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Abstract. The purpose of this study was to determine the utility of on-farm precipitation measurement

for nitrogen management decisions on an Indiana farm. Site-specific farming has led some producers to

measure on-farm precipitation at multiple sites, but the profitability of such intense sampling for non-

irrigated agriculture is not clear. The CERES-Maize model in Decision Support System for Agrotech-

nology Transfer (DSSAT) version 3.5 was used to simulate corn yield for a farm in east-central Indiana for

20 years of weather data from three precipitation data sources—an on-farm station, the nearest non-urban

National Weather Service (NWS) station, and the weighted mean of the three nearest such stations.

Stochastic dominance and descriptive statistics were used to compare simulated yield and profitability for

four nitrogen strategies: variable-rate versus whole-field fertilizer application and split application (starter

urea-ammonium nitrate mixture at planting and sidedressed ammonia 37 days later) versus sidedress

application only. Off-farm data never led to a different choice of nitrogen strategy than on-farm data, but

the ability to categorize a choice as risk averse or risk neutral depended on the precipitation data source

used. This suggested that although on-farm precipitation measurement could be useful for risk manage-

ment decisionmaking, it might not be profitable on average. The nearest NWS station would be the most

profitable source of precipitation data, if it leads to the same management strategy as on-farm data.

Keywords: precipitation, weather data, variable-rate application, nitrogen fertilizer, profitability,

stochastic dominance

Introduction

Precipitation variability is one of the reasons variable-rate nitrogen fertilization has
so far not been shown to be conclusively profitable for Midwest farmers. Producers
must make most fertilizer or nutrient application decisions at or near the beginning
of the crop season. Farmers choose a strategy based on their goals, which may be as
simple as maximizing the expected value of net profit from production or may also
include avoiding risk in potentially low-yielding years. For this choice to be truly
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optimal for profit or yield, it must take into account the expected range of year-to-
year precipitation variability. To measure precipitation at the highest possible res-
olution, dealers in weather monitoring equipment have been encouraging farmers to
measure precipitation on their farm, even at multiple sites within the farm (Bechman,
1998), and some farmers have begun doing so (Dunn, 1997; Reetz, 1999).

The purpose of this study was to determine the utility of on-farm precipitation
measurement compared to off-farm precipitation data sources, for improving prof-
itability of nitrogen management decisions on a farm in eastern Indiana. Nitrogen
management was used as an example economic management decision potentially
impacted by precipitation variability, because nitrogen fertilizer efficiency depends in
part upon precipitation after application. For this study, application decisions took
place prior to each crop season based on past weather, rather than within the
growing season.

In this study, the focus was on precipitation variability beyond the farm. A pre-
vious study (O’Neal et al., 2001) examined variability of precipitation between fields
for the same farm and found that it was not significant. Other small-scale precipi-
tation research in flat rural areas also suggested that a contiguous area of less than
2.5–10 km2 should have spatially uniform precipitation over the growing season
(e.g., Huff, 1979; McConkey et al., 1990).

Background

Nitrogen recommendations

Although farmers apply many nutrients based on soil tests, they usually apply
nitrogen fertilizers independently of a soil test because of the difficulty of correlating
soil tests with yield over changing weather and soil moisture conditions. Fertilizer
recommendations that are independent of nitrogen soil tests typically base nitrogen
needs on yield potential, previous crop, and relative increase in yield for a unit
increase in soil nitrogen. One set of recommendations a Midwestern farmer is likely
to use is the Tri-State Fertilizer Recommendations for Indiana, Michigan, and Ohio
(Vitosh et al., 1996), which use the relationship N ¼ a + by ) c where
N ¼ nitrogen application amount (kg ha)1), a ¼ nitrogen base rate (67 kg ha)1),
b ¼ ratio of nitrogen to corn yield potential (0.0243, from 1.36 lb N per bushel
corn), c ¼ nitrogen credit for previous crop (34 kg ha)1 after soybeans), and
y ¼ corn yield potential (kg ha)1).

Although the recommendation amounts may be used for a single application,
weather conditions may require more than one application. Farmers apply nitrogen
at or before planting when they expect a high risk of nitrogen loss after planting or
being unable to apply later in the season. Sidedress application allows nutrients to be
supplied closer to the time of maximum crop need, but it is more risky. Vitosh et al.
(1996) indicate, based on plot research from three states, that there should be no
yield difference between preplant and sidedress application for medium and fine
textured soils, and that sidedressing should produce higher yields than preplant
application on sandy soils. In Indiana, however, studies have frequently shown
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starter nitrogen fertilizer to give a yield response for no-till corn (Mengel, 1996). The
Tri-State Recommendations allow 22–45 kg ha)1 of nitrogen banded as sidedress for
split applications. More risk-averse farmers may choose to apply half at planting and
half at sidedress, while risk-takers may apply most or all at sidedress. Since the
effects of starter and sidedressed nitrogen are specific to each location, the question
may be asked whether it is profitable to apply all nitrogen in a single application or
split between two applications, for a particular farm and its soils.

Variable-rate nitrogen application and precipitation variability

Field studies have shown that precipitation variability from year to year is an
important factor in determining the profitability of variable-rate application. Snyder
et al. (1998) found variable-rate nitrogen on corn to be profitable at two sites in a
normal year, but at only one site in a year when excessive rainfall reduced yield.
Long et al. (1996) found variable-rate nitrogen on wheat to be unprofitable one year
and profitable the next year with three times as much precipitation.

Simulation models can account for precipitation variability over longer time
scales. Braga et al. (1998) used 35 years of weather to examine profitability of var-
iable-rate nitrogen application with a simulation model. Poor-yielding years gave the
best advantage to variable-rate application. The authors found that yield response
could cease above 175 kg ha)1 N, or yield could still be rising at 300 kg ha)1 N,
depending on the weather year. Paz et al. (1999) demonstrated the usefulness of the
same simulation model for optimizing variable-rate nitrogen fertilization, on the
basis of profitability over 22 weather years, with optimal rates ranging from less than
60 to 220 kg ha)1.

CERES-Maize

Modelers have incorporated sophisticated relationships among nitrogen, precipita-
tion, air temperature, and yield into the CERES-Maize simulation model (Jones and
Kiniry, 1986), which has become a module of the software package Decision Support
System for Agrotechnology Transfer (DSSAT) version 3.5 (Hoogenboom et al.,
1999). Although questions have been raised about the model’s ability to accurately
predict the mean and variance of site-specific yield, because it was developed for
larger scales (Sadler and Russell, 1997), CERES-Maize and DSSAT have been used
in examining site-specific management, profitability, and yield for precision agri-
culture (e.g., Braga et al., 1998; Corá et al., 1998; Paz et al., 1999), CERES-Maize
simulates crop progress in nine growth stages based on daily precipitation, radiation,
and air temperature, culminating in total yield. Genotype coefficients tie crop growth
to weather, specifying rules by which air temperature and radiation affect growth
during key intervals (Hoogenboom et al., 1994).

Some research has raised questions about the plausibility of the yield response to
nitrogen fertilization in CERES-Maize. Sadler et al. (2000) found yield response
curves tended to level out at nitrogen rates lower than common empirically tested
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nitrogen recommendations. However, Braga et al. (1998) found yield responses
up to 300 kg ha)1 N with the same crop. Although they used different versions of
the model (3.5 versus 3.1), no major modifications were made to the soil water
and nitrogen routines between the two versions (Hoogenboom et al., 1999).
Researchers have found precipitation effects in the model to be plausible (Sadler
et al., 2000).

Precipitation data

Farmers who want to capture spatial precipitation variability for crop simulation or
yield map interpretation have a number of measurement options. One is to measure
precipitation themselves, with a tipping bucket gauge and datalogger, or a plastic
gauge read manually. Tipping bucket gauges cost $100 to $2000 and plastic gauges
$25 to $60, but tipping bucket gauges have lower overall costs when labor is in-
cluded. Another option is to purchase precipitation data from a local agricultural
weather network, the National Weather Service (NWS), or services that sell 24-h
cumulative precipitation estimates calculated from ground-based radar data. Still
another is to obtain free precipitation data from university, state, or regional climate
services on the Internet. These can include preliminary data from NWS stations that
use electronic reporting; of all NWS stations in Indiana, for instance, about two
thirds report electronically.

One of the most accurate and widely accepted sources of precipitation data is the
NWS. NWS offers data on its website (http://lwf. ncdc.noaa.gov/oa/ncdc.html) for
around $10–$80 (depending on the product), and allows downloading of many
decades of data at once. For NWS stations in Indiana, spacing ranges from 1.8 to
33.2 km with a mean of 17.7 km (O’Neal, 2000). A variety of ways exist to estimate
precipitation data at a point located between stations (Tabios and Salas, 1985); one
simple measure is the inverse distance-squared weighted mean, used by NWS (Ser-
rano, 1997):

Pm ¼
P Pi

D2
iP
1
D2

i

ð1Þ

where Pm ¼ precipitation for the central unknown station, Pi ¼ known precipitation
for each of the surrounding stations, and Di ¼ the distance from the central station
to each of the surrounding stations. It is preferable to have the points in more than
one direction from the point being estimated, to avoid anisotropic effects, and to use
non-urban data to estimate values for non-urban sites.

Precision agriculture profitability and variable-rate costs

Determining the profitability of precision agriculture methods relies strongly on cost
assumptions. For variable-rate application of fertilizer inputs, a wide range of costs
with different definitions have been used. For instance, Swinton and Lowenberg-
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DeBoer (1999) assumed variable-rate spreading charges to be $7.41 ha)1 higher than
for uniform rates. In a three-year field study, an additional cost increment of
$17.59 ha)1 was incurred for variable-rate nitrogen application, which included
GPS, variable-rate controller, and a laptop (Finck, 1998). Akridge and Whipker
(1998), in a survey of 461 retail agronomy dealerships from 36 states, found an
average cost of $12.90 ha)1 for single controller-driven application. Casaday and
Massey (1998) found $3.71 ha)1 to be the average premium for variable-rate
application with single product spreading among nine Missouri precision agriculture
service providers. The sum of mapping and record keeping and single product
variable-rate spreading from Lowenberg-DeBoer and Aghib (1999) gives a cost of
$20.88 ha)1. English et al. (1998) used a blanket variable-rate application service cost
of $11.54 ha)1. Swinton and Lowenberg-DeBoer (1999) used $21.30 ha)1, based on
purchased planter, anhydrous ammonia controller, yield monitor, GPS, micro-
computer, and printer.

Stochastic dominance

Given a choice among input application strategies, most farmers want to make the
choice that will give the highest profit with least risk. Stochastic dominance is a
standard economics tool that allows choice of a risk-preferable strategy, based on the
cumulative probability distribution of a desired quantity (Hadar and Russell, 1969).
It includes the concepts of first-degree stochastic dominance (FDSD), similar to
maximizing profit at every step of the probability distribution, and second-degree
stochastic dominance (SDSD), based on minimizing risk from the bottom of the
distribution upward (Anderson, 1974). Determination of dominance relies on
probability distributions. For any two strategies A and B, strategy A is FDSD-
dominant over B if FA(R) ‡ FB(R) for all R from pmin to pmax (and they are unequal
at least once), where pmin and pmax ¼ the minimum and maximum profit values seen
in the results, FA and FB ¼ the cumulative probability functions of profit for the two
strategies A and B, and R ¼ each profit value (after Anderson, 1974). If neither
strategy is FDSD-dominant, strategy A is SDSD-dominant over B if

RR
pmin

FAðpÞdp �RR
pmin

FBðpÞdp for all R from pmin to pmax (and they are unequal at least once)
(Anderson, 1974).

Results of stochastic dominance comparisons can also be used to separate more
than two strategies, by grouping them in terms of overall risk and profit desirability.
Strategies fall into three categories—‘‘dominated’’, ‘‘risk neutral’’, and ‘‘risk averse’’
(Hien et al., 1997). An FDSD-‘‘dominated’’ (and therefore SDSD-dominated)
strategy is unacceptable to a rational decisionmaker, because it profits less at every
probability level than another strategy. An SDSD-dominated, but not FDSD-
dominated, strategy is acceptable only to a ‘‘risk neutral’’ farmer, because while
average profits might be similar to the dominant strategy, the SDSD-dominated
strategy always has a higher probability of low profit years. A strategy neither
FDSD-dominated nor SDSD-dominated is acceptable even to a ‘‘risk averse’’
farmer, because it performs relatively well overall and also in the poorest years (Hien
et al., 1997).
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Anderson (1974) gave a complete discussion and review of stochastic dominance
in agricultural applications. Nagarajan et al. (1993) used stochastic dominance with
SOYGRO, to compare soybean varieties under varying seasonal precipitation, and
Lowenberg-DeBoer and Aghib (1999) used stochastic dominance to compare net
profit from precision farming under different soil-sampling alternatives using
empirical distributions estimated from on-farm trial data.

In a mean-variance sense, a strategy also dominates another strategy if it has both
a higher mean and a lower variance. If two strategies have identical means, a risk-
averse decisionmaker prefers the strategy with lower variance. If they have the same
variance, the decision with the higher mean is preferred. This type of mean-variance
analysis is easy to determine, but restricts the ordering of an alternative with both
higher mean and higher variance, which might still be separated with stochastic
dominance (Hadar and Russell, 1969).

Procedure

Research site

The research site was Davis–Purdue Agricultural Center, a 252-ha agriculture-for-
estry research center located in east central Indiana, in a region with relatively flat
topography. Four fields (about 49 ha in area, which is typical for east central
Indiana) were used for this study. Figure 1 shows a layout of the farm and the four
fields used (M1, M2, N, P).

Precipitation data

Precipitation data were taken from four stations. A NWS Cooperative Observer
station (labeled in Figure 1), consisting of a ground-mounted standard 8-in.
(20.3 cm) metal gauge, is on the farm itself, and the same farm staff member has
monitored it daily for 33 years, indicative of homogeneous high-quality records. The
nearest NWS stations to the farm with electronic reporting that were in non-urban
areas were Winchester (26.6 km away), Portland (27.4 km), and Hartford City
(34.6 km). Figure 1 shows the stations nearest to the farm, including two excluded
because they were in an urban area (Muncie). The three chosen stations all had daily
records for 1980–1999, with the following number of missing days during the crop
season (out of 3727 total): Winchester 26, Portland 5, Hartford City 665 (including a
gap from May 1990 to April 1993). Data came from the National Climatic Data
Center (NCDC, 1994), the Indiana State Climatologist’s office, the Indiana Climate
Page (http://shadow.agry.purdue.edu/sc.index.html), and the observer’s handwritten
sheets (on-farm data).

The inverse distance-squared weighted mean (Eq. 1) was used to estimate on-farm
precipitation from the three nearest non-urban stations. When data were missing, the
mean was based on the remaining one or two stations. The on-farm data were never
missing during the 20-year period. Missing data for the nearest station were filled in
with those from the farm.
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Data were converted to daily precipitation readings by completely assigning
the observation to the previous day if the observation time was before noon,
or to the same day if noon or later. Maximum air temperature was similarly
assigned according to observation time. This was done to limit biases caused by
24-h averaging times, as noted by Andresen (1987). On-farm data were
assigned explicitly by each day’s observation time, while off-farm station data
were all treated as if they had morning observation times, based on recent years’
data.

Median monthly and seasonal precipitation for the three precipitation data
sources is in Table 1. The within-season difference in precipitation among precipi-
tation data sources is plotted in Figure 2, as the percent difference between each
source and the mean of all three data sources. Differences of more than 50% occur in

• On-farm
NWS station

M1
M2

N
P

0 1 2 Kilometers

•
•
•

•
•
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•

••

•
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On-Farm
Station

Hartford City

Muncie
(urban)

Muncie Ball 
State Univ

(urban)

Portland 

Winchester

0 10 20 30 40 50 Kilometers

0 30 60 90 120 Kilometers

Figure 1. Location of NWS stations in east central Indiana, and fields used at Davis–Purdue Agricultural

Center for this study.
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extreme months, and no data source appears to be consistently higher or lower than
another, even within the same season.

Nitrogen application

Four strategies were considered for nitrogen application, based on two scales of
application and split application versus sidedress-only. The two scales of application
were whole-field (a single rate for each field based on that field’s yield potential) and
variable-rate (a potentially different rate for each 1-ha grid cell based on that grid
cell’s yield potential). The Tri-State Fertilizer Recommendations equation was used
to determine the application amount for corn after soybeans.

Yield potential was estimated as the average of yield monitor data for the whole
field, or for each grid cell. Five years of yield monitor data were available, split among
corn and soybeans, as shown in Table 2. Yield potential was the mean of all available
corn years, excluding drought (1996), plus 5% (Wilson, 1997; Taylor, 1998).

Yield monitor data came from a model 1640 Case-International Axial Flow1

combine equipped with an AgLeader 2000 yield monitoring system. The algorithm
used to convert the processed data to kilograms per hectare at standard moisture
accounted for a number of yield monitor and GPS errors and smoothed the data
with an 11-point moving average, to reflect the expected spatial resolution of yield
data (O’Neal et al., 2000). Field boundaries were digitized to encompass GPS-re-
corded yield monitor data locations, and within these boundaries each field was
divided into 12 approximately 1-ha grid cells. Yield was determined as kilograms
divided by either the header width · distance traveled, or by a maximum limit of cell
area (1.214 ha), whichever was smaller. Yield potential, derived from multiple years
of processed data, ranged from 5566 to 9211 kg ha)1.

From the Tri-State Recommendations equation, calculated variable-rate appli-
cation rates ranged from 67 to 156 kg ha)1 among grid cells. Calculated whole-field
nitrogen application ranged from 89 to 123 kg ha)1. The resulting nitrogen

Table 1. Median monthly and seasonal precipitation by data source (April 1980–October 1999)

Month

Data Source

1980–1999 median

On-farm data Nearest station Three-station mean

April 110 105 104

May 101 105 95

June 102 109 107

July 113 109 119

August 78 71 83

September 58 57 62

October 52 69 61

Seasona 638 637 624

All values in millimeters.
aDifferent from sum of months because of variable monthly totals within each season.
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application maps are in Figure 3. Variable-rate application resulted in slightly in-
creased applied nitrogen overall, from 5088 to 5123 kg.

Besides varying nitrogen application rates, timing of application was also varied.
The typical practice at the farm was to apply a 19% N urea/ammonium nitrate
solution at planting, then apply anhydrous ammonia as sidedress. The midrange of
timing for sidedressing was 37 days after planting. Splitting the Tri-State Recom-
mendations amount of nitrogen between planting (urea/ammonium nitrate) and
sidedress (anhydrous ammonia) formed one strategy, while the other strategy was to
apply only sidedress nitrogen (100% of recommendations, as ammonia) with none at
planting. In some years the farm could not sidedress because of weather or field
conditions. Accordingly, sidedress application was set to zero for the simulations of
those years.

DSSAT input data

Over 100 variables and options could or must be specified in DSSAT. Site and
management information specific to each grid cell were mostly used whenever
available. Otherwise, inputs were assigned default values, based on the manuals
(Hoogenboom et al., 1994; Jones et al., 1994; Hoogenboom et al., 1999) or other
literature or files provided with the software.

Table 2. Yield monitored crops in each field, 1995–1999, at research site

Field 1995 1996 1997 1998 1999

M1 Corn Soybeans Corn Corn Soybeans

M2 Soybeans Soybeans Corn Corn & soybeans Corn

N Corn Soybeans Corn Corn Soybeans

P Soybeans Corn Corn Soybeans Corn

N  application (kg/ha)
67
78
89
100
112
123
134
145
156

variable-rate whole-field

Figure 3. Nitrogen application rates for corn (kg ha)1), by whole field and by 1-ha grid cells, based on

yield potential and the Tri-State Recommendations equation.
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The four fields included four soil types (Blount silt loam, Glynwood silt loam,
Morley clay loam, Pewamo silty clay loam). Soil information was taken from the
county Soil Survey (Neely, 1987), on-farm soil samples, and the DSSAT soil
application program (Hunt et al., 1994). Ranges of values among the grid cells and
within soils for specific soil properties are shown in Table 3. The only site-specific
soil test data used were pH in water and pH in buffer, which varied from grid to grid;
other parameters were assigned by soil type. The range of variation in soil properties
was moderate for most parameters, with the greatest difference being in organic
carbon content. The inability to account for more site-specific variation in soil
drainage properties could have led to some underestimation of the precipitation-
induced yield differences.

Crop inputs, including planting dates, came from field records, crop literature, and
agricultural statistics. Further details of inputs and initial conditions are available in
O’Neal (2000).

Weather input data included precipitation, air temperature, and solar radiation.
Precipitation data sources were described earlier. Air temperature data were taken
from the on-farm NWS station (which had no missing values), and long-term
average daily solar radiation for each month came from Indianapolis (98 km to the
west), via US Department of Energy data. The WeatherMan program (Hansen et al.,
1994), which included an adaptation of the WGEN weather generator (Richardson
and Wright, 1984), was used to simulate solar radiation on individual days. Using
latitude and longitude, WeatherMan generates radiation according to the mean and
standard deviation of radiation on wet and dry days plus a response to the previous
day’s air temperature (Richardson and Wright, 1984). These were the only

Table 3. Soil properties used in CERES-Maize simulations

Soil property (for values that

differ by soil layer, only the value

for the surface layer is shown)

Blount

silt loam

Glynwood

silt loam

Morley

clay loam

Pewamo

silty

clay loam

Clay (<0.002 mm) content (%)a 24.5 21.5 31.0 33.5

Coarse (>2 mm) fraction (%)a 0 1 0 0

Drained upper limit of soil moisture (cm3 cm)3)b 0.282 0.266 0.298 0.320

Lower limit of soil moisture (cm3 cm)3)b 0.145 0.131 0.174 0.184

Moist bulk density (g cm)3)a 1.55 1.50 1.60 1.55

Organic carbon content (g kg)1)a 25 20 17.5 65

pH in bufferc 6.3–7.0 6.6–7.0 7.0 6.4–7.0

pH in waterc 5.7–7.9 5.8–7.2 7.0 5.8–7.8

Saturated hydraulic conductivity (cm h)1)d 3.3 3.3 1.0 3.3

Saturated upper limit of soil moisture (cm3cm)3)e 0.486 0.486 0.390 0.432

SCS (Soil Conservation Service) runoff curve numberf 85 85 85 87

aDetermined from county Soil Survey.
bCalculated by DSSAT soil utility from % sand-silt-clay, moist bulk density, organic carbon, and coarse

fraction >2 mm.
cMeasured from soil sample.
dDetermined from permeability from county Soil Survey.
eDetermined from effective porosity from Rawls et al. (1982).
fRow crops, straight row, good hydrologic condition assumed.
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stochastically simulated daily weather data used in the analysis. Although simulated
radiation varies based on whether there is precipitation, median monthly radiation
for the off-farm data sources varied by a maximum of 2.9% from on-farm data,
which was small compared to precipitation differences.

For calibration and validation only, fertilization information was from field re-
cords. As many as four nitrogen applications occurred in a season, in the form of
anhydrous ammonia, urea, and ammonia sulfate. Nitrogen content of fertilizer
came from existing field records and use of chemical conversions from Hignett
(1985) and Rauschkolb and Hornsby (1994). N amounts ranged from 1 to 5 kg ha)1

per application for ammonia sulfate and 34 to 211 kg ha)1 for other types of
nitrogen.

CERES-Maize calibration, validation, and simulation

Corn yield was calibrated in CERES-Maize with DSSAT according to the genetic
potential of corn varieties in the form of genotype coefficients. These coefficients
were calibrated for each grid cell, for actual 1995–1999 growing conditions. Cali-
bration for CERES-Maize followed a sequence of variables suggested by the
CROPGRO sequence described in the DSSAT manual (Boote, 1999). The years with
fewest crop stresses (1995 and 1998, except when corn yield data were not available)
were used for calibration. The remaining years were used for validation. Further
details of the calibration and validation are in O’Neal et al. (2002).

After calibration and validation, CERES-Maize was used to simulate corn yield
for the four nitrogen application strategies, for each of the three precipitation data
sources. Soybeans were assigned as the previous crop, to represent a 2-year corn-
soybean rotation. Fertilizer incorporation/application depth was set to 5 cm for
starter and 15 cm for ammonia injection. Start date of simulation was January 1.
Files used actual planting dates; if a field did not have corn, planting date came from
a nearby field, or else the surrounding crop district from state statistics. DSSAT
produced output values of dry matter yield. Values were divided by 0.85 to convert
them to 15% standard moisture for the analysis.

Profitability

Profitability, calculated on an annual basis, was based on simulated yield, for the
four nitrogen management strategies. The equation used to calculate profitability
was as follows, built upon Braga et al. (1998)’s equation:

p ¼ 1

A

Xn
i¼1

ai � pGYi �
X
j

rNj
Nij � rHYi

 !" #
� F� rA � I ð2Þ

where p ¼ profitability ($ ha)1), A ¼ total area (ha), n ¼ number of management
units, ai ¼ area of management unit i (ha), pG ¼ grain price ($ kg)1), Yi ¼ crop yield
in management unit i (kg ha)1), Nij ¼ amount of nitrogen applied in management
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unit i in each application j (kg ha)1), rNj ¼ nitrogen cost for each form of fertilizer
applied ($ kg)1), rH ¼ harvest cost ($ kg)1), F ¼ fixed costs ($ ha)1),
rA ¼ application costs ($ ha)1), and I ¼ information and analysis cost ($ ha)1).
Costs and prices used for calculating profitability are in Table 4.

Fixed costs and harvest cost followed those of an early online version of Braga
et al. (1998), and the default corn price was the average monthly January 1995–June
1999 price from IASS (1995–1999). The default nitrogen cost was the average 1995–
1999 price of ammonia or a nitrogen–phosphorus mix from IASS (1995–1999).

The information cost for on-farm precipitation data was based on a datalogging
tipping bucket gauge purchased for $250 with a 5-year lifetime and 12.5% oppor-
tunity cost of capital, plus 1 h week)1 unskilled labor (data collection) plus
$25 year)1 for cleaning, repair, and maintenance. The information cost for data
from the nearest NWS station with electronic reporting, obtained from the Internet,
consisted of a $10 download fee each year, plus 8 h skilled labor (computer/Internet
work) the first year and 1 h each subsequent year. The cost for the 3-station-mean
was the same as nearest-station data plus 2 h skilled labor the first year (an addi-
tional calculation program and having to process two other stations’ data), 1/2 h
each subsequent year, for 10 years. For all three sources, the cost of labor was
$6.25 hr)1 unskilled, $8.75 hr)1 skilled, after Benson et al. (1996).

Table 4. Prices used to compute cost and profitability

Item Units Price

Fixed costs $ ha)1 $195.00

Harvest cost $ kg)1 $0.0055

Information and analysis cost $ ha)1

On-farm data $2.38

Nearest station $0.13

Three-station mean $0.17

Corn price $ kg)1

Default $0.11

Maximum $0.19

Minimum $0.08

Application costs $ ha)1

Whole-field anhydrous ammonia $19.10

Variable-rate ammonia: Default $31.93

Varying costs

($4 ha)1 and $8 ha)1

above and below the default

variable-rate cost)

$23.93, $27.93, $35.93, $39.93

Nitrogen cost $ (kg N))1

Ammonia

Default

$0.39

Maximum $0.44

Minimum $0.28
Starter (10-34-0):

Default

$1.48

Maximum $1.51

Minimum $1.46
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Whole-field application cost of sidedressed anhydrous ammonia followed Benson
et al. (1996), based on a 10-year depreciation and 12.5% interest, readjusted to a
tillable farm area of 185 ha. Variable-rate application cost was $12.83 ha)1 more
than conventional application. This additional increment consisted of a $5000
package including planter/anhydrous ammonia controllers, electronics, and an in-
cab computer, with a 3-year useable lifetime, after Swinton and Lowenberg-DeBoer
(1999), adjusted to 12.5% opportunity cost of capital and 185 ha, and no additional
labor or fuel costs. The farm was assumed to already have a yield monitor. The
assumption of already owning a yield monitor implied that the farmer was already
making yield maps but had not yet made the decision to apply variable-rate. This
would underestimate the additional cost of yield data and total cost of variable-rate
application if the decisionmaker were a first-time user new to precision farming.
However, the economic comparison of this study could not be performed unless the
farmer already had yield monitor data for the crop model.

Sensitivity analysis of the profitability of variable-rate and sidedress-only appli-
cation was also performed. This involved recalculating profitability with eight sce-
narios: maximum and minimum corn price (for January 1995–June 1999), maximum
and minimum nitrogen (urea/ammonium nitrate and anhydrous ammonia) prices
(1995–1999), and four different costs of variable-rate application ($4 ha)1 and
$8 ha)1 higher and lower than the default). Values used for these scenarios, and
default values of costs and prices, are in Table 4.

Choice among nitrogen strategies

The choice among nitrogen application strategies was based on profit, using sto-
chastic dominance. The determination of stochastic dominance involved the area
under (to the right of) cumulative probability curves of profit (p, Eq. 2) and their
relative position along the profitability axis. Strategies were further separated into
categories of ‘‘dominated’’, ‘‘risk neutral’’, and ‘‘risk averse’’, in terms of risk and
profit desirability, based on the stochastic dominance results (Hien et al., 1997). The
Kolmogorov–Smirnov (K–S) two-sample D+ test was used as suggested by Hien
et al. (1997) to test if the distributions were statistically different.

Choice among precipitation data sources

After making choices between paired nitrogen strategies for each precipitation
source, it was possible to make a choice among the three precipitation data sources.
The most accurate source was presumably on-farm data, since it measured the
precipitation closest to the place where the crops were grown. Thus, the correct
choice between paired nitrogen fertilization strategies was the one selected using on-
farm data, if one dominated another with first or SDSD. If off-farm data led to one
or more incorrect choices, and the additional cost of on-farm data was less than the
increase in profit from the correct choice, then on-farm data would be profitable. If
the profit difference was less than the extra cost of on-farm precipitation measure-
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ment, then on-farm data might be useful, but unprofitable, and using NWS station
data would be more efficient than measuring precipitation on-site, for a site-specific
farmer in east central Indiana, for such a decisionmaking scenario.

Results

CERES-Maize calibration and validation

The calibration of CERES-Maize using the 1-ha grid cell yield gave an r2 of 0.742 for
regression of simulated yield versus yield monitor data, with 65.3% of the simulated
grid cell yields within 10% of yield monitor data (O’Neal et al., 2002). The slope of
the regression was 0.73. Yield error on the field scale in 1995 and 1998, the two main
calibration years, ranged from 0.3% to 9.1%.

The validation of 1-ha grid cell yield gave an r2 of 0.330 and regression slope of
0.555. Although low, the r2 statistic was within the range of values found by other
CERES modelers including the r2 of 0.160–0.441 found by Jagtap et al. (1999) with
plot-level corn prediction and r2 ¼ 0.57 from Paz et al. (1999) for within-field corn
yield variability (552 m2 grid cells). However, it was much lower than the r2 ¼ 0.80
which Booltink et al. (2001) were able to obtain for yield of 0.2-ha grid cells with
CROPGRO-Soybean, by calibrating water stress, pests, and weeds rather than ge-
netic coefficients. Of predicted yields on a field basis, two thirds were within 25% of
observed. The regression slopes suggested more random error in calibration and
more systematic error (under-prediction) in validation. Further details of calibration
and validation are in O’Neal et al. (2002).

The coefficient of variation for observed grid cell yield was 1.22 times that of
simulated grid cell yield. The model underestimated high yields and overestimated
low yields, showing a reduction from the variation seen in observed data. Thus, the
model underestimated the variance relative to the mean. This characteristic of the
model would tend to show less significant differences in yield between different
precipitation sources and different nitrogen strategies.

CERES-Maize simulation

The spatial patterns of simulated yield were similar among treatments for each
precipitation source, but varied among precipitation sources, as shown in Figure 4
for the year 1997. Over the 20-year period, Figure 5 shows how variable the simu-
lated yield was from year to year and between data sources, for one strategy, based
on the precipitation differences which are shown in Figure 2. The extreme differ-
ence in yield between data sources in 1996 and its relationship to precipitation
differences are discussed in O’Neal et al. (2002). Determining the accuracy of sim-
ulated yields was not possible because of the use of fixed values for inputs each year
versus the actual year-to-year variable inputs. The 20-year average of predicted corn
yield for each of the 12 combinations for the 49-ha area ranged from 5282 to
6103 kg ha)1.

PROFITABILITY OF ON-FARM PRECIPITATION DATA 167



Choice among nitrogen strategies

Cumulative probability graphs (Figure 6) did not show one strategy to be more
profitable than another for every data source, over the distribution of profits. For
large portions of the distribution, but not throughout the entire range of profit-
ability, sidedress-only had higher profit, due to the relatively large cost savings of
sidedressed ammonia compared to urea/ammonium nitrate starter. Whole-field
application had higher profit than variable-rate application more often than the
reverse, but this was not clear for every data source. On-farm data showed a greater
difference between distributions in the center of the probability range than did the
other data sources.

Sidedress-only
Variable Rate

Sidedress-only
Whole Field

Split-application
Variable Rate

Split-application
Whole Field

Pr
ec

ip
ita

tio
n 

D
at

a 
So

ur
ce

On-farm 
Weather

Nearest 
Non-urban 

Station

3-station
Weighed 

Mean

Fertilization Strategy

Corn yield @ 15% moisture (kg/ha)
1858 - 2999
3000 - 4999
5000 - 6999
7000 - 8999
9000 - 10999
11000 - 11238

Figure 4. Simulated corn yield, 1997, based on three precipitation data sources and four nitrogen

strategies.
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If maximizing overall mean profit was the criterion of choice, descriptive statistics
of profitability (Table 5) showed that sidedress-only was more profitable on average
than split application, and whole-field application was slightly more profitable than
variable-rate, for all three data sources. Nearest-station data showed lower minimum
profit and the 3-station mean showed higher minimum profit compared to on-farm
data. Both off-farm sources underestimated the maximum profit.

Sensitivity tests indicated that the ranking of sidedress-only as more profitable
than split application remained for all three sources even if nitrogen prices increased
or decreased to the 1995–1999 maximum or minimum or corn prices decreased to the
5-year minimum; however, at the maximum corn price, split application became
more profitable. The extra yield of high-value corn from split application in some
weather years was then sufficient to offset the additional nitrogen cost.

The slight advantage of whole-field management over variable-rate management
appeared with maximum and minimum corn and nitrogen prices also, for all three
data sources. Even when variable-rate application cost was lowered by $8 ha)1 from
the default, whole-field application still had a higher mean profit. The general
principle illustrated here is that variable-rate application would be more profitable
with higher cost inputs. Ammonium nitrate is usually much more expensive than
anhydrous ammonia, so variable-rate application would make more sense when
using ammonium nitrate. However, since the ammonium nitrate was applied with
the planter, variable-rate application occurred only with the anhydrous ammonia,
and therefore whole-field application remained more profitable.
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-60.0

-40.0

-20.0

0.0

20.0

40.0

60.0

1980 1982 1984 1986 1988 1990 1992 1994 1996 1998
Year

%
 D

iff
er

en
ce

 fr
om

 2
0-

yr
 m

ea
n 

si
m

ul
at

ed
 y

ie
ld

 (o
n-

fa
rm

)

On-farm data
Nearest NWSstation
3-station mean

Figure 5. Simulated corn yield summed over a 49 ha area, for three precipitation data sources, 1980–

1999, for one management strategy (sidedress-only, whole field N application), percent difference from the

20-year mean simulated yield of on-farm data.
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The significant difference was between sidedress-only and split application.
Figure 7 shows the profit distributions for split application versus sidedress-only, for
variable-rate application. The effect of the higher nitrogen cost for starter fertilizer
was apparent throughout most of the distribution, especially for on-farm data. All
three data sources showed sidedress-only more profitable in the lowest-profit
years—suggesting that the savings in nitrogen cost outweighed the decrease in yield.

A yield-maximizing criterion would have favored split application, as it yielded
higher than sidedress-only for all precipitation data sources. Weather risk could give
an additional advantage if in some years sidedress nitrogen application was
impossible because of weather and surface moisture. For the research site, according
to farm records, no sidedress application occurred in 6 of the 20 years, due to rain
and field conditions. The simulations were set up to exclude sidedress application in
those same years. Therefore, for 30% of the growing seasons, nitrogen fertilizer at
planting was all that the simulated crop received, with split-application, or none at
all, with a sidedress-only strategy. This represents an extreme scenario.

Risk categories of profitability

Stochastic dominance comparisons showed that the whole-field sidedress-only
strategy was in the risk averse category for all three precipitation data sources

Figure 6. Cumulative distributions of profitability, 1980–1999, based on simulated corn yields.
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(Table 6). This strategy was therefore the most desirable from both profit
and risk standpoints. This result held for all sensitivity tests. However, the Kol-
mogorov–Smirnov test did not show this strategy to have a significantly different
distribution than any other strategy at the 95% confidence level, based on any
precipitation source, for the default costs. Since the K–S test is based only on the
maximum difference between entire cumulative distributions, more detailed analy-
sis (FDSD and SDSD) is appropriate to determine whether smaller differences
within distributions can still separate them in terms of risk and profit. Unless
otherwise noted, the outcomes in Table 6 apply to all sensitivity tests (corn price,
nitrogen price, VR application cost, dropping each weather year from the distri-
bution).

At least one variable-rate strategy was always dominated (undesirable even to a
risk neutral farmer), for each data source. Whole-field split application was
always in the risk-neutral category, for the default values; it would be desirable to a
risk-neutral farmer for overall profit, but not to a risk-averse farmer because some
other strategy (whole-field sidedress-only) would perform better in the lowest-
yielding years. With sensitivity tests, for on-farm data, whole-field split applica-
tion ranged from dominated (totally undesirable) to risk averse (most desirable),
depending on corn price. The advantage of having at least some nitrogen applica-
tion in years when sidedressing is impossible depended strongly on the economic
value of the additional yield. Off-farm data showed an advantage for split appli-
cation when corn prices were high but no disadvantage when corn prices were
low.

Table 5. Descriptive statistics for net profit over the 49 ha by strategy, 1980–1999, simulated from three

precipitation data sources

Net profit by treatment ($ ha)1)

Whole-field

sidedress-only

Whole-field

split-application

Variable-rate

sidedress-only

Variable-rate

split-application

On-farm data

Average $322.05 $297.15 $313.45 $289.60

Standard deviation $188.44 $193.91 $188.95 $196.75
Minimum )$2 )$60 )$14 )$72
Maximum $617 $609 $606 $611

Nearest-station data

Average $309.65 $294.40 $302.90 $285.30

Standard deviation $183.14 $176.35 $182.63 $178.58

Minimum )$5 )$66 )$20 )$79
Maximum $595 $586 $582 $586

Three-station mean

Average $350.15 $330.50 $341.65 $321.35

Standard deviation $182.06 $183.97 $182.16 $185.82
Minimum $15 )$37 $2 )$50
Maximum $609 $607 $598 $607
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Stochastic dominance

Using the on-farm data, whole-field application with sidedress-only was FDSD over
variable-rate sidedress-only for the defaults and every sensitivity test, and FDSD-
dominant over all other strategies for minimum corn price. The 3-station mean,
however, failed to show FDSD for the lowest variable-rate application fee, and the
nearest-station data showed FDSD in only three of the sensitivity tests. Split
application and sidedress-only were not separable with FDSD except at minimum
corn price. Overall, neither of the off-farm data sources consistently showed FDSD
for the same comparisons as on-farm data, although the 3-station mean agreed more
frequently than the nearest-station data.

For the defaults, the K–S two-sample test was relevant for only two FDSD
comparisons: whole-field sidedress-only versus variable-rate sidedress-only, and
whole-field split application versus variable-rate split application. For the on-farm
data, the K–S test gave a D+value (maximum vertical difference in probability) of
0.10 for the variable-rate versus whole-field comparison with sidedress-only. The
same comparison for the 3-station mean gave a value of 0.05. For nearest-station

Figure 7. Cumulative probability of profitability over the 49 ha, based on three sources of precipitation

data and simulated corn yield, for split application versus sidedress-only, with variable-rate application.
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and 3-station-mean data, the comparison of whole-field versus variable-rate for split
application gave a D+ of 0.15. None of the values were significant at even a 75%
significance level, based on a critical D+ of 0.20 for sample size n ¼ 20.

When the choice was unclear between whole-field and variable-rate application or
between sidedress-only and split application, as occurred frequently, profit alone
(FDSD) was insufficient to determine a better strategy, so finding the best balance of
risk and returns (SDSD) became the criterion of choice.

In 29 of the 30 cases when SDSD was necessary for off-farm data, and was not
necessary for on-farm data, the result was the same choice that FDSD led to for on-
farm data. The difference was that a choice now appeared to be better only from a
risk perspective, when actually it was also better from a profit perspective. In a single
case (lowest VR application fee, nearest-station data), the choice still could not be
made with SDSD.

In all 29 cases when SDSD was not necessary for off-farm data (showed a FDSD
choice) but was necessary for on-farm data (no FDSD), on-farm data led to the same
choice for SDSD. The choice was better from the risk perspective, but not from the
profit maximization perspective (as off-farm data mistakenly showed).

In the cases where SDSD was necessary for all precipitation data sources, off-farm
data either led to the same choice as on-farm data or showed that no strategy was
SDSD-dominant. The three precipitation data sources never led to a disagreement
about which choice was better, but rather about the sense in which the choice was
better.

The differences in FDSD and SDSD meant that the precipitation data sources
affected the risk category of the strategy, as shown in Table 6. For instance, with the
defaults, on-farm data showed variable-rate sidedress-only to be the only strategy in
the dominated (most undesirable) category, while for the nearest-station data, var-
iable-rate split-application was the only such strategy, and for the 3-station mean,
two strategies were dominated.

Table 6. Risk categories for the objective of maximizing profit, tested with CERES-Maize corn

simulations, 1980–1999, by nitrogen application strategy and precipitation data source

Precipitation

data source

Whole field

sidedress-only

Whole field

split-application

Variable-rate

sidedress-only

Variable-rate

split-application

On-farm data Risk averse Risk neutrala Dominated Risk neutralb

Nearest non-urban NWS station Risk averse Risk neutralc Risk neutrald Dominated

3-station weighted mean Risk averse Risk neutrale Dominatedf Dominated

aRisk averse for maximum corn price; dominated for minimum corn price.
bDominated for minimum corn price.
cRisk averse for maximum corn price and dropping 1981, 1984, 1988, 1989, or 1999.
dRisk averse for $8 ha)1 lower VR application cost; dominated for minimum corn price, $8 ha)1 higher

VR application cost, and dropping 1996.
eRisk averse for maximum corn price.
fRisk averse for $8 ha-1 lower VR application cost.
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Choice among precipitation sources

The differences in expected value and variance of profit between the four different
strategies for on-farm data were associated with the profitability of correct and
incorrect choices. Expected value is a measure of overall profitability, while variance
is a measure of the riskiness of profit. Off-farm data sources are not used for this
determination because they do not represent the actual farm conditions. The dif-
ference in profit between the correct strategy and some other choice is the cost of
making that wrong choice, and it contrasts with the additional cost of having on-
farm data to make the right choice. Based on the on-farm data simulations, split
application cost an extra $24–25 per hectare in profits compared to sidedress-only,
while whole-field and variable-rate application were more similar in profitability.

The cost differential between on-farm and off-farm data, $2.38 ha)1 versus $0.13–
0.17 ha)1, gave a baseline against which to compare profitability of decisions made
with the data. Even if off-farm data had led to an incorrect choice of strategy, the
additional profit from the correct strategy would need to have covered the infor-
mation/analysis cost of on-farm measurement for it to be truly profitable. Any of the
wrong choices in this case would have cost more than the additional on-farm
measurement cost. However, the three data sources typically led to the right choice,
although the profit and risk characteristics of that choice varied among data sources
with FDSD and SDSD.

Since all three data sources led to the same best choice, the most profitable pre-
cipitation data source would be the least expensive. The nearest-station data and 3-
station mean both had comparable costs ($0.13 and $0.17 ha)1), a great deal less
than that of on-farm measurement ($2.38 ha)1). Given the additional time and
management needed to use three files instead of one, the most profitable information
source appeared to be data from the nearest station, via the Internet. Also from a
climatological standpoint, the nearest station was preferable, because the weighted
average of three stations smoothed over zeroes, causing apparent increased precip-
itation values and frequency.

Summary and conclusions

Precipitation data from on a farm led to the same choice, of whole-field or variable-
rate nitrogen application with all at sidedress or split between starter and sidedress,
as either the nearest non-urban NWS station or the inverse distance-squared
weighted mean of the three nearest such stations. However, the choice varied in
terms of whether a nitrogen fertilization strategy was acceptable in terms of risk,
with stochastic dominance. Sensitivity testing with extreme historical values of pri-
ces/costs and years of weather data showed that the on-farm data results were
relatively robust, while stochastic dominance comparisons changed frequently with
nearest-station data, and less so with the 3-station mean. For instance, the three
precipitation data sources each gave a different answer in terms of which strategy
was in the ‘‘dominated’’ (unacceptable) category, and in one case the three data
sources showed the same strategy to be in three different risk categories (dominated,
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risk averse, and risk neutral). In several cases, off-farm data showed one comparison
to be ambiguous in terms of profit maximization, when on-farm data showed one
strategy to dominate throughout the distribution of profitability.

The cumulative probability curves of profitability for sidedress-only and split
application were not easily separable with stochastic dominance. The higher nitrogen
cost of split application outweighed the increased yield, even though sidedressing
could not be performed in some weather years. For whole-field versus variable-rate
application, the extra cost of variable-rate application equipment favored whole-field
application, as yield differences between the two were small.

A limitation of the current study is with the calibration of the crop simulation
model. It would have been better to calibrate to soil properties and drainage, as done
by Paz et al. (1999), rather than to genotype coefficients, to characterize site-specific
yield variability. Corn yield variability in Midwest fields is likely to come from water
stress associated with the highly variable soil properties and drainage characteristics
found across the field, as assumed by Paz et al. (1999), while crop genotype char-
acteristics are relatively homogeneous within fields.

The crop model, as calibrated, also underestimated variance relative to observed
yields, which made frequency curves more similar and could give fewer significant
differences between nitrogen strategies and between precipitation data sources. A
more precise calibration and model would allow more complete frequency distri-
butions of yield and profitability with more extended tails for the extremes, and in
turn permit a more accurate economic determination of best profit risk for nitrogen
management strategies.

This study is based on simulated yield and profit, but the most important deter-
minant of making profitable management decisions from weather data is what
happens in the field. Under-prediction of actual yield values with simulated yield,
and a small simulated yield response to nitrogen in the crop model, could have
reduced the overall yield differences among precipitation data sources. Nevertheless,
simulated information is the best possible, and most likely to be used for decisions of
this sort. Testing the value of on-farm precipitation data with field trials and actually
applying nitrogen in different strategies over multiple years with different weather
would be inefficient for research, so a modeling approach is clearly preferable, de-
spite the shortcomings of the model being used.

Since the average farmer is unlikely to have on-farm weather records going
back very far, using existing long-term stations nearby is desirable. The farm in this
study was within 27 km of an off-farm NWS station with electronic reporting. Most
farmers in the state of Indiana have a NWS station this close or closer from which to
obtain data. Missing data, however, might require finding a station farther away.

The analysis of sidedress nitrogen choice constrains the results to a management
decision made before the beginning of the season. The result of this study further
depends on geographic precipitation patterns, which are different in regions with
more varied topography than the flat glaciated areas of east central Indiana. Larger
field sizes could also change the results, if there was more spatial variability within
each field, for the relative profitability of whole-field application.

The conclusion drawn from this study is that having precipitation data on the
farm, or at scales smaller than the NWS network, may be useful for this type of
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management decision, but may not be profitable for nitrogen application choices.
Decisionmaking is enhanced with on-farm precipitation data, via more accurate risk
assessment, but profitability is not. Nitrogen application strategies chosen based on
inexpensive precipitation data from the NWS would be the same as those based on
relatively expensive recording at the farm, although in sensitivity testing on-farm
data sometimes results in clearer distinctions between strategies. Better decision-
making may have other sociological or economic impacts not directly addressed,
such as stability of management over time, confidence about future decisions, and
more efficient land management and use of time and resources. With precision
farming, on-farm management requires the best available data, so it can be argued
that on-farm data are desirable for reasons other than profitability. However, if
profitability is what matters, then using NWS data from the nearest station, via the
Internet, would be more profitable than on-farm data because of its lower cost.

Note

1. Throughout this text, the use of specific company and/or product names is in no way an endorsement

by the authors or by Purdue University.
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Hien, V., Kaboré, D., Youl, S. and Lowenberg-DeBoer, J. 1997. Stochastic dominance analysis of on-farm

trial data: The riskiness of alternative phosphate sources in Burkina Faso. Agricultural Economics 15,

213–221.

Hignett, T. P. 1985. Production, properties, and use of nitrogen solutions and use of anhydrous ammonia

for direct application and ammonium salts, nitric acid, and nitrates. In: Fertilizer Manual, edited by T.

P. Hignett (Developments in Plant and Soil Sciences Series Vol. 15, Martinus, Nijhoff, Dr. W. Junk

Publishers, Boston), p. 83–99, 122–135.

Hoogenboom, G., Jones, J. W., Wilkens, P. W., Batchelor, W. D., Bowen, W. T., Hunt, L. A., Pickering,

N. B., Singh, U., Godwin, D. C., Baer, B., Boote, K. J., Ritchie, J. T. and White, J. W. 1994. Crop

models. In: DSSAT Version 3 Volume 2, edited by G. Y. Tsuji, G. Uehara and S. Balas (University of

Hawaii, Honolulu, HI), p. 97–246.

Hoogenboom, G., Wilkens, P. W., Thornton, P. K., Jones, J. W., Hunt, L. A. and Imamura, D. T. 1999.

Decision Support System for Agrotechnology Transfer v3.5. In: DSSAT Version 3 Volume 4, edited by

G. Hoogenboom, P. W. Wilkens and G. Y. Tsuji (University of Hawaii, Honolulu, HI), p. 1–36.

Huff, F. A. 1979. Spatial and Temporal Correlation of Precipitation in Illinois (Illinois State Water Survey

Circular #141, Illinois Institute of Natural Resources, Urbana, Illinois, USA).

Hunt, L. A., Jones, J. W., Thornton, P. K., Hoogenboom, G., Imamura, D. T., Tsuji, G. Y. and Singh, U.

1994. Accessing data, models & application programs. In: DSSAT Version 3 Volume 1, edited by G. Y.

Tsuji, G. Uehara and S. Balas (University of Hawaii, Honolulu, HI), p. 21–110.

Indiana Agricultural Statistics Service (IASS). 1995–1999. Indiana Agricultural Statistics—19__ (94–95,

95–96, 96–97, 97–98, 98–99) (Purdue University, West Lafayette, IN, USA).

Jagtap, S. S., Abamu, F. J., and Kling, J. G. 1999. Long-term assessment of nitrogen and variety tech-

nologies on attainable maize yields in Nigeria using CERES-maize. Agricultural Systems 60, 77–86.

Jones, C. A. and Kiniry J. R. (eds) 1986. CERES-Maize, a Simulation Model of Maize Growth and

Development (Texas A&M University Press, College Station, TX).

Jones, J. W., Hunt, L. A., Hoogenboom, G., Godwin, D. C., Singh, U., Tsuji, G. Y., Pickering, N. B.,

Thornton, P. K., Bowen, W. T., Boote, K. J. and Ritchie, J. T. 1994. Input and output files. In: DSSAT

Version 3 Volume 2, edited by G. Y. Tsuji, G. Uehara and S. Balas (University of Hawaii, Honolulu,

HI), p. 1–94.

Long, D. S., Carlson, G. R. and Nielsen, G. A. 1996. Cost analysis of variable-rate application of nitrogen

and phosphorus for wheat production in northern Montana. In: Precision Agriculture: Proceedings of

the 3rd International Conference June 23–26, 1996 Minneapolis, Minnesota, edited by P. C. Robert, R.

H. Rust and W. E. Larson (ASA-CSSA-SSSA, Madison, WI, USA), p. 1019–1031.

PROFITABILITY OF ON-FARM PRECIPITATION DATA 177



Lowenberg-DeBoer, J.M. andAghib, A. 1999. Average returns and risk characteristics of site specific P and

K management: Eastern corn belt on-farm trial results. Journal of Production Agriculture 12, 276–282.

McConkey, B. G., Nicholaichuk, W. and Cutforth, H. W. 1990. Small area variability of warm-season

precipitation in a semiarid climate, Agricultural and Forest Meteorology 49, 225–242.

Mengel, D. B. 1996. Fertilizing Corn Grown Using Conservation Tillage (Agronomy Guide AY-268, Purdue

University Cooperative Extension Service, West Lafayette, IN, USA).

Nagarajan, K., O’Neil, R. J., Lowenberg-DeBoer, J. and Edwards, C. R. 1993. Indiana Soybean System

Model (ISSM): I. Crop model evaluation. Agricultural Systems 43(4), 357–379.

National Climatic Data Center (NCDC) 1994. Surface Land Daily Cooperative Summary of the Day TD-

3200 (Compact disc, National Climatic Data Center, Asheville, North Carolina, USA).

Neely, T. 1987. Soil Survey of Randolph County, Indiana (Soil Conservation Service, US Department of

Agriculture, Washington, DC, USA).

O’Neal, M. R. 2000. Spatial and temporal precipitation variability as a component of site-specific corn and

soybean yield variability. PhD thesis, Dept. of Agricultural and Biological Engineering, Purdue Uni-

versity, West Lafayette, IN, USA.

O’Neal, M. R., Frankenberger, J. R. and Ess, D. R. 2002. Use of CERES-Maize to study effect of spatial

precipitation variability on yield. Agricultural Systems 73, 205–225.

O’Neal, M. R., Frankenberger, J. R., Ess, D. R. and Grant, R. H. 2001. Precipitation variability at the

farm scale during crop phonological phases. Transactions of the ASAE 43(6), 1449–1458.

O’Neal, M. R., Frankenberger, J. R., Parsons, S. D., Ess, D. R., Crisler, M. T. and Strickland, R. M. 2000.

Correcting yield monitor data from improved yield mapping. Presented at the 2000 ASAE Annual

International Meeting, Paper No. 001088, ASAE, 2950 Niles Rd., St. Joseph, MI 49085-9659 USA.

Paz, J. O., Batchelor, W. D., Colvin, T. S., Logsdon, S. D., Kaspar, T. C., Karlen, D. L. and Babcock, B. A.

1999.Model-based technique todetermine variable ratenitrogen for corn.Agricultural Systems60, 69–75.

Rauschkolb, R. S. and Hornsby, A. G. 1994. Nitrogen Management in Irrigated Agriculture (Oxford

University Press, New York).

Rawls, W. J., Brakenseik, D. L. and Saxton, K. E. 1982. Estimation of soil water properties. Transactions

of the ASAE 25, 1316–1320.

Reetz, H. Jr. 1999. Computers and satellites: New tools help with crop and soil management. Resource 6

(Oct), 13–14.

Richardson, C. W. and Wright, D. A. 1984. WGEN: A Model for Generating Daily Weather Variables

(Agricultural Research Service, Publication ARS-8, U.S. Department of Agriculture, Washington, DC,

USA).

Sadler, E. J., Gerwig, B. K., Evans, D. E., Busscher, W. J. and Bauer, P. J. 2000. Site-specific modeling of

corn yield in the SE coastal plain. Agricultural Systems 64, 189–207.

Sadler, E. J. and Russell, G. 1997. Modeling crop yield for site-specific management. In: The State of Site-

Specific Management for Agriculture (American Society of Agronomy Miscellaneous Publication, ASA-

CSSA-SSSA, Madison, WI, USA), p. 69–79.

Serrano, S. E. 1997. Hydrology for Engineers, Geologists, and Environmental Professionals (HydroScience,

Inc., Lexington, KY, USA).

Snyder, C., Havlin, J., Kluitenberg, G. and Schroeder, T. 1998. Evaluating the economics of precision

agriculture. In: Proceedings of the Fourth International Conference on Precision Agriculture 19–22 July

1998 St. Paul, Minnesota, edited by P. C. Robert, R. H. Rust and W. E. Larsons (ASA-CSSA-SSSA,

Madison, WI), p. 1621–1632.

Swinton, S. M. and Lowenberg-DeBoer, J. M. 1999. Profitability of Site-Specific Farming (Site-Specific

Management Guidelines #SSMG-3, ref. #99073, Potash & Phosphate Institute (PPI), Norcross, GA,

USA).

Tabios, G. Q. and Salas, J. D. 1985. A comparative analysis of techniques for spatial interpolation of

precipitation. Water Resources Bulletin 21, 365–380.

Taylor, R. W. 1998. Realistic Yield Goals for Crops: Considerations & Suggestions (Agronomy Facts Series,

#AF-03-9/98, University of Delaware, Delaware Cooperative Extension, Newark, DE, USA).

Vitosh, M. L., Johnson, J. W. and Mengel, D. B. 1996. Tri-State Fertilizer Recommendations for Corn,

Soybeans, Wheat & Alfalfa (Michigan State University Extension Bulletin E-2567, Michigan State

University, East Lansing, MI, USA).

Wilson, M. 1997. New nitrogen know-how. Prairie Farmer (Nov), 12–14.

O’NEAL ET AL.178


