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ABSTRACT
Until recently, Intergovernmental Panel on Climate Change

(IPCC) emission factor methodology, based on simple empirical rela-
tionships, has been used to estimate carbon (C) and nitrogen (N)
fluxes for regional and national inventories. However, the 2005
USEPA greenhouse gas inventory includes estimates of N2O emis-
sions from cultivated soils derived from simulations using DAYCENT,
a process-based biogeochemical model. DAYCENT simulated major
U.S. crops at county-level resolution and IPCC emission factor
methodology was used to estimate emissions for the approximately
14% of cropped land not simulated by DAYCENT. The methodology
used to combine DAYCENT simulations and IPCC methodology
to estimate direct and indirect N2O emissions is described in detail.
Nitrous oxide emissions from simulations of presettlement native
vegetation were subtracted from cropped soil N2O to isolate an-
thropogenic emissions. Meteorological data required to drive DAY-
CENTwere acquired from DAYMET, an algorithm that uses weather
station data and accounts for topography to predict daily temperature
and precipitation at 1-km2 resolution. Soils data were acquired from
the State Soil Geographic Database (STATSGO). Weather data and
dominant soil texture class that lie closest to the geographical center of
the largest cluster of cropped land in each county were used to drive
DAYCENT. Land management information was implemented at
the agricultural–economic region level, as defined by the Agricultural
Sector Model. Maps of model-simulated county-level crop yields were
compared with yields estimated by the USDA for quality control.
Combining results from DAYCENT simulations of major crops and
IPCC methodology for remaining cropland yielded estimates of ap-
proximately 109 and approximately 70 Tg CO2 equivalents for direct
and indirect, respectively, mean annual anthropogenic N2O emissions
for 1990–2003.

AGRICULTURAL SOILS are responsible for the majority
of anthropogenic nitrous oxide (N2O) emissions

(Mosier and Kroeze, 2000). Nitrous oxide is an im-
portant greenhouse gas (GHG) because it has approx-
imately 300 times the global warming potential of CO2
on a mass basis (IPCC, 2001), and it also influences
ozone chemistry (Crutzen, 1981; Crutzen and Ehhalt,
1977). To address concerns regarding N2O and other

GHGs, signatory countries of theUnitedNations Frame-
work Convention on Climate Change are required to
estimate annual sources and sinks for greenhouse gases.
Annual national GHG flux estimates for agriculture and
other sectors are included in the Inventory of U.S. Green-
house Gas Emissions and Sinks: 1990–2003 (USEPA,
2005). Before the 2005 inventory, GHG estimates for the
agricultural sector were based entirely on Intergovern-
mental Panel on Climate Change (IPCC, 1997) emission
factor methodology. However, the 2005 inventory includes
N2O emission estimates generated by the DAYCENT
ecosystem model. This paper describes the methodology
used to estimate N2O emissions from cropped soils at
the national scale using a process-based model for major
crops and IPCC methodology for other crops during the
period 1990–2003.

Nitrous oxide is produced naturally in soils through
the microbial processes of nitrification and denitrifica-
tion (Khalil et al., 2004). Agriculture practices, such as
nitrogen (N) amendments (e.g., fertilizer, manure), cul-
tivation, legume cropping, and irrigation, can increase
N2O production and emissions above background levels.
Application of synthetic fertilizer directly increases the
pool of mineral N available for nitrification and de-
nitrification. Cultivation, particularly of soils with high
organic matter levels, transfers N from the immobilized
(i.e., organic) to the mineral form and thus also increases
N availability for nitrification. Nitrogen fixed from
legume cropping can be transformed and increase the
soil mineral N pool. Irrigation reduces water stress, en-
hances microbial activity, and contributes to soil anoxia
which facilitates denitrification. These and other factors
that influence mineral N supply, plant N demand, and
abiotic soil conditions interact to control N2O emissions
from soils.

In addition to increasing direct soil N2O emissions
from enhanced nitrification and denitrification, agricul-
tural practices also tend to increase N volatilization and
NO3 leaching. Volatilized N that is deposited on soils
and leached NO3 that enters aquatic systems contribute
to indirect N2O emissions. Indirect N2O is defined as
N2O that was emitted from a non-farm source from N
that was transported from a farm in a form other than
N2O. Volatized N can contribute to indirect N2O emis-
sions because a portion of this N will be deposited on
non-farm soils, enter the plant–soil system, and undergo
transformations that result in N2O emissions. A portion
of the NO3 that is leached into aquatic systems can be
denitrified and result in N2O emissions.
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MATERIALS AND METHODS

Development of Hybrid Modeling Approach

A hybrid approach was used because it would be difficult to
parameterize and run DAYCENT for all crops grown in the
United States. DAYCENTwas used to estimate emissions for
major crops, and IPCC (1997) guidelines were used for re-
maining crops and for any crops grown on Histosols (soils of
high organic matter content). IPCC (1997) guidelines were
also used to estimate the proportion of volatilized and leached/
runoff N that contributes to indirect N2O emissions. DAY-
CENT has been parameterized to simulate most of the major
cropping systems in the United States [corn, Zea mays L.;
soybean, Glycine max (L.) Merr.; wheat, Triticum aestivum L.;
alfalfa, Medicago sativa L.; hay; other hay; sorghum, Sorghum
bicolor (L.) Moench; and cotton, Gossypium hirsutum L.],
although formal yield comparisons with observed data have
only been conducted with corn, soybean, wheat, and alfalfa
hay (Del Grosso et al., 2005). These crops represent approx-
imately 86% of total cropped land in the United States. IPCC
(1997) emission factor methodology was used to estimate
emissions from cropped land not simulated by DAYCENT.
A primary difference between using IPCC guidelines and a
process-based model such as DAYCENT is that the former is
activity based; that is, the total amount of N applied to crops is
accounted for but it is not necessary to know the areas of
specific crops receiving this N. In contrast, DAYCENT sim-
ulations are area and activity based; that is, N amendments are
accounted for but it is also necessary to know the crop-specific
areas at whatever resolution the simulations are performed.
Approximately 84% of synthetic N and 100% of manure, sew-
age sludge, and other organic matter (e.g., dried blood, tank-
age, compost) additions to crops were applied to the major
crops simulated by DAYCENT.

DAYCENT Model Overview

DAYCENT is the daily time-step version of the CENTURY
biogeochemical model (Parton et al., 1994). DAYCENT sim-
ulates fluxes of carbon (C) and N among the atmosphere,
vegetation, and soil (Del Grosso et al., 2001a; Parton et al.,
1998). Key submodels include soil water content and temper-
ature by layer, plant production and allocation of net primary
production (NPP), decomposition of litter and soil organic
matter, mineralization of nutrients, N gas emissions from nit-
rification and denitrification, and CH4 oxidation in non-sat-
urated soils. Flows of C and N between the different pools are
controlledby the sizeof thepools,C toNratioand lignin content
of material, and abiotic water and temperature controls. The
land surface submodel used in DAYCENT simulates soil water
content and temperature by horizon (Parton et al., 1998). Plant
production is a function of genetic potential, phenology, nu-
trient availability, water and temperature stress, and solar
radiation. TheNPP is allocated to plant components (e.g., roots
vs. shoots) based on vegetation type, phenology, and water and
nutrient stress. Nutrient concentrations of plant components
vary within specified limits, depending on vegetation type, and
nutrient availability relative to plant demand. Decomposition
of litter and soil organicmatter (SOM) and nutrient mineraliza-
tion are functions of substrate availability, substrate quality
(lignin %, C to N ratio), and water and temperature stress.
Nitrogen gas fluxes from nitrification and denitrification are
driven by soil NH4 andNO3 concentrations, water content, tem-
perature, texture, and labile C availability (Parton et al., 2001).

The model operates on a daily time step and inputs are: daily
maximum and minimum air temperature and precipitation,
surface soil texture class, and land cover–land use data (e.g.,

vegetation type, cultivation and planting schedules, amount and
timing of nutrient amendments). Outputs include: daily N-gas
flux (N2O, NOx, N2), CH4 uptake, CO2 flux from heterotrophic
soil respiration, actual evapotranspiration, soil NO3, water
content, and temperature by horizon, soil NH4 in top 15 cm,
H2O and NO3 leaching, weekly live biomass, monthly NPP, soil
organic C and N, surface litter, standing dead litter, and other
ecosystem parameters. Recent improvements to the model
include the ability to schedule management events daily and the
option of making crop germination a function of soil tem-
perature and harvest date a function of accumulated growing
degree days. In previous versions of DAYCENT, managements
events could only be scheduled on a monthly basis and were
assumed to occur on the first day (for planting and application
of fertilizer) or the last day of the month (for harvesting).

The ability of DAYCENT to simulate NPP, soil organic C,
N2O emissions, NO3 leaching, and CH4 oxidation has been
tested with data from various native and managed systems
(Del Grosso et al., 2000b, 2001b, 2002, 2005). Simulated and
observed grain yields for major cropping systems in North
America agreed well with data at both the site (r 2 5 0.90) and
regional (r 2 5 0.66) levels (Del Grosso et al., 2005). Nitrous
oxide emission data from eight cropped sites and NO3 leaching
data from three cropped sites showed reasonable agreement
with DAYCENT simulations with r 2 values of 0.74 and 0.96 for
N2O and NO3, respectively (Del Grosso et al., 2005).

DAYCENT Model Sensitivity Analysis

A sensitivity analysis was conducted to investigate how
simulated N2O emissions respond to systematic variation of
model inputs and to increase confidence in model results. A
2 3 3 3 6 factorial design was used involving two climate files
(wet and dry), three soil texture classes (clay, loam, and sand),
and six fertilizer application levels (0, 50, 100, 150, 200, and
250 kg N ha21). We ran the model for 10 yr under each crop-
ping scenario and assuming native vegetation, then calculated
mean annual simulated N2O emissions, N fixation, and N in-
puts from residue. A 3-yr rotation of winter wheat–corn–soy was
used to include the most common crops grown in the United
States. To be consistent with IPCC methodology, we calculated
direct soil DAYCENT N2O emission factors by dividing simu-
lated N2O emissions by total N inputs (N from fertilizer 1 N
from fixation1N from aboveground crop residue). IPCC (1997)
methodology is intended to isolate anthropogenic emissions so
we subtracted simulated N2O losses for native vegetation from
N2O losses for the six cropping scenarios and assumed that this
difference represents anthropogenic emissions.

Similar to data reported from numerous studies (Bouwman
et al., 2002a, 2002b), emissions tend to be lower from sandy
soils that are well drained than from clay soils that are not well
drained (Fig. 1). Interestingly, the mean DAYCENT emission

Fig. 1. Sensitivity of calculated DAYCENT N2O emissions factors to
soil texture class, mean annual precipitation (low5 480 mm, high5

960 mm), and N fertilizer additions (kg N ha21).

R
e
p
ro
d
u
c
e
d
fr
o
m

J
o
u
rn
a
l
o
f
E
n
v
ir
o
n
m
e
n
ta
l
Q
u
a
lit
y
.
P
u
b
lis
h
e
d
b
y
A
S
A
,
C
S
S
A
,
a
n
d
S
S
S
A
.
A
ll
c
o
p
y
ri
g
h
ts

re
s
e
rv
e
d
.

1452 J. ENVIRON. QUAL., VOL. 35, JULY–AUGUST 2006



factor for clay soils (2.1%) was higher than the IPCC value of
1.25%, while the mean for sandy soils (0.8%) was lower than
the IPCC value (1.25%). For loam soils the DAYCENT mean
(1.2%) was similar to the IPCC value. In the model, finer-
textured soils are assumed to have lower gas diffusivity and a
larger number of anoxic microsites which facilitate N2O losses
from denitrification (Del Grosso et al., 2000a). Also, DAY-
CENT assumes that finer-textured soils contain more organic
matter than coarse-textured soils because less C is respired
as CO2 during decomposition of plant residue. Higher soil
organic matter is associated with increased N2O emissions
(Bouwman et al., 2002a, 2002b) because C is a substrate for
denitrifying microbes.

Both DAYCENT and data (Bouwman et al., 2002a, 2002b)
show a direct relationship between the amount of N fertilizer
added and N2O emissions because N2O emissions increase as
available N increases. However, DAYCENT results suggest
that as a percentage of N inputs, N2O emissions tend to decline
as N fertilizer increases (Fig. 1). This is consistent with data
from corn cropping in Tennessee showing that the calculated
emission factor for N2O emissions from corn decreased as fer-
tilizer additions increased (Thornton and Valente, 1996). Sim-
ilarly, data from irrigated corn cropping in Colorado showed
lower calculated N2O emission factors as N fertilizer increased
(Mosier et al., 2006). The trend toward higher emission factors
as N fertilizer decreases is at least partially due to dividing N2O
emissions by a smaller number (fertilizer N 1 residue N 1
fixed N) that does not account for all N inputs. For example,
even when no N fertilizer is added, N is made available
through mineralization of organic N during decomposition.

DAYCENT showed a variable pattern in response to
changes in precipitation, with clay having higher emission
factors for low precipitation, sand showing the opposite re-
sponse, and loam showing little impact of precipitation. In the
model, higher emissions under low precipitation for clay soil
results from two factors. Nitrogen availability is higher because
crop N uptake is limited by moisture stress and the model
assumes that a significant proportion of soil microsites can
remain anoxic with relatively low rainfall in clay soils, thus
facilitating denitrification. Sandy soils, on the other hand, re-
quire high water inputs to maintain anaerobic conditions and
high denitrification rates. A caveat of this kind of model sen-
sitivity analysis is that we used a constant crop rotation to
isolate the effects of fertilizer, soil texture, and precipitation,
but corn–soy–wheat would not be a common rotation in areas
with low precipitation. Consequently, it is probably not ap-
propriate to make general conclusions regarding the impact of
rainfall on N2O emissions.

DAYCENT Simulations

National-scale DAYCENT simulations can be divided into
two major steps: (i) acquisition and formatting of model driver
data, and (ii) conducting model simulations and processing
model outputs. The resolution of the simulations is determined
by the resolution of available model driver data and of data
needed for processing model outputs. The nominal resolution
for these simulations was the county level because this was the
smallest level at which the National Agricultural Statistics
Service (NASS, http://www.nass.usda.gov:8080/QuickStats/,
verified 6 Mar. 2006) reported annual (1990–2003) yields
and crop area data. Although crop area is not a DAYCENT
input, it is necessary to know the area of each crop so that
DAYCENT output in units of g N2O-N m22 yr21 can be
multiplied by crop area in each county to calculate total annual
emissions. Model driver data were selected by identifying the
latitude and longitude of the center of the largest cluster of

cropped land in each county based on National Land-Cover
Data maps (Homer et al., 2004).

DAYCENT Inputs

Daily maximum and minimum temperature and precipita-
tion were acquired from DAYMET. DAYMET (Thornton
et al., 2000, 1997; Thornton and Running, 1999; http://www.
daymet.org/, verified 3 Mar. 2006) generates daily surface pre-
cipitation, temperature, and other meteorological data using
weather station observations and an elevation model. DAY-
MET climate data is available for the United States at 1-km2

resolution for 1980–2001. Climate data from 2001 were also
used to represent 2002 and 2003. For each county, DAYMET
climate from the 1-km2 cell that was closest to the area-
weighted geographical center of cropped land was used to
drive DAYCENT.

Soil texture data required by DAYCENT were obtained
from State Soil Geographic Database (STATSGO, http://
www.ncgc.nrcs.usda.gov/products/datasets/statsgo/, verified 3
Mar. 2006). Hydraulic properties needed for model inputs
were calculated from STATSGO surface texture class and
Saxton et al.’s (1986) hydraulic properties calculator. For each
county, the dominant STATSGO map unit that intersected the
area-weighted geographical center of cropped land in that
county was used to drive DAYCENT.

Pre-settlement native vegetation was based on the Kuchler
(1993) potential natural vegetation map. The dominant native
vegetation type in each county was simulated. Land cover and
land management data for historical and modern cropping
were available at the agricultural–economic region level but
not at the county level. The United States is divided into 63
agricultural–economic regions as defined by McCarl et al.
(1993). Most states correspond to one of the 63 regions, except
some states are divided into two or more regions. Data for
region-specific timing and type of cultivation, timing of plant-
ing and harvest, and crop rotation schedules were obtained
from various sources (USEPA, 2005). Annual county-level
crop area data were from the NASS. Reported harvested area
was used for alfalfa hay and non-alfalfa hay, but planted area
was used for all other crops simulated. In regions where
wheat–fallow rotations are the dominant system for wheat
cropping, we assumed that county-level fallow area was equal
to reported wheat area.

Fertilizer application rates and timing for each of the 63
regions were based on regional, state, or sub-state estimates
for different crops using data from various sources (USEPA,
2005). Before 1990, estimates for crop-specific fertilizer rates
were based on data for years that were available and on
interpolation for years when data were not available. For some
crops in some of the 63 regions, little or no data were available,
so geographic-based means were used.

To estimate annual fertilizer rates for different crops during
1990–2003, we combined our best estimates for crop-specific
fertilizer rates for this time period with yearly national fer-
tilizer production data. Our best estimates of fertilization rates
for different crops during 1990–2003 were assumed to repre-
sent 1997. This year was chosen as the reference year because
that was the only year for which both crop-specific fertilizer
and manure amendment rates were available. Fertilizer appli-
cation rates for years other than 1997 were derived by mul-
tiplying 1997 applications by the amount of fertilizer produced
in that year relative to the amount produced in 1997, and
dividing by the amount of cropped land receiving fertilizer in
that year relative to the amount of cropped land receiving
fertilizer in 1997. This was done to account for annual fluc-
tuations in the total amount of fertilizer applied and total
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area of cropped land receiving fertilizer. National annual
fertilizer production estimates are from fertilizer statistics
(USEPA, 2005).

Before 1990, manure application rates and timing for dif-
ferent crops in each region were based on various sources
(USEPA, 2005). As with N fertilizer additions, data for manure
were not complete so a proxy was used to fill spatial gaps in
data and interpolation was used to fill temporal gaps. Manure
N applied to major cropping systems during 1990–2003 was
based on Kellogg et al. (2000), Edmonds et al. (2003), and
national managed manure production totals compiled by
the USEPA (2005). The data from Kellogg et al. (2000) and
Edmonds et al. (2003) are for the year 1997 and the total
amount of manure N accounted for by these authors was less
than half of total USEPA (2005) managed manure N produc-
tion for that year. To account for the managed manure N that
was not applied to soils we subtracted the total manure ac-
counted for by Kellogg et al. (2000) and Edmonds et al. (2003)
from total managed manure N (USEPA, 2005) and assumed
that this difference was volatilized during transport and stor-
age. This assumption is consistent with estimates of manure
ammonia volatilization from Rotz (2004) and Bussink and
Oenema (1998). The assumed volatilized manure was included
in the calculation for indirect N2O emissions. Crop-specific
rates for other years were obtained by multiplying the 1997
crop-specific rates by the ratio of managed manure produced
in that year to the managed manure produced in 1997. The
amount of land receiving manure (approximately 5% of total
cropped land) was assumed to be constant during 1990–2003.
Manure was assumed to be applied during spring at the same
time as synthetic fertilizer, and synthetic fertilizer rates were
reduced by 50% for cropped land that received organic N
amendments. This assumption is consistent with USDA Eco-
nomic Research Service (1994) data showing that synthetic
fertilizer addition rates are substantially lower in states that
have large numbers of dairy cows.

No sewage sludge or other (non-manure) organic fertili-
zers were assumed to be applied to cropped soils before 1991.
Region-specific application rates in 1997 for sewage sludge
and other organic fertilizers were assumed to be equivalent to
manure in terms of amounts of N added per unit area. We
assumed that 1997 application rates of sewage sludge N were
identical to manure because there are no data sets of crop-
specific application rates for sewage sludge and other organic
fertilizers. Amounts of C added for sludge and other organic
fertilizers were calculated according to the ratio of C to N in
the base material. Crop-specific areas receiving sewage sludge
and other organic fertilizers were obtained by dividing the
amount of N applied to cropped soils in the form of sewage
sludge and other organic fertilizers by the 1997 crop-specific
rates for manure addition. Cropped area receiving sewage
sludge and other commercial organic fertilizer amendments
(less than 1% of total cropped land) was assumed to be
constant through time. Crop-specific rates for years other than
1997 were obtained by multiplying the 1997 rates by the ratio
of sewage sludge or other commercial organic fertilizer pro-
duced in that year to the amounts produced in 1997. Estimates
of total national annual N additions from land application of
sewage sludge and other organic fertilizers are from the
USEPA (2005).

DAYCENT Model Runs and Processing of Outputs

Three sets of simulations were performed for each county in
the United States that reported at least 40 ha of agricultural
land: one for the native vegetation (Year 1 to plow-out), one to
represent historical agricultural practices (plow-out to 1970),

and one for modern agriculture (1971–2003). Plow-out was
assumed to occur between 1600 and 1850, depending on the
region in which the county lies. Simulations of at least 1600 yr
of native vegetation were needed to initialize soil organic
matter (SOM) pools in the model and to provide native
baseline GHG fluxes to compare with those from agriculture.
Simulations of plow-out and historical cropping were needed
to establish modern day SOM levels. Proper organic soil
carbon simulation is important because N2O emissions are
sensitive to SOM. These simulations assumed conventional
tillage cultivation, gradual improvement of cultivars, and
gradual increases in synthetic fertilizer application until 1989.
More primitive cultivars (cultivated varieties) were slower
growing, had lower yield potentials, and had lower nutrient
requirements than modern varieties. Synthetic fertilizer was
not added before 1950 and we assumed that this amount was
initially small and gradually increased to present-day levels in
1990. Before 1950, for most of the country we simulated
multiyear rotations involving corn and/or wheat mixed with
pasture and/or hay. The exception to this is the southeastern
states, where we assumed that cotton was rotated with corn.

Only one sequence of native vegetation and historical crop-
ping were simulated in each county (Year 1–1970). Our es-
timates of historical cropping practices (e.g., crop rotations,
manure additions) for different regions were based on data
from various sources, including government reports, research
papers, and texts, which are described in detail in USEPA
(2005). The values for state variables from the last year of
historical cropping (1970) were saved and used as initial con-
ditions in the set of simulations performed to represent recent
modern cropping. Beginning in 1971, up to seven major crop-
ping systems were simulated in each county in which they
occur using the same initial (1970) conditions. That is, a single
simulation was used to represent each county before 1971, but
from 1971–2003 a set of simulations was performed which
branched out from the 1970 initial conditions. We define major
crops as corn, soy, wheat, alfalfa hay, other hay, sorghum, and
cotton. These crops represent approximately 90% of principal
cropped land and 86% of total cropped land in the United
States. Principal crop types, as defined by NASS (USDA,
2003), include all grain, hay, and row crops, as well as vege-
tables for processing. Total cropped area includes principal
crops plus fruit trees, nut trees, and commercial vegetables.
All major crops were simulated with and without organic
matter amendments. Organic matter amendments include sep-
arate simulations for manure, sewage sludge, and other com-
mercial organic fertilizer additions. All crops in all counties
were simulated without irrigation except corn, soy, hay, and
cotton, which were assumed to be irrigated in states west of the
98th parallel.

For rotations that include a cycle that repeats every two or
more years (e.g., corn–soy, wheat–corn–fallow), different sim-
ulations were performed where the initial crop was varied but
the sequence was not altered. For example, in regions where
wheat–corn–fallow cropping is used, three rotations were sim-
ulated: one with wheat grown in the first year, a second with
corn in the first year, and a third with fallow in the first year.
This ensured that each crop was represented during each year.
Emissions from cultivated fallow land were also included.

To isolate the anthropogenic portion of direct and indirect
N2O emissions, simulated direct N2O emissions and indirect
emissions from N volatilization and NO3 leaching from the
native condition were subtracted from these N loss vectors for
modern cropping for each crop in each county for each year.
One simulation of only native vegetation from Year 1 until
2003 was performed to provide annual non-anthropogenic N
losses for 1990–2003. For each crop, four separate sets of
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simulations for modern cropping were performed: (i) to
represent the land area that received only synthetic fertilizer
N additions, (ii) to represent the land area that received ma-
nure N additions, (iii) to represent the land area that received
sewage sludge N additions, and (iv) to represent the land area
that received other organic matter N additions. The emissions
for non-organic matter amended cropping were multiplied by
the non-organic matter amended annual area for that crop.
Emissions from separate simulations of organic matter amend-
ments were multiplied by the applicable manured, sludged, or
other organically fertilized area for that crop. Emissions for the
respective non-organic matter amended and organic matter
amended areas were summed to obtain county- and regional-
level totals. Regional-level totals were summed to get national
totals for direct soil N2O emissions, as well as indirect N2O
emissions from N volatilization and leaching/runoff. Approx-
imately 10 d of computer processing time were required to
conduct the simulations and process model outputs using nine
nodes (two cpu’s each) on the LINUX high performance
computing cluster housed at the Natural Resource Ecology
Laboratory, Colorado State University.

IPCC Methodology for Non-Major Cropping Systems

IPCC (1997) guidelines are based solely on annual N inputs
and do not explicitly account for crop areas, except for
Histosol cropping. IPCC (1997) guidelines assume that 1.25%
of unvolatilized N inputs are lost from soil as direct N2O
emission, 10% of synthetic fertilizer N and 20% of organic
fertilizer N applied is volatilized as NOx 1 NH3, and 30% of
applied N is leached or runs off into ground water or surface
waters. Nitrogen inputs for calculating direct N2O emission
include fertilizer and organic amendments, aboveground bio-
mass N in N-fixing plants, and plant residue N that was not
removed during harvesting. Nitrogen inputs from fixation and
crop residues are based on national totals for crop yields, crop-
specific assumptions regarding harvest to residue ratios, and N
concentration of residues. Only N inputs from synthetic and
organic fertilizer are considered to contribute to indirect emis-
sions under IPCC (1997) methodology. Indirect N2O emission
is defined as the sum of 1% of NOx 1 NH3 gases emitted and
2.5% of NO3 leached to surface or ground waters. Direct
emissions for Histosols are assumed to be 8 kg N2O-N ha21

for temperate and 12 kg N2O-N ha21 for subtropical Histo-
sols. Histosols, like N from crop residues and fixation, are not
considered to contribute to indirect emissions under IPCC
(1997) guidelines.

A process of elimination approach was used to estimate
total fertilizer N applied to non-major crops. Estimates for N
fertilizer applied to settlements (approximately 10% of total
synthetic fertilizer N used in the United States) and forest
lands (approximately 0.5%) were added to the amount of N
fertilizer applied to major crops (70–80%). This sum was sub-
tracted from total fertilizer consumed in the United States and
the difference (10–20%) was assumed to be applied to non-
major crops. Estimates of N applied to forests were based on
data from the North Carolina State Forest Nutrition Cooper-
ative (2002) and estimates for N applied to settlements are
from Y. Qian (personnel communication). Nitrogen applied
to major crops was based on data from various sources; see
USEPA (2005) for details. Nitrogen from organic fertilizers
does not need to be included here because all organic matter
additions were assumed to be applied to major crops simulated
by DAYCENT. Nitrogen in aboveground biomass for N-fixing
crops not simulated by DAYCENTwas derived from produc-
tion statistics, crop-specific residue-to-yield mass ratios, and by
assuming that the N content for aboveground biomass of beans

and pulses is 3% (USEPA, 2005). It was assumed that 90% of
residues from oats, rye, millet, peanuts, and other beans and
pulses, and 100% of unburned rice residue is left on the field
(USEPA, 2005). Residue N from non-major crops was derived
from production statistics, crop-specific residue-to-yield mass
ratios, and crop-specific N content of residue (USEPA, 2005).
The IPCC (1997) default emissions factors described earlier
were applied to these N sources and total direct and indirect
N2O emissions from non-major crops were calculated. Emis-
sions from cultivation of Histosols were based on land area.
Estimates of the area of Histosols cultivated in 1982, 1992,
and 1997 were obtained from the United States Department
of Agriculture’s 1997 National Resources Inventory (USDA,
2000). Estimates of areas for other years were calculated using
linear interpolation (USEPA, 2005). Areas for temperate and
tropical Histosol cultivation were then multiplied by the de-
fault IPCC (1997) emission factors described earlier. Emis-
sions from major crops, other crops, and Histosols were
summed to obtain total emissions.

RESULTS AND DISCUSSION
For quality control, DAYCENT simulated county-

level grain and hay yields were compared with yield
estimates based on data from the USDA. Because both
Census of Agriculture and NASS survey yield data
are incomplete, regressions that combined data from
both sources were developed to estimate crop yields for
1997 (Erandi Lokupitiya, personal communication). At
the county level, the simulated vs. observed regression
was favorable for all crops (r 2 5 0.53). DAYCENT
shows a similar pattern for corn yields as the data, but
the model tended to underestimate yields in the north-
eastern states and Arizona, and overestimate yields in
some southeastern and Appalachian states (Fig. 2). In
contrast to the yield data, DAYCENT output shows
discontinuous changes in yield corresponding to state
boundaries (Fig. 2). This is a result of the resolution for
crop management used in these simulations. Although
climate and soils data were available at the county level,
crop management was available at the 63-region level,
which, in most cases, corresponds to state boundaries.
Thus, the amount of fertilizer applied was assumed to
be constant within each region but could vary across
regions. These model results are limited because only
one cultivar for each crop was used throughout the
United States, but farmers typically grow cultivars that
have appropriate days to maturity requirements based
on growing season length for different regions of the
country. For these reasons, comparisons of simulated vs.
observed yields for individual crops at the county level
were not very favorable, with r 2 values ranging from
0.05 for wheat to 0.27 for alfalfa. More detailed model
driver data, particularly for N inputs, would likely im-
prove simulated yields.

Maps of area-weighted mean (1990–2003) N2O emis-
sions, and NO3 leaching were used to ensure that the
patterns and rates are reasonable (Fig. 3). The means in
Fig. 3 are weighted by the areas of the crops simulated,
as well as the area in each county that was assumed to be
covered with native vegetation. We assumed that all of
the area in each county that is not used for cropping is
covered with native vegetation. Nitrous oxide emissions
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are high in the Corn Belt where N fertilization rates are
high and a large portion of the total area is used for
agriculture. The Mississippi Valley has some high emis-
sions where the soils tend to be fine textured, which

facilitates denitrification. Emissions are low in the
southeastern states, where N addition rates tend to be
low and soils are coarser textured, and in the dry
western states.

Fig. 2. County-level crop yields based on (a) USDA survey data and (b) DAYCENT simulations for 1997.
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Fig. 3. County-level mean annual soil (a) N2O emissions and (b) NO3 leaching simulated by DAYCENT for 1990–2003.
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We compared mean (1990–2003) DAYCENT/IPCC
estimated N2O emissions with national and state-level
emissions estimated using various other models. National
direct soil N2O emissions estimated by DAYCENT/IPCC
were approximately 31% lower than estimated using only
IPCC (1997) methodology. State-level comparisons with
the DNDC model (Li et al., 1996) showed general agree-
ment between DAYCENT/IPCC and DNDC for emis-
sions from agricultural soils for most of the central and
western United States, but DNDC estimated approxi-
mately 50% higher emissions from the northeastern
states and approximately 300% higher emissions than
DAYCENT/IPCC for the southeastern states. One rea-
son for this is that DNDC assumed that fertilizer rates for
corn were constant throughout the United States (150 kg
N ha21) but the DAYCENT simulations accounted for
lower rates of fertilizer inputs in the northeastern and
southeastern states compared to the Corn Belt. The
DNDC simulations may have overestimated manure N
inputs because they assumed that 50% of manure pro-
duced was applied to cropland, but data from Kellogg
et al. (2000), Edmonds et al. (2003), and USEPA (2005)
suggest that only about 1 Tg N out of approximately 7 Tg
N total manure produced annually is applied to crops.
Over half of manure N produced annually (approxi-
mately 4 Tg N) is classified as unmanaged, meaning it is
not transported, stored, or applied to crops (USEPA,
2005). Mummey et al. (1998) also estimated national N2O
emissions from cropped soils and showed approximately
four times lower emissions for the southeastern states
than DNDC. National annual total emissions for cropped
soils were 500 to 740 Gg N2O-N for DNDC, 448 for
Mummey et al. (1998), and 439 for DAYCENT/IPCC.
The DAYCENT/IPCC results reported here are higher
than the DAYCENT/IPCC results reported in USEPA
(2005), 353 Gg N2O-N, because the latter is meant to
represent anthropogenic emissions, obtained by subtract-
ing emissions estimated for native vegetation from emis-
sions estimated for modern agriculture.
Similar to N2O, NO3 leaching is highest in the Corn

Belt, where N addition rates tend to be highest (Fig. 3b).
Leaching is generally low in the dry areas of the western
states and can be high in the southeastern states where
soils tend to be coarse textured. Donner and Kucharik
(2003) used the IBIS ecosystem model and the HYDRA
hydrological transport model to estimate NO3 ex-
port across the Upper Mississippi Basin. Donner and
Kucharik (2003) include 0.58 resolution maps of NO3
leaching for the basin and comparison with DAYCENT
county-level map for this region showed similar spatial
patterns of leaching, but DAYCENT estimates were
approximately 75% higher. Van Drecht et al. (2003)
used a global model to estimate the fate of N at 0.58
resolution and include estimates for export of N from
the world’s major river systems. DAYCENT simulated
NO3 leaching for the counties within the Mississippi
Basin was 4.6 vs. 1.9 Tg N for the mouth of the Missi-
ssippi. If we assume that 30% of the NO3 is retained
within the river system as suggested by Van Drecht et al.
(2003) and that 20% of the NO3 that enters the river
is denitrified, then the DAYCENT estimate is only

approximately 21% higher (2.3 vs. 1.9 Tg N) than that
reported by Van Drecht et al. (2003).

Figure 4 shows national totals for direct, indirect, and
total anthropogenic N2O emissions from cropped soils
for 1990–2003. Given that total fertilizer applied to crops
did not change much during 1990–2003 (CV 5 3.5%), a
large portion of the variability in annual N2O emissions
(CV 5 5.5%) was driven by climate patterns. Total N
additions from fertilizer are important with IPCC (1997)
methodology, while DAYCENT accounts for total N
additions as well as environmental and management
conditions. As a result, simulated N2O emission
estimates may increase or decrease nonlinearly, whereas
emissions always increase linearly with N applications
when using IPCC (1997) methodology. Compared to
estimates for the United States based solely on IPCC
(1997) methodology, the hybrid approach used here has
31% lower direct soil N2O emissions, 31% higher in-
direct emissions, and 12% lower total emissions from
cropped soils. Although the two methodologies predict
similar direct emissions from fertilized crops, IPCC
(1997) methodology predicts much higher (two to four
times) direct emissions than DAYCENT for N-fixing
crops (Del Grosso et al., 2005). For alfalfa cropping in
Michigan, for example, IPCC (1997) methodology es-
timated annual N2O emissions of approximately 3.8 kg
N ha21 while DAYCENT and observations (Robertson
et al., 2000) estimated approximately 1.8 kg N ha21 (Del
Grosso et al., 2005). Indirect emissions are higher with
the hybrid approach primarily because DAYCENT
predicts more NO3 leaching (a component of indirect
emissions) than IPCC (1997) methodology, particularly
for N-fixing crops (Del Grosso et al., 2005).

FUTURE WORK
Future model runs for the national N2O inventory will

include more crops and will simulate both irrigated and
non-irrigated land in each county. Model parameteriza-
tions will be developed for crops currently not simulat-
ed, and parameters for controlling crop growth will be
refined. Confidence limits will be quantified using a
Monte Carlo approach similar to that developed by
Ogle et al. (2003). Sub-county model runs will be per-
formed to analyze model sensitivity to climate and soil

Fig. 4. Time series for annual direct, indirect, and total anthropogenic
N2O emissions for cropped soils in the United States. Emissions are
sums of DAYCENT estimates for major crops and Intergovern-
mental Panel on Climate Change (IPCC, 1997) estimates for re-
maining crops and Histosols.
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texture class. That is, instead of using climate from
one DAYMET cell and soils data from one STATSGO
map unit for all crops within a county, we will use crop-
specific climate and soils data based on satellite ob-
servations of the area in each county where different
crops tend to be grown. We will also attempt to acquire
land management data at a finer resolution than the
63-region level. Availability of finer resolution land-
management data should lead to better agreement be-
tween DAYCENT and USDA-estimated county-level
yields, which should increase confidence in model-
generated N2O estimates.
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