which USDA does not estimate. To esti-

mate Florida rice production, an average 1998 value for

ice productivity (i.e., metric tons rice/acre) was obtained

from Sem-Chi Rice, which produces the majority of rice

in Florida (Smith 1999), and multiplied by total Florida

rice acreage each year (Schueneman 1999c). The pro-

duction data for the crop types whose residues are burned

are presented in Table 5-25.

The percentage of crop residue burned was assumed

to be 3 percent for all crops in all years, except rice,

based on state inventory data (ILENR 1993, Oregon De-

partment of Energy 1995, Noller 1996, Wisconsin De-

partment of Natural Resources 1993, and Cibrowski

1996). Estimates of the percentage of rice acreage on

which residue burning took place were obtained on a

state-by-state basis from agricultural extension agents

in each of the seven rice-producing states (Guethle 1999,

Fife 1999, Klosterboer 1999a and 1999b, Slaton 1999a

and 1999b, Linscombe 1999a and 1999b, Schueneman

1999a and 1999b, Street 1999a and 1999b) (see Table

5-26 and Table 5-27). The estimates provided for each

state remained the same from year to year for all states,

with the exception of California. For California, it was

assumed that the annual percents of rice acreage burned

in Sacramento Valley are representative of burning in

the entire state, because the Valley accounts for over 95

percent of the rice acreage in California (Fife 1999). The

annual percents of rice acreage burned in Sacramento
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Valley were obtained from Fife (1999). These values de-

clined over the 1990-1998 period because of a legis-

lated reduction in agricultural burning (see Table 5-27).

Because the percentage of rice acreage burned varied

from state to state, and from year to year within Califor-

nia, a weighted average national “percent burned” fac-

tor was derived for rice for each year (Table 5-27). The

weighting was based on rice area in each state.

Residue/crop product mass ratios, residue dry mat-

ter contents, residue carbon contents, and residue nitro-

gen contents for all crops except sugarcane, peanuts,

and soybeans were taken from Strehler and Stützle

(1987). These data for sugarcane were taken from Uni-

versity of California (1977) and Turn et al. (1997). Resi-

due/crop product mass ratios and residue dry matter con-

tents for peanuts and soybeans were taken from Strehler

and Stützle (1987); residue carbon contents for these

crops were set at 0.45 and residue nitrogen contents were

taken from Barnard and Kristoferson (1985). The value

for peanuts was set equal to the soybean value. These

assumptions are listed in Table 5-28. The burning effi-

ciency was assumed to be 93 percent, and the combus-

tion efficiency was assumed to be 88 percent for all crop

types (EPA 1994). Emission ratios for all gases (see Table

5-29) were taken from the Revised 1996 IPCC Guide-

lines (IPCC/UNEP/OECD/IEA 1997).

,���������(
The largest source of uncertainty in the calcula-

tion of non-CO2 emissions from field burning of agricul-

tural residues is in the estimates of the fraction of residue

of each crop type burned each year. Data on the fraction

burned, as well as the gross amount of residue burned

each year, are not collected at either the national or state

level. In addition, burning practices are highly variable

among crops, as well as among states. The fractions of

residue burned used in these calculations were based

upon information collected by state agencies and in pub-
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lished literature. It is likely that these emission estimates

will continue to change as more information becomes

available in the future.

Other sources of uncertainty include the residue/

crop product mass ratios, residue dry matter contents,

burning and combustion efficiencies, and emission ra-

tios. A residue/crop product ratio for a specific crop can

vary among cultivars, and for all crops except sugar-

cane, generic residue/crop product ratios, rather than ra-

tios specific to the United States, have been used. Resi-

due dry matter contents, burning and combustion effi-

ciencies, and emission ratios, all can vary due to weather

and other combustion conditions, such as fuel geom-

etry. Values for these variables were taken from literature

on agricultural biomass burning.


