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Agronomic and Nitrate L eaching I mpacts of Pelletized ver sus

Granular Urea

by
Sanjay B. Shah
Mary Leigh Wolfe, Chair
Biological Systems Engineering
(ABSTRACT)

Agronomic and water quality impacts of urea particle size were evaluated through
field and laboratory experiments and mathematical modeling. In atwo-year field study,
corn silage yield, corn nitrogen (N) removal, and nitrate-N (NOs™-N) leaching from urea
pellets (1.5 g each) and granules (0.01-0.02 g each) applied at 184 kg-N/ha were
compared. A control treatment (no N) and two other N application rates (110 and 258
kg-N/ha) were also included. Urea particle size impact on dissolution rate, dissolved
urea movement, mineralization, and NO3-N leaching were evaluated in the laboratory.
A two-dimensional (2-D) mathematical model was developed to smulate the fate of
subsurface-banded urea and its transformation products, anmonium (NH;") and NOs..

With 184 kg-N/ha, corn silage yield was 15% higher (p = 0.02) and corn N removal
was 19% higher (p = 0.07) with pellets than granules in the second year of the field
study. In the absence of yield response at 110 kg-N/ha, reason for higher yield at 184
kg-N/ha with pellets was unclear. Greater N removal reduced NO;-N leaching
potential from pellets compared to granules during the over-winter period. No urea
form response to yield or corn N removal was observed in the first year. In 23 of 27
sampling events, granules had higher NO3-N concentration in the root zone than
pellets, with average NO3;-N concentrations of 2.6 and 2.2 mg-N/L, respectively.
However, datistically, NO3-N leaching from the root zone was unaffected by urea
form, probably due to high variability within trestments masking the treatment effects.
In October 1997, pellets retained 16% more (p = 0.04) inorganic-N in the top half of the
root zone than granules, due to slower nitrification in pellets as was determined in the
mineralization study. Slower NOs-N leaching allowed for greater N extraction by



plants. Pellets had lower dissolution, urea hydrolysis, and nitrification rates than
granules; however, nitrification inhibition was the dominant mechanism controlling N
fate.

The model took into account high substrate concentration effects on N
transformations, important for simulating the fate of band-applied N. The model
exhibited good mass conservative properties, robustness, and expected moisture and N
distribution profiles. Differences in measured field data and model outputs were likely
due to uncertainties and errors in measured data and input parameters. Model
calibration results indicated that moisture-related parameters greatly affected N fate
simulation.  Sensitivity analyses indicated the importance of nitrification-related
parameters in N simulation, particularly, their possible multiplicative effects. Need for
extensive model testing and validation was recognized. The validated 2-D N model
could be incorporated into a management model for better management of subsurface-
banded granular N. However, the 2-D model is not appropriate for simulating the three

dimensional N movement from pellets.
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1. INTRODUCTION

1.1. Background

Not too long ago, it had been predicted that the earth could not sustain a human
population in excess of 4 billion. Thankfully, those predictions proved to be incorrect;
the world population, as of mid-2000 stands at more than 6 billion (U.S. Census Bureau,
2000). Eventhough there isgreat disparity in the availability of food, there are no signs
that widespread famine is imminent. To feed the increasing world population, even as
late as the early decades of the 20" century, people increased cultivated area, an
approach that was hampered by the fact that land is finite. Even worse, areas such as
wetlands that helped maintain the earth’s ecological balance were cultivated with
adverse impacts on the environment.

However, at the dawn of the 21% century, humankind has been able to use the fruits
of scientific research to meet the demands of the ever-increasing world population for
food and fiber. Widespread availability of cheaper and better synthetic fertilizers have
fueled the agricultural revolution as have other factors, such as the introduction of high
yield varieties. It is estimated that 20 to 25% of the food production is directly
attributable to synthetic fertilizers (Harre and White, 1985).

Of all nutrients in fertilizers that are used to supplement the soil’s nutrient status,
nitrogen (N) is the most heavily applied. 1n 1995-1996 crop year, world N consumption
was 78.7 million MT, 51% more than the combined total for phosphate (P,Os) and
potash (K,0), the two most widely used macronutrients after N (FAO, 1997).
However, N remains the nutrient that is most frequently deficient (Tisdale et al., 1993)
since plants require N in large quantities. In plants, N is not only required for protein
synthesis but is also a component of chlorophyll; thus plants contain 1 to 5% N by
weight (Tisdale et al., 1993). Additionally, N deficiency results from lower applied-N
recovery by the crop which seldom exceeds 70% (Tisdale et al., 1993). Hence, the
possibility for significant N losses into the environment from applied-N is real.

Nitrogen fertilizers undergo transformations into plant-available N forms, either as
ammonium-N (NH4"-N) or nitrate-N (NOs-N). Ammonium-N, being held tightly on
the negatively-charged surfaces of clay complexes and organic matter (OM), is not
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readily lost through leaching, except in very sandy soils. By contrast, the highly water-
soluble NOs-N, which is held rather weakly by the soil and OM, moves freely with soil
water and can be lost through leaching readily. Ammonium-N adsorbed on soil and
OM can be lost in surface runoff with eroded soil. Eventually, while some of the NH,"-
N could reach the receiving waters, the remainder would have been converted to NOs™-
N en-route. Inorganic-N contamination, particularly as NOz™-N, of ground or surface
water, has important health and environmental implications.

Nitrate reduces to nitrite (NO,) in the gastrointestinal tract of animals and humans.
Nitrite reacts with hemoglobin to reduce the capacity of blood to transport O,, leading
to a condition known as methemoglobinemia or blue-baby syndrome which can be fatal
in infants. Hence, 10 mg/L NO3-N (44 mg/L NOgs) is considered the maximum safe
level for drinking water (USEPA, 1986). The presence of inorganic-N and inorganic-
phosphorus (P) concentrations in excess of 0.3 and 0.001 mg/L, respectively, generally
results in eutrophication of surface water bodies (Novotny and Olem, 1994). As ground
water aquifers recharge streams, high N concentrations in ground water can result in
eutrophication of receiving waters. Apart from deterioration in esthetic quality,
eutrophication adversely impacts aquatic life and limits the use of affected water bodies.

In the US, over 97% of the rural population and 40% of the public water supplies
use ground water as the primary water source (USGS, 1999). Agricultural chemicals
including N are used on 147 million ha in 44 states (USGS, 1999); hence, there is
potential for NO3-N leaching on a large scale. Ritter et al. (1993) caution that the
Coastal Plains are the most vulnerable areas in the US to ground water contamination.
In Virginia, in addition to the Coastal Plains, the Valley and Ridge aquifers are the most
affected by NO3-N contamination from agricultural sources (USGS, 1999).

Compared to conventional tillage (CVT), conservation tillage (CST) yields better
surface water quality by reducing soil and chemical losses, with generally comparable
crop yields. Even though surface application of fertilizer is widely practiced in CST, it
is widely recognized that sub-surface fertilizer application give higher crop yield
(Tisdale et al., 1993) and better runoff water quality (Mostaghimi et al., 1991). Given its
economic and surface water quality benefits, sub-surface fertilizer application will
likely become more popular in CST. However, due to greater percolation in CST, there
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are concerns of greater leaching of NO3™-N into ground water when the fertilizer is sub-
surface applied (Mostaghimi et al., 1991).

The need to reduce NO3z-N leaching from corn is particularly important, perhaps the
most important cereal planted in CST systems. In 2000, corn has the largest crop
acreage in the U.S. (USDA - NASS, 2000). In Virginia, corn was second in acreage,
behind hay in 1999 (VASS, 1999). Corn has high N requirements which can exceed
200 kg-N/ha under Virginia conditions (VASS, 1999). During the crop season, due to
warm and moist soil conditions, fertilizer N can rapidly transform into NO3-N, which,
if not removed by the plants, can be lost into the environment.

Hence, there is need to investigate options that can be used to reduce NOs-N
leaching from sub-surface applied N fertilizer in CST. There is increased emphasis on
split N application, especially in soils with high leaching potentials, and site-specific
assessment of N requirements based on crop, soil, and environmental conditions
(VDCR, 1993; Tisdale et al., 1993). Nitrogen-loss inhibitors (NLIs) which inhibit the
conversion of synthetic N to plant-available N forms, have been successful under
certain circumstances. However, in addition to the high cost, phytotoxicity and poor
efficacy of NLIs under field conditions limit their applicability (Singh et al., 1994).
Economic considerations also limit the appeal of slow-release fertilizers, such as sulfur-
coated urea (Singh et al., 1994).

There is potential for reducing NO3-N leaching by substituting commercial urea
granules (1-2 mm diameter, 0.02 g) with larger granules, also known as pellets. Given
its high analysis (46% N), urea (CO(NHy)) is a popular N source. Urea pellets, which
can weigh up to 3 g, are mainly used in forestry (Singh et al., 1994). By virtue of its
large size, and hence lower specific surface area (SSA), a pellet (compared to the same
weight of granules) is in contact with a smaller mass of soil. Due to its contact with less
soil, a pellet is likely to dissolve and transform into plant-available N forms, primarily
NO3-N, slower than granules, thus possibly improving N removal by plants by reducing
N losses.

Hence, there is a need to evaluate the performance of urea pellets versus granules
with respect to crop yield and water quality. There is also a need to understand the

mechanisms that impact N transformations and movement from urea pellets versus
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granules such that N transformations, movement, and N removal can be simulated for

both ureaforms.

1.2. Objectives

The overall objective of this study was to evaluate the potential impacts of urea
granule size on crop yield and nitrate-N leaching from the root zone. The specific
objectives were as follow.

1. Evaluate the agronomic and NOs-N leaching impacts of subsurface-applied urea
pellets versus granules on no-till silage corn.

2. Quantify the rates of dissolution, diffusion, mineralization, and NO3-N movement
from subsurface-applied urea pellets versus granules.

3. Improve computer-based tools for better management of subsurface-applied urea-N.
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2. LITERATURE REVIEW

In this chapter, important N sources are presented, with emphasis on urea, the N
source selected for this study. Urea transformations as well as N-loss pathways are
discussed, with emphasis on the urea particle size impacts. The quantification and
scope of NOs-N leaching are briefly discussed. The use of slowly available N sources
for improving N removal by plants and reducing N losses are presented. Past sudiesto
evaluate urea pellets with regard to their potential to improve crop yield and N removal
by reducing N losses are summarized. Finally, selected N transformation and
movement models are discussed.

2.1. Synthetic Fertilizer N Sources

Plants may acquire N either from natural or synthetic sources. Natural sources, such
as atmospheric N obtained through N-fixation (by legumes) or animal waste, though
important, are not discussed here. There are many synthetic fertilizer N sources varying
in N content, state (liquid versus solid), and N form (NOs-N versus NH;-N). Sources
that are of importance in the U.S. in particular and the world in general are briefly
discussed below.

1. Anhydrousammonia (NH3)

Anhydrous ammonia is comprised of a mixture of NHz in liquid and vapor form.
With 82% N, anhydrous NH3 is the highest analysis N source. Specialized equipment is
needed for storage and application of anhydrous NHs; further, due to its toxic nature,
precautions are required. Ammonia isreduced to NH," by H* from the soil water rather
rapidly; however, deep application and proper furrow covering are required to reduce
NH; volatilization (Tisdale et al., 1993).

2. Ureaammonium nitrate (UAN) solution

The agueous solution of urea and ammonium nitrate is known as UAN solution.
Nitrogen content may vary between 28 to 32% N with the lower N content UAN being
preferred in colder climates where the dissolved salts may start to precipitate out sooner.

Literature Review 5



Ease of transportation, application, and compatibility with other chemicals and nutrients
combined with a relatively high N analysis have made UAN solutions increasingly
popular inthe US (Tisdale et al., 1993).

3. Ammonium nitrate (NH4NO3)

With 33-34% N, the granular N source, NH4NOj3 ranks fourth in terms of usage in
the US. For topdressing, NH4,NO; offers certain advantages as NOs™-N is readily
available to the crops. However, due to storage problems associated with caking and
fire hazards, as well as greater N losses due to leaching and denitrification compared to
NH,"-N sources, its use has declined (Tisdale et al., 1993).

4. Urea (CO(NHy))

An organic compound, urea has the highest N content (46%) among all solid N
sources. Ured s high analysis results in savings in transportation, storage, handling, and
application. Further, compared with NH4sNOs, urea has less tendency to cake and poses
no fire hazard. Hence the economics of using urea when combined with lower losses
due to denitrification and leaching as compared to NH4NO; make it an attractive
aternative to NH4NOs.

Other synthetic N sources include potassium nitrate, calcium nitrate, ammonium
sulfate, and ammonium phosphate (Tisdale et al., 1993). The decline in use of many N
sources could be attributed to their low analyses. However, in niche markets, some of

the lesser-used N sources are sill important.

2.2. Urea Particle Size Effects on N Transformations

Considering the advantages of urea as an N source, urea was selected as the N
source in this study. Between application to the soil and its complete conversion into
NO3-N, urea undergoes dissolution, hydrolysis, and nitrification. At each
transformation stage, applied-N can be lost into the environment through one or more
N-loss pathways (fig. 2.1). Therate of transformation and the amount of applied-N lost
through a particular N-loss pathway depend on soil and environmental factors as well as
the size of the urea particle, i.e., pellet versus granule, and how the ureais applied.
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Figure2.1. Ureatransformation stagesand N-loss pathways

2.2.1. Dissolution

Description of the dissolution of subsurface-applied urea could not be obtained from
published literature. The following account was developed based on urea properties
and accepted theories of solute and vapor transport in soil. Urea exhibits hygroscopicity
when relative humidity (RH) exceeds 70% (Chao, 1975). Since soil air is close to
saturation with water vapor (Hillel, 1971), the subsurface-applied urea particle surface
is likely covered with a layer of moisture in a very short period of time. The urea
solution thus formed at the urea particle surface diffuses into the surrounding soil;
simultaneously, the urea solution exerts an osmotic potential on the surrounding soil
causing movement of water vapor towards the urea particle (Marshall et al., 1996),
providing continuity to the dissolution process.

Urea particle properties that affect dissolution rate are particle density (PD), specific
surface area (SSA, cm?/g), and particle shape. As particle SSA increases (or particle
size decreases), urea will be in contact with a larger soil surface area, and, hence, a
larger soil volume, allowing for faster transfer of moisture to urea and transport of
dissolved urea into the soil, likely resulting in faster dissolution. Urea particle shape not
only affects SSA but also the presence or absence of edges. For example, a tablet-
shaped pellet will likely dissolve faster initially (due to edges) than a spherical pellet of
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the same weight and comparable SSA (G. Sanzoni, personal communication,
Blacksburg, Va., 16 September, 1997).

However, it is likely that SSA will have the most significant impact on dissolution
due to the large difference in SSA between pellets and granules. For example, while the
SSA of granules is 4.8 times higher than 1-g pellets, PD of granules is only 5.4% lower
than 1-g pellets (Singh et al., 1994). Surface-applied urea powder dissolved within 2
min. (Sadeghi et al., 1989) and within 10 min. (Singh and Nye, 1984), while a 1-g pellet
required more than 20 h to dissolve in soil at field capacity (Wetselaar, 1985). Given the
differences in SSA, it is likely that dissolution of pellets (1.5 g) will take much longer
than granules. However, it is unclear if the dissolution trend of the urea particle is
affected by the particle size. The interactions of soil moisture content with urea particle
size and soil particle size distribution with urea particle size on dissolution rate are
unknown. The possibility of such higher level interactions also cannot be discounted.

Movement of the dissolved urea is another important aspect related to dissolution
and may be treated as part of the dissolution process. The mechanism of dissolved urea
movement is not clearly understood. Singh and Nye (1984) suggested that diffusion
was the sole transport mechanism for surface-applied urea powder. Based on
observations obtained with subsurface-applied sodium chloride, Scotter and Raats
(1970) suggested that mass flow was responsible for solute movement in soil. Hence, it
is unclear whether molecular diffusion or mass flow is the dominant transport
mechanism in subsurface-applied urea. It is also likely that soil moisture content and
soil texture may affect the mechanism of dissolved urea movement.

Urease can only hydrolyze dissolved urea. Given the toxic effect of high urea
concentration on urease (Wetselaar, 1985), urea dissolution influences the subsequent
transformation processes. Hence, subsequent transformation processes and N-losses
will more likely be affected in pellets due to their longer dissolution periods than
granules.

To simulate dissolution, it is necessary to determine the rate controlling mechanism.
In liquid media, Snoeyink and Jenkins (1980) suggested that dissolution was controlled
by the rate of diffusion of the species away from the solid. Scotter and Raats (1970)
suggested that when NaCl was subsurface-applied to soil, diffusive movement of

Literature Review 8



moisture to the salt was the rate controlling mechanism. Given the soil tortuosity
effects and vapor being the dominant constituent of moisture movement, diffusive
moisture movement could be the rate controlling mechanism.

Simulation of moisture movement from the surrounding soil to the subsurface-
applied solute particle is affected by osmotic and capillary tensions. Osmotic tension is
due to the presence of dissolved solute and is continuously changing in time and space.
Assuming uniform moisture distribution in the soil, initial moisture movement in vapor
formisinduced purely by osmotic tension. However, increase in moisture content close
to the solute particle is likely to result in capillary tension with a moisture gradient that
is opposite in direction to the osmotic tension. Hence, over the entire duration of
dissolution, the direction of moisture movement will be affected by both the osmotic
and capillary tensions. However, it is difficult to determine total moisture gradient at
different points in time and space to estimate moisture fluxes at intermediate dissolution
stages.

2.2.2. UreaHydrolysis

Dissolved urea (CO(NHy),) is hydrolyzed by the urease enzyme into ammoniacal-N
forms. A simplified urea hydrolysisreaction is (Bremner and Mulvaney, 1978):
CO(NH,), +H,00 H"B®  H,co,+2NH, [2.1d]
H* +NH, » NH [2.10]
Urease is present in abundance in the root zone (Tisdale et al., 1993). Urease
activity is temperature-dependent with activity increasing in the 10 to 40°C range
(Bremner and Mulvaney, 1978). Urease activity seems to be unaffected at tensions less
than 30 bars (Singh et al., 1994); however, at lower tensions, urea concentrations could
affect urease activity. Bremner and Mulvaney (1978), citing published research,
reported that urease activity was unaffected at urea concentrations up to 4 348 ug-
urea/lg-soil. However, Wetselaar (1985) reported that irrespective of the soil type, urea
hydrolysis occurred slowly at one-quarter saturation with no hydrolysis occurring at
one-half saturation. Even though Bremner and Mulvaney (1978) and Wetselaar (1985)
reported urea concentrations in different units, it is likely that urea concentrations used
by Wetselaar (1985) were significantly higher since the researcher worked with urea
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pellets. Other soil factors such as pH and oxygen do not seem to affect urease activity
(Bremner and Mulvaney, 1978).

The rate of reduction of NH3 to NH4" (Eq. [2.1b]) depends on moisture and pH
conditions. Under high moisture conditions, presence of large amounts of H* (from
water) allows for rapid reduction of NH3 to NH,". Low pH conditions results in greater
H* availability from other sources in addition to water thus allowing for rapid formation
of NH;". Hence, under warm and moist conditions, urea is completely hydrolyzed into
NH," in several days (Tisdale et al., 1993). However, under dry and high pH
conditions, substantial NH3 can be volatilized if urea-N is surface-applied.

Singh and Beauchamp (1987) reported that urea hydrolysis rate decreased with
increasing pellet size (decreasing SSA) in a laboratory experiment. Malhi and Nyborg
(1979) aso reported that compared to granules, pellets (0.21 g) had a 12% lower urea
hydrolysis rate after 114 h. Due to slower dissolution of urea pellets compared with
granules, urea concentration will be higher close to the site of application in pellets.
Since high localized urea concentrations associated with urea pellets adversely affects
the urease enzyme, urea hydrolysis rate will be lower in pellets than granules
(Wetselaar, 1985). When urea undergoes hydrolysis, OH" ions are produced, resulting
in arise in pH. Hence, localized pH values will likely be greater in pellets than
granules. Since high pH and the concomitant high NH3; concentration adversely affect

urease activity, urea hydrolysis is further retarded.

2.2.3. Nitrification

Under aerobic conditions, the autotrophic bacterium Nitrosomonas oxidizes NH4"
into NO,; two other genera, Nitrosolobus and Nitrosospira, are also active NH,"
oxidizers (Schmidt and Belser, 1982). Again under aerobic conditions, the autotrophic
bacterium Nitrobacter oxidizes NO,” to NOs. The two-stage nitrification can be shown
as (Tisdaleet al., 1993):

2NHZ +30, U000 2NO, +2H20+4H+ [2.24]
Nitrosomonas

2NO, +0O, 00 0 O 0&. 2NO, 2.2b

2~ 72 7 Nitrobacter s [2.20]
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Since the conversion of NO, to NOs’ is faster than NH,4" to NO,', generally there is
no accumulation of NO,” which istoxic to plant roots (Tisdale et a., 1993). Factorsthat
affect nitrification include population of nitrifying organisms, NH4" supply, soil pH, soil
temperature, soil aeration, and soil moisture content (Tisdale et al., 1993).

Under similar environmental conditions, soils differ in their ability to nitrify NH,"
due to differing populations of nitrifying organisms (Tisdale et al., 1993).
Quantification of a population of nitrifiers in a given soil sample is very difficult
(Schmidt and Belser, 1982). Further, establishing a relationship between the nitrifying
population and nitrification rate is complicated because neither the diversity of nitrifiers
within a given population nor the contribution of each genus to the nitrification process
is known (Schmidt and Belser, 1982).

Since NH;" is the substrate for nitrification, its availability is paramount to
nitrification. However, high NH,;"-N concentrations (>3000 pg/g-soil) adversely affect
the nitrifier population, retarding nitrification (Wetselaar, 1985). Due to the greater
localization of NH," in pellets than granules, nitrification could be delayed in pellets.
The likelihood of encountering such high NH4"-N concentrations is more likely in
pellets than granules.

Nitrification occurs in a pH range of 4.5 to 10, with the optimum pH being 8.5
(Tisdale et al., 1993). Increase in pH due to urea hydrolysis not only affects urea
hydrolysis but also nitrification, with reduction in nitrification rate being stronger in
pellets than granules. Higher pH results in higher NHj3; concentration in pellets
compared to granules leading to a reduction in the nitrification rate due to the toxic
effect of NH3 on nitrifiers.

Singh and Beauchamp (1987) observed that nitrification rate decreased with
increasing urea granule size. In 35 d, at 15°C, while 89% of point-applied urea granules
(0.02 g) had been nitrified, only 16% of 3-g pellets had been nitrified. The 1-g and 2-g
pellets had nitrification rates between granules and 3-g pellets (Singh and Beauchamp,
1987). Comparison among the various treatments was probably affected to some
degree by the use of different urea concentrations, for example, 84 and 624 pg-N/g-soil
for granules and 3-g pellets, respectively (Singh and Beauchamp, 1987). Based on a
review of published research, Singh et al. (1994) reported that nitrification rate
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decreased with increasing urea particle size. However, factors such as the method of
application (e.g., mixing in soil versus band application) should be taken into account
while comparing nitrification rates of pellets and granules.

2.3. Nitrogen-loss Pathways as Affected by Urea Particle Size

The various N-loss pathways that affect urea and its transformation products, NH,"
and NOg’, are shown in figure 2.1. Potential urea particle size impacts on the N-loss
pathways are discussed below.

1. Leaching of dissolved urea

In coarse-textured, flooded soils, urea leaching from pellets can be a problem (Singh
et a., 1994) though that is unlikely under non-flooded conditions. Since granules are
spread over a larger area, they will come in contact with more percolating water than
pellets resulting in possibly higher urea leaching from granules. However, factors such
as moisture conditions and time elapsed between fertilizer application and precipitation

will also affect urea leaching from pellets versus granules.

2. Ammonium fixation

In soils containing hydroxy interlayered vermiculite, vermiculite, and mica clay
minerals, NH4" ions can be trapped in the clay interlayers (Tisdale et al., 1993).
Ammonium fixation is greater under dry soil conditions. Since some of the fixed NH,"
becomes available for plant removal, NH," fixation represents only a partial loss.
Ammonium fixation seems to decrease with increasing particle size due to reduced soil
contact (Singh et al., 1994).

3. Ammonium leaching

Due to its affinity to the negatively-charged soil complex, the positively-charged
NH," tends to remain adsorbed to soil particles with only a small fraction present in soil
solution. Hence, NH," leaching concerns are slight except in sandy soils with low
cation exchange capacities (CEC) (Singh et al., 1994).
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4. Ammonia volatilization

Under high pH conditions in the soil, more of the ammoniacal-N will be present as
NHs. When urea applied in furrows is not properly covered with soil, there is risk of
NH; loss through volatilization, especially under dry conditions. Hence, given the
possibility of higher pH in pellets, there is risk of greater NH3 availability and hence,
NH; volatilization. However, NH3 volatilization decreases with increasing pellet size
(Nommik, 1976).

5. Nitrogen immobilization by organic matter

Inorganic-N as NH;" or NOs™ is converted to the organic-N form by soil microbes
when the soil carbon (C): N ratio is more than 8:1. Hence, when the soil C:N ratio is
higher than 8:1, applied-N is immobilized by microbes resulting in inorganic-N
deficiency. However, N immobilization process is reversible and the immobilized N
later becomes available as mineral N (Tisdale et al., 1993). Singh et al. (1994)
suggested that N immobilization decreased with increasing particle size due to reduced
soil contact.

6. Denitrification

High soil moisture content can result in low O, concentrations. When O,
concentrations fall below 10%, facultative bacteria can reduce NOs and NO; to
gaseous forms such as N, and N,O (Tisdale et al., 1993); oxygen obtained through the
reduction reaction is used for metabolism by the bacteria. However, for denitrification
to occur, there has to be an abundant supply of decomposable organic matter (OM), in
addition to suitable temperature and pH conditions (Tisdale et al., 1993). Inorganic C
obtained through breakdown of OM is essential for biomass synthesis by the bacteria
As compared to granules, Singh et al. (1994) suggested that reduced nitrification
resulted in lower over-winter denitrification and N immobilization in urea pellets
applied in late-fall to winter and spring crops (Singh et a., 1994).

7. Nitrate leaching
Since the negatively-charged NOs ion is held weakly by the soil complex and NO3 -
N is highly water-soluble, most of the NO3™ is in soil solution. When there is sufficient
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moisture available in the soil profile to permit percolation, NOs-N leaching will occur.
Nitrate leaching is an important N-loss pathway, especially in humid areas where as
much as nearly half of the applied-N can be lost through leaching (Tisdale et al., 1993).
Singh et al. (1994) suggested that compared to granules, late-fall pellet application was
likely to reduce NO3s-N leaching. No field studies that compared urea particle size
impact on NO3-N leaching could be found in the published literature.

2.4. Quantification of Nitrate Leaching

Given the potential adverse health and environmental implications of NOs;-N
leaching from applied-N, considerable attention has been given to develop techniques
and tools to quantify NOs;-N leaching into ground water. Comparison of NOz-N
leaching between two or more treatments can be achieved using water or soil samples.
Both methods for quantifying NO3™-N leaching are briefly discussed below.

1. Water samples

To trace the fate of pollutants, it is necessary to take observations at multiple points
in time. Such observations also allow for comparisons among treatments at a point in
time. Soil cores can be obtained at certain intervals in time and analyzed for NO3™-N;
however, the process is labor intensive, and more importantly, affects the hydrologic
integrity of the plots. Sampling wells have been used extensively for monitoring NO3 -
N concentration; however, such data represent a cumulative effect. More importantly,
sampling wells cannot be used in the vadose zone, which remains largely unsaturated.

Comparison of NO3-N in leachate among N fertilizer treatments can be made using
tension lysimeters (TLs) or ceramic cup samplers. Tension lysimeters can be used to
collect leachate samples under both saturated conditions and within a certain range of
unsaturated conditions at any desired depth in the vadose zone. Since TLs can be used
to collect leachate samples of percolating water, the “first flush” effect of a storm event
on afertilizer treatment can be better understood.

There is some debate regarding the suitability of TLs for collecting leachate samples
for NOs-N analysis. Ballestero et al. (1991) reported that TLs changed the chemical
composition of samples rendering the samples unrepresentative of the soil solution.
However, Poss et a. (1995) demonstrated that TLs were reliable and accurate in
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monitoring NOs-N leaching in a soil that was fairly homogeneous, containing a
moderate amount of clay. While there are problems with sampling cationic pollutants
that can adsorb to the ceramic cup, an anion like NO3z-N poses no such problems as it
neither adsorbs nor reacts with the ceramic cup (Angle et al., 1990). Angle et al. (1990)
reported that TLs had been used in hundreds of studies involving NOs-N analysis of
leachate samples. Hence, TLs can be used to compare treatments with respect to their
NO3-N concentrations at any point in time. However, leachate NO3-N concentrations
obtained using TLs may not be suitable for estimating NOs-N loadings since TLs

cannot sample the entire range of soil water pressures.

2. Soil samples

Nitrate-N loadings are widely estimated using soil cores (Ritter et al., 1993;
Hubbard et al., 1991; Kanwar et a., 1985). Soil cores are obtained from the required
depths in sufficient number to account for soil variability and analyzed for NO3-N. If
the percolation rate below the root zone or any depth of interest is known, percolation
volume multiplied by the NO3-N concentration yields the NO3-N loading. However,
repeated soil sampling can affect the hydrologic integrity of the plots.

Inorganic-N amounts in different layers of the root zone or the entire root zone can
be used as an indicator to compare treatment impact on NO3-N leaching from the root
zone or within the root zone. Even though such a method allows for comparison of

inorganic-N amounts among treatments, it cannot be used to estimate NO3-N loading.

2.5. Past Studies on Nitrate Leaching

Given its health and environmental impacts, NOs-N leaching has been studied in a
wide range of soil and environmental conditions, in both conservation and conventional
tillage systems. In Kansas, Jones and Schwab (1993) reported that more than 25% of
drinking water wells in rural areas (mainly with fine-textured soil) contained NO3-N
concentrations greater than 10 mg/L, the maximum safe drinking water standard. Based
on an N balance of a brome meadow, of the 224 kg-N/ha applied as NH4sNO3, nearly
44% was available for leaching into ground water (Jones and Schwab, 1993).

Ritter et al. (1993) evaluated the impact of split-N application (168 kg-N/ha) on

corn grown on loamy sand, both under conventional- and no-till systems in Delaware.
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The method of N application was not mentioned. Greater NOs-N leaching losses were
observed during fall and winter with NO3™-N concentrations generally exceeding 10 mg-
N/L. Nitrate loadings were 57.1 to 94.0 and 55.0 to 78.8 kg/ha-yr from conventional-
and no-till plots, respectively (Ritter et al., 1993).

In the Georgia Coastal Plain, Hubbard et al. (1991) applied 369 kg-N/hato a sweet
corn-pearl millet-sweet corn rotation grown on loamy sand over a 15-month period.
Neither the N application method nor tillage system was mentioned. Most NOz-N from
the upper 30-cm of the root zone was leached out in 1.5 months, with irrigation plus
precipitation exceeding 20 cm. During the corn season, NOs-N concentrations in
shallow ground water (0.9-1.8 m) ranged between 11 and 19 mg/L. Even in the deeper
well (6 m), despite the presence of restrictive horizons, an average of 10.6 mg/L of NO3’
-N was observed. Hubbard et al. (1991) agreed that concerns about the long-term
effects of NO3-N leaching were well founded.

Menelik et al. (1990) evaluated the impact of different N application rates and N
sources (sewage sludge versus inorganic-N) on a corn-wheat-soybean rotation on sandy
loam and continuous corn on silt loam in Virginia. Also evaluated were the impact of
no-till versus conventional tillage. Irrespective of treatment differences, N leaching
increased with greater residual N in the soil profile a the end of the growing season.
The finer-textured soil stored more residual N without incurring significant N leaching
losses. While the fine-textured soil lost little N through leaching during the growing
season, the coarse-textured soil incurred N leaching losses even during the growing
season. Despite higher moisture contents, N leaching was lower in the no-till plots than
the conventional tillage plots due to higher yield and N removal from the no-till plots
(Menelik et al., 1990).

Kanwar et al. (1985) evaluated the impact of conventional tillage versus no-till on
NOs-N leaching on bare plots with loam soil in lowa. Fertilizer-N, as KNO3 solution at
150 kg-N/ha, was surface-applied to no-till plots; the same amount was surface-applied
in the same N form either before or after tillage to the plots under conventional tillage.
Simulated rainfall was applied. In both, the 30- and 150-cm soil profiles, the no-till
plots retained more NO3-N than the plots under conventional tillage. With 12.7 cm
rainfall, NOs™-N loadings from the no-till and conventional tillage plots were 29 and 122
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kg-N/ha, respectively (Kanwar et al., 1985). Even though initial soil moisture contents
were not reported, 122 kg-N/ha leaching from a 150-cm soil profile with 12.7 cm of
rainfall, applied at 2.3 cnvh, 18 h after N application seemed excessively high.

Nitrate-N leaching remains a concern under both conventional and conservation
tillage under surplus moisture conditions for a wide range of soil textures in large areas
of the US. No studies that compared surface N application with subsurface-N
application could be obtained. However, there are concerns that subsurface N
application, while improving surface water quality in conservation tillage, have the
potential to cause greater NOs™-N leaching (Mostaghimi et al., 1991). Given the higher
soil moisture status and the greater presence of macropores under conservation tillage,
the possibility of greater NO3s-N leaching remains a concern whether N is applied on
the surface or beneath the surface.

Given the magnitude of NO3™-N leaching and its potential adverse impacts, there is
greater emphasis on better estimation of N removal by plants by taking into account
plant, soil, and environmental factors. In regions with high rainfall and coarse-textured
soils, split application of N is emphasized so that NO3-N leaching can be reduced and
N removal by plants can be improved (VDCR, 1993). Some innovative methods that
could be used to reduce NOs™-N leaching losses, mainly by increasing plant N removal
are discussed in the following section.

2.6. Slowly Available N Sources

Plant N removal can be improved by employing management practices discussed
above, or, using N sources that release small amounts of plant-available N over an
extended period of time to more-or-less match crop N requirement. Such N sources not
only have the potential to reduce N losses into the environment but can also eliminate
the need for repeated N application or salt injury associated with high N application
rates of some N sources close to the seed. Slow N availability can be induced through
passive or active inhibition.

1. Passiveinhibition
Plant-N availability is inhibited by reducing or delaying the availability of synthetic

N by using low solubility N compounds or a barrier; such N sources are also known as
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slow release N fertilizers. A low solubility N source has only a fraction of its N in cold
water-soluble form which transforms into plant-available N form rapidly. The
remainder of the N (hot water soluble and hot water insoluble) is released over a longer
period of time through biochemical reactions. Examples of such N sources include
ureaform (38% N) and isobutylidene diurea (IBDU, 30% N) (Tisdale et al., 1993).

Availability of an N source may be passively delayed by using a less soluble barrier
around the N particle, such as sulfur (S). Sulfur-coated urea (SCU) consists of a urea
particle coated with S. Urea from an SCU particle will be released when the S layer is
oxidized by soil microbes. Urea release rates can be controlled, in theory, by varying
the S layer thickness. Use of slow release N fertilizersis limited due to the difficulty in
synchronizing N release and removal by plants, and more importantly due to the high
cost of such N sources (Singh et a., 1994).

2. Activeinhibition

In some N sources, formation of plant-available N is retarded chemically by
reducing either the urea hydrolysis rate (urease inhibition) or the nitrification rate
(nitrifier inhibition). Urease inhibitors (Uls) inhibit the activity of the urease enzyme
thus delaying conversion of ureato NH," (Tisdale et al., 1993). Even though effective
Uls such as phenylphosphorodiamidate (PPD) (Tisdale et al., 1993) exist, urease
inhibition does not usually result in yield responses (Scharf and Alley, 1988). Tisdale et
al. (1993) preferred direct urease inhibition using urea pellets or point placement to Uls.

Nitrification inhibitors (NIs) temporarily inhibit Nitrosomonas activity to prevent
conversion of NH;" to NOs’; ideally, NIs should not interfere with Nitrobacter activity
or else NO, buildup and toxicity can result (Tisdale et al., 1993). Nitrapyrin and
diacyandiamide (DCD) are regarded as effective NIs. Use of nitrapyrin with solid urea
is limited due to loss in inhibition effectiveness during processing, storage, and handling
(Singh et al., 1994). Based on review of published literature, nitrapyrin seems to be
effective under water surplus (>30.5 cr/yr) or under irrigated conditions (Scharf and
Alley, 1988). As NI, DCD seems to be preferable to nitrapyrin; effectiveness of DCD
can be further increased by incorporating it with urea pellets (Singh and Beauchamp,
1988). Effectiveness of Nls s affected by factors such as soil texture, pH, and organic
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matter content (Scharf and Alley, 1988). In addition to effectiveness and phytotoxicity,
high cost of NIs limits their usage (Singh et al., 1994).

2.6. Agronomic Impacts of N Pellets Versus Granules - Past Studies

Due to the limited effectiveness and high cost associated with Uls and NIs, some
researchers evaluated the urea pellet with regard to its ability to reduce N losses and
improve crop yield and N removal compared with granules. However, no information
was available on environmental impacts of urea pellets and granules. Studies on the
agronomic impact of urea pellets and granules are summarized below.

Winter wheat (Sngh and Beauchamp, 1988): Guelph, Ontario, Canada

During 1983-85, crop yield and crop N removal from urea granules (0.01 g) and
urea pellets (1-, 2-, and 3-g) applied at different times to winter wheat were compared.
While both granules and pellets were applied at planting, additional treatments involved
the application of pellets 1 mo. after planting and only granules in spring. Also, a
nitrification inhibitor, diacyandiamide (DCD) was applied to 2-g pellets as a separate
treatment. Hence, the discussion below is limited to fertilizer treatments (80 kg-N/ha)
without DCD, applied at planting only. While granules were incorporated, pellets were
applied mid-way between rows at 8 cm depth.

During 1983-84, while the grain yield values were not significantly different
between granules and 1-g pellets, the 2- and 3-g pellets significantly outperformed
granules and 1-g pellets at a equal to 0.05. Crop removal of applied-N followed the
same pattern with wheat fertilized with the 2- and 3-g pellets removing 6 and 9% more
N than wheat fertilized with 1-g pellets and granules, respectively. The superior
performance of the larger pellets was attributed to lower N losses during winter. In
1984-85, while grain yields were not significantly different between granules and 2-g
pellets (other pellets were not used), pellets removed 8% more applied-N than granules.
Higher applied-N removal in the pellet treatment was attributed to higher-than-normal
precipitation (as rainfall) and temperatures resulting in possibly greater nitrification and
more N losses from granules. Greater N losses from granules did not significantly
impact grain yield. Yield comparisons between granules and pellets were confounded
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since granules were not subsurface-banded. Nitrification in surface-banded granules
could be lower than surface broadcast or incorporated granules.
Soring barley (Nyborg and Malhi, 1992): Edmonton, Alberta, Canada

During 1980-82, granules (0.01 and 0.1 g) and pellets (0.62 and 2.5 g) were applied
at 56 kg-N/ha in fall or spring (granules were also applied in spring) in a total of six
experiments. Granules were either mixed (0.01 g a 4 and 12 cm) or banded (0.1 g at 4
cm); 0.62- and 2.5-g pellets were subsurface applied in 22.5 x 22.5 cm (4 cm depth) and
45 x 45 cm (4 and 15 cm depth) grids, respectively. Grain yield and N removal
comparisons for only those treatments that were applied at the same time are discussed.

In 1980-81, 2.5-g pellets applied at 15 cm produced the greatest grain yield and N
removal of all treatments. Averaged over two experiments, grain yield from the 0.01-g
granules (mixed) was inferior to the other treatments (a = 0.05) while the 0.1-g granules
(banded) was inferior only to the 2.5-g pellet applied at 15 cm; the pellet treatments
were not significantly different from each other. Nitrogen removal from 0.01-g granule
and 2.5-g pellet (15-cm depth) treatments were the lowest and highest, respectively; the
remaining three treatments were not significantly different.

In 1981-82, averaged over three experiments, neither grain yields nor N removal
values were significantly different (a = 0.05) for any of the treatments. While the 2.5-g
pellet and 0.1-g granules applied at 15 cm had slightly higher yields and N removal
values, the other treatments had comparable values; 0.62-g pellets were not used. Again
in 1981-82, in one experiment, 0.01-g granules (mixed 12 cm deep) and 2.5-g pellets
(45 x 45 cm grid, 15-cm depth) were applied 2 weeks before or at sowing (in spring);
0.62-g pellets (22.5 x 22.55 cm grid, 15-cm depth) were applied only at sowing. While
the time of application did not affect grain yield or N removal, granules performed
better than both pellet sizes in grain yield. In terms of N removal, granules (before
sowing), 2.5-g pellets (before sowing), and 0.62-g pellets were not different. 1n spring,
poor performance of pellets was attributed to slow diffusion of N to plant roots.

Nyborg and Malhi (1992) concluded that effectiveness of fall-applied N was greater
with 2.5-g pellets applied at 15-cm depth. Higher grain yield and N removal were
attributed to reduced nitrification resulting in decreased denitrification and possibly less
immobilization of applied-N. As in the case of the winter wheat study, direct
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comparison between 0.01-g granules and pellets could not be made since granules were
mixed with soil while the pellets were banded (the inter-row and intra-row distances
were equal).

Corn (Zhang, 1990): Guelph, Ontario, Canada

Urea prills (0.000 2 g) were point-banded (applied in subsurface pockets to simulate
pellets) to no-till corn (on one side of the seed) at 50, 100, 150, and 200 kg-N/ha at
distances of 5, 10, and 15-cm spacings. A separate treatment included point banding on
both sides (5 cm) at 200 kg-N/ha.  Urea prills were also subsurface-banded at 50, 100,
150, and 200 kg-N/ha 5 cm from the seed. Surface broadcast to no-till and broadcast-
mixing to conventional tillage were other treatments.

Corn grain yields with point-banded (simulated pellet) and banded treatments were
not compared directly. At 5-cm spacing and 200 kg-N/ha, point-banding resulted in
zero corn yield while at 150 kg-N/ha, yield was significantly lower than at 10- and 15-
cm spacing (Zhang, 1990). High urea concentrations due to point-banding at 150 and
200 kg-N/ha application rates adversely affected crop growth (Zhang, 1990).

The agronomic impacts of urea pellets versus prills were investigated on flooded
rice in India and the Philippines (Savant et al., 1992). Urea pellets outperformed prills
in yield in both studies; however, the reasons for the superior performance of pellets
were not discussed.

Summary

Studies by Singh and Beauchamp (1988) and Nyborg and Malhi (1992) focused on
reducing over-winter N losses from fall-applied N. However, in the southeastern US,
where rainfall distribution is substantial during the summer crop season, NOs-N
leaching losses are a concern throughout the year (Hubbard et a., 1991). Even in drier
regions where irrigation is used to supplement rainfall, there are concerns about NO3-N
leaching. Under such conditions, the potential to improve crop yield and N removal by
substituting urea granules with pellets to reduce N losses exists. The use of pellets
could result in direct reduction in NO3-N leaching by keeping the applied-N longer in
the less-mobile NH;*-N form. Also, indirect reduction in NOs-N leaching could be
achieved by ensuring greater N removal by the crop, leaving less inorganic-N in the soil
for leaching during the winter months.
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2.7. Modeling Nitrogen Fate in the Soil

Fate of applied-N is governed by a combination of soil, crop, and environmental
parameters. Hence, to maximize plant N removal and minimize N losses into the
environment, mathematical models are utilized to make management decisions
regarding the form, amount, and timing of N application. Some N management models
are briefly discussed below.

1. NFLUX

The model NFLUX is aone-dimensional, field scale model that simulates the fate of
urea, NH,", and NOs” when N is surface-applied (Wagenet, 1981). Urea hydrolysis,
nitrification, denitrification, NHz volatilization, and plant N removal are modeled;
however, transformation of organic-N is not modeled (Wagenet, 1981). Moisture flux
is modeled using the Richards' equation while N fate is modeled using the convective-
dispersive equation (CDE) (Wagenet, 1981).

2. CREAMS (Chemicals, Runoff, and Erosion from Agricultural Management

Systems)

The model CREAMS is a one-dimensional, field scale management model which
simulates hydrology, erosion, and chemistry, including N fate (Knisel, 1980). Nitrogen
processes that are simulated include mineralization, denitrification, and plant N
removal. The model considers both inorganic and organic-N forms when N is surface-
applied. Greater reliance on empirical coefficients rather than physically-based
parameters to model N-loss pathways affects the ability to simulate N fate accurately

under awide range of conditions.

3. DAISY

The DAISY model is a one-dimensional, field scale model that simulates N fate of
both organic and inorganic-N pools, taking into account mineralization, denitrification,
and plant N removal using the convective-dispersive equation (CDE) (Hansen et al.,
1990). Given the rapidity of urea hydrolysis, the model neglects urea hydrolysis.
Moisture movement is modeled using the Richards' equation (Hansen et al., 1990).
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4. OMNI (Organic M atter/NItrogen)

The one-dimensional (1-D) model, OMNI was developed as a component sub-
model of the Root Zone Water Quality Model (RZWQM) (Shaffer et al., 1992). The
model takes into account the interconnectedness of the C and N cycles, simulating both
organic and inorganic-N. Processes simulated include urea hydrolysis, nitrification,
immobilization by organic matter, denitrification, and NHj volatilization (Shaffer et al.,
1992).

5. DRAINMOD-N

The quasi two-dimensional model DRAINMOD-N uses the hydrology component
of DRAINMOD to simulate N fate in shallow water table soils with artificial drainage
(Breve et a., 1997). Nitrogen processes simulated include mineralization,
denitrification, and plant removal. In the unsaturated zone, N fate is simulated in the
vertical direction while in the saturated zone N fate is simulated in vertical and lateral
directions using the CDE (Breve et a., 1997). The model simulates fertilizer
dissolution using a zero-order function based on a threshold moisture content value
(Breveet al., 1997).

6. Two-dimensional finite element model for N (Kaluarachchi and Parker, 1988)

Kaluarachchi and Parker (1988) proposed a 2-D finite element model for N (NH4"
and NOg3) transformation and transport under unsaturated conditions. The model uses
Richards equation and CDE to simulate moisture redistribution and N fate. The model
does not simulate the fate of urea. Compared to the analytic solution, the model
overpredicted solute concentrations and showed excessive apparent dispersion with one
solute specie, surface-applied in a 2-D domain (Kaluarachchi and Parker, 1988). There
is no information on the application of the model for simulating subsurface band-
applied N.

A majority of the above models are intended for use in a one-dimensional situation
and are suitable for simulating the fate of broadcast or incorporated N. While
undergoing transformations to plant-available forms, subsurface-banded fertilizer-N
moves laterally and vertically with respect to the band. Consequently, crop N removal
and N leaching losses from subsurface-banded N are likely to differ from broadcast
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application or incorporation. Given the two-directional movement of N applied in
bands, compared to a 1-D N model, a 2-D model could be expected to simulate N fate
from subsurface-banded N more accurately, thereby, improving N management of
banded-N. Even with banded pellets, a2-D model could be expected to simulate N fate
better than 1-D models even though N movement from pellets is likely to be three-
dimensional.

Further, compared with broadcast or incorporated N application, subsurface-banding
is likely to result in higher localized urea and NH4" concentrations.  Given that high
urea and NH;" concentrations inhibit urease and nitrifier activities, respectively
(Wetselaar, 1985), selecting the reaction order (e.g., first order versus zero order) based
on substrate concentration may be more appropriate than using a reaction order for all
values of substrate concentration. It is unclear if any currently used model considers
both urea and NH," concentrations in selecting reaction orders. Hence, for banded-N, a
model that selects the reaction order (for both urea and NH," transformation) based on
substrate concentration is likely to simulate N fate more accurately compared with the
current models.

With the exception of DRAINMOD-N, none of the N models discussed above
simulate the dissolution process prior to the initiation of the transformation processes.
Even DRAINMOD-N does not account for fertilizer particle size effects on N
transformation. Given that a 1.5-g urea pellet may take many hours to dissolve, it is
likely that dissolution rate may affect both urea hydrolysis and nitrification, at least in
the initial stage. Hence, a model that accounts for dissolution rate of the urea particle
based on the SSA of the particle can be said to represent the physical process more
accurately.

2.8. Rationale for a New Nitrogen Model

From the preceding discussion it is clear that currently available N models,
including the 2-D models (Kaluarachchi and Parker, 1988; Breve et a., 1997), are not
completely suited to simulate the fate of subsurface-banded urea-N. Modifying a
current N model to smulate the fate of banded-N is difficult not only because of

problems in understanding the numerical code but also because permission required
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from its authors if the model code is not available in the public domain. Hence, it may
be more appropriate to create a model to simulate the fate of subusrface-banded urea-N
with respect to plant N removal and NOs™ leaching. Apart from being physically-based,

such a model should have the following attributes.

2.8.1. Moisture sub-model (1-D)

Solute transport and transformation in porous media is driven by moisture flux.
Hence, a robust moisture sub-model for simulating moisture movement in the soil is
required. For application at the field scale, it is adequate for the moisture sub-model to
simulate moisture movement in one direction. Even though simpler methods, such as
the tipping bucket method can be used to simulate moisture redistribution, the Richards’
equation (Richards, 1931) has been widely used in simulating moisture redistribution
(Skaggs and Khaleel, 1982).

Apart from being physically-based, the Richards eguation can be readily
discretized in time and space; the resulting algebraic equations can be solved to
calculate moisture content or pressure head values at any time and at any point in space
in the model domain. The Richards' equation can be discretized using either the
simpler finite difference (FD) method or the more complex finite element (FE) method.
While the FE is more suited to complex flow geometry associated with irregular
modeling domains and/or multi-directional flows, FD schemes generally give better
mass balance (Celia et al, 1990), when the flow regime is simpler. Hence, for a
rectangular or square modeling domain in the root zone (crop row spacing times the
root depth) with one-directional moisture movement, the FD scheme is preferable to FE
methods.

2.8.2. Evapotranspiration component

Evapotranspiration (ET) is usually the biggest component of water balance during
the crop season. Older moisture models usually relied on empirical ET methods that
considered only a few weather parameters (that affected ET) in simulating ET, such as
air temperature and radiation. However, due to the increase in computing power and
instrumentation for weather data collection, as well as advancement in the science of
ET, the physically-based combination equations have gained widespread acceptance in
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estimating ET. Combination equations take into account both the energy and transport
(wind) components that drive ET. Hence, to accurately simulate plant N removal as
well as N-loss pathways, a widely-used combination equation such as the Penman-
Monteith method (Allen et al., 1990) could be appropriate.

If there is no moisture deficit, combination equations can be directly applied to
calculate crop ET (Ey) or reference crop ET (Ey) for grass or alfalfa. Using E; and crop
coefficient (K¢), Ei can be calculated. While E;. values calculated with combination
equations are likely to be more accurate, they require non-standard crop observations
(that vary with both the crop type and stage of growth) (Jensen and Rahman, 1985).
Hence, it is preferable to use E;; and K. to calculate E;.

Under dry soil conditions, E, has to be adjusted to account for the reduced
availability of moisture for plant removal. Adjustment of E, to account for soil
moisture conditions can be done readily if the evaporation and transpiration components
are separated. Soil surface evaporation can be calculated using an evaporation equation
such as the Priestley-Taylor method (Allen et al., 1990) while actual transpiration can
be calculated to account for soil moisture conditions using a method described by
Feddes et al. (1978).

Using experimental data, Danielson (1967) reported that plant roots removed 40, 30,
20, and 10% moisture from the top, second, third, and bottom quarters, respectively, of
the root zone. Since N movement to roots is mainly through mass flow (Tisdale et al.,
1993), N removal is likely to follow a pattern similar to moisture uptake with respect to
the root depth. Hence, if plant transpiration can be calculated as a function of root
depth, as reported by Danielson (1967), both transpiration and N removal estimations
can be improved. Improved transpiration and N removal simulations will improve
simulations of moisture redistribution and N fate.

2.8.3. Nitrogen sub-model (2-D)

Given the lateral and vertical movement of N from subsurface-banded urea, a2-D N
model is likely to simulate the fate of banded-N more accurately than a 1-D N model.
The convective-dispersive equation (CDE) can be applied to smulate N transport and
transformation in two directions (Selim, 1994). For field scale models, since moisture
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movement is considered only in the vertical direction, lateral N movement in the CDE
is simulated solely through molecular diffusion. In the vertical direction, both
dispersive (both due to molecular diffusion and hydrodynamic dispersion) and
convective components are considered. Discretization of the CDE in both time and
space (2-D) can be achieved through the use of the alternating direction implicit (ADI)
method (Anderson, 1995), an FD scheme which can be readily implemented. Separate
CDEs are required for urea, NH4", and NOs. Each N form has its own source and sink

terms to account for additions and removals from the soil solution.

2.8.4. Simulation of urea particle dissolution

With increase in urea particle size, time required for particle dissolution will
increase, thereby impacting the subsequent N transformation processes. Most current
models assume that the fertilizer-N is dissolved instantaneously, and is hence, available
for immediate transformation. Modeling the dissolution process is made difficult by the
need to simulate vapor transport towards the urea particle and dissolved urea transport
away from the urea particle in multiple directions. Physically-based models that
account for solute particle size, soil moisture content, and soil properties that could
affect dissolution, could not be found. Even empirical equations that account for urea
particle size in simulating the dissolution process would represent the physical process
more accurately compared with assuming instantaneous dissolution of fertilizer-N.

2.8.5. Substrate concentration effects on transformation rates

Wetselaar (1985) reported that very high urea concentrations proved toxic to the
urease enzyme resulting in inhibition of urea hydrolysis. Since subsurface-banding of
urea granules and pellets is likely to cause higher localized urea concentrations than
urea incorporation or surface broadcast, it is necessary to incorporate urea concentration
effect on urea hydrolysis. Being an enzymatic reaction, urea hydrolysis rate can be
modeled up to certain urea concentrations using the Michaelis-Menten reaction
(Tabatabai, 1982). It isunclear how urea hydrolysis is simulated at urea concentrations
between the Michaelis-Menten threshold and half saturation, when urea hydrolysis
ceases (Wetselaar, 1985). It is likely that a relationship would have to be assumed to
simulate urea hydrolysis rate for urea concentrations between the Michaelis-Menten
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threshold and half saturation. Similarly, nitrification can be simulated using a zero-
order or first-order reaction, depending on NH;" concentration. At very high NH,"
concentrations, nitrification ceases due to the toxic effects of NH4" on the bacteria
Nitrosomonas (Wetselaar, 1985), which convert NH;" into NO,™ (Eq. [2-2a]). Hence, a
2-D N model for simulating the fate of banded N needs to account for substrate
concentration effects on both urea hydrolysis and nitrification.

2.8.6. Modular design

The envisaged model would be used to simulate the fate of subsurface-banded-N; it
would not account for background N or other nutrients. To be of use to managers, a
model should be comprehensive, i.e., it should have the capability of simulating the fate
of multiple nutrients as well as multiple forms of a nutrient. Hence, the model should
be modular in construction so that it can be readily incorporated into existing research
or management models.

In order for the model to serve a wider clientele, it should be able to smulate
additional N-loss pathways such as NH," fixation by clay minerals. A model that is
modular in construction will be more amenable to modifications in future. Application
of urea pellets in subsurface-bands results in N movement in three directions. However,
simulating N movement in 3-D is much more difficult than a 2-D situation. Further,
when pellets are applied close to one another, it is unclear if a 3-D model will enhance
the simulation of N fate as compared with a 2-D model.
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3. MATERIALSAND METHODS

The stated objectives were achieved by conducting a field experiment (Objective 1),
laboratory experiments (Objective 2), and mathematical simulations (Objective 3). In
the field experiment, corn silage yield, corn nitrogen (N) content, nitrate-N (NO3™-N)
concentration in leachate samples, and inorganic-N content in soil samples were
measured to evaluate the agronomic and NOz™-N leaching impacts of urea pellets and
granules. In the laboratory, dissolution, incubation, and leaching column studies were
conducted to study the impact of urea particle size on dissolution, mineralization, and N
transport. In the field and laboratory studies, tablet-shaped 1.5-g urea pellets and
commercial urea granules (0.01-0.02 g each) were used. In the laboratory experiments,
tablet-shaped 0.5, 1.0, and 2.0-g urea pellets were also used. The urea pellets were
obtained from the International Fertilizer Development Center (IFDC), Muscle Shoals,
Alabama. The mathematical model is presented in Chapter 5.

3.1. Statistical Methods

Outputs were measured and hypotheses were tested relative to various aspects of the
agronomic and NO3-N leaching impacts of urea pellets versus granules using both
statistical and graphical methods. For testing hypotheses, parametric statistical analyses
were used where the data sets complied with the assumptions required for parametric
statistical tests; otherwise, non-parametric tests were used. The parametric tests used
were Student-t test, Analysis of Variance (ANOVA) or General Linear Model (GLM),
and Fisher’s Least Significance Difference (LSD) (Ott, 1992). The non-parametric tests
used were Wilcoxon Rank Sums two-sample test, Kruskal-Wallis (K-W) (chi-square
approximation) (Siegel, 1956), and Bonferroni’s one-way multiple comparison test
(Daniel, 1990). The level of significance was 10% (a = 0.1) in all statistical analyses.
Since rejection of the null hypothesis even when it were to be true would have less
adverse impact in this study than in drug trial studies (where smaller a values would be
used), a comparatively large a value equal to 0.1 was selected. Graphical methods were
used to augment the results of the statistical analyses.
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The UNIVARIATE procedure in SAS (1996) was used to test normality of the data
based on one of three procedures, namely, raw data, log distribution of raw data, and the
residuals of the raw data. If the data set was found to be normally distributed based on
one of the three procedures, parametric methods were used for the data analyses. For
comparing two independent samples to determine if they were from the same
population, the Student t-test was performed using PROC TTEST (SAS, 1996).
Depending on whether the statistical test of equality in variance was satisfied or not, the
p-value corresponding to the equal or unequal variance was used. Since SAS reported
the critical p value for atwo-tailed hypothesis, for one-tailed hypotheses, the critical p-
value was obtained by dividing the reported value by two (SAS, 1996).

For comparing more than two independent data sets, ANOV A was performed using
PROC ANOVA,; for unbalanced data sets, GLM was performed using PROC GLM
(SAS, 1996). Both the Wilcoxon two-sample and K-W tests were applied using PROC
NPARIWAY in SAS (SAS, 1996) for data sets that could not be analyzed with
parametric statistical methods. The Bonferroni’s one-way multiple comparison test was
performed manually using the rank sums obtained from the K-W test to compare

treatment means.

3.2. Field Experiment

Objective 1: Evaluate the agronomic and NO3™-N leaching impacts of subsurface-
applied urea pellets versus granules on no-till silage corn.

To achieve Objective 1, afield experiment was conducted to evaluate the agronomic
and NO3™-N leaching impacts of subsurface-applied urea forms (pellets and granules) on
no-till silage corn from May 1997 through March 1999. Two urea forms were
compared with respect to their impacts on corn silage yield and corn N content. Crop
data were obtained for the silage corn crops grown during the 1997 and 1998 seasons.
The site was left fallow during the winter of 1997-1998. Nitrate-N leaching from urea
pellets versus granules was investigated using residual soil inorganic-N, NOs;-N
concentration in leachate, and N removal by crop. Data on NOs-N leaching were
collected from July 1997 through March 1999.
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3.2.1. Field Selection and Description

The field experiment was conducted at Virginia Tech's Kentland Farm, located
about 16 km from the main campus in Blacksburg. The field was located in the lower
bottom of Kentland Farm on the banks of the New River, separated from the main farm
compound by railway tracks. The field, which formed part of a larger tract, has a
rolling topography. In order to select a site that was flat, a portion of the tract that
appeared relatively flat measuring about 60 m (east-west) by 45 m (north-south), was
surveyed on February 28, 1997. Care was taken to keep a minimum distance of 30 m
from a line of trees on the banks of the New River that bordered the southern edge of
the tract. A detailed contour map of the area was prepared using the Surfer software
(Golden Software, 1995).

Using the contour map, the field measuring 45 m x 255 m (1147.5 m?) was
demarcated with stakes at the four corners. There were production plots on three sides
of the field; on the eastern side, there was a grassed area about 6 m wide that served as a
farmroad. The long axis of the field was roughly east-west. The field had the highest
elevation in the middle (along the long axis), with a gentle slope of about 1.5 % on both
sides, i.e. along the north-south axis. The field did not have a significant cross slope.
During May 1997, the edge of the field was observed to be about 50 m from the banks
of the New River. The field was about 2-3 m higher than the river during May 1997.
The water table was at a depth greater than 1.80 m during mid-June, 1997. The soil
series in the field was Ross (SCS, 1985).

The field had been planted to soybean (in conventional tillage) in the summer of
1996 and had been left fallow during the following winter. It was reported by
technicians working at Kentland Farm that the field had serious infestation of common
ragweed (Ambrosia artemisiifolia), giant ragweed (Ambrosia trifida), and johnson grass
(Sorghum halpense). During the early months of 1997, the field had substantial residue
cover. The crop residue was removed with a landscape rake to avoid interference with
field operations. The landscape rake caused only minimal soil disturbance. However,
due to the removal of the crop residue, the soil developed a hard crust due to raindrop
impact. Asthe soil warmed, substantial weed growth followed.
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3.2.2. Soil Description

Ross soils (fine-loamy, mixed, mesic, Cumulic Hapludolls) are deep and well-
drained with moderate permeability (SCS, 1985). The soil hydrologic group of this soil
seriesis B (SCS, 1985) with a leaching index of nine for Montgomery County (VDCR,
1993), indicating a possibility of leaching below the root zone (VDCR, 1993). Ross
soils comprise a combination of soil textural classes that include sandy loam, loam, silt
loam, and silty clay loam. Reactions range from slightly acidic through moderately
alkaline (SCS, 1985). The Ross soil series are included in the Soil Productivity Group
la, with the highest productivity potential (VDCR, 1993). The productivity potential of
the Ross soil series for corn silage is 47.6 Mg/ha (21.2 t/acre) a 35% dry matter (DM)
(VDCR, 1993).

3.2.3. Field Layout

Three rows of seven experimental plots each were established with the rows running
east-west (fig. 3.1). Each of the 21 plots measured 4.5 m x 4.5 m and had an area of
20.25 m?. The three rows were separated by 3-m wide access roads; within a row, the
plots were separated by 1-m buffers. To isolate the field from the surrounding area, a 3-
m wide buffer was maintained on three sides; on the western side, the width of the
buffer strip was increased to 4.5 m to provide for adequate turning space for tractors.
Nine of the 21 experimental plots were instrumented with tension lysimeters (for
leachate sample collection) and access tubes for neutron count measurement to calculate
soil moisture content. The layout of the instrumentation is shown in figure 3.2. The
details of the instruments are presented in Section. 3.2.7.
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3.2.4. Experimental Design

Two aspects of the experimental design were error-reduction and treatment designs.
Two error-reduction design alternatives were considered, the Completely Randomized
Design (CRD) and the Randomized Block Design (RBD) (Hinkelmann and
Kempthorne, 1993). Both designs allot treatments through randomization to minimize
the impact of systematic differences due to factors beyond the control of the
experimenter (Hinkelmann and Kempthorne, 1993), for example, the presence of a soil
nutrient trend.

Soil NO3™-N concentration among the three rows of plots was investigated using soil
samples to test for the presence of a NO3s-N concentration gradient. In each row, four
soil samples were obtained at approximately equal intervals from within the 1-m wide
buffer areas for atotal of 12 samples from the field. Asrecommended for residual NO3
-N determination by Tisdale et al. (1993), soil cores were obtained from a depth of 65-
75 cm using a soil core sampler. The samples were extracted with copper sulfate and
analyzed for NO3™-N using the reference electrode method with a precision of 0.1 mg-
N/L (Donohue and Heckendorn, 1994) in the Soil Testing (ST) Laboratory of the Crop
and Soil Environmental Sciences (CSES) Department at Virginia Tech. The results
indicated that there was no systematic difference in NO3-N concentration between the
rows, ruling out the need to use RBD. Hence CRD was chosen as the error-reduction
design. Potential differences in soil properties were not considered in the experimental
design since the plots were small (20.25 m? per plot) and the field site was located well
inside the region demarcated as Ross soil in the soils map (SCS, 1985).

3.25. Treatment Design

Based on the productivity potential of corn silage on the Ross soil series, the
sufficient N application level was 184 kg-N/ha (VDCR, 1993). The deficient and
excessive N application rates represented a 40% reduction and 40% increase compared
to the sufficient level, respectively. A large difference between the sufficient and
deficient or excessive application rate permitted the detection of possible N application
rate and urea form interaction effect on corn silage yield and corn N content. Hence,

the treatment design required six experimental treatments (table 3.1), as a 2 x 3
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treatment design in CRD. A control treatment was added to measure crop yield, crop N
removal, and background NO3-N leaching under zero N application. Each treatment
was replicated three times.

Table3.1.  Treatment description: ureaform and application rate

Treatment Ureaform Application rate,
kg-urea/ha*
(kg-N/ha)
Control (C) none 0
Pellet-sufficient (PS) 1.5 g pellets 400 (184)
Pellet-deficient (PD) 1.5gpellets 239 (110)
Pellet-excessive (PE) 1.5 g pellets 561 (258)
Granule-sufficient (GS)  granules 400 (184)
Granule-deficient (GD)  granules 239 (110)
Granule-excessive (GE)  granules 561 (258)

* 1kg-urea= 0.46 kg-N

3.2.6. OutputsMeasured and Hypotheses Tested

The field experiment outputs were used to compare the agronomic and NOs-N
leaching impacts of urea pellets versus granules. The agronomic outputs were corn
silage yield and corn N content. The NOs-N leaching-related outputs included residual
inorganic-N in the soil, NO3™-N concentration in leachate, and N removal by the crop.
For each output, multiple hypotheses were tested.

A. Agronomic Component

The impacts of the urea forms, 1.5-g pellets and granules, on corn silage yield and
corn N removal were examined. The ureaform and N application rate interaction effects
onyield and N removal were also examined.
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1. Corn slageyield

1.1.

1.2

13.

1.4.

1.5.

The following hypotheses were tested:

Null Hypothesis: Corn silageyield is unaffected by the treatment applied.
Alternative Hypothesis:. Corn silage yield is affected by the treatment
applied.

Null Hypothesis: Corn silage yield is unaffected by the urea form at the
sufficient application rate (184 kg-N/ha).

Alternative Hypothesis: Corn slage yield is higher with pellets than
granules.

Null Hypothesis: There is no urea form x N application rate interaction
effect on corn silage yield.

Alternative Hypothesis: Thereisureaform x N application rate interaction
effect on corn silage yield.

Null Hypothesis: There is no urea form x year interaction effect on corn
slageyield.

Alternative Hypothesis: Thereisurea form x year interaction effect on corn
slageyield.

Null Hypothesis: Thereisno N application rate x year interaction effect on
corn silageyield.

Alternative Hypothesis: ThereisN application rate x year interaction effect

on corn silageyield.

Using Hypothesis 1.1, all treatments were compared to see if the experimental

treatments were different than the control treatment with regard to corn silage yield at

35% DM. If the experimental treatments were found to be different, pellet-sufficient

(PS) and granule-sufficient (GS) treatments were compared using Hypothesis 1.2.

Zhang (1990) reported that urea prills applied in pockets (at one pocket per plant),

to simulate pellets, at 150-200 kg-N/ha had adversely affected corn yield. Hence, urea

form x N application rate interaction effect was tested with Hypothesis 1.3 to determine

if there were any potential adverse effects on corn silage yields of applying pellets (1.5

g) and granules within arange of 110 to 258 kg-N/ha.
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Due to possible change in soil (e.g., resdua-N) and environmental (e.g.
precipitation) conditions from 1997 to 1998, urea form impact on corn silage could
likely vary. Hence, Hypothesis 1.4 was included to test urea form x year interaction
effect on corn silage yield. Similarly, N application rate impact on corn silage yield
was likely to change from 1997 to 1998 given changes in environmental conditions and
soil nutrient conditions. Hence, Hypothesis 1.5 was tested for N application rate x year

interaction effect on corn silage yield.

2. Nitrogen content in corn
The following hypotheses were tested relative to N content in the above-ground
corn plant at the time of harvest:

21  Null Hypothesis: N content in corn isunaffected by the treatment applied.
Alternative Hypothesis: N content in corn is affected by the treatment
applied.

2.2.  Null Hypothesis: N content in corn is unaffected by the urea form at the
sufficient application rate (184 kg-N/ha).

Alternative Hypothesis: N content in corn is higher with pellets than
granules.

2.3.  Null Hypothesis: There is no urea form x N application rate interaction
effect on N content in corn.

Alternative Hypothesis: There is urea form x application rate interaction
effect on N content in corn.

24. Null Hypothesis: There is no urea form X year interaction effect on N
content in corn.

Alternative Hypothesis: There is urea form x year interaction effect on N
content in corn.

2.5. Null Hypothesis: Thereisno N application rate x year interaction effect on
N content in corn.

Alternative Hypothesis: ThereisN application rate x year interaction effect

on N content in corn.
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Hypothesis 2.1 allowed for comparison of plant N content among different
treatments to ascertain if the experimental treatments were different than the control
treatment. 1f Null Hypothesis 2.1 was rejected, Hypothesis 2.2 was used to test whether
N content in corn was affected by the urea form at the sufficient application rate.
Higher N content is indicative of a more nutritious silage since protein content increases
with N. Further, greater N removal by the crop has the potential to reduce N losses into
the environment.

Hypotheses 2.3, 2.4, and 2.5 were included to test effects of factor-level interactions
on corn N content. The reasons for including those hypotheses were the same as those
that applied to the corn silage yield, i.e., Hypotheses 1.3, 1.4, and 1.5.

B. Nitrate-N Leaching Component

This aspect of the field experiment focused on comparing the potential for NO3™-N
losses from the root zone from the two urea forms, 1.5-g pellets and granules. The urea
forms were compared with respect to residual inorganic-N in different layers of the root
zone, NO3-N concentration in leachate, and crop N removal.

3. Residual inorganic-N in the soil
In mineral soils, less than 1% of the N present in the inorganic form contributes to
NOs-N leaching (Tisdale et al, 1993). Hence, finding evidence of NO3-N leaching loss
(as affected by the urea form) using N balance was likely to be difficult. Residual
inorganic-N as affected by fertilizer form would, however, provide indirect evidence of
the impact of fertilizer form on NO3-N leaching. Inorganic-N balances were computed
for C, PS, and GS treatments for three soil layers of interest. The following hypotheses
were tested separately for each layer.
3.1.  Null Hypothesis: Estimated amounts of residual inorganic-N are unaffected
by thetreatments, i.e,, C, PS, and GS.
Alternative Hypothesis: Estimated amounts of residual inorganic-N are
affected by the treatments.
3.2.  Null Hypothesis: Residual inorganic-N amounts are equal in both urea
forms at the sufficient application rate (184 kg-N/ha).
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Alternative Hypothesis: Residual inorganic-N amounts are higher in PS
than GS.

Hypothesis 3.1 was used to test if the fertilizer treatments resulted in different
residual inorganic-N than the control treatment in October 1997 (end of first corn
season), May 1998 (beginning of second corn season), October 1998 (end of the second
corn season), and April 1999. Hypothesis 3.2 was tested to compare residual amounts
of inorganic-N in PS versus GS only if Null Hypothesis 3.1 was rejected. A treatment
that results in higher inorganic-N amount in the root zone is likely to have lost less NO3’
-N through leaching and have more N available for plant removal than other treatments.

Soil samples used for testing Hypotheses 3.1 and 3.2 were obtained midway
between two rows of corn (Sec. 3.2.7). It was likely that such a soil sampling scheme
could have underestimated residual inorganic-N amount since the closest sidedress urea
band was placed 17.5 cm away from the sampling site (Sec. 3.2.9). Hence, a different
sampling scheme was applied only to the fertilizer treatments in April 1999 which
involved taking soil samples in the band (SS1) and 8.75 cm to the side of the band
(SS2) in addition to sampling midway between the corn rows (SS3). The soil sampling
scheme is described in Sec. 3.2.7. The following hypotheses were formulated post-hoc
to test whether the sampling scheme affected residual inorganic-N recovery in the three
layers (top 30-cm, top 60-cm, and root zone).

3.3.  Null Hypothes's: Residual inorganic-N amounts in the fertilizer treatments
based on inorganic-N concentrations calculated using the SS1 samples are
the same as the control treatment.

Alternative Hypothesis: Residual inorganic-N amounts are higher in the
fertilizer treatmentsthan in the control treatment.

3.4. Null Hypothesis: For the same fertilizer treatment, resdual inorganic-N
amounts based on the inorganic-N concentrations at SS1, SS2, and SS3 are
not different.

Alternative Hypothesiss Residual inorganic-N amounts based on the
inorganic-N concentrations at SS1, SS2, and SS3 are different.

Residual inorganic-N amounts in the fertilizer treatments based on the SS1 samples
are most likely to detect differences in inorganic-N amounts between the fertilizer and
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control treatments, a hypothesis that was tested using Hypothesis 3.3. If Null
Hypothesis 3.3 was rejected, Fisher’s LSD was used to compare the pellet and granule
treatments. Hypothesis 3.4 was used to compare inorganic-N recovery as affected by the

sampling location (e.g., SS1 versus SS2) within a fertilizer treatment.

4. Nitrate-N concentration in leachate
The following hypotheses regarding NOs;-N concentrations in leachate were
investigated for both depths (30 cm and 120 cm) for the C, PS, and GS treatments. The
control treatment was included to study background NOs-N movement.
4.1. Null Hypothesss NO3-N concentration in leachate is unaffected by
fertilizer treatment.
Alternative Hypothesis: NO3'-N concentration in leachate is affected by the
fertilizer treatment.
4.2.  Null Hypothesis: NO3-N concentration in leachate is unaffected by the urea
form (pellet versus granule).
Alternative Hypothesis: NO3-N concentration in leachate is lower in the
pellet treatment than in granules.
Hypothesis 4.1 was tested for each sampling event at both 30- and 120-cm depths.
If Null Hypothesis 4.1 was rejected, Hypothesis 4.2 was tested to see if urea form
impacted NO3-N leaching. Additionally, the time series of NO3-N concentrations in
the leachate at both depths were compared graphically among the treatments to evaluate

treatment impact on NOs-N leaching.

5. Nitrogen removal by crop
The following hypotheses relative to N removal by crop were investigated:

5.1.  Null Hypothesis: N removal by crop is unaffected by fertilizer treatment.
Alternative Hypothesiss N removal by crop is affected by fertilizer
treatment.

5.2.  Null Hypothesis: N removal by crop is unaffected by the urea form at the
sufficient application rate (184 kg-N/ha).

Alternative Hypothesis: N removal by crop is higher with PS than GS.
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Greater N removal by the crop treated with one urea form compared with the other
is likely to reduce the amount of applied inorganic-N left in the soil; hence less NO3™-N
will be available in the soil for leaching. Hypothesis 5.1 allowed for comparison of N
removal by the crop among all treatments to ascertain the likelihood of a fertilizer
effect. If Null Hypothesis 5.1 was rejected, Hypothesis 5.2 was tested to evaluate if one
urea form was superior to the other in facilitating N removal via the crop at the

sufficient N application rate.

3.2.7. Sampling for Nitrogen

Nitrate-N leaching losses from the C, PS, and GS treatments were evaluated using N
content in soil and NOz-N concentration in leachate samples. The control treatment
was included to estimate N loss under zero-N application rate.

A. Sail nitrogen

Soil N status in the C, PS, and GS treatments was compared in the top 30-cm, top
60-cm, and root zone (120 cm). Comparison of soil N among the treatments was used
to estimate N leaching losses through the root zone and evaluate inorganic-N movement
in the soil profile as affected by the fertilizer trestment. The N forms considered in the
analyses were total N, NOs-N concentration in soil solution, and NH,"-N concentration

in soil solution.

Soil sample preparation and N analysis

Soil samples were collected four times during the study period (discussed below)
using a 2-cm diameter soil sampler. The soil samples were taken to the Land and Water
(LW) Laboratory in the BSE Department and dried in an oven at 65°C for 4-5 h to
about 5% gravimetric moisture content (M. Flock, personal communication, New
Knoxville, Ohio, 20 October, 1997) in a natural convection oven. Beginning May 1998,
soil samples were dried in a forced convection oven to ensure more uniform drying and
at 35-40°C to reduce NH,"-N losses (Bates, 1993).

The dried soil was ground and passed through a 0.5 mm sieve; about 25 g of the
sieved soil was transferred to a paper bag and sent to Brookside Laboratories, Inc. for

analysis of NO3-N, NH4-N, and total N. The samples were analyzed using the
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colorimetric method for NOs-N and NH4*-N using the Lachat 800 automatic analyzer.
The samples were analyzed for total N using the Carlo Erba NA 1500 analyzer using
flash combustion (Carlo Erba Instruments, 1988), an automated Dumas procedure with
modifications (Bremner and Mulvaney, 1982). The results were reported in ppm or pg-
N/g-oven dry soil. The total mass of soil in each layer (adjusted for moisture content)
was calculated using the bulk density (pp) of that layer. Finally, the N concentration in
the soil (kg-N/kg-soil) was multiplied by the mass of soil (kg/ha) to obtain the N
amount (kg/ha) present in a particular layer.

Soil sampling

The field experiment extended from late-May 1997 to early-April 1999. There were
four sampling events which are discussed below.
October 1997

This sampling event followed the corn silage growing season as well as irrigation
application (Section 3.2.8). The most significant sources of N addition and removal
were N fertilizer application to the corn crop and N removal in the harvested crop,
respectively. The residual-N status was determined with soil samples taken on 21
October 1997 after applying irrigation during 6-16 October 1997.

Soil samples were collected from 0-15, 15-30, 30-45, 45-60, 60-90, and 90-120 cm
layers. The cores were extracted approximately from the middle of two rows of corn
stubble. A minimum distance of 60 cm was maintained from the metal borders to
reduce edge effects. Care was taken to maintain a minimum distance of 60 cm from the
tension lysimeters. Six cores were obtained from each plot for each depth; at least one
core was taken from each of the five inter-row spaces. The six soil cores for a depth
were crumbled and thoroughly mixed and a single sample of about 100 g of soil was
transported to the LW Laboratory for further preparation for analysis of NOs-N, NH4*-
N, and total-N. In all, there were six samples (one for each depth) per plot, and 54 soil
samples in all from the nine plots.

May 1998

This sampling event followed the most critical period with regard to NOs-N

leaching (Menelik et al., 1990). During late fall through early spring, except during the
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time when the ground is frozen, there is potential for substantial leaching to occur. The
initial N status for this period was the final N status for the previous accounting period.
Theresidual-N status was determined through analysis of soil samples obtained on May
13 and 14, 1998 for NOs-N, NH,*-N, and total-N.

October 1998

The third sampling event followed the second corn silage-growing season. Asinthe
first sampling event, the most significant sources of N addition and removal were
fertilizer N application and N removal through crop harvest, respectively. The residual-
N status was determined through analysis of soil samples obtained on 14 October 1998
for NOs-N, NH4-N, and total-N. Even though corn silage was harvested on 16
Septembe, soil cores could not be extracted immediately because the soil was very dry.
After 5.5 cm of precipitation was received during 7-8 October, soil samples were
obtained on 14 October 1998.

April 1999

The last sampling event followed the late fall through early spring period, critical
with respect to NOs-N leaching. The residual-N status was determined through analysis
of soil samples obtained on 2 April 1999 for NOz-N and NH,"-N.

Since lateral N movement is mainly through molecular diffusion under dry soil
conditions, it was likely that applied residual-N would be concentrated close to the
fertilizer band. In the laboratory, Singh and Beauchamp (1988) reported that NH,"
moved only 6 cm in 35 days in silt loam soil in a soil moisture tension range of 0.35 to
1.20 bars. Hence, sampling between crop rows (located 17.5 cm from the closest
fertilizer band) could result in underestimation of residual inorganic-N in soil,
especially in the top 30-cm of the root zone. Hence, soil samples were collected using
the original scheme in the control plots, while a modified scheme was used for the PS
and GS treatments. In the modified scheme, additional sampling included three cores
obtained over the band (SS1) and three cores mid-way between SS1 and SS3, i.e., SS2
was 8.75 cm away from the band (fig. 3.3). There were three pairs of soil cores, each
pair comprised of one SS1 and one SS2, adjacent to each other. For each fertilizer
treatment, in two replications, two SS2 cores were obtained from the left side of the
band while one core was obtained from the right. 1n the remaining replication, the order
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was reversed so that five and four SS2 cores were obtained from the left and right sides
of the band. This arrangement minimized the effect of roots present close to the band

on the left.

8.75cm

PR

Corn row

QD SS3 SS2  [SS1 SS2 Q
Soil surface
® ¢— Starter,
1Y [ 37 kg-N/ha Sidedress, ~ 7
5cm 147 kg-N/ha >
20 cm
<
37.5cm >|
< >
75 cm
Figure3.3. Soil sampling scheme design for April 1999. The terms SS1, SS2,

and SS3 denote soil sampling sites 1, 2, and 3, respectively.

Soil cores were obtained from 0-15, 15-30, 30-60, 60-90, and 90-120 cm; in the
conventional scheme, separate cores had been obtained for 30-45 and 45-60 cm. In
each fertilizer treatment plot, for each depth, the three SS1 cores were composited; the
same arrangement was applied to the SS2 and SS3 cores. A total of 105 soil samples
were analyzed, 15 samples from each of the fertilizer plots and five each from the

control plots.

B. Leachate samples

Since tension lysimeters have been widely used in studies involving NO3™-N in
leachate (Angle et al., 1990), in this study, tension lysimeters were used to collect
leachate samples for NO3s-N analysis. Leachate samples extracted from the tension
lysimeters were analyzed for NOs-N in the Water Quality Laboratory of the BSE
Department using the TRAACS 800 automatic water quality analyzer. Comparisons
were made between NO3-N concentrations in leachate from pellets and granules to see
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if the urea form affected NO3-N losses at a point in time. A control treatment with no
N was included to estimate background NO3-N leaching.

Tension lysimeters were installed at two depths - 30 cm and 120 cm. The 30-cm
depth represents the top quarter of the root zone of the corn plant from which it extracts
40% of its total water supply (Tisdale et al., 1993) and, thus, a substantial portion of
NOs-N. Further, the top 30-cm of soil represents the most biologically active region
where most N transformations occur. The NOs;-N concentrations in the leachate
samples from the 30-cm depth were used as an indicator to compare the fertilizer forms
with respect to their NO3-N leaching potential. Higher NOs™-N loss from the top 30-cm
was indicative of higher potential for N losses into groundwater.

Tension lysimeters were also installed at the 120-cm depth which can be regarded as
the lower limit of corn’s root zone from the viewpoint of water management (Schwab
and Frevert, 1993). All NO3-N moving below this depth was assumed lost to the corn
plant and could ultimately pollute the groundwater. Hence, a comparison of NOz-N
concentrations at the 120-cm depth from pellet versus granule provided a more reliable
indicator (than the 30-cm samples) of the impact of urea form on NO3-N leaching into
groundwater.

Fabrication and testing of tension lysimeters

The tension lysimeters were assembled in the BSE Department from purchased
components (fig. 3.4) following the instructions given in Teso et al. (1990). Except for
the Class 160 PV C pipe of nominal size 1.5 in. which was procured from a supplier of
irrigation pipes in Louisiana, all components for the tension lysimeters were purchased
from Soilmoisture Equipment Corporation (SEC). The high-flow ceramic cups
(653X01-B.5M2) had a diameter of 4.83 cm and a length of 6.05 cm. The cups had a
bubbling pressure of 0.5 bars that permitted faster sample collection compared to cups
with higher bubbling pressures.

For the 120- and 30-cm tension lysimeters, the pipes were cut to lengths of 122 and
32 cm, respectively, which allowed 5 cm of the pipe length to stay above the soil
surface with the mid-point of the ceramic cup coinciding with the desired depth in the

soil. Most ceramic cups did not fit snugly into the PVC pipe due the large tolerances
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allowed in the manufacture of both the PV C pipe ID and the ceramic cup neck diameter.
To provide a better fit, alight coating of epoxy was applied to the neck of the ceramic
cup that was then dried for 2-3 h in an oven at 55-65°C (Teso et a., 1990). The ceramic
cup was then glued to the pipe by applying epoxy to the neck of the ceramic cup and
inserting the cup into the pipe with a slight twist. The glued ceramic cup was then air-
dried overnight in a vertical position with the ceramic cup pointing upwards. Epoxy
purchased from SEC had a setting time of 1 h, causing the epoxy to drip down the pipe;
perhaps an epoxy with a shorter setting time would be more desirable.

Suction
Flexible Tygon Tube Applied
(ID =2.38 mm)
Neoprene Tube

(ID = 4.76 mm) Neoprene Tube

(ID =4.76 mm)

Nylon Tube

(OD = 3.18 mm)
Polyethylene Tube /
(OD =6.35 mm) —*=

}— Stenoprene Rubber Stopper

Polyethylene Tube
(OD = 6.35 mm)

Neoprene Rubber
Stopper (No. 6 Size)

—=—— Sample Bottle
(100 or 113 ml)

Soil Surface —=— Leachate Sample
=] =] =]

~=——- Class 160 PVC 1.5 inch pipe

Glass Tube (ID = 3.18 mm)

~=——-Ceramic (porous) Cup

Figure3.4. Tension lysmeter construction and procedure for leachate sample
collection
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The stenoprene stopper provided by SEC had a molded neck to fit tightly into the
PVC pipe. A neoprene tube (ID = 4.76 mm; wall thickness, WT = 3.18 mm) was
attached to the hole provided in the stopper with a polyethylene pipe (OD = 6.35 mm;
WT = 1.01 mm). Due to the lack of square ends in some PV C pipes, it was difficult to
provide a vacuum seal using the stenoprene rubber stopper that had a slight and short
taper. The ordinary neoprene rubber stopper (No. 10 size) provided better sealing since
it could be forced down into the PV C pipe to a greater depth.

Suction was to be applied to the tension lysimeter through the neoprene tube using a
vacuum pump; the neoprene tube was then closed off with a clamping ring. As per
recommendations given by SEC, to collect the sample, a thin nylon tube was to be
inserted through the neoprene tube down to the bottom of the tension lysimeter while
the other end of the nylon tube was to be connected to a bottle through a two-hole
stopper. Suction was to be applied by connecting a vacuum pump to the bottle and
stroking the pump. There was the possibility that contaminant adhering to the nylon
tube would contaminate the leachate sample. Further, it was cumbersome to carry
separate nylon tubes for different depths and treatments. Hence the stopper assembly
was modified as discussed below.

A second hole was made in the stopper assembly to insert a nylon tubing (OD =
3.18 mm; WT = 0.4 mm) that reached the bottom of the tension lysimeter (fig. 3.4).
The end of the nylon tubing was cut at an angle to prevent a potential seal from forming
between the end of the nylon tube and the ceramic cup’s wall (Teso et al., 1990). To
prevent sample contamination from the previous sample, the end of the nylon tubing
was made straight and rigid by providing a glass tube (ID = 3.18 mm), 15-20 cm in
length as sheath. The sheath facilitated the placement of the nylon tube at the bottom of
the tension lysimeter. The other end of the nylon tubing was connected to flexible
Tygon® tubing (ID = 2.38 mm; WT = 0.79 mm). A paper clip was used to clamp the
Tygon® tubing when necessary.

The tension lysimeters were tested for leakage using the procedure described by
Teso et a. (1990). The tension lysimeters were soaked in water for 6-8 h after which
they were pressurized with the ceramic cups submerged in water. Care was taken not to
exceed the bubbling pressure (0.5 bar) of the ceramic cups. Tension lysimeters with
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leaky joints released air bubbles through the leaky spot/s; the leaks were plugged with
epoxy. Cracked ceramic cups released air bubbles through the cracks; such tension
lysimeters were discarded. Prior to ingtalling the tension lysimeters in the field, each
tension lysimeter was flushed with 1 L of deionized water to remove water-soluble
contaminants. To ensure that atension lysimeter was installed in the field at the correct
depth, a mark was made with a permanent marker to denote 30- or 120-cm on the PVC

pipe measured from the center of the ceramic cup.

Field installation of tension lysimeters

The tension lysimeters were transported to the field site with their ceramic cups
covered with strips of sponge to guard against breakage. The ceramic cups were kept
soaked in water during transport. Four tension lysimeters (two each of 30- and 120-cm
depths) were installed in each of the nine instrumented plots (three each of C, PS, and
GS treatments) for a total of 36 tension lysimeters during 28-30 May 1997. Two
tension lysimeters were installed in each plot at each depth to obtain a more
representative leachate sample. In case of failure of one tension lysimeter, the sample
from the other tension lysimeter was used to obtain NO3-N concentration for that plot.
Each plot was roughly divided into two halves (east-west) and two tension lysimeters,
one at 30-cm depth and the other a 120-cm depth were installed in each half (fig. 3.2).
In the eastern-half, the tension lysimeters were installed next to the third row of corn
while in the western-half, they were installed in the fourth row. The tension lysimeters
were installed 10 cm away from the row of plants and midway between two plants. To
minimize edge effects, the tension lysimeters were installed at least 50 cm away from
the metal border.

For the tension lysimeters installed at 30-cm depth, a 35-cm deep hole was made
with an 8.5-cm bucket auger. The soil excavated from each third of the depth was kept
separate and passed through a 6.35 mm (0.25 in.) sieve to remove stones and roots.
About 300 mL of soil slurry using soil from the lowest segment was poured into the
hole and the ceramic cup of the tension lysimeter was submerged in the slurry (Teso et
al., 1990). Proper contact between the slurry and the ceramic cup was achieved by

raising and lowering the tension lysimeter repeatedly in the slurry. To ensure that the
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tension lysimeter was installed at the correct depth, the 30-cm mark on the PVC pipe
was made level with the soil surface. The remaining excavated soil was poured back
into the hole in the reverse sequence in which it was taken out. While pouring the soil
back into the hole, the soil was compacted at regular intervals with a blunt 10-mm rod.
Finally, at the surface, the soil around the tension lysimeter was slightly raised and
firmly compacted to prevent surface water from channeling through the annular space
between the tension lysimeter and the hole.

For the 120-cm tension lysimeter, the 8.5-cm bucket auger was used to drill a hole
down to a depth of 90 cm, after which, a 7.5-cm screw auger was used to extend the
hole down to 125 cm. Due to the greater depth involved in the case of 120-cm tension
lysimeter and the smaller diameter of the hole at the bottom, it was more difficult to
compact the soil at the bottom. Hence, the bottom 35-cm of the hole was filled with
slurry. Otherwise, the 120-cm tension lysimeter was installed the same way as the 30-
cm tension lysimeter.

Tension lysimeters in Plot Nos. 1 and 8 were vandalized between 8 and 9 June
1997. In Plot No. 1, an attempt was made to pull out both tension lysimeters at 120-cm
depth, failing which, the stopper assemblies on the two tension lysimeters were
removed. In Plot No. 8, one tension lysimeter at 30-cm depth was uprooted; no other
damage was noted. The repairs on the disturbed tension lysimeters were completed by
12 June 1997. After installation in the field, the tension lysimeters were purged at
frequent intervals to prevent algal growth. Regular and frequent purging of the tension
lysimeters also helped to stabilize the intake rate of the tension lysimeters (Ballestero et
al., 1991). During winter, the freeze-thaw cycle in the top soil layer soil caused the 30-
cm tension lysimeters to be heaved upwards by 2-3 cm. Consequently, the tension
lysimeter had to be pushed down to the right depth and the soil around it compacted

prior to suction application.

Sampling protocol for the tension lysimeters

Sampling interval

Sampling at regular intervals (usually 1-2 weeks) without accounting for individual
rainfall events has been widely implemented (Poss et a., 1995; Adams et a., 1994,
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Jones and Schwab, 1993). However, such an approach yielded samples that represented
“average” conditions; it did not take into account the “first flush” effect (i.e., higher
NOz-N concentrations) caused by rapidly percolating gravitational water. Stated
otherwise, the detection of the "first flush" effect at a certain depth indicates the arrival
of the wetting front.

To compare NO3-N concentrations in leachate samples (obtained at the same time)
from pellet versus granule, it was more pertinent to obtain samples that represented the
"first flush" effect. Thus sampling after precipitation provided the best indicator of
vertical transport of NOz-N by the percolating gravitational water. There were times
when there was no precipitation over a 2-week period or more. During such periods, if
available, samples were collected at the end of the second week.

Time of sampling

It was necessary to egtimate the time required for the wetting front to reach the
specified depth since it was desirable to apply suction to the tension lysimeters only
around that time. A coarse estimation of the time of arrival of the wetting front was
made using the soil's saturated permeability values - 1.5-5.1 cnvh (0.6-2 in./h) (SCS,
1985). Based on the saturated permeability values, the wetting front reached the 30-cm
depth in 6-20 h after the start of precipitation; for the 120-cm depth, the wetting front
needed 24-79 h.

A more site-specific estimation of the time of arrival of the wetting front was made
with the neutron probe (Sec. 3.2.8). A 60-cm diameter infiltration ring was installed
around one of the access tubes used for calibration of the neutron probe. The initial
moisture content at the depths of interest was measured by taking neutron counts at the
specified depths. A known volume of water was ponded inside the infiltration ring and
the progress of the wetting front was monitored using the neutron probe. For the soil
moisture conditions prevalent at that time, the wetting front took about 30 and 240 min.
to reach the 30- and 120-cm depths, respectively. However, the speed of the wetting
front is affected by factors such as soil properties (texture and structure), initial soil
moisture content, and precipitation intensity. Further, preferential flow as well as flow
through the annular space between the access tube and soil could have allowed for such
rapid percolation. Given the spatial variability in soil texture, sructure, and moisture
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content, a single time interval needed for the wetting front to reach the specified depths
could neither be applied to all plots for a single storm nor to a single plot for different
storms.

In view of the uncertainty, an effort was made to collect leachate samples from the
percolating water if not the water from the “first flush” effect at least a the 120-cm
depth. Suction was applied to the tension lysimeters at both depths 6-18 h after the start
of the precipitation event. If the precipitation event was not large enough to produce
percolation down to the 120-cm depth, suction was applied to the tension lysimeters at
the 120-cm depth later depending on the location of the wetting front as monitored
using the neutron probe (Section 3.2.8). In case of another precipitation event during
the sample collection stage, a separate set of samples was not collected. However, if the
subsequent precipitation event/s caused percolation at the 120-cm depth, samples were
collected at the 120-cm depth.

Precipitation data from a rain gage in Pulaski county located about 1 km from the
field site were monitored regularly in real time on the National Weather Service website
(NWS-NOAA, 1997-1998). Precipitation data observed in Pulaski provided a reliable
indicator regarding the depth of precipitation at the field site without traveling to the
field site.

Sampling procedure

It was desirable to collect samples by using a low tension value on the tension
lysimeters. A lower tension value allowed collection of leachate samples from the
percolating water rather than plant-available water. However, it took longer to collect
samples of adequate volume using a lower tension value. Hence the tension lysimeters
were maintained at 32-40 chbars tension depending on the duration of tension
application. Tension was maintained on the tension lysimeters long enough to collect a
sample volume of at least 4 mL from each tension lysimeter. Under moist conditions,
usually 1-3 h was required to produce the adequate volume of sample; however, under
drier conditions, the tension lysimeters were kept under suction overnight. Except
during sample collection, the tension lysimeters were maintained at atmospheric

pressure.

Materials and Methods 52



To ensure that the infiltration characteristics of the plots were not affected by traffic,
3 h were allowed to pass after the end of precipitation, before the plots were entered.
Care was taken to minimize disturbance on the soil surface, which could have affected
the hydrologic characteristics of the plots.

During July-August 1997 due to lower-than-normal precipitation and high corn ET,
the tension lysimeters at the 30-cm depth lost suction as their ceramic cups desiccated.
In some sampling events, all plots did not yield samples. For a sampling event, samples
were analyzed only when samples from at least two replicates were obtained.

Sample collection, transport, and compositing

Samples were collected in labeled 100-mL plastic bottles or 113-mL (4 oz.) glass

bottles, using a 2-hole rubber stopper (No. 6) and vacuum pump as shown in figure 3.4.

In one hole of the stopper, alength of neoprene tubing (ID = 4.76 mm) was attached via
a piece of polyethylene tubing (OD = 6.35 mm). In the other hole of the stopper, a
piece of nylon tubing (OD = 3.18 mm) was inserted. To collect a sample, the stopper
was fitted to a bottle and the free end of the flexible Tygon® tubing (ID = 2.38 mm)
from the tension lysimeter was connected to the nylon tubing of the stopper and the
vacuum pump was connected to the neoprene tubing of the stopper. When vacuum was
applied to the bottle, leachate sample from the tension lysimeter was suctioned into the
bottle. After emptying the tension lysimeter, the bottle was tightly stoppered. After the
two-hole rubber stopper had been used for two tension lysimeters at the same depth in a
plot, the stopper was rinsed with distilled water. Distilled water was forced through the
nylon tubing in the stopper to prevent any cross contamination of samples. Within the
same plot, different two-hole stoppers were used for tension lysimeters at different
depths.

After collecting samples, the sample bottles were transported in a cooler to the LW
Laboratory immediately. In the LW Laboratory, the sample bottles were stored in the
refrigerator a a temperature of less than 4°C prior to compositing. One sample was
prepared from each plot by compositing the two samples obtained for each depth. The
objective of sample compositing was to obtain a sample that gave equal weight to both
tension lysimeters. The volumes of both samples were measured and from the larger
sample, an aliquot equal in volume to the smaller sample was obtained. The composite
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sample was obtained by mixing the aliquot from the larger sample with the smaller
sample. If one of the samples was less than 2 mL, a large enough aliquot from the
larger sample was mixed with the smaller sample to obtain a composite sample with a
volume of 4 mL. In case one tension lysimeter did not yield any leachate from a plot,
the available sample was analyzed for NO3-N. If the samples contained suspended
particles, the samples were filtered using Whatman No. 4 filter paper.

The used sample bottles were scrubbed with soap solution, rinsed with hot water,
and immersed in an acid bath, before final rinsing in two distilled water baths. The
sample bottles were then allowed to dry at room temperature; the bottles were stoppered
after they had dried.

3.2.8. Quantification of Soil Moisture, Precipitation, and Irrigation

Soil moisture was monitored in the C, PS, and GS treatments to monitor the
movement of the wetting front. This information was used to decide whether or not to
apply tension to the tension lysimeters since sample collection would not be possible
under dry soil conditions. The soil moisture data was aso used for testing the

modeling.

A. Changein soil moisture storage

Neutron probe

In recent years, using the neutron probe for nondestructive soil moisture
measurement has become a standard practice in a wide range of hydrologic studies
(Grismer et al., 1995). For this study, a neutron probe, Troxler 3332 (Troxler Electronic
Laboratories, Inc.) was used to measure soil moisture content because the probe is ideal
for measuring soil moisture content at multiple depths with minimum disturbance to the
plots. The difference in soil moisture content over a period of time gave the change in
soil moisture storage.

The Troxler 3332 has a 10 mCi Americium 241-Beryllium radioactive source of fast
neutrons which is lowered into the ground via an access tube of suitable diameter (TEL,
1983). When fast neutrons from the source collide with hydrogen (H) present in the soil
as water, the neutrons lose energy resulting in loss of speed. The neutron thus slowed
down by collision with H* cannot slow down any further and is said to be thermalized.
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A counter filled with Helium 3 counts the number of thermalized neutrons which is
proportional to the moisture content of the soil (TEL, 1983). However, H* will be
present in soils also as organic matter, thus requiring the neutron probe to be calibrated
on individual soils.
Access tube installation

During the second week of June 1997, aluminum access tubes (1D = 48.3 mm; OD =
50.8 mm), 203 cm long and with rubber stoppers at the bottom were installed in the

field. TEL, Inc. (1983) recommends the use of aluminum access tubes because
aluminum absorbs fewer thermalized neutrons and is more durable than steel or
polyethylene. The ID and OD of the access tube were as per recommendations for the
Troxler 3332 (TEL, 1983). A 50.8-mm (2 in.) screw auger was used to drill aholeto a
depth of 120 cm after which a bucket auger of the same diameter was used to finish the
hole down to 183 cm. The access tube was then inserted into the hole using a wooden
mallet. Some water was poured into the hole to ease the insertion of the access tube
into the hole. All access tubes were tightly held in the soil.

Two access tubes were installed in each plot for a total of 18 tubes. Each access
tube was installed in the row adjacent to the row in which one pair of tension lysimeters
(30-cm and 120-cm depth) had been installed (fig. 3.2). Consequently, in each half of
the plot, there were one access tube and one pair of tension lysimeters. Each tube was
installed 10 cm to the side and in between two corn plants. The access tubes were kept
at a minimum distance of 60 cm from the metal border of the plot to minimize edge
effects. When the access tubes were installed, 20 cm of tubing protruded above the soil
surface. Four of 18 access tubes were shorter in length and thus had shorter lengths of
tubing protruding above the soil surface. All access tubes were covered with plastic
caps to prevent water entry.

Neutron probe calibration

The neutron probe was calibrated to obtain a relationship between neutron count
(independent variable, x) and volumetric moisture content (dependent variable, y) using
simple linear regression. To improve calibration regression, change in bulk density (pp)

with depth was considered. Volumetric MC (8,) was obtained by multiplying the
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gravimetric MC (6,) with pp. Consequently, regressions were developed for different
depths.

Three access tubes were installed in the buffer areas to calibrate the neutron probe.
Soil samples obtained while excavating to install the access tubes were used for
calibration (TEL, 1983). To obtain the soil sample at a particular depth, a 2.5-cm
diameter soil core, 10 cm thick (5 cm above and 5 cm below the specified depth) was
used. Immediately after installing the access tube, neutron counts were taken at the
required depth using a 30-s count. The soil samples were oven-dried at 105°C to
constant weight and their 6, values were determined.

Since the data based on soil samples obtained from within the access tubes were
limited, soil cores were taken from the vicinity of the access tubes to obtain more data
points for calibration. Care was taken to extract cores at least 25 cm away from the
access tubes (TEL, 1983). To obtain more representative samples, three 5-cm cores
(2.5 cm above and 2.5 cm below the specified depth) were extracted from around each
access tube at each depth; the three cores were then composited to obtain one sample.
In order to reduce the error due to neutron count variability, 30-s counts were taken in
duplicate. An effort was made to obtain a large number of data points and a wide range
of moisture content values.

The p, measurements made for conducting the N balance (Sec. 3.2.7) were used to
estimate py, at the specified depths for the neutron probe calibration. The cores were
obtained using a p, sampler consisting of a sharpened steel cylinder that accommodates
sample cylinders with OD = 50.8 mm (2 in.) and height = 101.6 mm (4 in.). The
sharpened steel cylinder screws underneath a steel rod that carries a sliding weight. In
order to obtain a core, the sliding weight is raised up to the height of the steel rod and
released to drive the sharpened cylinder into the soil.

To extract cores, a 76.2-mm (3-in.) bucket auger was first used to make a hole a
little above the desired depth. After degpening and cleaning the holes to the necessary
depth, the p, sampler was used to extract a core from the required depth. The soil cores
were 48.3 mm in diameter and 50.8 mm in height. The p, values of the cores were
determined by the core method using the procedures described by Blake and Hartge
(1986a). Blake and Hartge (1986a) recommend a minimum core diameter of 75 mm,;
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however, since the available p, sampler did not accommodate larger sample cylinders,
sample cylinders 50.8 mm in diameter were used for py, determination.

From the vicinity of each access tube installed for calibration, one core sample was
extracted from a depth of 5 cm which was representative of the top 15-cm soil layer.
Similarly, core samples were extracted from 20-, 35-, 50-, 72.5-, and 102.5-cm depths,
which were representative of the 15-30, 30-45, 45-60, 60-90, and 90-120 cm soil layers,
respectively. Hence, for each soil layer, there were three soil samples, one from each
access tube. The p, values of these samples were determined following the procedures
described by Blake and Hartge (19864). The p;, for the 30-cm depth was estimated to be
1.45 g/lem® by taking into account the py values at the 20- and 35-cm depths. Similarly,
the py, values at 45, 60, and 90 cm depths were estimated at 1.31, 1.28, and 1.38 g/cm?®,
respectively, by taking into account the py, values above and below the specified depths.
It was assumed that py, values at 120- and 150-cm depths were equal to the py at 90-cm
depth, i.e. 1.38 g/cm®.

For each depth, a linear regression was developed (SAS, 1996) to correlate neutron
counts with the volumetric moisture content (6,) of the soil at that depth:

B, =mxN+c [3-1]
where misthe slope of the line and c isthe intercept. The regression coefficients (m
and c) and R? for each depth are given in table 3.2.

Table 3.2. Neutron probe calibration curve characteristics by depth

Depth, d Number of R* (%) Slope, m  Intercept, c

(cm) samples used
30 15 82.3 0.034 5.668
45 13 75.4 0.029 6.418
60 15 39.2 0.018 15.231
90 12 66.6 0.051 -11.920
120, 150 7 80.4 0.049 -10.897

*  Coefficient of corréation
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Neutron probe operation

The distance of the center of the radioactive source from the bottom face of the
neutron probe was 12 cm (A. Gilbert, personal communication, Research Triangle Park,
N.C., 3 July 1997). This information was used to position the radioactive source at the
specified depth, ensuring that the neutron count corresponded closely to the desired
depth.

The neutron probe was used beginning August 1997, after replacing its replaceable
battery pack. During 1997, neutron counts were taken whenever the tension lysimeters
were placed under tension to collect leachate samples; beginning in 1998, neutron
counts were taken once every month during sample collection. Initially, soil moisture
contents were to be measured at 15-, 30-, 45, 60-, 90-, 120-, and 150-cm depths. Since
neutrons escape through the soil surface at shallower depths resulting in loss of
accuracy (Marshall et al., 1996), neutron count measurement at 15-cm depth was
discontinued beginning in mid-August 1997.

Neutron count at each depth was taken over a 30-s period. Before taking
measurements at the specified depth, a standard count was taken once each day using a
4-min. count period (TEL, 1983). Standard count values were always within the
acceptable range of counts as specified by TEL (TEL, 1983) indicating that the neutron
probe was operating normally. Safety procedures as specified in Virginia Tech's
Radiation Safety Handbook (Department of Health and Safety, 1991) were followed.
Radiation from the neutron probe was monitored with a Geiger counter and personal
exposure was monitored with a thermoluminescent dosimeter (TLD) badge.

B. Precipitation

There was a precipitation gage in Kentland Farm located 1.5 km from the field site.
However, to obtain a more accurate measurement of precipitation for the field site, a
weighing-type rain gage was installed on 17 June 1997, on the other side of the railway
tracks, about 150 m from the plots. The rain gage could measure precipitation in
increments of 1.27 mm (0.05 in.) and used a weekly recording chart. Installation of a
rain gage at the field site was ruled out because of interference in collection from the

surrounding crop and trees.
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C. Irrigation

Irrigation application to supplement precipitation to meet the crop water
requirement had not been envisaged. The corn silage season, mid-May to mid-
September 1997, was dry with a precipitation deficit of 7.3 cm (2.87 in.) compared to
the 30-yr annual average of 37.9 cm during the same period (SERCC, 2000). In order
to collect more leachate samples, irrigation was applied using a solid set sprinkler with
impact-rotor heads mounted on 91.4-cm (3-ft) risers. The sprinkler configuration was
rectangular with sprinkler spacing of 18.3 m (60 ft) and mainline spacing of 9.2 m (30
ft). Theresulting precipitation rate was nearly 10 mm/h. A 7.3-kw (10 hp) self-priming
gasoline pump was used to pump water from the New River. In order to monitor the
application rate, one clear plastic rain gage (non-recording type) was installed in the
center of each plot.

During 6-16 October 1997, atota of 17.8 cm (7 in.) of irrigation was applied in six
events. To incorporateirrigation into the water balance, the total depth of irrigation was
calculated separately for each treatment. Asthe New River was the source of irrigation
water, irrigation also affected the N balance since the river water contained inorganic-
and organic-N. Hence, during each irrigation event, water samples were collected in
duplicate at the beginning, in the middle, and at the end of the run. The six water
samples thus obtained, were composited to obtain a single water sample; the sample
was analyzed for NOs-N, NH,4"-N, and total Kjeldahl-N (TKN) in the WQ laboratory
using the TRAACS 800 automatic water quality analyzer. The concentrations of
various N forms were converted into corresponding N loading rates (kg/ha) for each
treatment separately since the precipitation rates varied between plots.

3.2.9. Field Operations

No-till corn (Zea mays) silage was grown at the field site for two years, 1997 and
1998. The plots were left fallow during the winter of 1997-1998. The field operations
for each of the two seasons are described below.

Materials and Methods 59



1997 corn season

Soil samples were obtained from the field for aroutine soil analysis to ascertain the
nutrient status (except N) and liming requirement of the field. From each row of seven
plots, four soil samples were obtained from a depth of 0-20 cm using a soil sampler for
atotal of 12 samples from the three rows of plots. At each of the 12 sites, two 20-cm
long cores extracted within close proximity of each other were mixed. All twelve soil
samples thus obtained were thoroughly mixed to obtain a composite sample. The
composite sample was analyzed for nutrients and pH in the ST Laboratory of the CSES
Department.

Based on the soil test results, application rates for phosphorus (P) and potassium (K)
of 84 kg-P,Os/ha and 185 kg-K,O/ha, respectively, were determined (VDCR, 1993).
The soil analysis indicated that the field did not require any addition of calcium (Ca),
magnesium (Mg), zinc (Zn), or manganese (Mn) (VDCR, 1993). Since the pH of the
soil was 6.2, no liming was necessary since the optimum pH for corn is 5.5-6.5 (Tisdale
et a., 1993). The corn variety chosen was Southern States 943 because of its resistance
to gray leaf spot and maize dwarf mosaic, recurring problems at Kentland Farm (E.
Bender, personal communication, Virginia Tech, Blacksburg, Va., 6 March 1997).

The plots had substantial weed growth, primarily ragweed. On 19 May, the field
was sprayed with metalochlor 2.2 kg/ha a.i. (2 Ib/ac), atrazine 1.8 kg/ha a.i. (1.6 Ib/ac),
and glyphosate 2.2 kg/ha a.i. (2 Ib/ac) to control the weeds. On 21 May, the entire K
requirement was applied as muriate of potash (MOP) at 308 kg/ha (624 g/plot) to supply
185 kg-K,O/ha. To improve uniformity of application, each plot was divided into
quarters and 156 g of MOP (metered volumetrically) was broadcast over each quarter.

To apply N and P below the surface, a furrow opener was assembled using
components available at Kentland Farm and the BSE Department. The furrow opener
consisted of a rippled coulter followed by a narrow chisel (about 2.5 cm wide). The
chisel was equipped with wings to prevent the soil clods from falling back into the
newly created furrow. Three sets of furrow openers were assembled on a tool bar at a
spacing of 75 cm. A wooden plank was provided on top of the implement to add 136
kg of ballast weight to increase the depth of penetration of the furrow openers. The
furrows created were about 7.5-8.5 cm deep and about 3.2 cm wide at the base. A
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furrow depth of 10 cm had been intended; however, the design of the implement proved
to be a constraint in creating deeper furrows.

During 22-23 May, the plots were planted to corn. Simultaneously with the corn
seeds, the starter N dose (37 kg/ha) as urea (80 kg/ha or 162 g/plot) and the entire P
dose (84 kg-P,Os/ha) as triple super phosphate (TSP) at 183 kg/ha (390 g/plot) were
applied subsurface. To apply the starter N and P, six rows of furrows were created in
each plot at 75-cm spacing; this required two passes with the furrow-opening
implement.

In the control plots, 3.6 g of TSP (1.2 g-TSP/plant), metered volumetrically, was
spread uniformly over a 75 cm long aluminum angle and tipped into the furrow; hence
TSP was applied for three corn plants at a time. In other plots with granule-N
treatment, 3.6 g of TSP was mixed with 4.5 g of urea granules (1.5 g/plant) and applied
uniformly with the angle for three plants at atime. In the plots with pellet treatment,
TSP was applied with the angle and urea pellets (1.5 g/ea.) were applied using a
wooden template that had markings at 25 cm, thus ensuring a 25-cm pellet spacing.

A soil sampler was used to plant corn 5 cm to the side of the centerline of the
fertilizer furrow and at a depth of 5 cm; the spacing between successive hills was 25
cm. Two seeds were planted per hill in order to obtain the required and uniform plant
population. In the pellet treatments, the corn seeds were placed adjacent to the pellet
such that one pellet was dedicated to a hill. After planting the corn, the seeds and the
fertilizer furrow were covered and compacted with the foot. On May 30, widespread
germination was observed.

Most plots needed some replanting (less than 4.5% of the required plant population)
which was completed on 10 June. To minimize edge effects and deer damage, corn was
planted in the border areas on 10 June. During mid-June, sporadic insect damage was
observed. To minimize insect damage esfenvalerate solution (700 mL/ha) was applied
on June 20 with a backpack sprayer. On 28 June, the plots were thinned manually to
one plant per hill to obtain a desired plant population of 53 333 plants/ha at a plant
spacing of 25 cm and arow spacing of 75 cm. Each plot had 18 plants per row and six
rows for atotal of 108 plants.
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Nitrogen fertilizer was sidedressed on 8 July. No N was applied to the control plots
while 147, 73, and 221 kg-N/ha was subsurface-applied to the sufficient, deficient, and
excessive treatments, respectively, as pellets or granules. Since the corn had already
grown more than 1 m high, the tractor-drawn furrow opener could not be used. Hence,
a push-type cultivator was used to make furrows for subsurface-fertilizer application.
Earlier, inspection of the rooting pattern of corn of the same age in a production plot
had revealed that making furrows 20 cm away from the plants would not damage the
roots. Hence, the furrow for sidedress fertilizer application was made 20 cm away from
the line of plants. The furrowswere 3.5-5 cm deep and 3.2 cm wide. Since the furrows
were made manually, it was difficult to maintain uniform depth and distance from the
plants. The furrows were then cleaned with a hand hoe.

Urea granules were applied at 6, 3, and 9 g per plant to the sufficient, deficient, and
excessive treatments, respectively, using the aluminum angle used for starter
application. As in the starter application, the granular N dose was applied in a solid
band, to three plants at a time. Four, two, and six 1.5-g urea pellets were applied per
plant to the sufficient, deficient, and excessive pellet treatments, respectively, using
suitable templates. Hence, the center distances between pellets in the sufficient,
deficient, and excessive application rates were 6.25, 12.5, and 4.17 cm, respectively.
After fertilizer application, the furrows were covered and compacted with the foot.

Despite herbicide application prior to planting, ragweed infestation became a
serious problem during July. Hence, the herbicide dicamba (584 mL/ha a.i.) was
applied with a backpack sprayer on 18 July with particular attention given to the weeds
inside the plots. The weeds in the border and buffer areas were mowed on August 18.

To maximize silage yield, the crop was harvested between 30-40% dry matter. To
ascertain crop dry matter, on 12 September, 12 whole stalks of corn from the two border
rows as well as plants at the ends of the other rows were harvested at random from
among the 21 plots. The corn stalks were run through the thresher of a combine. The
pulverized mass of corn stalk was thoroughly mixed and about 200 g of the material
was analyzed on a Koster® Crop Tester at Virginia Tech's College Farm. The dry
matter content of the crop was determined to be 31% indicating that the crop was ready
for harvest.
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Corn silage was harvested manually with machetes on 18 September. In each plot,
the two outermost rows of plants as well as one plant each at the start and end of each of
the remaining four rows were removed. Only the 64 remaining plants from each plot
were considered for yield and N content analysis. The plants were weighed on a spring
scale with a capacity of 27.2 kg and readability of 45 g.

For analysis of N content of crop, one healthy plant was picked at random from each
one of the four rows of plants. These plants were shredded in a chipper-shredder and
about 1 kg of the shredded sample was stored in a pre-dried and weighed cloth sack.
After crop samples were obtained from all the plots, the shredded samples were
transported the same day to Virginia Tech’s Agronomy Farm for drying.

The moist weights of the shredded samples were obtained by weighing them on a
weighing scale with a readability of 1 g. The shredded samples were then dried to
constant weight at a temperature of 43-49°C (110-120°F) in a drying chamber. The
dried samples were weighed and their moisture contents were calculated on wet weight
basis. Each dried sample was thoroughly mixed and a small portion of the mixed
sample was ground in a laboratory mill and made to pass through a 1-mm screen and
stored in a clean glass bottles. The 21 crop samples were analyzed for N content using
the Kjeltech 1030 automeatic analyzer at the Forage Testing (FT) Laboratory at Virginia
Tech.

1998 corn season

Since the 1997-1998 winter had been warm and wet, heavy weed infestation
occurred during the spring of 1998. On 25 April, the field was sprayed with 4.5 kg/ha
ai. (4 Ib/ac) atrazine, 1.7 kg/ha (1.5 Ib/ac) simazine, and 2.2 kg/ha ai. (2 Ib/ac)
glyphosate.

Since difference in corn silage yields between treatments in 1997 had likely resulted
in varying residual nutrient contents, prior to planting corn in 1998, nutrient (except N)
and lime application rates were determined separately for each treatment. Two soil
cores from the top 15-cm were obtained from each plot. For each treatment, the six
cores thus obtained were composited to obtain one soil sample which was analyzed for
nutrients and pH in the ST Laboratory of the CSES Department. No lime application
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was required since pH in all treatments ranged between 5.5 and 6.5 (Tisdale et al.,
1993).

Since residual-K status varied in a very narrow range, a single application rate of
224 kg-K,0O/ha was determined (VDCR, 1993). The P application rate was determined
a 50 kg-P,Os/ha for the control, pellet-excessive (PE) and pellet-sufficient (PS)
treatments. For the remaining four treatments, the P application rate was 34 kg-
P,Os/ha.  As in 1997, supplemental Ca, Mg, Zn, and Mn were not required for any
treatment. The N application rate remained unchanged from 1997.

Asin 1997, K was surface-broadcast as MOP at 758 g/plot (374 kg/ha) on 15 May
1998. On 18 May, corn (Southern States 943) was planted using the same procedure
employed in 1997. Nitrogen starter (37 kg-N/ha) as urea and the total P dose as TSP
were subsurface-banded in a furrow 5 cm to the side of the corn seeds the same day. A
push-type cultivator was used to create furrows, 4.5-6.5 cm deep and 2.5 cm wide. The
fertilizers were applied using the same techniques employed in 1997.

Widespread germination was observed 1 week after planting. Missing hills (1.7%)
were replanted on 1 June to obtain the desired plant population. Due to resurgence of
weeds, primarily ragweed and johnson grass, dicamba 365 mL/ha a.i. was applied on 22
June. The plots were thinned to one plant per hill (108 plants/plot) on 24 June.
Nitrogen fertilizer was sidedressed on June 29 using the same procedure employed in
applying sidedress fertilizer in the 1997 corn season. Again, sidedress N was applied 20
cm away from the corn plants. Due to heavy weed growth, the buffer and border areas
were mowed on 12 August.

After determining dry matter content of the crop (using the procedure followed in
1997), the crop was manually harvested on 16 September. As in 1997, the two
outermost rows of plants as well as one plant each at the start and end of each of the
remaining four rows in each plot were removed. Only the 64 remaining plants from
each plot were considered for yield and N content analysis. However, due to weed
infestation (primarily of johnson grass) and retarded germination, a few weak plants
were observed in all plots except Plot Nos. 18 (granule-sufficient) and 19 (pellet-
excessive). Intwo plots, Nos. 8 (pellet-sufficient) and 13 (pellet-deficient), one row in
each plot had to be discarded; hence in these plots, only 48 plants were considered in
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calculating yield per unit area. In the remaining plots, in lieu of the weak or broken
plants, plants at the ends of the rows were considered. Hence, in all other plots, except
Plot Nos. 8 and 13, 64 plants/plot were considered in calculating the yield.

For analysis of corn N removal, the procedure used in 1997 was followed with
regard to shredding, drying, and sample preparation. As in 1997, the prepared crop
samples were analyzed for their N contents using the Kjeltech 1030 automatic analyzer
at the FT Laboratory at Virginia Tech.

3.3. Laboratory Experiments

Objective 2: Quantify the dissolution, mineralization, and NO3-N" movement of
subsurface-applied N pellets versus granules

To achieve Objective 2, laboratory experiments were conducted. The laboratory
experiments that were conducted, included, dissolution, incubation, and leaching
column studies. The dissolution experiment was conducted to study the impacts of
specific surface area (L?M) on dissolution rate. The incubation experiment was
conducted to study the mineralization (urea hydrolysis + nitrification) rates of pellets
versus granules. The leaching column experiment was conducted to compare NO3-N
movement from pellets and granules. Soil physical and chemical properties were
required for the laboratory experiments and modeling.

Soil required for the laboratory experiments was obtained from the site of the field
experiment. On 24 October 1997, crop residues were removed from three locations in
the border areas. About 250 L of soil from the top 5-10 cm was removed with a front-
end loader. The soil was transported to Virginia Tech’s Prices Fork Farm and passed
through a 6.35-mm sieve. The sieved soil was spread on atarpaulin in a10-15 cm layer
to air-dry in a covered area. The soil was occasionally stirred and mixed with a rake.
The soil was air-dried for one month after which it was passed through a 2-mm sieve.
After thorough mixing, the sieved soil was air-dried for one week. The moisture
content of the air-dried soil was determined gravimetrically using eight samples drawn
from different locations and representative of the entire depth. The air-dried soil was
then stored in containers with lids or packed into leaching columns to prevent change in

moisture content.
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3.3.1. Sail Physical and Chemical Properties

Some soil properties were measured using air-dried and sieved soil brought from the
site of the field experiment. Other soil properties were measured using undisturbed soil
samples brought from the plots. Selected soil properties are given in Table 3.3.

Table 3.3. Selected properties of the Ross soil series (top 10-cm) at thefield site

Properties Values Method of analysis

Saturated hydraulic conductivity (Kg* 0.92 cm/h Constant head

Bulk density (py)* 1.34 g/cm® Core

Particle density (pp)* 2.66 g/cm® Pycnometer

Porosity (f)* 49.6% Calculated

Textura class Loam Calculated

Particle size distribution (%) Pipette method

Sand 35.7

Silt 48.3

Clay 16.0

Soil solution pH (1:1)* 6.1 Glass electrode

Organic matter content’ 7.6% Walkley-Black

Cation exchange capacity (pH =7)7  32.95 cmol*/kg-soil  I1CP spectrograph

Urease activity* 183.46 ug-urealg?-  Determination of
soilB ht urearemaining

* average of four samples
" average of two samples
* average of three samples obtained from the soil used for the dissolution experiment

Physical properties
1. Saturated hydraulic conductivity (Ks)

Vertical Ks of undisturbed samples was measured in the LW Laboratory. Lateral Ks
was considered to be negligible assuming that precipitation was uniform. The Ks was

used to esimate unsaturated hydraulic conductivity (Kys) and simulate NOs-N
movement in the field under saturated conditions.
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Four plots were selected through randomization from among the 21 plots. One
undisturbed core sample was obtained from roughly the center of each of these four
plots. To extract a core sample, the site from which the sample was to be extracted was
cleared of vegetation; stony sites were discarded. Three sample cylinders, two of them
2.54 cmin height and one 5.08 cm in height were inserted into the sleeve of the sampler
with the 5.08 cm cylinder in the middle. The py, sampler was driven down into the soil
to a depth slightly exceeding 12.7 cm (5 in.). The bottom 2.54-cm portion of the soil
core was discarded and the remaining 10.16-cm soil core with a diameter of 4.83 cm
was retained. Klute and Dirksen (1986) reported that sample cylinders 2-10 cm in
diameter and 5-25 cm in height were reasonably practical for laboratory measurements

The sample cylinders were separated using a sharp knife; care was taken to
minimize glazing on the soil faces. The upper and lower 2.54-cm soil cores were
discarded while the middle 5.08-cm core was retained for Ks measurement. Hence the
soil core represented a soil layer 5.08 cm (2 in.) thick 2.54 cm (1 in.) below the surface.
Soil cores that were loose in the sample cylinders, had protruding or visible stones, or
were disturbed during separation were discarded. The upper face of the soil core
sample was marked. To prevent soil or moisture loss during transport to the LW
Laboratory, the soil core samples were covered with parafilm.

In the LW Laboratory, after removing the parafilm covers, the bottom face of the
soil core sample was covered with a double layer of cheesecloth and bound with a
rubber band to prevent disintegration of the sample during saturation and handling. A
circular piece of blotter paper that matched the diameter of the sample cylinder, was
placed on the upper face of the soil core sample. The blotter paper was used to prevent
erosive loss of soil while applying water on the samples during Ks measurement. The
soil core samples were then saturated in atray with about 4 cm depth of water for 24 h;
wetting was from the bottom to reduce air entrapment (Klute and Dirksen, 1986).

A constant head apparatus was used to measure the K s of the four soil core samples.
Volumetric discharge (L®) was measured for 20-min. durations 2, 6, 24, and 27 h after
the start of the experiment. Saturated hydraulic conductivity (L/T) was calculated using
the Darcy equation (Klute and Dirksen, 1986):
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_VxL

Kg= At [3-2]
where,
V = volumetric discharge (cm®),
L = length of the soil column (cm) = 5.08 cm,
A = areaof the soil core (cm?) = 18.32 cn,
T = duration for which V was measured (min.) = 20 min., and

AH = hydraulic head difference across lower and upper faces of soil column (cm).

The mean Kgs value was calculated by averaging the values obtained for the four
samples. Mean Ks declined with time, being highest at 2 h and lowest at 24 h and
registering a slight increase at 27 h. The change in Kgs with time could be due to
compaction of the soil column resulting in a reduction of macropores. The mean Kg
value at 24 h (0.92 cm/h) was used because the well-drained Ross soil does not stay
saturated for long periods of time.
2. Bulk density (p)

Field py, of the soil was determined to calculate porosity and to pack the leaching
columns and incubation pots. Porosity was required for the laboratory experiments as
well as modeling. Bulk density was determined by the core method (Blake and Hartge,
19864a) using four undisturbed soil cores.

The soil core samples available after completing the Ks measurement were oven-
dried at 105°C to constant weight, for about 60 h. After cooling the samples to room
temperature in a desiccator for about 45 min., the weights of the soil cores were
determined to the nearest 0.01 g. The weight of oven-dried soil divided by the volume
of the cylinder yielded pp. The mean py, (1.34 g/cm®) was calculated by averaging the
Py, Of the four samples. Bulk density values measured for other depths for neutron probe
calibration were not used in the laboratory experiments since the soil from the top 10-
cm of the soil profile was used for the laboratory studies.

3. Particle density (pp)

Particle density was required to calculate porosity. The four soil samples that were
used for determination of p, were used for calculation of p, using the pycnometer
method (Blake and Hartge, 1986b). The oven-dried samples were ground and passed
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through a 2-mm sieve. The procedures described by Blake and Hartge (1986b) were
followed. The experiment was conducted a constant temperature (22°C) and the
specific gravity of water was adjusted for the room temperature. The mean p, (2.66

g/cm®) was obtained by averaging the p, values of the four replications.
p

4. Porosity (f)
The porosity (49.6%) of the soil was calculated using the expression:

f =100% (1- 2 [3-3]
Pp

5. Soil moisture characteristic curve (SMCC)

The SMCC was used in estimating the soil moisture content (as a function of
tension) in the laboratory experiments and in modeling. Gravimetric moisture contents
of the soil samples were determined at 5, 7.5, 33, 100, 300, and 1500 cbars (kPa).
Thirty-three and 1500 cbars are widely accepted soil moisture tension values for field
capacity and permanent wilting point.

Soil moisture contents at 5 and 7.5 cbars were determined using a tension table
while moisture content at higher tension values were determined using pressure
chambers in the CSES Department. Volumetric moisture contents for the soil samples
were determined by multiplying the 6, values by soil py, (table 3.4). The plot of 6,
values versus corresponding tension values yielded SMCCs for both undisturbed soil
core samples and repacked samples (fig. 3.5).

For the undisturbed samples, thirteen plots were selected and from each plot
(through randomization), four 2.54-cm thick soil cores (4.83 cm diameter) were
extracted a one time using the procedures described for soil core sample extraction and
handling for Ks measurement. The top and bottom soil cores were discarded and the
two 2.54-cm cores in the middle were retained for moisture content measurement.
Hence, 26 soil core samples were transported to the LW Laboratory, two more than
were required for the experiment. At each tension value, moisture content was
determined on four undisturbed samples.

After removing the parafilm covers, the lower face of the soil core sample was
covered with a double layer of cheesecloth. Prior to running the experiments, the
samples were saturated from the bottom in about 1.5 cm of water for 24 h. The labeled
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soil core samples were assigned to different tension values through randomization
taking care that no two s0il core samples from the same cylinder were used for the same

tension.

Table 3.4. Soil moisture contents (%) at different soil moisture tensions

Tension Undisturbed Repacked
(chars) 0,* 8, Om ¥
Max.* Min® Mean Max. Min. Mean

0 473 318 390 | 488 | 464 399 438 | 587
5 340 291 310 | 378 | 378 375 377 50.5
7.5 342 277 301 | 371 | 352 332 342 | 458
33 275 240 253 | 326 | 244 243 243 | 326
100 240 221 231 | 273 | 211 209 210 | 281
300 19.5 19.3 194 25.4 17.3 17.1 17.2 23.0
1500 199 136 156 | 20.0 101 099 100 13.4

Gravimetric moisture content

Volumetric moisture content

Maximum

Minimum

I8, for O cbar is a mean of 24 samples while all other 6,, values are mean of four
values each

O, for O char is a mean of 12 samples while all other 6, values are mean of two
values each

wn + —+ %

For the repacked samples, two replications were used for each tension value for a
total of 12 samples. Compared with four replications for undisturbed samples, only two
replications were used for the repacked samples because soil for the repacked samples
was obtained from a smaller volume (about 250 L) of air-dried and sieved soil that had
been thoroughly stirred.
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Figure3.5. Soil moisture characteristic curve. Each data point represents an
average of four and two samples for the undisturbed and repacked
soil, respectively.

The sample cylinders used for the repacked samples were of the same size as the
undisturbed samples. The bottoms of the sample cylinders were covered with a double
layer of cheesecloth and retained with a rubber band. To pack the soil to field py, the
amount of oven-dried soil required to fill the cylinder was weighed and poured into the
cylinder in thin layers and compacted using a Proctor hammer until the required amount
of soil was used to completely fill the cylinder to the top. The samples were saturated
from the bottom as in the case of undisturbed samples. To minimize change in soil
structure due to slaking of the oven-dried soil, a very shallow depth of water (about 3
mm) was used to wet the samples initially for the first 2-3 h (Klute, 1986). The water
level was then raised to 1.5 cm for the remainder of the saturation period.

Tension table

Vomocil (1965) described the theory of operation of the tension table. The tension
table was set up and operated following the procedures described by Ess (1994). After
removing the cheesecloth bottoms, the saturated soil samples were weighed to the
nearest 0.01 g and placed on the tension table. For the 5 cbars (50 cm) tension, six
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samples (four undisturbed and two repacked) were subjected to tension until drainage
from the soil cores ceased. The procedure was repeated at 7.5 cbars (75 cm) tension for
a separate set of samples. At both 5- and 7.5-cbar tensions, drainage ceased after 24 h.

The drained samples were removed from the tension table and weighed to determine
the weight loss due to drainage. The soil cores were then oven-dried at 105°C to
constant weight. Based on the saturated weights, the drained weights, and the oven-
dried weights of the soil samples, the moisture contents of the soil samples were
determined at saturation as well as at the specified values of tension. The average
moisture content at a particular tension was determined separately for the undisturbed
and repacked samples.

Pressure chamber

The procedure described by Klute (1986) was followed in measuring water retention
at the higher tension values. For the 33- and 100-cbar samples, a single pressure
chamber with a ceramic plate of 100 cbars bubbling pressure was used. For the 300-
and 1500-cbar samples, separate chambers with ceramic plates with bubbling pressures
of 300 and 1500 cbars were used, respectively. Prior to pressurization, the ceramic
plates were soaked for at least 6 h. The cheesecloth bottoms were removed from the
saturated samples and the samples were weighed to the nearest 0.01 g. The samples
were then carefully transferred to the ceramic plates. The ceramic plates and samples
were allowed to equilibrate by soaking them overnight.

Pressure was applied to the pressure chambers to produce the required tensions on
the soil samples. The pressure was maintained on the chambers until drainage ceased
indicating that the soil samples had reached equilibrium at the specified tension. For
the 33- and 300-cbar samples, it was observed that 3 d was adequate to reach
equilibrium. The 100-cbar samples were under tension for 6 d, for the first 3 d at 33
cbars. The 1500-cbar samples were kept under tension for 6 d.

After removal from the pressure chamber, the soil samples were weighed to the
nearest 0.01 g to determine moisture loss while under tension. The soil samples were
then oven-dried at 105°C to constant weight. Based on the weight measurements taken,
the saturated as well as the drained moisture contents were calculated. The average
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moisture content a a particular tension was determined separately for the undisturbed
and repacked samples.

6. Particle size distribution

Particle size distribution affects both moisture and solute movement. The particle
size distribution of two soil samples obtained from the soil brought from the field site to
conduct laboratory experiments were determined in Soil Survey Research (SSR)
Laboratory in the CSES Department. Particle sizes were determined using the pipette
method (Day, 1982) after removing organic matter. Prior to the pipette analysis, the
soil samples were treated with 0.5% (w/w) sodium hexametaphosphate (Na HMP)
solution, a dispersing agent (Day, 1982) to completely disintegrate the soil flocs.
Finally, mean of the particle size distribution of the two samples was used to determine
the soil texture for the soil. Harris et al. (1980) obtained their soil sample for Ross soil
from a site located within 10 m from the western boundary of the field (Lucian W.
Zelazny, personal communication, Blacksburg, Va., 7 August 2000). Values reported
by Harris et a. (1980) were 4.9% higher for clay and 6.0% lower for silt than values
measured in this study.

Chemical properties

1. Soil solution pH

Soil pH was required to determine if lime application was required in the incubation
and leaching column studies. Soil pH was also required for modeling nitrification. Soil
pH was determined in duplicate using air-dried and sieved soil brought from the field
experiment site. The samples used for pH analysis were composited samples; each
sample was obtained by mixing soil obtained from four locations within the volume of
the air-dried and sieved soil. These two samples were also used in the determination of
organic matter content and cation exchange capacity. The soil samples were analyzed
for pH in the SSR Laboratory. The glass electrode-calomel electrode method (McL ean,
1982) was to used to measure pH using a soil:water ratio of 1:1.
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2. Organic matter (OM) content

Soil OM content was determined to estimate the amount of organic N in the soil.
Soil OM content was measured in the SSR Laboratory with the Walkley-Black
procedure (Nelson and Sommers, 1982), in duplicate using air-dried and sieved soil.

3. Cation exchange capacity (CEC)

The CEC is an important index about the capacity of the soil to retain NH,"-N on
the soil complex, which in turn, affects N transformation and N fate. The CEC was
measured in the SSR Laboratory in duplicate using air-dried and sieved soil. The soil
samples were extracted with 1 Normal ammonium acetate solution (pH = 7) and amount
of adsorbed cations was determined using the inductively coupled plasma (1CP)
spectrograph (Chapman, 1965).

4. Urease activity

Urease activity is indicative of a soil’ s ability to hydrolyze urea-N into ammoniacal-
N, especially when comparing different soils for their hydrolyzing potentials. Urease
activity was determined for three samples obtained from the soil that was used for the
dissolution experiment. Five grams (oven-dried basis) of air-dried and sieved (2 mm)
soil was pre-incubated for 7 d at 37°C, the temperature a which urea hydrolysis was
eventually measured.

Following 7 d of pre-incubation, the soil sample was mixed with 5 mL urea
substrate solution (2 mg-urea/mL) and incubated for 5 h at 37°C (Tabatabai, 1982).
Residual urea concentration in the soil was determined by the colorimetric method
using diacetyl monoxime (DAM) described by Tabatabai (1982). Urease activity was
expressed as an average of the three sample values as amount of urea hydrolyzed per
gram of soil in5 h.

3.3.2. Dissolution Study

The use of urea pellets could potentially impact the availability of dissolved urea for
transformation to plant-available N-forms due to pellets slower dissolution rates
compared with granules. Hence, the dissolution rate, as well as amount of movement of
dissolved urea using the center of mass concept (Luis and McLaughlin, 1992), was

investigated. Rate of N transformation would likely increase with increased center of
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mass of dissolved urea from the plane of placement. To study the dissolution rate, in

addition to 1.5-g pellets and granules, 0.5-, 1.0-, and 2.0-g pellets were used to obtain a

better understanding of the influence of particle size or specific surface area on

dissolution rate. The hypotheses tested were as follow:

1 Null hypothesis: Urea dissolution rate (% weight loss/time) is unaffected by
particle size.

Alternative hypothesis: Urea dissolution rate decreases as particle size
increases (specific surface area decreases).

2. Null hypothesis: The distance of center of mass of dissolved urea from the
plane of placement is unaffected by the urea form (pellet versus granules).
Alternative hypothesis: Center of mass of dissolved urea is at a greater
distance from the plane of placement in granulesthan in 1.5-g pellets.

The particle densities (after calculating the particle volume) and specific surface
areas of the pellets were calculated from the pellets dimensions (Table 3.5). For

granules, published values (Singh et al., 1994) were used (Table 3.5).

Table 3.5. Specific surface areas, particle volumes, and particle densities of
urea particles of different sizes

Particle Specific surface area Particle volume Particle density
form/size (cm?/g) (cm®) (g/cn)
Granule 19.60 0.01* 1.22
0.5-g pellet 6.31 0.46 1.08
1.0-g pellet 4.33 0.84 1.20
1.5-g pellet 3.77 1.26 1.19
2.0-g pellet 3.68 1.70 1.17

*  Based on a particle diameter of 0.25 cm (Singh et al., 1994)
" Based on an average particle weight of 0.01 g (Singh et al., 1994)

Materials and Methods 75



Dissolution rate measurement

A dissolution rate experiment was performed to test Hypothesis 1. Complete
dissolution times were measured in a preliminary experiment to determine the sampling
frequencies and sampling intervals for al treatments. Sample cylinders 2.54 cm high
with an ID of 4.8 cm were filled with oven-dried and sieved (2 mm) soil to field py.
The soil was packed to field py by filling the cylinder in four equal increments with
known volumes of soil; each increment was compacted to the required depth using a
specified number of strokes of the Proctor Hammer.

The moisture content of the packed soil was raised to 75% of field capacity by
applying distilled water on the soil core surface; the amount of water required was
calculated using the SMCC (fig. 3.5). During the leaching column study (Sec. 3.3.4), it
had been observed that water percolation rate decreased considerably in the 12 - 18-cbar
range. Hence, it was assumed that the soil moisture tension corresponding to moisture
content a field capacity was 15 cbars. However, even in the field capacity range, the
soil (under repacked conditions) was still too wet to alow field operations for fertilizer
application. Hence, a lower 6, (31.4%), corresponding to 75% field capacity moisture
content was used; the corresponding soil moisture tension was 30-31 cbars. After
applying water, both faces of the soil core were covered with parafilm and the core was
stored at 20°C for 48 h to alow uniform distribution of moisture in the soil core.

After 48 h of storage, the treatments were applied to the soil cores in single
replication for the preliminary experiment. In the case of pellets, one pellet each was
applied between two s0il cores. In the case of granules, 1.5 g of granules was applied
uniformly in acircle of about 4.5 cm diameter; this application rate corresponded to 147
kg-N/ha as urea in a subsurface band, the sufficient N application rate as sidedress in
the field experiment. To ensure contact between the upper and lower soil cores, a
weight was placed on the upper core. The pellet or granules was examined at regular
intervals by removing the upper soil core to estimate the extent of dissolution. The
approximate complete dissolution times for the granules, 0.5-g pellet, 1.0-g pellet, 1.5-g
pellet, and 2.0-g pellet were 8.5, 23.5, 45.0, 60.0, and 73.0 h, respectively.

The procedure for preparing the soil cores and applying the treatments in the
dissolution rate experiment was identical to the preliminary experiment, with three
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replications per treatment. The selected pellets were within +0.01 g of the nominal
pellet weight. After application of trestment to the pair of soil cores, the interface of the
soil cores was pressed together to ensure proper contact and sealed with electric
insulation tape to prevent moisture loss.

The sampling interval was based on the approximate complete dissolution time
obtained from the preliminary experiment for a total of five sampling events in each
treatment. The sampling intervals were spaced apart in multiples of 1.5 h except for the
time of last sampling when the time interval was selected so as to sample very close to
the time of complete dissolution without exceeding it. The sampling intervals for the
various treatments were:

granules— 1.5, 3.0, 4.5, 6.0, and 7.5 h,

0.5-g pellet — 3, 6, 9, 15, and 22 h,

1.0-g pellet — 3, 6, 12, 24, and 43 h,

1.5-g pellet — 6, 12, 24, 48, and 57 h, and

2.0-g pellet — 6, 12, 24, 48, and 72 h.

Due to a more rapid initial dissolution rate (as observed during the preliminary
experiment) the treatments were sampled at shorter intervals in the beginning. Faster
dissolution in the initial stages was likely due to the rapid dissolution of the edges on
the pellets. Sampling at 1.5-h multiples allowed for comparison between treatments; for
example, at 6 h, percent weight loss for all treatments could be compared.

For the pellet treatments, at each sampling event, soil particles adhering to the pellet
were carefully brushed off. The moist pellet was weighed (+0.01 g) and dried in a
forced convection oven at 105-110°C for 0.5 h to obtain the net weight of pellet. Inthe
case of granules, soil clung to the particles making it difficult to separate the soil
without risking the loss of smaller urea particles. To determine the weight of soil
adhering to the granules, the oven-dried urea particles and soil were mixed with distilled
water and the resulting solution-suspension filtered through a pre-weighed Whatman
No. 42 filter paper (ashless). Additional distilled water was poured over the filter paper
to wash out any urea that could have been retained on the filter paper. The filtrate was
discarded and the filter paper and soil was oven-dried at 105°C for 24 h. The weight of
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soil retained on the filter paper was determined by subtracting the weight of the filter
paper from the weight of soil plus filter paper.

Titration using the Karl Fisher (KF) autotitrator was likely the most accurate method
for determining moisture content of urea samples (F. Agblevor, personal
communication, Blacksburg, Va., 24 February 1997). However, since a KF autotitrator
was unavailable in the BSE Dept. and only a few samples needed to be analyzed at odd
hours, the titration method was not used. The possibility of using infrared (IR) drying
was also examined. Even though the IR method is an accepted method of determining
moisture content of urea, this method was not used since it required a sample size in the
range of 1-1.5 g (D. Kopec, personal communication, Arvada, Colo., 1 March 1998).

Hence, the oven-drying method was examined for its feasibility in removing
moisture from urea in a preliminary experiment. It was observed that when a urea
particle was placed in unsaturated soil (without hydrostatic pressure on the particle
surface), moisture penetrated into the particle, probably as vapor to a rather shallow
depth. Consequently, the urea particle remained intact and firm with very little urea
paste on the surface. When such pre-weighed particles were oven-dried at 105-110°C

for 0.5 h, no volatilization loss of NH3 was detected.

Center of mass measurement

A center of mass experiment was conducted to test Hypothesis 2. The experiment
involved estimation of dissolved urea distribution in the soil after a certain time.
Moisture distribution in the soil core as a function of its distance from the plane of
fertilizer application was also studied. The urea form (pellet versus granule) would
likely affect moisture distribution due to differences in local osmotic potential, thereby,
impacting urea movement.

In this experiment, the treatments werel.5-g pellet and granules, with each treatment
being applied in triplicate. The air-dried and sieved (2 mm) soil used in this experiment
was oven-dried at 110°C for 48 h to destroy all urease enzymes to prevent urea
hydrolysis during the experiment. Citing published research, Bremner and Mulvaney
(1978) reported that oven-drying soil at 105°C completely eliminated urease activity.
Sadeghi et al. (1989) dried soil samples at 110°C for 48 h to eliminate urease activity
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though some soils required additional chemical treatment. To ensure that urease had
been completely destroyed, one soil sample obtained from about 1.5 kg of oven-dried
soil was analyzed for urease activity using the method of Tabatabai (1982). Oven-
drying Ross soil at 110°C completely eliminated urease activity.

The sample cylinders used in this experiment had an ID of 4.8 cm and were 5.1 cm
high. After weighing out the amount of soil required to pack one cylinder (124 g), 29
mL of DDI water was thoroughly mixed to raise the 6, of the soil to 31.4%, or 75% of
field capacity (30-31 cbars). Moist soil was poured into the cylinder using a sterilized
scoop and then packed with a glass rod. After pouring all of the moist soil, the Procter
Hammer was used to compact the soil with four strokes. A cylinder of the same ID was
taped to the top of the sample cylinder to prevent soil from spilling out during
compaction.

The treatment was then applied between two soil cores ensuring that the pellet (or
granules) was embedded to equal depth in both soil cores. Otherwise, the treatment
application was performed in a manner similar to the dissolution rate experiment. After
60 h, the time required for complete dissolution of the 1.5-g pellet, the experiment was
terminated for both treatments. The 5-cm soil core was sectioned into five 1-cm
segments taking care to note the location of each segment within the soil core. Urea-N
concentrations in the soil segments were determined with the modified colorimetric
method using diacetyl monoxime (Bremner, 1982).

All colorimetric methods require a calibration graph of light absorbance versus
known urea-N concentrations in a wide range of strengths. Care must be taken to
ensure that urea-N concentration in the soil sample remains within the range or close to
the calibration plot values. To avoid extrapolation, the amount of soil used for the
sample as well as volume of the extracted filtered aliquot was adjusted by segment
through trial and error. The two outermost segments required 10 g of soil each, the
remaining three segments required 5, 2.5, and 1.25 g with progressively smaller soil
samples required for the segments closer to the plane of urea application. Similarly, the
aliquots used were 10 mL for the two outermost segments while for the remaining
segments, 1-mL aliquots were used. Such an approach ensured that urea-N

concentrations were determined with the calibration plot, with a minimum of
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extrapolation. The remaining soil was oven-dried at 105°C to constant weight to
determine its moisture content. Hence, 60 soil samples were analyzed for urea and
moisture contents in the experiment.

After determining urea amounts in each of the ten 1-cm sections, urea amounts in
the top and bottom 1-cm sections, second and ninth 1-cm sections, and so on, were
added, yielding five urea amounts, each corresponding to an imaginary 1-cm segment.
Urea amount in each segment was expressed as percent of the total urea recovered.

The total urea recovery was 101.2 and 98.9%, respectively, in granules and pellets.
More than 100% urea recovery in granules could have been due to the use of the
calibration plot for determining urea concentrations in samples. Percent urea in each
segment was assumed to be analogous to an imaginary force acting through the center
of its segment. Using the principle of moments, the five imaginary forces (Fi, F, .., Fs)
were replaced by an imaginary resultant force (R) acting a certain distance away from
the reference plane (O-O) (fig. 3.6). The distance thus calculated was the center of
mass (D) for the treatment (fig. 3.6).

Reference plane
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Figure3.6. Analogy of resolution of forces applied to a soil core to calculate the
center of mass of dissolved urea.

Under equilibrium conditions, the equation of the summation of moments (assuming
counter-clockwise moments to be positive) can be written as follows:
|\/|=F1m1+|:2m2+F3m3+F4m4+F5m5—RED=O [3'4]

or,
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where,
M = moment (percent urealdm),
F = percent ureain segment,
D = forcearm(cm) (d;=05cm,d,=15cm, .... ds = 4.5 cm), and
R = resultant (100%).

Using Eg. [3-5], the centers of mass were calculated separately for each of the three
replications in the pellet and granule trestments. After ensuring that the data set was
normally distributed, the data set was subjected to the Student t-test.

3.3.3. Incubation Study

An incubation study was conducted to evaluate the impact of urea particle specific
surface area (SSA) on N mineralization processes, namely, urea hydrolysis and
nitrification. Further, pH changes were also monitored since nitrification results in
acidification. There were four treatments, control (no N), granules (1.5 g), 0.5-g pellet,
and 1.5-g pellet, with each treatment being applied in triplicate.

The control treatment was included to monitor background nitrification rate. The
primary focus of the study was the comparison of mineralization and acidification
between granules and 1.5-g pellets. The 0.5-g pellet was included to obtain more
information regarding the role of SSA in mineralization and acidification. The
hypotheses tested in this study were as follow:

1. Null Hypothesis: Rate of urea hydrolysis (percent urea hydrolyzed in 7 d) is
unaffected by thefertilizer treatment.
Alternative Hypothesis: Rate of urea hydrolysis is affected by the fertilizer
treatment.

2. Null Hypothesis: Rate of urea hydrolysis (percent urea hydrolyzed in 7 d) is
unaffected by the urea form (1.5-g pellet and granules).
Alternative Hypothesis. Rate of urea hydrolysisis higher in granules than
in 1.5-g pellets.

3. Null Hypothesis: Nitrification rate (amount of NO3--N recovered after 35 d)
isunaffected by thetreatment applied.
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Alternative Hypothesis: Nitrification rate is affected by the treatment
applied.

4. Null Hypothesis: Nitrification rate (amount of NO3--N recovered after 35 d)
isunaffected by the urea form (1.5-g pellets and granules).
Alternative Hypothesis: Nitrification rateis higher in granulesthan in 1.5-g
pellets.

5. Null Hypothesis. pH isunaffected by thefertilizer treatment applied.
Alternative Hypothesis: pH is affected by the fertilizer treatment applied.

6. Null Hypothesis: pH is unaffected by the urea form (1.5-g pellets and
granules).
Alternative Hypothesis: pH islower in granulesthan in 1.5-g pellets.

Hypothesis 1 compared the urea hydrolysis rates of 0.5-g pellets, 1.5-g pellets, and
granules. Granules and 1.5-g pellets were compared with respect to their urea
hydrolysis rates using Hypothesis 2 only if Hypothesis 1 was rejected. The nitrification
rates of all treatments were compared using Hypothesis 3. The nitrification rates of
granules and 1.5-g pellets were compared with Hypothesis 4 only if Hypothesis 3 was
rejected. The pH values of all treatments were compared using Hypothesis 5.
Hypothesis 6 compared pH values between granules and 1.5-g pellets only if
Hypothesis 5 was rejected.

Moisture content, inorganic-N, and total-N status of the soil were determined in
duplicate for the experiment. The soil samples were analyzed for NOz-N, NH4"-N, and
total-N at Brookside Laboratories, Inc. using the procedure described in Sec. 3.2.7. The
experiment was conducted in plastic containers with a sguare cross-section and a
slightly increasing taper towards the mouth; the average dimensions of the container
were9.25cmx 9.25cm x 8.8 cm (L x W x H).

Air-dried and sieved (2 mm) soil was packed to field p, up to half-depth of the
container using a fixed number of strokes of the Proctor Hammer applied over a
wooden block with dimensions of 8.5 cm x 8.5 cm x 4 cm. After adjusting for residual
moisture content, enough DDI water was sprinkled on the soil surface to raise 6, to
31.4% (75% of field capacity corresponding to a soil moisture tension of 30-31 cbars).
The granules were sprinkled uniformly over the soil surface taking care not to apply
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granules close to the edges. The 1.5-g pellet was applied at the center of the square soil
surface. The 0.5-g pellets were applied in a triangular configuration with the pellets
being applied approximately at the corners of an equilateral triangle having sides equal
to 6 cm. After applying the treatments, the remaining soil was added to the container
and compacted to field p,. Again, DDI water was sprinkled on the soil surface to raise
B, to 31.4% in the entire soil volume. In the fertilizer treatments, the ureaN
concentration was 686.6 pg-N/g-oven dry soil.

The incubation experiment was conducted in the LW Laboratory’s Environmental
Chamber at a constant temperature of 20°C and relative humidity of 85%. Seventy-two
plastic pots were incubated with 18 pots per treatment. The pots were covered to reduce
moisture loss; however, holes were made in the lids to allow for air exchange. There
were six sampling events: 7-, 14-, 21-, 35-, 49-, and 63-d after starting the experiment.
The first three sampling events were spaced 7 d apart while the remaining events were
spaced 14 d apart because it was expected that N transformations would be more rapid
in the early stages. At each sampling event, 12 pots (three per treatment) were removed
for sampling.

For the first sampling event (7 d), a thin layer of soil in the vicinity of fertilizer
application was scraped and used for pH analysis. For analysis of urea-N, NH;"-N,
NOs-N, total-N, and moisture content, the entire soil mass was thoroughly mixed and
about 100 g of soil was set aside for the analyses. The fertilizer treatments were
immediately analyzed for urea by the colorimetric method using DAM (Bremner,
1982). The results of the urea analysis were reported as ug-urea/g-oven dry soil, after
adjusting for soil moisture content. Ten grams of the moist soil was used for pH
analysis (soil:water ratio of 1:1) using the glass electrode-calomel electrode method
(McLean, 1982). Soil for NH;*-N, NOs-N, and total-N analyses was dried at 65°C and
analyzed at Brookside Laboratories, Inc. using the procedure described in Sec. 3.2.7.

During the first sampling event, free NH; was detected in all fertilizer treatments
though it was stronger in the 1.5-g pellet treatment. Hence, for the next two batches of
samples, the entire soil mass was transferred to an air-tight plastic container. The soil
was thoroughly mixed inside the container and allowed to sit for 10-15 min. to allow for
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the reduction of NH3 to NH,4" (R. Reneau, personal communication, Blacksburg, Va., 15
March 1998). No NH3 was detected in the remaining batches.

Sampling of the remaining batches was performed in a similar manner with some
modifications. Since urea recovery was less than 5% in the first batch of samples, no
urea analyses were performed on the subsequent batches. For pH analysis, 10 g of
moist soil obtained after thorough mixing of the entire soil mass was used. Further, soil
samples for the analyses of NH;-N, NO3-N, and total-N were dried at 35-40°C (Bates,
1993) in a forced convection oven since it was likely that higher drying temperature had
contributed to greater loss of NH,"-N.

3.3.4. Leaching Column Study

The leaching column (LC) study was conducted to investigate the impact of urea
form (pellet versus granule) on NO3-N leaching under controlled conditions in the
laboratory. Compared to the field study, a laboratory study could reduce random error
(e.g. local variations in soil properties). Further, since the study was conducted at
constant temperature (20°C), the possibility of temperature x fertilizer form interaction
effect on N transformation, as mentioned by Singh and Beauchamp (1987) was avoided.

The LC study was designed to investigate not only the NOz-N concentration in
leachate from the two fertilizer treatments (at a point in time) but also the possible
existence of different trends of NOs-N leaching as affected by urea form. The
existence of different trends in NO3™-N leaching from pellets and granules would also
corroborate the results of the incubation study since the LCs also allowed for
incubation. Residual inorganic-N amounts in different layers in the LCs were aso
compared for the different treatments after the experiment was concluded.

There were three treatments in the LC study, three 1.5-g pellets, 4.5 g granules, and
control (no N), with three replications per treatment for a total of nine columns. The
control treatment was included to observe background NO3;-N movement under zero-N
application. Inorganic-N and total-N status of the soil used in the experiment were
determined in duplicate. The soil samples were analyzed for NOs™-N, NH,*-N, and
total-N at Brookside Laboratories, Inc. using the procedures described in Sec. 3.2.7.
The study was conducted for 2 months.
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One objective of the leaching column study was to compare the time series of NO3'™-
N concentration in leachate among the different treatments. The NOs-N leaching
trends were compared graphically for all treatments to determine if the trend of NO3-N
leaching was affected by the treatment applied.

The second objective of this study was to compare residual soil inorganic-N in
different layers of the column among treatments. The following hypotheses were tested
to achieve this objective:

1. Null Hypothesis: Inorganic-N concentration is unaffected by the treatment.
Alternative Hypothesis: Inorganic-N concentration is affected by the
treatment.

2. Null Hypothesis: Inorganic-N concentration is unaffected by the fertilizer
treatment.

Alternative Hypothesis: Inorganic-N concentration is higher in the pellet
treatment than granules.

Hypothesis 1 allowed for comparison of inorganic-N among all treatments in the
top-third, middle-third, and bottom-third of the leaching column, as well as for the
entire column. If Null Hypothesis 1 was rejected, Hypothesis 2 was tested.

L eaching column construction

The leaching column (fig. 3.7) was constructed using a 91.4-cm (36 in.) long
Schedule 40 PV C pipe of 20.3-cm (8 in.) nominal diameter. Three piecesof 7.6 x 7.6 x
0.6 cm (3 x 3 x 3/16 in.) mild steel (MS) angle, each about 2.5 cm wide, were bolted
radially (at 120° displacement) on the inside of the PVC pipe. The angles were bolted
flush with one end of the PVC pipe. A circular plexiglass (1.0 cm thick) plate of
diameter 20.1 cm (equal to the ID of the PVC pipe) comprised the LC base. In the
center of the plate, a hole of suitable size was drilled and threaded with a suitable tap to
accommodate a 3.2-mm (0.125-in.) hose connector. A 0.6-cm (0.25-in.) ID Tygon®
tubing about 10 cm in length, was attached to the hose connector to drain the column.
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The plexiglass plate was bolted on the three MS angles using 0.8 cm (5/16 in.)
countersunk bolts. Hence the surface of the plexiglass plate was located 82.9 cm from
the top of the pipe. Silicon grease was smeared over the bolt heads to prevent leakage.
The gap between the plexiglass plate and PV C pipe was sealed with silicone caulk to
prevent leakage through the interface. The other end of the Tygon® tubing attached to
the hose connector was run outside the PV C pipe through a hole in the pipe wall.

L eaching column packing and instrumentation

A fine nylon screen having a diameter that matched the ID of the PVC pipe was
placed at the bottom of the LC. Two 185-mm diameter Whatman No. 4 filter papers
were placed over the screen to prevent the soil from blocking the hose connector hole at
the bottom. The moisture content of the air-dried and sieved soil used for packing the
LCs was determined by the gravimetric method. After adjusting for the residual
moisture content, 2.36 kg of air-dried soil was required to pack 5 cm of the column
depth to afield p, of 1.34 g/cm®. After pouring the soil into the PV C pipe, the soil was
leveled by shaking the pipe and tamping with a 12.7-mm thick steel plate with a
diameter of 19.8 cm. The soil surface was compacted uniformly with a Proctor
Hammer with a 2.5-kg (5.5-Ib) mass and a diameter of 5.1 cm (2in.). A 75-cm long 10
x 10-cm wooden beam was used to remove the ridges and achieve the final compaction.
A steel tamping plate with the same ID as the leaching column was used to level the soil
surface. Before pouring the next batch of soil, the compacted soil surface was scratched
with a sharp piece of wood to reduce layering (N. Persaud, personal communication,
Blacksburg, Va., 20 November 1997). After packing to a depth of 55 cm, the LCs were
transported to the LW Laboratory.

The circumference of the soil surface was grooved with a wooden wedge and
bentonite slurry was poured into the groove. Care was taken to ensure that bentonite
slurry was confined to the periphery of the soil surface. Bentonite slurry was used to
eliminate preferential flow between the soil column and the pipe wall. Azevado et al.
(1996) used molten paraffin wax while Li and Ghodrati (1994) used silicone sealant in
5- cmincrements to prevent preferential flow. Under moist soil conditions prevalent in
the column, bentonite slurry would likely provide a more flexible and effective sealing
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medium than either wax or silicone because moist bentonite adhered well to both the
soil and the PV C pipe.

To minimize soil dispersion, the LCs were saturated with 0.005 M calcium sulfate
(CaS0,) solution (Azevado et al., 1996). One pore volume equivalent of 0.005 M
CaS0, (after adjusting for the residual moisture content) or 6.13 L was applied to each
of the LCs. To prevent surface sealing and compaction due to the action of falling
water, the soil surface was covered with a double layer of 185-mm diameter Whatman
No. 4 filter paper. A plastic bucket with an OD slightly smaller than the ID of the PVC
pipe was used for applying the CaSO, solution. Holes (0.5-1 mm) were made on the
bottom of the plastic bucket and the bucket was then inserted into the LC. The bottom
of the bucket was about 10 cm above the soil surface. The CaSO, solution was poured
into the bucket in 2-L installments.

It took more than 48 h for the entire volume of CaSO, solution to infiltrate. The
slow infiltration rate witnessed in the LCs was due to the absence of preferential flow
pathways present in natural systems and the lack of an effective mechanism to remove
the entrapped air. A larger hose connector &t the base of the LC could have been more
useful in expelling air. While the LCs were soaking with CaSO, solution, holes for
installing granular matrix sensors (GMSs) and tension lysimeters were made in the
columns using 2.54-cm (for GMS) and 5.72-cm (for tension lysimeter) cutters mounted
on ahand drill.

In each column, two GM Ss were installed, one at 30 cm below the soil surface (after
the LC had been packed to a depth of 60 cm) and the other at 50 cm below the soil
surface (fig. 3.7). The GMSs used in this study were suitable for monitoring soil
moisture tension in the range of 0-2 bars. The GMSs were installed perpendicular to the
LC about 6.7 cm inside the soil using the native soil slurry. Soil tension readings in the
upper GMS (installed at mid-depth) was assumed to be representative of the entire soil
column. The soil moisture tension in the lower GMS was used to decide on the time to
apply suction to the tension lysimeter.

One tension lysimeter was installed in each LC at an angle of 10° above the
horizontal, 50 cm below the soil surface. Hence, the center of the ceramic cup of the
tension lysimeter was at the same depth as the GMS, but diametrically opposite to it.
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The tension lysimeter protruded 10 cm inside the PV C pipe; hence, there was a distance
of 3.4 cm between the tension lysimeter and the GMS. As in the field, the tension
lysimeters were installed using native soil slurry. The tension lysimeters were used to
collect leachate samples and to drain the LC to prevent anaerobic conditions developing
within the column. When the L Cs needed draining, the TygonU tubing from one or two
tension lysimeters were connected to a larger volumetric flask fitted with a neoprene
stopper. Tension was applied to the volumetric flask via the neoprene tube fitted to the
neoprene stopper.

It was observed that the 10° inclination of the tension lysimeter with the horizontal
did not permit the tension lysimeters from being completely purged since the tip of the
nylon tubing was not at the lowest point in the ceramic cup. In order to purge the
tension lysimeters completely to avoid contamination, a length of straight nylon tubing
(stiffened internally with a length of stainless steel wire) was inserted through the
neoprene tube on the tension lysimeter stopper. The tension lysimeter was purged by
applying suction to the nylon tubing while the nylon tubing was being slowly rotated
inside the ceramic cup. Alternatively, when there was no standing water on the surface
of the LC, the column was tilted backward (10-15° with the vertical) to purge the

tension lysimeter.

L eaching column operation

It was proposed to apply the fertilizer treatments when the LCs reached field
capacity, i.e. at atension of 30-35 cbars. For this purpose, soil moisture tensions were
measured daily and to expedite moisture removal, the tension lysimeters were kept
under suction for the first few days. However, 8 d after applying CaSO, solution to the
columns, it was noted that columns had reached an average tension of only 15 cbars
(12-18 cbars). The slow rate of drainage indicated that the columns were in the field
capacity range. At field capacity, Cuenca (1989) reported that tensions varied from 10
cbars for sandy soils to 33 cbars for fine silty or clay soils. Hence, it was assumed that
the loamy soil used for the study had a tension in the range of 12-18 cbars at field

capacity.

Materials and Methods 89



The LCs were drained for 2 weeks before the fertilizer treatments were applied.
The circumference of the soil surface was depressed with the fingertips, and more
bentonite slurry was applied to the depressions thus formed; to confine the bentonite to
the edges, soil slurry was applied over the bentonite. In addition to the slow drainage,
the low temperature in the LW Laboratory (the heating system was not working)
impeded the drying of the LCs. Further, the soil surface developed cracksin all LCs as
the soil began to dry. The cracks were removed by roughing the surface by aknifeto a
depth of about 2.5 cm, followed by an application of a small amount of air-dried soil.
Prior to the treatment application, the soil surfaces were compacted lightly with the steel
tamping plate which eliminated all cracks.

The three treatments were assigned randomly to the nine LCs. No fertilizer was
applied to the control treatment. Granules were applied using a doughnut-shaped paper
template (OD = 20 cm, ID = 15 cm). The template was placed on the soil surface of the
LC and 4.5 g of urea granules were spread manually inside the 15-cm diameter circle.
Such an arrangement ensured that the urea granules were not applied close to the edge
of the soil surface, thus reducing the possibility of short-circuiting. The pellets (three
1.5 g pellets/L C) were applied using a paper template with an OD of 20 cm and having
three 14-mm holes displaced at 60°.

After application of the treatments, 2.3 kg of air-dried and sieved soil (enough to
pack the column to a depth of 60 cm at field pp) was poured into each LC. Care was
taken not to dislodge the pellets or granules while the soil was being poured into the
column. After leveling the soil with the hand, the soil was lightly compacted with the
steel tamping plate. The freshly added soil was saturated with 0.005 M CaSO, solution
at 0.56 L/LC. To prevent surface sealing, a double layer of cheesecloth was spread on
the soil surface. However, the cheesecloth was not very effective in protecting the soil
surface. The circumference of the soil surface was again depressed with the fingertips
and bentonite and soil slurries were poured into the depression in succession to reduce
the possibility of short-circuiting.

The first leaching event was applied 4 d after fertilizer application. The tensions in
the columns were recorded and the 6, corresponding to the average tension was read
from the SMCC (fig. 3.3). The volume of distilled water required to raise the MC to
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saturation was calculated and the same volume of water was applied to all LCs. The
leaching was applied in 1-L increments at short intervals using the water application
system described earlier. To protect the soil surface from sealing and compaction, a
circular-shaped absorbent fabric 2 mm thick was placed on the soil surface before
applying water.

The tension in the columns was monitored & regular intervals. Tension (32-34
cbars) was applied to the tension lysimeters 48 h after application of water after all the
columns had become saturated. Samples were collected 1.25 h later following the
procedures used in the field experiment. It was noted that even under saturated
conditions, the columns still retained a substantial depth of ponded water indicating that
use of the saturated volumetric moisture content likely overestimated the amount of
water required to saturate the columns. Small amounts of water leached from the
bottom of most columns. However, since water infiltrated into the columns very
slowly, suction had to be applied to the tension lysimeters to hasten moisture
movement. Ultimately, 5 d after applying irrigation, 1.3 L of ponded water was
removed from each of the LCstaking care not to disturb the soil surface.

Six days after the first leaching event, it was noted that the soil surfaces developed
cracks as they dried. After filling the cracks with air-dried and sieved soil, a 2.2-cm
thick layer of sieved and air-dried silica sand was applied over the soil surface to
prevent the surface from drying rapidly and developing cracks. Further, the sand
allowed for more uniform leaching application (Shani et al., 1992) and protected the
surface from compaction during application of water.

The second leaching event was applied 9 d after the first leaching event since it took
longer for the LCsto reach field capacity. All other leaching events were applied at 7-d
intervals. When all the moisture sensors at the lower depth in the LCs indicated soil
moisture tensions close to saturation (O cbar), suction (40 cbars) was applied to the
tension lysimeters for 0.5 h. The leachate thus collected was discarded to prevent
contamination of the sample by leachate from the previous leaching events retained in
the ceramic cup. The tension lysimeters were then subjected to 40 cbars of suction for
1-1.5 h. The samples thus collected were used for analysis of NO3s-N and urea (first
event). Nitrate analysis on the leachate samples was performed in the WQ Laboratory
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using the TRAACS 800 automatic water quality analyzer. Urea analysis was performed
by the colorimetric method using DAM (Bremner, 1982) in the LW Laboratory. Since
no urea was detected in the first set of samples, no urea analyses were performed on
samples from the subsequent events.

After sample collection, the tension lysimeters were subjected to 38-40 cbars of
suction for the remaining duration to reduce the moisture content in the columns to field
capacity. Efforts were made to ensure uniform moisture contents in all LCs by
changing the level and/or duration of suction applied to each LC. After collecting the
last set of leachate samples, soil core samples were obtained from the LCs to analyze
for residual N. From each LC, three soil cores were obtained from the top third of the
column using a core sampler. The three soil cores were thoroughly mixed to obtain a
single soil sample. Soil samples were also obtained from the middle third and bottom
third of the column using the same procedure used for the top third. The 27 soil
samples (three samples per LC) were dried at 65°C and analyzed at Brookside
Laboratories, Inc. for NOs-N, NH,4*-N, and total-N using procedures described earlier.
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4. RESULTSAND DISCUSSION

Objective 1 was achieved by conducting a field experiment that was comprised of
two components - agronomic and NOs-N leaching. Multiple hypotheses were tested
for each component. To achieve Objective 2, three laboratory experiments, namely,
dissolution, incubation, and leaching column experiments were conducted; multiple
hypotheses were tested for each experiment. Within an objective, for each component
or experiment, the results are presented which are followed by the discussion on
individual hypotheses.

4.1. Field Experiment

Objective 1. Evaluate the agronomic and NO3-N leaching impacts of subsurface-
applied urea pellets versus granules on no-till silage corn.

A field experiment was conducted to evaluate agronomic and NO3z-N leaching
impacts of urea pellets versus granules on no-till corn from May 1997 until April 1999.
The agronomic impacts of the two urea forms were evaluated with respect to corn silage
yield and corn N content. The NO3-N leaching component involved evaluation of the
two urea forms with respect to residual soil inorganic-N, NO3;-N concentration in
leachate, and N removal by crop.

4.1.1. Agronomic Component

The impacts of the two urea forms on corn silage yield and corn N content were
compared. Interaction effects of urea form, N application rate, and year on corn silage
yield and corn N content were also evaluated. Corn silage yield response and corn N
content response curves as well as the plot of corn silage yield versus N content are
presented and discussed.

1. Corn silageyield
Corn silage yields adjusted to 35% DM are presented in figure 4.1, categorized by
year and treatment. During 1997, while the yield difference between the fertilizer

treatments and control treatment exceeded 10 Mg/ha, yield difference among the
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fertilizer treatments was low, with yields ranging from 55.1-56.7 Mg/ha. Corn silage
yield from the control treatment was slightly lower than the corn silage productivity
potential of 47.6 Mg/ha for Ross soil (VDCR, 1993). In 1998, yield difference between
the fertilizer treatments and control exceeded 17 Mg/ha; also, greater variations in yield
were observed among the fertilizer treatments. Compared to 1997, yield declined by
33% in the control treatment while in the fertilizer treatments, yield declines ranged
between 10.9 and 14.1% for pellet-deficient (PD), granule-deficient (GD), and granule-
sufficient (GS) treatments. For the pellet-sufficient (PS), pellet-excess (PE), and
granule-excess (GE) treatments, yield levels changed little between 1997 and 1998.
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Figure4.1l. Corn slage yields in 1997 and 1998. Each mean yield value
representsthe mean of threereplications.
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1.1. Null Hypothesis: Corn silageyield isunaffected by the treatment applied.
Alternative Hypothesis. Corn silage yield is affected by the treatment
applied.

Treatment effect (including control) on corn silage yield (35% DM) was
investigated for 1997 and 1998. The data set for the two years were not combined into
asingle data set since corn silage yield was significantly (p < 0.01) affected by the year.
Since yield residuals for both data sets were found to be normally distributed, the data
were subjected to ANOV A and Fisher’'sLSD at a = 0.1 (table 4.1).

Table4.1. Treatment effect on corn silage yield (1997 and 1998): results of the
statistical analysesat a = 0.1

Treatment 1997 1998
Mean* SD’ Mean SD
------------------------- Mg/ha (35% DM)

Control 44.8b* 5.6 30.0c 0.9

Pellet-deficient 56.4a 1.74 50.2b 4.8

Granule-deficient 55.1a 4.4 47.3b 3.2

Pellet-sufficient 56.1a 2.0 56.4a 3.8

Granule-sufficient 55.5a 3.0 48.9b 2.2

Pellet-excess 56.7a 6.8 56.4a 2.8

Granule-excess 55.2a 1.0 55.1a 15

LSD® 4.4 33

*  Average of threereplications

" Standard deviation

* Treatment means in the same column, followed by the same letter are not

significantly different at a = 0.1 using Fisher’s LSD.
8 Fisher's Least Significant Difference

Null Hypothesis 1.1 was rejected for 1997 (p = 0.03); hence, the treatments affected
corn silage yield. The Fisher’s LSD results indicated that while the control treatment
differed significantly from the fertilizer treatments, the fertilizer treatments were not
significantly different from one another. All fertilizer treatments gave substantially
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greater corn silage yields than the corn silage productivity potential of 47.6 Mg/ha for
the Ross soil (VDCR, 1993).

For 1998, Null Hypothesis 1.1 was again rejected (p < 0.01); hence, the treatments
affected corn silage yield. However, in contrast to 1997, some fertilizer treatments gave
higher corn silage yields than other fertilizer trestments. The PS, PE, and GE
treatments produced significantly higher yields than PD, GD, and GS treatments (table
4.1).

Except for the PS, PE, and GE treatments, all other treatments registered large yield
declines from 1997 to 1998. Weed infestation was ruled out as a factor in yield decline
since a qualitative evaluation indicated that all treatments had been more-or-less equally
affected. Two potential reasons for yield decline, precipitation and soil inorganic-N,
were evaluated for their impacts.

1. Precipitation

Scharf and Alley (1988) reported that nitrification inhibitors (NIs) performed
better under irrigated conditions or in areas with annual water surplus of more than
30.5 cm as the NIs reduced N leaching and denitrification losses compared to
conventional fertilizers. Since pellets inhibit nitrification and urea hydrolysis
(Singh and Beauchamp, 1987), pellets can be regarded as NIs. Hence, pellets might
be expected to give higher yields than granules under moist conditions, because
lower N leaching losses from pellets (than granules) can increase plant-N
availability. Hence, precipitation amounts and/or distribution between two crop
seasons can affect the performance of pellets versus granules.

Normal precipitation (30-yr average) during the corn season (mid-May to mid-
September) is 37.9 cm as shown in figure A(a), Appendix A (SERCC, 2000).
Compared with the normal precipitation, during the 1997 and 1998 corn seasons,
precipitation deficits were 7.3 and 11.5 cm, respectively (fig. 4.2). Given the
precipitation deficit in 1998, impact of N leaching losses in pellets versus granules
on corn silage yield is not areasonable explanation.
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Figure4.2. Weekly precipitation distribution during the 1997 and 1998 crop
Seasons.

Crop evapotranspiration (ET) requirement rises rapidly during the crop
development stage (about 35 d), beginning about 20 d after planting (Doorenbos and
Pruitt, 1977). Crop ET then levels off at the highest level for about 40 d
corresponding to the mid-season stage. Critical periods of soil water stress also
correspond to these two stages for corn (Doorenbos and Pruitt, 1977).

On weekly basis, the crop development stage (week 5 through week 9 after
planting) received 9.0 and 4.0 cm of precipitation during 1997 and 1998,
respectively (fig. 4.2). The 1997 and 1998 crops received 8.0 and 15.3 cm of
precipitation, respectively, during the mid-season stage (week 10 through week 15
after planting) (fig. 4.2). Tota precipitation during the two critical stages were
similar for both years. Lesser precipitation and a longer dry spell during the crop
development stage should have adversely affected vegetative development of the
corn during 1998. However, corn silage yields in PS, PE, and GE treatments were
unaffected in 1998 compared with 1997. Reduction in yield in some trestments as a

Results and Discussion 97



result of the adverse effects of high pH and high NH3 concentrations were unlikely
since yield declines did not occur in the PE treatment which had the highest
localized urea concentration (and the most likely to be adversely affected) among all
treatments. During the mid-season stage, there was more precipitation in 1998 than
in 1997 but precipitation distribution was more uniform in 1997. Hence, it was
unlikely that precipitation distribution during the mid-season stage affected yield.

2. Soil inorganic-N

At the same N application rate, depending on the amount of soil inorganic-N,
crop yield could vary greatly. Citing published research, Tisdale et al. (1993)
reported on wheat grain yield response to applied-N for different soil-N (NOs’
concentration in the profile) levels. In medium and low soil-N, wheat grain yields
were 70 and 135% higher, respectively, compared to yield at high soil-N when N
was applied at 67 kg/ha (at >67 kg/ha, yields declined at all soil-N levels) (Tisdale
et a, 1993). Hence, varying amounts of soil inorganic-N over the two crop seasons
had the potential to impact crop response since applied-N remained unchanged over
the two years.

Since soil inorganic-N data were not available for May 1997, comparisons could
not be made between inorganic-N values at planting, i.e., in May 1997 and May
1998. However, there was evidence that soil-N amount in May 1997 was higher
than in May 1998. The field site had been planted to soybean in the summer of
1996. Typically, soybean fixes 112 kg-N/ha-year (Tisdale et al., 1993) which likely
resulted in a high soil-N status. During October 1996 through April 1997, a
precipitation deficit (as compared to normal precipitation) of 6.2 cm (J. Wooge,
personal communication, Blacksburg, Va., 27 September 2000) was observed at
Kentland Farm. Hence, it was unlikely that a substantial amount of soil-N (due to
the soybean crop) was lost due to leaching as compared to an over-winter period
with normal precipitation. In addition to crop N removal in 1997, environmental
conditions during the over-winter period of 1997-1998 also provided favorable
conditions for N loss. Between the time of corn silage harvesting in September
1997 and corn planting in May 1998, 89.7 cm of precipitation and irrigation was
received compared to a 30-year average precipitation of 66.0 cm (SERCC, 2000).
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Hence, the wet soil conditions combined with warmer-than-normal conditions (fig.
A(b), Appendix A) to increase mineralization and N losses through leaching and
denitrification. High background inorganic-N in 1997 resulted in raising the plant-

N availability in the fertilizer treatments to sufficiently high levels that crop yield

response to fertilizer treatments was not observed.

A 33% decline in corn silage yield in the control treatment from 1997 to 1998
also indicated that depleted soil inorganic-N affected yield. By contrast, GD, the
fertilizer treatment with the largest reduction in yield only experienced a 14%
decline. Compared to 1997, corn silage yields were comparable at higher N
application rates (except GS) in 1998, indicating that despite a reduced soil
inorganic-N, greater N availability provided a greater crop response.

An attempt was made to explain the performance of pellets and granules in view of
their performances at different application rates. Given the possibility of reduced N
losses from pellets versus granules (Nyborg and Malhi, 1992) and a greater yield
response at a lower N application rate, corn silage yield should have been significantly
higher with PD than GD. The lack of a significant difference in yield between the PE
and GE treatments from 1997 to 1998 despite decline in soil inorganic-N could be
attributed to the abundance of applied-N. Even with increased N losses from the GE
treatment, it was likely that the remaining applied-N sufficed to produce corn silage
yield comparable to the PE treatment.

It was unclear why pellets outperformed granules at the sufficient N application rate
but not at the deficient N application rate. The N loss pathways that could have affected
N loss based on urea form were NO3™-N leaching, denitrification, immobilization of
inorganic-N by OM, and NH,'-N fixation by certain clays. Since both crop seasons
were drier-than-normal (fig. A(a), Appendix A), it was unlikely that substantial NO3™-N
leaching occurred from either urea form. Nyborg and Malhi (1992) attributed higher
spring-barley yield and N removal from 2-3 g urea pellets (compared with commercial
granules) to lower denitrification and possibly lower immobilization of applied-N.
Even though the 1998 crop season was drier-than-normal (fig. A(a), Appendix A) with
7.2 cm of precipitation was received on 8 August 1998. Given the high organic carbon
content of the soil (the soil had an organic matter content of 7.6%, table 3.3) and moist
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conditions, there could have been higher denitrification losses in granules than pellets.
Immobilization of applied-N by OM was likely to have been minor since the urea forms
were subsurface-applied.

Since NH;"-N fixation decreases with increasing urea particle size (Singh et al.,
1994), possibility of NH,;*-N fixation affecting corn silage yield in pellets versus
granules was considered. The clay mineralogy for the same soil was studied by Harris
et a. (1980) for a site located within 10 m from the western boundary of the field site
(Lucian W. Zelazny, personal communication, Blacksburg, Va, 7 August 2000).
Presence of substantial amounts of NH;*-N fixing clay minerals such as vermiculite
(20%), mica (10%), and hydroxy interlayered vermiculite (25%) in the clay fraction of
the Ross soil (Harris et al., 1980) indicated that the clay fraction had substantial NH;*-N
fixing capacity. Nommik and Vahtras (1982) reported that clayey silt and fine sand
were capable of considerable NH4*-N fixation. Mica constituted 8 and 25% of the total
clay minerals in the silt and sand fractions, respectively. Since the silt fraction
contained 21% fine silt and the sand fraction contained 95% fine sand, the silt and sand
fractions could have contributed to the NH;"-N fixation capacity of the soil. In 1998,
during the four-week period following sidedress application, only 3.7 cm of
precipitation was received (fig. 4.2). The combination of NH,4*-N fixing clay minerals
and dry conditions could have resulted in increased NH4"-N fixation during the 1998
season.  In eastern Canada, as much as 70% of fertilizer NH,;" was fixed in the
subsurface soil (Tisdale et al., 1993).

Hence, there was a possibility that there were greater denitrification and NH;"-N
fixation losses from granules than pellets in 1998. However, it seemed unlikely that
possibly higher N losses in granules resulted in reduced corn silage yield as compared
to pellets in 1998. Lack of difference in yield between the PD and GD treatments in
1998 indicated that possible reduced N losses due to denitrification and NH,"-N fixation
in pellets as compared to granules, probably did not explain the difference in corn silage
yield between PS and GS in 1998.

Corn silage vield response curve

Corn silage yield response curves for N were developed for urea pellets and
granules at different N application rates for 1997 (fig. 4.3) and 1998 (fig. 4.4). Dueto
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the limited data (only four data points), the responses would be applicable only to soil
and environmental conditions similar to this study. Nevertheless, the response curves
provided general trends on the response of corn silage yield to N application as urea

pellets and granules.
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Figure4.3. Corn silageyield and corn N content response curvesfor urea pellets
and granules in Ross loam in 1997 at control (0 kg-N/ha), deficient
(110 kg-N/ha), sufficient (184 kg-N/ha), and excessive (258 kg-N/ha)
application rates. There were no separate control treatments for
pellets and granules. Each data point represents the mean of three
replications.
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Figure4.4. Corn silageyield and corn N content response curvesfor urea pellets
and granules in Ross loam in 1998 at control (0 kg-N/ha), deficient
(110 kg-N/ha), sufficient (184 kg-N/ha), and excessive (258 kg-N/ha)
application rates. There were no separate control treatments for
pellets and granules. Each data point represents the mean of three
replications.

For corn silage yield response (both pellets and granules), second-order polynomials
provided good fit to the observed data in both 1997 (fig. 4.3) and 1998 (fig. 4.4). Use
of second-order polynomial explains the increase in yield with N application rate until a
certain N application rate threshold, after which, N toxicity and suppression of removal
of other nutrients will result in decline in yield (Tisdale et al., 1993). Even though the
regression eguations in both years for both urea forms show good correlation as
indicated by high r? values (fig. 4.3; fig. 4.4), the regressions are based on four data
points only.

1.2. Null Hypothesis: Corn silage yield is unaffected by the urea form at the
sufficient application rate (184 kg-N/ha).
Alternative Hypothesis: Corn slage yield is higher with pellets than

granules.
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Corn silage yield data for the PS and GS treatments were analyzed for 1997 and
1998. Since both data sets were normally distributed with respect to their yields, they
were statistically analyzed using Student t-test (table 4.2).

Table4.2.  Corn slageyields (35% DM) for pellet-sufficient (PS) vs. granule-
sufficient (GS) treatments (1997 and 1998): results of statistical
analysesat a =0.1

Data set PS GS Student t-test Significant
Mean' SD* Mean  SD p-value*
----------- Mg/ha (35% DM)---------
1997 56.10 196 5552 3.01 0.40 Fail to reject
1998 56.35 381 4891 220 0.02 Reject

*  One-tailed probability
Mean of three replications
Standard deviation

The evidence failed to reject Null Hypothesis 1.2 in 1997 (p = 0.40); hence, at 184
kg-N/ha, neither urea form produced greater corn silage yield. However, in 1998, Null
Hypothesis 1.2 was rejected (p = 0.02); PS gave greater corn silage yield than GS.
Despite likely differences in N losses as affected by the urea form, high soil inorganic-
N status in 1997 likely resulted in failure to reject Null Hypothesis 1.2 in 1997. In
1998, despite rejection of Null Hypothesis 1.2, it was unclear if greater N losses in
granules resulted in decreased corn silage yield as compared to pellets,

In 1998, at 184 kg-N/ha, corn silage yield was 15.2% higher with pellets than
granules. Overall, the yield increase obtained in this study was lower than those
obtained in winter wheat (Singh and Beauchamp, 1988) and spring barley (Nyborg and
Malhi, 1992). The studies on winter wheat and spring barley compared broadcast-
incorporated urea granules with subsurface-banded pellets; hence, the higher yield
differences in those studies could be partly attributed to more rapid nitrification from
broadcast-incorporated granules than from subsurface-banded granules as was used in
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this study. Further, possible N loss pathways in this study were different from the N
loss pathways in studies on winter wheat and spring barley.

Yield results obtained in this study were different compared to results obtained by
Zhang (1990). Even though both studies were conducted on no-till corn, the methods
used were very different. Zhang (1990) applied the entire N in a single application with
the 150 and 200 kg-N/ha treatments receiving 4.9 and 6.5 g-urea/plant, respectively, at
distances of 5, 10, and 15 cm. In this study, the N application was split with 37 kg-N/ha
being applied as starter with one 1.5-g urea pellet being applied 5 cm from the seed.
The remaining N, 147 kg-N/ha in the sufficient application rate, was applied as
sidedress, in a line 20 cm away from the plants at a pellet-to-pellet distance of 6.25 cm
at 6 g-urea/plant. Hence, conditions that caused yield decline associated with large urea
concentrations in the Zhang (1990) study did not apply to the present study resulting in
dissimilar results.

1.3. Null Hypothesis: There is no urea form x N application rate interaction
effect on corn silage yield.
Alternative Hypothesis: Thereisureaform x N application rate interaction
effect on corn silage yield.

Since the yield data sets for the fertilizer treatments for both years were found to be
normally distributed, ANOV A was applied to test for interaction at a = 0.1 (table 4.3).
The control treatment was excluded in this analysis. The evidence failed to reject Null
Hypothesis 1.3 in both 1997 (p = 0.98) and 1998 (p = 0.27); hence, there was no urea

form x N application rate interaction on corn silage yield in either year of the study.
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Table4.3. Urea form x N application rate interaction effects on corn silage

yieldat a =0.1
1997 1998
Source ANOVA*  Significant | ANOVA  Significant
p-value p-value
Ureaform 0.54 0.03
N application rate 1.00 0.01
Ureaform x N application rate 0.98 Fail to regject 0.27 Fail to regject

*  Analysis of Variance

1.4. Null Hypothesis: There is no urea form X year interaction effect on corn

slageyield.

Alternative Hypothesis: Thereisurea form x year interaction effect on corn

slageyield.

Since the data set was normally distributed, ANOVA was applied to test for

interaction on yield data (the control treatment was excluded) for both years at o = 0.1

(table 4.4). The evidence failed to reject Null Hypothesis 1.4 (p = 0.28); hence, there

was no urea form x year interaction. The failure to reject Null Hypothesis 1.4 indicated

that corn silage yield decreased from 1997 to 1998, irrespective of the urea form. The

magnitude of yield decrease for pellets and granules, averaged over all application rates,

was 2.05 and 4.84 Mg/ha, respectively.
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Table4.4. Urea form x year and N application rate x year interaction effectson
corn silageyield at a =0.1

Source ANOVA*  Significant
p-value
Hypothesis 1.4
Ureaform 0.06
Y ear 0.01
Ureaform x year 0.28 Fail to regject
Hypothesis 1.5
N application rate <0.01
Y ear <0.01
N application rate x year <0.01 Reject

*  Analysis of Variance

1.5. Null Hypothesis: Thereisno N application rate x year interaction effect on
corn silageyield.
Alternative Hypothesis: ThereisN application rate x year interaction effect
on corn silageyield.

Since the yield data were normally distributed, ANOV A procedure was applied to
test for interaction at a = 0.1 (table 4.4). In this case, the control treatment was
included in the statistical analysis since it represented an N application rate. The
evidence rejected the Null Hypothesis 1.5 (p < 0.01); hence, there was N application
rate x year interaction. Rejection of Null Hypothesis 1.5 indicated that corn silage yield
responded better to an increasing N application rate in 1998 than in 1997. As was
discussed in Hypothesis 1.1, the depleted soil inorganic-N status in 1998 compared with
1997 resulted in better yield response to an increasing N application rate.
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2. Corn nitrogen content

Corn N content data are presented in figure 4.5, categorized by year and treatment.
During 1997, the fertilizer trestments had N contents in the range of 1.03 to 1.21%, 27.2
to 49.4% more N than control; N content increased with N application rate. 1n 1998, N
contents declined in all treatments; however, the decline was higher in the fertilizer
treatments than in the control treatment.
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Figure4.5. Corn N content in 1997 and 1998. Each mean N content value
representsthe average of three replications.

2.1.  Null Hypothesis: N content in corn isunaffected by the treatment applied.
Alternative Hypothesis: N content in corn is affected by the treatment
applied.

Treatment effect (including control) on corn N content (% dry matter) was
investigated for 1997 and 1998. The data sets for the two years were not combined into

a single data set since corn N content was significantly (p < 0.01) affected by the year.
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Since both data sets were normally distributed, ANOVA and Fisher’s LSD at a = 0.1
were used in their analyses (table 4.5).

Table4.5. Treatment effect on corn N content (1997 and 1998): results of the

statistical analysesat a = 0.1

Treatment 1997 1998

Mean* SD' Mean SD
---------------------- N content as % of DM

Control 0.81¢ 0.04 0.74f 0.04
Pellet-deficient 1.09cd 0.06 0.82e 0.06
Granule-deficient 1.03d 0.05 0.84de 0.05
Pellet-sufficient 1.14bc 0.06 0.93bc 0.05
Granule-sufficient 1.14bc 0.07 0.90cd 0.11
Pellet-excess 1.21a 0.02 1.02a 0.05
Granule-excess 1.17ab 0.06 0.98ab 0.04
LSD?® 0.06 0.06

*

+
t

Average of three replications

Standard deviation

Treatment means in the same column, followed by the same letter are not
significantly different at a = 0.1 using Fisher’s LSD.

Fisher’s Least Significant Difference

For 1997, Null Hypothesis 2.1 was rejected (p < 0.01); hence, the treatments applied

affected corn N content. Null Hypothesis 2.1 was rejected for 1998 (p < 0.01)

indicating that corn N content was affected by the treatments applied. Based on mean

values, in both years, corn N contents generally increased with N application rates

(table 4.5). The ureaform did not affect corn N content in either year.

Compared with 1997, large declines (8.6-24.8%) in corn N content were observed in

all treatments in 1998. The least affected was the control treatment while the most

affected was PD. Since larger N content declines were observed in the lower N

application rates, it was likely that the decreased soil inorganic-N (that reduced corn

silage yields for most treatments in 1998 as compared to 1997), aso contributed to

reduction in corn N content in 1998 for al treatments.
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Zhang (1990) did not report crop N content values from urea pellet versus granules
in corn. Hence, the results from this study could not be compared with published values
of crop N content as affected by the urea form in corn. In studies on the impact of urea
pellet versus granules in winter wheat (Singh and Beauchamp, 1988) and spring barley
(Nyborg and Malhi, 1992), crop N contents and DM were not reported. Consequently,
comparisons based on percent improvements in crop N removal with pellets versus
granules were not possible.

Goodrich and Meiske (1985) reported that corn silage contained 1.33% N (8.3%
crude protein) on DM basis. In this study, corn N contents obtained even from the
excessive N application treatments were substantially lower than 1.33% N. Split
application of N in subsurface-bands should have resulted in higher N removal by the
crop. Further, the lower-than-normal precipitation in both seasons should have
increased crop protein content (Tisdale et al., 1993), and hence N content. It was
unclear if the corn variety affected corn N content adversely.

Corn N content response curves

Corn N content curves for urea pellets and granules at different N application rates
are presented in figure 4.3 for 1997 and figure 4.4 for 1998. As with corn silage yield
response curves, N content response curves would be applicable to soil and
environmental conditions specific to this study. In keeping with decline in corn N
content a extremely high N application rates, in 1997 (fig. 4.3), a quadratic regression
model provided good fit for both urea forms and was also appropriate for the data. In
1998 (fig. 4.4), alinear model provided a better fit to the data indicating that within the
range of N application rates used in this study, corn N content did not decline with
higher N application rates. Thiswas likely due to the depleted soil inorganic-N statusin
the study in 1998, which did not adversely impact N content. Even though the
regression equations for both urea forms showed good correlation as indicated by high
coefficient of determination (r®) values in both years (fig. 4.3; fig. 4.4), only four points
were used to develop the regressions.

2.2.  Null Hypothesis: N content in corn is unaffected by the urea form at the
sufficient application rate (184 kg-N/ha).
Alternative Hypothesis: N content in corn ishigher with PSthan GS.
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The 1997 corn N content data set was not normally distributed and was analyzed
with Wilcoxon Rank Sums 2-sample test (table 4.6). The 1998 data set was normally
distributed and was analyzed with the Student t-test (table 4.6).

Table 4.6. Corn N contentsfor pellet-sufficient (PS) vs. granule-sufficient (GS)
treatments (1997 and 1998): results of the statistical analysesat a =

0.1
Data set PS GS Student  Wilcoxon  Significant
Mean' SD* Mean SD t-test p-value*
---N content as % of DM----- p-value*
1997 1.14 006 114 0.07 - 0.50 Fail to regject
1998 093 005 090 011 0.34 - Fail to regject

*  One-tailed probability
T Mean of three replications
*  Standard deviation

The evidence failed to reject Null Hypothesis 2.2 in 1997 (Wilcoxon p = 0.50). In
1998, the evidence failed to reject Null Hypothesis 2.2 (Student t-test p = 0.34). Hence,
in both years, at sufficient N application rate (184 kg/ha), no urea form had higher corn
N content.

2.3.  Null Hypothesis: There is no urea form x N application rate interaction
effect on N content in corn.
Alternative Hypothesis: Thereisureaform x N application rate interaction
effect on N content in corn.

Since the corn N content data sets for both years were normally distributed with
respect to the residuals, ANOV A was used to test for interaction at a = 0.1 (table 4.7).
The control treatment was excluded in this analysis. The evidence failed to reject Null
Hypothesis 2.3 in both 1997 (p = 0.69) and 1998 (p = 0.64); hence, there was no urea

form x N application rate interaction on corn N content in either year.
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Table4.7. Urea form xN application rate interaction effects on corn N content

ata=0.1
1997 1998
Source ANOVA*  Significant | ANOVA  Significant
p-value p-value
Ureaform 0.26 0.60
N application rate <0.01 <0.01
Ureaform x N application rate 0.69 Fail to regject 0.64 Fail to regject

*  Analysis of Variance

24. Null Hypothesis: There is no urea form X year interaction effect on N

content in corn.

Alternative Hypothesis: There is urea form x year interaction effect on N

content in corn.

Since the combined data set for both years was normally distributed, ANOV A was
applied to test for interaction at a = 0.1 (table 4.8). The evidence failed to regject the

null hypothesis (p = 0.79); hence, no urea form x year interaction effect was observed

on corn N content.
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Table4.8. Urea form x year and N application rate x year interaction effects on
corn N content at a = 0.1

Source ANOVA*  Significant
p-value
Hypothesis 2.4
Ureaform 0.41
Y ear <0.01
Ureaform x year 0.79 Fail to reject
Hypothesis 2.5
N application rate <0.01
Y ear <0.01
N application rate x year 0.03 Reject

*  Analysis of Variance

2.5. Null Hypothesis: Thereisno N application rate x year interaction effect on
N content in corn.
Alternative Hypothesis: ThereisN application rate x year interaction effect
on N content in corn.

Since the data set (including control) was normally distributed, ANOVA was
applied to test for interaction at o = 0.1 (table 4.8). The null hypothesis was rejected (p
= 0.03) indicating that there was N application rate x year interaction on corn N content.
Decline in corn N content was only 8.6% from 1997 to 1998 in the control treatment
(zero N). Inthe fertilizer trestments, based on the mean corn N content values for both
urea forms at the same application rate, corn N content decreased with increasing
application rate between 1997 and 1998. Between 1997 and 1998, decline in corn N
content in the deficient, sufficient, and excessive N application rates were 21.7, 19.8,
and 16.0%, respectively.
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Discussion summary: agronomic impacts

In 1997, corn silage yield was unaffected by both urea form and N application rate
which was likely due to the high soil inorganic-N status. In 1997, while all fertilizer
treatments had comparable corn silage yields, yield from the control treatment was
significantly lower than the fertilizer treatments. Combined with at least 110 kg/ha of
applied N, high soil inorganic-N status due to the soybean crop in 1996 ensured
abundant N supply for plant removal, irrespective of the application rate or the possible
impact of ureaformon N losses.

In 1998, there was possibility of N losses due to denitrification and NH,"-N fixation
by clay minerals. Singh et al. (1994) and Nyborg and Malhi (1992) suggested that N
losses due to denitrification and NH,"-N fixation by clay minerals were higher with
granules than pellets. However, reduced N losses from PS was unlikely to have resulted
in higher corn silage yield as compared to GS since no response was observed between
PD and GD, the application rate most likely to indicate a yield response. Corn N
content was unaffected by the urea form applied at any N application rate.

Singh and Beauchamp (1988) and Nyborg and Malhi (1992) suggested that higher
yields from pellets were due to reduced N losses primarily through denitrification and
NOs-N leaching, N losses that result from surplus moisture conditions. However, in
this study, in both years, the deficit moisture conditions during the crop season
minimized NO3-N leaching losses.

4.1.2. Nitrate-N Leaching Component

Statistical and graphical methods were used to evaluate if urea form affected NO3'™-
N leaching. Residual soil inorganic-N (NOs™-N + NH,4"-N) amounts in the PS, GS, and
control treatments were compared at each sampling event. Nitrate-N concentrations in
leachate samples from PS, GS, and control treatments were compared. Crop removal of
N was also compared among all treatments to see if urea form affected N removal.
Greater N removal by the crop ensured that lesser NOs-N would be available for

leaching in the over-winter period.
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3. Residual Inorganic-N in the soil

Soil inorganic-N (NH,4"-N and NO3-N) amounts were determined from soil cores
obtained on 21 October 1997, 14 May 1998, 14 October 1998, 2 April 1999.
Distribution of soil inorganic-N amounts within the root zone provides information on
potential for NO3z-N leaching as well as N availability for plant removal. A treatment
that results in higher inorganic-N amount in the upper half of the root zone is likely to
have less NOs-N for leaching and more N available for plant removal than other
treatments. Soil inorganic-N amounts in the top 30-, top 60-, and 120-cm (root zone)
layers at each sampling event are presented in figure 4.6.

The general trend of inorganic-N amounts during the study indicated that sharp
declines occurred between October 1997 and May 1998 for all layers in the pellet and
granule treatments. For pellets, inorganic-N levels did not change substantially between
May and October 1998 in any layer. In granules, inorganic-N levels showed a decline
for al layers between May and October 1998. However, between October 1998 and
April 1999, inorganic-N amounts increased sharply in all layers in both pellets and
granules; the increase was particularly large for the root zone in granules. Inorganic-N
amounts in the control treatment decreased, stagnated, and increased in the top 30-cm,
top 60-cm, and root zone layers, respectively, during October 1997 and October 1998.
However, between October 1998 and April 1999, inorganic-N amounts increased
sharply in all three layers in the control treatment.

For each sampling event, Hypotheses 3.1 and 3.2 were tested in succession; each
hypothesis was tested for all three layers. Where there was no evidence for rejecting
Null Hypothesis 3.1 for a particular layer, Null Hypothesis 3.2 was not tested. The
failure to reject Null Hypothesis 3.1 indicated that there was insufficient evidence that
applied-N contributed to the inorganic-N in the layer.
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Figure4.6. Soil resdual inorganic-N (kg/ha) among treatments by layer, (a) top
30 cm, (b) top 60 cm, and (c) root zone, and by sampling time. Mean
(#) values are the average of three replications obtained midway
between crop rows, the mean value corresponding to 4/99*
represents the average of three replications obtained in the fertilizer
band. Mean values are joined by a line to indicate the trend.
M aximum and minimum values are indicated.
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October 1997

3.1.  Null Hypothesis: Estimated amounts of residual inorganic-N are unaffected
by thetreatments, i.e,, C, PS, and GS.
Alternative Hypothesis: Estimated amounts of residual inorganic-N are
affected by the treatments.

The inorganic-N amounts in the three layers are compared among the treatments in
figure 4.6. While the inorganic-N content data (nine data points per layer) for the top
30- and 60-cm layers were normally distributed with respect to residuals, data for the
root zone were not normally distributed. While parametric statistical methods were
used for the 30- and 60-cm layers, non-parametric methods were used for the root zone.

The evidence failed to reject Null Hypothesis 3.1 (ANOVA p = 0.12) in the top 30-
cm layer indicating that the control and fertilizer treatments did not significantly differ
in inorganic-N contents. Consequently, Hypothesis 3.2 was not tested for the top 30-cm
layer.

For the top 60-cm layer, Null Hypothesis 3.1 was rejected (ANOVA p < 0.01)
indicating that a least one treatment had a significantly lower residual inorganic-N
amount (fig. 4.6). That the null hypothesis was rejected in the top 60-cm layer but not
in the top 30-cm layer was likely due to leaching of the NOs-N from the top 30-cm
layer and its accumulation in the lower half of the top 60-cm layer due to irrigation.
The residual inorganic-N (from the applied-N) in the PS and GS treatments was 30.1
and 19.8 kg/ha, respectively, in the top 60-cm layer.

Null Hypothesis 3.1 was rejected for the root zone (fig. 4.6) using the K-W test (p =
0.07) indicating that at least one treatment had a significantly lower residual inorganic-
N amount. After adjusting for background inorganic-N, the PS and GS treatments had
40.5 and 39.2 kg-N/ha as residual inorganic-N (from the applied-N), respectively, in the
root zone.

3.2.  Null Hypothesis: Residual inorganic-N amounts are equal in both urea
forms at the sufficient application rate (184 kg-N/ha).
Alternative Hypothesis: Residual inorganic-N amounts are higher in PS
than GS.
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In the top 60-cm layer, Null Hypothesis 3.2 was rejected with the Student t-test (p =
0.04, equal variance) indicating that pellets conserved more inorganic-N in the top 60-
cm layer than granules. For the root zone, the evidence failed to reject Null Hypothesis
3.2 with the Wilcoxon Rank Sums two-sample test (p = 0.50). Hence, the ureaform did
not impact residual inorganic-N amounts in the root zone.

With 39.8 cm of rainfall and irrigation, 3.5 months after sidedress N application
(147 kg-N/ha), pellets contained 16% (10.3 kg-N/ha) more soil inorganic-N (t-test p =
0.04) than granules in the top 60-cm layer (fig. 4.6). Hence, NOs-N leaching was
slower from pellets than granules, possibly due to slower nitrification. Even though the
two urea forms did not differ in residual inorganic-N amount in the top 30-cm, the
difference in the amounts of inorganic-N in pellets and granules, 27% (9.0 kg/ha), in
half the soil volume of the top 60-cm layer was of practical significance. Increased
inorganic-N amount in the top 30-cm layer could lower N requirement for the winter
crop and reduce NO3™-N leaching.

May 1998

3.1.  Null Hypothesis: Estimated amounts of residual inorganic-N are unaffected
by thetreatments, i.e,, C, PS, and GS.
Alternative Hypothesis: Estimated amounts of residual inorganic-N are
affected by the treatments.

The inorganic-N amounts in the three layers are compared among the treatments in
figure 4.6. For all three layers, the data were found to be normally distributed; hence,
ANOVA was used for data analysis. In the top 30-cm layer, top 60-cm layer, and root
zone, the evidence failed to reject Null Hypothesis 3.1 with ANOV A p-values of 0.73,
0.63, and 0.90, respectively. Hence, the treatments did not impact residual inorganic-N
amounts in any of the three layers indicating that all applied-N had leached out of the
root zone during the over-winter period. During this period, 67.5 cm of precipitation
was received compared with normal precipitation of 54.8 cm (fig. A(a), Appendix A).
Precipitation on moist soil (due to irrigation applied prior to the October 1997
sampling) and warm conditions (fig. A(b), Appendix A) combined to create conditions
that were conducive to rapid mineralization as well as NO;-N leaching and
denitrification. Since inorganic-N was not affected in any layer by the treatments,
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Hypothesis 3.2 was not tested for any layer to see if urea form affected residual

inorganic-N retention.

October 1998

3.1.  Null Hypothesis: Estimated amounts of residual inorganic-N are unaffected
by thetreatments, i.e,, C, PS, and GS.
Alternative Hypothesis. Estimated amounts of residual inorganic-N are
affected by the treatments.

The inorganic-N amounts in the three layers are compared among the treatments in
figure 4.6. Inthetop 30-cm layer, top 60-cm layer, and root zone, the evidence failed to
reject Null Hypothesis 3.1 with ANOV A p-values of 0.86, 0.84, and 0.79, respectively.
Hence, the treatments did not impact residual inorganic-N amounts in any of the three
layers indicating that there was no treatment effect on residual inorganic-N amount in
any layer. Consequently, Hypothesis 3.2 was not tested to compare the urea forms.

Since all treatments had comparable inorganic-N amounts in all layersin May 1998,
lack of difference in October 1998 in inorganic-N amounts in any layer among the
treatments was unexpected given that the fertilizer treatments received 184 kg-N/ha
during the crop season. Large N losses from the fertilizer treatments due to NO3-N
leaching or denitrification seemed unlikely since only 17.1 cm of precipitation fell
between sidedress N application and crop harvest (fig. 4.2). During a one-month period
between harvest (mid-September) and soil sampling, there was 7.9 cm of precipitation
(fig. A(a), Appendix A) which is likely to have caused very little leaching since there
had been no precipitation for four weeks prior to harvest (fig. 4.2). Applied-N losses
through denitrification and NH,*-N fixation by clay minerals were likely of minor
importance in explaining why the control and fertilizer treatments had similar
inorganic-N amounts.

Failure of the soil sampling scheme to account for the residual applied-N was likely
a major factor. Soil sampling in October 1997 and May 1998 was performed under
moist conditions that allowed for substantial movement of inorganic-N both laterally
and vertically. The dry soil conditions preceding the October 1998 sampling likely
resulted in the applied-N remaining in the vicinity of the band. Consequently, soil
sampling 17.5 cm away from the band likely resulted in underestimation of applied
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inorganic-N in the October 1998 sampling, thereby requiring a modified sampling

scheme for the last sampling event.

April 1999

3.1.  Null Hypothesis: Estimated amounts of residual inorganic-N are unaffected
by thetreatments, i.e,, C, PS, and GS.

Alternative Hypothesis: Estimated amounts of residual inorganic-N are
affected by the treatments.

The inorganic-N amounts in the three layers are compared among the treatments in
figure 4.6. Based on the sampling procedure (between the rows) followed earlier, the
three treatments were not significantly different with p values of 0.45, 0.23, and 0.16, in
the top 30-cm, top 60-cm, and root zone, respectively. Inorganic-N amounts were
higher in all treatments and in all layersin April 1999 than in October 1998.

A warmer-than-normal fall-through-spring of 1998-1999 (fig. A(b), Appendix A)
was conducive to mineralization of background-N. However, during that period, only
27.4 cm of precipitation was received compared to a normal precipitation of 42.6 cm
(fig. A(@), Appendix A). The combination of warm and dry conditions probably
resulted in accumulation of mineralized inorganic-N in the root zone leading to higher
inorganic-N in all layersin all treatmentsin April 1999 as compared with October 1998.
Given the absence of treatment effect on residual inorganic-N amount in any layer,
Hypothesis 3.2 was not tested to compare between the urea forms.

3.3.  Null Hypothes's: Residual inorganic-N amounts in the fertilizer treatments
based on inorganic-N concentrations calculated using the SS1 samples are
the same as the control treatment.

Alternative Hypothesis: Residual inorganic-N amounts are higher in the
fertilizer treatmentsthan in the control treatment.

Inorganic-N amounts in the two fertilizer treatments are compared for the two
sampling schemes in figure 4.6. In pellets, using the t-test, in the top 60-cm layer, there
was significantly greater (p = 0.01) inorganic-N amount in the fertilizer band than
midway between crop rows, while there were no significant differences in the top 30-
cm (p = 0.16) and root zone (p = 0.98). Both sampling schemes gave comparable soil
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inorganic-N amounts in the top 30-cm, top-60 cm, and root zone of the granule

treatment with t-test p-values of 0.82, 0.64, and 0.11, respectively.

Greater inorganic-N recovery in the fertilizer band in the top 60-cm layer in the
pellet treatment indicated that soil sampling on the fertilizer band in October 1998 could
have provided a more accurate estimate of soil inorganic-N amounts in the fertilizer
treatments. It is unclear if such a sampling scheme could have affected the results in
October 1997 and May 1998. Both sampling events were preceded by wet periods
where substantial N movement in the downward direction as well as laterally (due to
diffusion) would be expected. Even though the inorganic-N amounts in the two
sampling schemes were not significantly different in the root zone of the granule
treatment, inorganic-N recovery in the fertilizer band was 14% lower than midway
between the rows which was unexpected.

3.4. Null Hypothesis: For the same fertilizer treatment, resdual inorganic-N
amounts based on the inorganic-N concentrations at SS1, SS2, and SS3 are
not different.

Alternative Hypothesiss Residual inorganic-N amounts based on the
inorganic-N concentrations at SS1, SS2, and SS3 are different.

Comparison of inorganic-N amounts in each layer using data from three sampling
locations (SS1, SS2, and SS3) for each treatment are presented in table 4.9. Except for
the top 60-cm layer in the granule treatment which was analyzed using K-W test, al
other data sets were normally distributed and were analyzed using ANOVA. When the
null hypothesis was rejected, Fisher’s LSD or the Bonferroni test was used to compare
between treatments.

In the pellet treatment, based on the p-values shown in table 4.9, the sampling
location did not affect inorganic-N estimation in any layer. However, lower p-valuesin
the top 30-cm and top 60-cm layers compared to the root zone indicated that, compared
to sampling between rows, sampling on the fertilizer band in October 1998 would have
given a more accurate estimate of residual inorganic-N.

In granules, the sampling location did not affect inorganic-N estimation in the top
30-cm and top 60-cm layers (table 4.9). However, greater inorganic-N recovery in the
root zone from SS3 than from SS1 or SS2 (table 4.9) was unexpected. Since the solute
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plume would be more concentrated directly below the point of application (SS1) as
compared to a point 17.5 cm away (SS3), the unexpected result could be attributed to
one or a combination of uncertainties associated with sampling, inorganic-N analysis, or
solute transport in macropores. However, relatively low variability in the SS3 results in
the root zone (table 4.9) raises the possibility of greater lateral dispersion of applied-N,
primarily as NOs in granules than pellets. It was unclear if the less effective root
interception of applied-N in granules than in pellets resulted in greater lateral dispersion
of applied-N in granules.

Table 4.9. Comparison of soil inorganic-N amountsin three sampling locations
for each fertilizer treatment in different layersin April 1999

Treatment Location*  Top 30-cmlayer Top 60-cm layer Root zone
Mean' SD* Mean SD Mean SD
---------------------------- kg-N/har------=-=========mmmmee-
SS1 41.4 6.6 70.8 1.9 1162 6.8
Pellet SS2 35.9 34 63.8 93 1091 6.2
SS3 34.8 0.4 58.2 42 1157 233
p-value 0.21 0.11 0.80
Ss1 38.3 4.4 63.6 83 11450° 142
Granule SS2 41.4 6.9 65.1 5.0 1123b 9.5
SS3 37.4 3.9 66.4 4.8 1329a 5.7
p-value 0.64 0.79 0.10

*  SS1 — sampling on the fertilizer band; SS2 — sampling 8.75 cm on the side of SS1;
and SS3 — sampling mid-way between crop rows (17.5 cm from SS1)

Average of three replications

Standard deviation

Treatment means in the same column, followed by the same letter are not
significantly different at a = 0.1 using Fisher’s LSD.

I Kruskal-Wallis p-value
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4. Nitrate-N concentration in leachate

To evaluate treatment impact on NOsz-N leaching, NOs-N concentrations in
leachate at 30- and 120-cm depths were compared among the three treatments. During
the leachate sampling period, 31 and 27 sets of samples were collected at 30-cm and
120-cm depths, respectively (table 4.10). Given the dry conditions during the 1997 corn
season, only one set of leachate samples was collected at each depth. Irrigation (17.8
cm over 11 days) was applied at 1.0 cm/h to collect leachate samples after harvesting
corn silage in 1997. Nitrate-N concentrations at 30- and 120-cm are presented in
figures 4.7 and 4.8, respectively.

Table4.10. Schedule of leachate sample collection

Time period Precipitation Number of sample sets
during period (cm) collected
30-cm 120-cm
depth depth
July 24 — September 18, 1997 34.1 1 1
September 19, 1997 —May 17, 1998 89.7* 16 14
May 18 — August 31, 1998 31.8 6 6
September 1 — December 31, 1998 14.4 0 0
January 1 — April 2, 1999 20.7 8 6
Total 190.7 31 27

* Includes 17.8 cm of irrigation
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Figure4.7. Nitrate-N concentration in leachate samples at 30-cm depth from
control, pellet, and granule treatments from July 29, 1997 (day 210)
through April 2, 1999 (day 822). Each data point is the average of
three replications. On days 503 and 543, starter- and sidedress-N
were applied to the 1998 corn crop. For days 438 and 595, data for
one replication of the control treatment was unavailable; for days
306 and 374, data for one replication of the pellet treatment and for
day 210, data for one replication of the granule treatment were
unavailable. For day 589, one replication each were unavailable for
the control and granule treatments.
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Figure4.8. Nitrate-N concentration in leachate samples at 120-cm depth from
control, pellet, and granule treatments during July 24, 1997 (day
205) to April 2, 1999 (day 822). Each data point is the average of
three replications. On days 503 and 543, starter- and sidedress-N
were applied to the 1998 corn crop. For days 306 and 374, data for
one replication of the pellet treatment and for day 205, data for one
replication of the granule treatment were unavailable. One data set
collected on day 452 was discarded because the tension lysmeters
wer e submerged.

For each depth, samples obtained for a sampling event were compared statistically
using GLM or K-W. If the GLM or K-W test resulted in arejection of Null Hypothesis
4.1, Hypothesis 4.2 was tested using the t-test or Wilcoxon Rank Sums test. Time
series of the three treatments were compared at both depths.
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4.1. Null Hypothesss NO3-N concentration in leachate is unaffected by
fertilizer treatment.
Alternative Hypothesis: NO3'-N concentration in leachate is affected by the
fertilizer treatment.

4.2.  Null Hypothesis: NO3-N concentration in leachate is unaffected by the urea
form (pellet versus granule).
Alternative Hypothesis: NO3-N concentration in leachate is lower in the
pellet treatment than in granules.

30-cm depth

In 28 of 31 sampling events, the pellet trestment had lower NO3s-N concentration
than the granule treatment (fig. 4.7, table 4.11). Averaged over the 31 events, NO3-N
concentrations in the control, pellet, and granule treatments were 1.9, 1.8, and 2.6 mg-
N/L, respectively (table 4.11). However, NO3s-N concentration from the granule
treatment was significantly higher than the pellet treatment (Student t-test p = 0.06) only
on 27 October 1997. High variability in NO3;-N concentration within treatments may
have masked differences. Leachate NO3-N concentrations in four of 31 sampling
events (table 4.11) showed treatment effects (ANOVA or K-W p < 0.1), indicating
differences between control and fertilizer treatments.

Increasing NO3-N concentration in leachate at the 30-cm depth (fig. 4.7) during 9
October 1997 (Julian day 282) through 15 November 1997 (Julian day 319) was due to
the flushing action of the irrigation applied during 6-16 October 1997.  Nitrate-N
concentration in leachate at the 30-cm depth declined during 22 November 1997 (Julian
day 326) through 18 April 1998 (Julian day 473) possibly due to NO3-N leaching
during the warm and wet fall through spring of 1997-1998. Increasing NOs-N
concentration in leachate at the 30-cm depth during 12 May 1998 (Julian day 497)
through 21 June 1998 (Julian day 537) could be due to the moist and warm conditions
(figures A(a) and A(b), Appendix A) which favored rapid mineralization of background
N and NO3-N leaching. For the remaining period, no trend was evident since there
were too few data points because of dry soil conditions.
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Table4.11. Nitrate-N concentration in control (C), pellet (P), and granule (G)
treatments at 30-cm depth

Control Pellet Granule ANOVA

H T
Date Jﬂ'an Meaw SD° Men SD _ Men SO (orK-Wyr ' infaence
ay - p-value
--------------- NO;-N, mg-N/L---------------- p-value

7/29/97 210 0.1 0.1 0.8 0.2 06 02 0.01 0.31 G=P>C
10/9/97 282 16 0.2 3.4 15 41" 10 0.12 G=P=C
10/19/97 292 2.1 0.3 2.2 1.8 38 02 0.06** 0.28 G=P>C
10/27/97 300 2.1 0.3 2.6 0.9 37 0.3 0.03 0.06 G>P>C
11/2/97 306 2.3 0.4 3.18 0.1 38 04 0.02 0.13 G=P>C
11/15/97 319 5.0 0.8 5.0 1.3 5.6 1.0 0.72 G=P=C
11/22/97 326 3.2 1.0 37 0.9 46 05 0.22 G=P=C
12/4/98 338 37 0.9 4.2 0.4 45 04 0.35 G=P=C
12/25/98 359 35 1.2 2.6 0.2 4.2 0.5 0.13 G=P=C
1/6/98 371 34 0.9 2.7 0.8 43 09  0.11** G=P=C
1/9/98 374 3.2 1.0 2.6l 13 4.2 17 0.47 G=P=C
1/17/98 382 2.7 1.3 1.4 0.4 3.9 2.6 0.29 G=P=C
1/26/98 391 2.2 1.0 1.4 0.8 3.2 2.6 0.51 G=P=C
2/2/98 398 1.4 0.8 0.4 0.2 24 26 0.36 G=P=C
2/8/98 404 11 0.5 0.6 0.5 20 23 0.50 G=P=C
2/18/98 415 0.8 0.6 0.5 0.6 1.9 2.4 0.51 G=P=C
3/14/98 438 11 0.2 0.2 0.3 1.2 1.8 0.57 G=P=C
3/22/98 446 0.6 0.5 0.1 0.1 1.0 17 0.58 G=P=C
4/5/98 460 0.3 0.3 0.0 0.0 0.7 12 0.73** G=P=C
4/18/98 473 0.0 0.0 0.0 0.0 04 06 0.73** G=P=C
5/12/98 497 0.7 0.2 0.9 0.1 1.2 0.8 0.50 G=P=C
5/24/98 509 17 0.5 1.9 0.1 2.1 0.3 0.51 G=P=C
6/1/98 517 2.8 0.6 2.7 0.6 2.7 0.2 0.94 G=P=C
6/6/98 522 35 0.9 3.0 0.5 3.2 0.3 0.71 G=P=C
6/21/98 537 2.7 1.0 2.7 1.2 38 02 0.30 G=P=C
8/12/98 589 0.1 0.1 0.0 0.0 o1 01 0.55 G=P=C
8/18/98 595 0.1 0.2 0.3 0.2 0.2 0.3 0.76 G=P=C
1/17/99 747 16 0.5 1.9 0.5 2.1 0.5 0.49 G=P=C
1/27/99 757 17 0.4 17 0.9 20 05 0.79 G=P=C
3/19/99 808 0.9 0.2 0.9 0.6 16 06 0.29 G=P=C
4/2/99 822 1.0 0.3 0.9 0.7 14 08 0.63 G=P=C
Mean 19 0.6 18 0.6 2.6 1.0

*  Analysis of variance or Kruskal-Wallis

" Student t-test

Average of three replications, unless indicated otherwise
§  Standard deviation

I Average of two replications

**  Kruskal-Wallis p-value

120-cm depth
In 23 of 27 sampling events, the pellet treatment had lower leachate NOs-N

concentrations than the granule treatment (fig. 4.8, table 4.12). Averaged over 27
events, leachate NO3s-N concentrations at 120 cm in the control, pellet, and granule
treatments were 1.6, 2.2, and 2.6 mg-N/L, respectively (table 4.12).
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Table4.12. Nitrate-N concentration in control (C), pellet (P), and granule (G)
treatments at 120-cm depth

Julian Contral Pdllet Granule ANOVA  T-test (or
Date day Mean® SD° Mean SD Mean SD (or K-W)*  W-R)'  Inference
--------------- NO;-N, mg-N/L------------—-—- p-value  p-value

7124197 205 0.6 0.3 1.2 12 15 08 0.53
10/19/97 292 0.7 06 24 1.1 18 02 0.07 0.35

11/2/97 306 1.2 02 19 08 26 07 0.08 0.40
11/15/97 319 17 04 29 09 36 06 0.03 0.31
11/22/97 326 14 03 25 08 29 05 0.02 0.44
12/4/98 338 14 02 2.3 08 27 04 0.06 0.45
12/25/98 359 11 0.1 16 05 20 01 0.03 0.33**
1/6/98 371 11 0.1 18 06 23 01 0.03 0.12
1/9/98 374 1.2 02 17 0.7 23 02 0.04 0.22
1/17/98 382 15 05 21 06 25 02 0.07 0.27
1/26/98 391 15 03 22 06 26 02 0.05 0.34
2/2/98 398 20 0.2 2.3 05 26 01 0.18

2/8/98 404 2.0 0.3 24 0.5 29 05 0.11
2/19/98 415 21 0.4 2.6 0.5 29 04 0.19
3/14/98 438 24 0.5 29 0.5 33 08 0.30
4/5/98 460 24 0.4 24 0.6 33 13 0.36
4/18/98 473 2.6 0.6 2.7 0.7 3.7 13 0.30
5/12/98 497 2.5 0.4 2.7 0.9 36 15 0.45
5/24/98 509 2.6 0.4 24 0.9 3.1 10 0.58
6/1/98 517 2.6 0.3 2.6 0.6 33 15 0.59
6/6/98 522 2.7 0.1 2.6 0.3 33 14 0.60
6/21/98 537 2.2 0.2 24 0.4 31 13 0.37
7/10/98 556 18 0.8 2.8 0.6 27 08 0.23
7/27/98 573 0.6 0.5 17 14 12 07 0.38

RN RRRRRNRRERRRRNNE
VPP PYRPRRRRYRRYVIVIIVIIVIIYR
O0O000000000000000000000OO0O0

1/27/99 757 0.6 0.1 14 0.4 11 0.3 0.06 0.50
3/19/99 808 0.8 0.2 12 0.4 13 02 0.10

4/2/99 822 0.8 0.2 13 0.4 16 03 0.06 0.41
Mean 1.6 0.3 2.2 0.7 26 07

*  Analysis of variance or Kruskal-Wallis

" Student t-test or Wilcoxon Rank Sums test

Average of three replications, unless indicated otherwise
§  Standard deviation

I Average of two replications

**  Kruskal-Wallis p-value

In 12 of 27 sampling events (table 4.12), the fertilizer treatments had significantly
higher NO3s-N concentrations (ANOVA or K-W p < 0.1) than the control treatment.
Ten of the 12 events were sequential, beginning with the set of samples collected after
irrigation application (19 October 1997, Julian day 292) and ending with the sample sets
collected on 26 January 1998 (Julian day 391). Of the 12 events with treatment effects,
no difference in NO3-N concentration in pellets and granules were observed in any
event. However, comparison of the time series of NO3-N concentration indicated that
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granules had the highest NO3;-N concentration, followed by the pellet and control
treatments, respectively (fig. 4.8). High variability in NO3s-N concentration within the
treatments (table 4.12) may have masked treatment effects on NO3™-N leaching.

Increased NOs-N concentration in leachate in all treatments from 19 October 1997
(Julian day 292) through 15 November 1997 (Julian day 319) indicated the flushing
action of the irrigation on NO3z-N from both applied and background sources (table
4.12, fig. 4.8). The increase and decrease in NO3™-N concentration between 2 February
1998 (Julian day 398) and 27 July 1998 (Julian day 573) was likely due to
mineralization of background N (table 4.12, fig. 4.8). Too few data points were
available after July 1998 to identify atrend.

In the early stages of data collection, NO3-N concentration at 120 cm was generally
lower than NO3z-N concentration at 30-cm depth. During late-winter through spring of
1998, lower NOs-N concentrations at 30 cm than at 120 cm was due to NOs;-N
movement through the soil profile.

Tension lysimeters installed at 30 cm were situated 15 and 30 cm from the nearest
starter (37 kg-N/ha) and sidedress (147 kg-N/ha) bands, respectively. In addition to
interception by the dense crop rooting in the top 30-cm, low transverse dispersivity
(compared with longitudinal dispersivity) probably resulted in very little of the applied-
N reaching the 30-cm tension lysimeters under dry conditions or when N movement
was mostly due to mass flow. One sampling event (27 October 1997) at 30-cm depth,
where leachate from the pellet trestment had lower NOs-N concentration than granules,
had been preceded by 17.8 cm of irrigation applied in small amounts (3 cm/event,
spread over six events) over 11 days. As aresult, substantial amounts of applied NO3-
N could have diffused laterally reaching the tension lysimeters. Compared to the 30-cm
depth, larger amounts of NOs; from the applied-N reached the 120-cm tension
lysimeters, as was indicated by 12 of 27 sampling events showing fertilizer treatment
effects.

The tension lysimeter study indicated that when urea was subsurface-applied at 184
kg-N/ha, the maximum NOs-N concentration (3.7 mg-N/L) in the percolate leaving the
root zone (table 4.12) remained substantially below the maximum safe level of 10 mg-
N/L for drinking water. However, for al sampling events, NOs-N concentrations from
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all treatments were in excess of 0.3 mg-N/L, the threshold concentration level that can
result in eutrophication in surface waters in the presence of a minimum of 0.001 mg/L

of inorganic-P (Novotny and Olem, 1994).

5. Nitrogen removal by crop

Greater N removal by the crop ensures that lower amount of applied-N is available
in the soil to be lost through NO3™ leaching and other N-loss pathways. Nitrogen
removal by corn silage (kg-N/ha) was calculated by multiplying DM (Mg/ha) with N
content (% of DM) and is displayed by year in figure 4.9.
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Figure4.9. Total N removal by corn silage by treatment and year. Mean (¢)
values are the average of three replications;, maximum and
minimum values represent the spread of the data.
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5.1.  Null Hypothesis: N removal by crop isunaffected by fertilizer treatment.
Alternative Hypothesiss N removal by crop is affected by fertilizer
treatment.

Treatment effect (including control) on N removal by crop was investigated
separately for 1997 and 1998. Since N removal data for both years were normally
distributed, they were analyzed using ANOVA and Fisher's LSD (table 4.13). Even
though corn silage yield and corn N content were discussed earlier in Hypotheses 1.1,
1.2, 2.1, and 2.2, N removal by crop will be discussed here in depth since it combines
the effects of corn silage yield and corn N content.

Table4.13. Treatment effect on N removal by crop (1997 and 1998)

Treatment 1997 1998
Mean* r] NremT Mean r] Nrem
(kg-N/ha) (%) (kg-N/ha) (%)
Control 127.9d* - 78.1d -
Pellet-deficient 214.4bc 78.6 144.2¢c 60.1
Granule-deficient 199.0c 64.6 139.5¢ 55.8
Pellet-sufficient 223.1ab 51.7 183.5b 57.3
Granule-sufficient 220.4ab 50.3 154.2c 41.4
Pellet-excess 239.5a 43.3 201.1a 47.7
Granule-excess 226.2ab 38.1 188.2ab 42.7
LSD® 18.9 16.8

*  Average of threereplications

" Applied-N removal efficiency

* Treatment means in the same column, followed by the same letter are not
significantly different at a = 0.1 using Fisher’s LSD.

8 Fisher’s Least Significant Difference

Also presented in table 4.13 is the applied-N removal efficiency, Nnrem, for the
fertilizer treatments. The amount of applied-N removed by the fertilizer treatment was
calculated by subtracting N amount removed by the control treatment from the fertilizer
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treatment. The applied-N amount removed by the crop was divided by the total
applied-N to the treatment to obtain Nyrem.

Null Hypothesis 5.1 was rejected for 1997 (ANOVA p < 0.01); hence, the treatment
significantly impacted N removal by crop. As expected, Fisher’s LSD results indicated
that N removal was lower in the control treatment as compared to the fertilizer
treatments (fig. 4.9). Even though high variability within treatments masked differences
between the fertilizer treatments, mean N removal values indicated that treatments with
higher N application rates removed more N. The urea form did not affect crop N
removal.

As expected, Nnrem decreased with increasing N application rate in 1997. AlSO Nrem
values were generally higher in pellets than granules, particularly at the deficient N
application rate. Hence, more efficient applied-N interception by the plant roots in
pellets than granules was a possibility.

For 1998, Null Hypothesis 5.1 was again rejected (ANOV A p < 0.01); hence, asin
1997, the fertilizer treatments significantly impacted N removal by the crop. Asin
1997, Fisher’s LSD results indicated that N removal was lower in the control treatment
as compared to the fertilizer treatments (fig. 4.9). Fisher’s LSD results also indicated
that except at the sufficient N application rate, where the use of pellets resulted in
greater N removal by crop than granules, the urea forms were not significantly different.
Due to the depleted soil inorganic-N, all treatments experienced a decline in N removal
by crop from 1997 to 1998. As expected, greater declines were observed in the
deficient N application rates with the smallest declines observed in the excessive N
application rates. However, a the sufficient N application rate, while the pellets
underwent a decline of only 39.6 kg-N/ha, the granule treatment experienced a decline
of 66.2 kg-N/ha, second only to PD with 70.2 kg-N/ha. The reason for the large decline
in N removal in the GS treatment was unclear. Also unclear was whether decline in N
removal adversely affected yield or vice-versa.

In 1998, for pellets, nnrem Values declined with N application rate, remaining higher
than corresponding values for granules. However, in granules, the reason for
insignificant change in Nyrem between the sufficient and excessive N application rate
was unclear. As expected, due to the depleted soil-N status, the PS, PE, and GE
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treatments performed better than in 1997. However, the sharp decline in Nyrem in the
GStreatment in 1998 as compared to 1997 was unclear.
5.2.  Null Hypothesis: N removal by crop is unaffected by the urea form at the
sufficient application rate (184 kg-N/ha).
Alternative Hypothesis: N removal by crop is higher with PS than GS.

Nitrogen removal by crop was compared for PS and GS treatments for 1997 and
1998. Since both data sets were normally distributed, the Student t-test was applied to
the data setsto test Hypothesis 5.2.

In 1997, the evidence failed to reject Null Hypothesis 5.2 (p = 0.35, equal variance);
hence, urea form did not impact N removal by crop. However, in 1998, the null
hypothesis was rejected (p = 0.07, equal variance) thus indicating that there was greater
N removal by crop in the PS than in the GS treatment. As discussed earlier, compared
to 1997, greater N removal by crop in 1998 in PS as compared to GS was unclear since
the amounts of N removed by the PD and GD treatments were not significantly
different.

4.1.3. Discussion Summary of Field Experiment

In 1997, due to high soil inorganic-N status, no urea form impact was observed on
either corn silage yield (table 4.1) or corn N content (table 4.5). In 1998, urea form
impact was observed on corn silage yield only at the sufficient application rate (184 kg-
N/ha). There could have been greater N losses from granules (due to denitrification and
NH,"-N fixation) than pellets in 1998. However, given the lack of difference in corn
silage yield between PD and GD, higher corn silage yield from PS due to reduced N
losses than GS did not seem likely. No urea form impact was observed on corn N
content in any year. The PS treatment removed 29.3 kg-N/ha more than the GS
treatment in 1998; hence, less N was available in the soil to be lost through leaching or
denitrification during the over-winter period.

In October 1997, with 39.8 cm of rainfall and irrigation, over a 3.5-month period,
compared to granules, slower nitrification in pellets resulted in greater inorganic-N
(10.3 kg/ha) retention in the top 60-cm layer. Higher NO3™-N concentration in granules
than in pellets at 30 cm in the leachate samples (table 4.11) obtained 11 days (27
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October 1997) after conclusion of irrigation supported the soil sampling results in
October 1997 indicating that NOs-N movement was likely slower in pellets than
granules. Greater inorganic-N retention in the top 60-cm layer in pellets could
potentially enable a winter cover crop to scavenge N more effectively than from
granules, resulting in reduced over-winter N losses. The wet and warm over-winter
period of 1997-1998 probably resulted in near-complete removal of applied-N from the
root zone as evidenced by comparable inorganic-N amounts in all three treatments in all
three layers (fig. 4.6) in May 1998.

The October 1998 soil sampling (between crop rows) was preceded by dry
conditions which probably limited the lateral movement of applied-N, thereby leading
to an underestimation of applied residual-N. Comparison of inorganic-N amounts from
different sampling schemes (fig. 3.3) provided evidence that sampling on the fertilizer
band could potentially provide a better estimate of residual-N. Location of the 30-cm
tension lysimeters with respect to the urea bands likely allowed for very little of the
applied-N to reach the tension lysimeters (table 4.11). By comparison, more of the
applied-N reached the 120-cm tension lysimeters (table 4.12). High variability in NOs -
N concentration within the treatment probably masked differences between pellets and
granules at 120 cm (table 4.12). However, comparison of time series of NOz-N
concentration among the treatments, particularly at the 120-cm depth, showed that the
NOs-N concentration was higher in granules, followed by pellets and control,
respectively (table 4.12). This study showed that soil and leachate sampling schemes
that apply to broadcast-N applications are not appropriate for determining residual-N
concentration when N is banded

Nitrate-N leaching has been observed during the corn season in medium to coarse-
textured soils in Georgia (Hubbard et al., 1991) and Virginia (Menelik et al., 1990).
Due to deficit moisture conditions in both crop seasons, the impact of urea form on
NO3-N leaching and its concomitant impact on corn silage yield and corn N content
could not be evaluated. This study provided evidence that pellets could reduce NOs-N
leaching during part of the over-winter period as compared to granules. While the
1997-1998 over-winter period was excessively wet, the 1998-1999 over-winter period
was excessively dry. Hence, further evaluation using more intensive soil and leachate
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sampling is needed to determine if pellets are effective in reducing losses during over-

winter periods under normal precipitation conditions.

4.2. Laboratory Experiments

Objective 2: Quantify the dissolution, mineralization, and NO3z-N movement of
subsurface-applied N pellets versus granules.

Laboratory experiments were conducted in the LW Laboratory of the BSE
Department to achieve Objective 2. The rates of dissolution and movement of dissolved
urea, as affected by urea form (pellet versus granule) were measured in a two-part
dissolution study. Mineralization (urea hydrolysis and nitrification) rates of urea pellets
and granules were quantified in an incubation study. Movement of NO3-N from pellets
and granules were investigated using a leaching column study. The results of the
laboratory experiments are presented and discussed in the following sections.

4.2.1. Dissolution Study

The dissolution study had two components - comparison of dissolution rate and
comparison of center of mass of dissolved urea as affected by urea particle size.
Dissolution rates of urea particles were measured by monitoring periodic weight loss of
urea granules (1.5 g-urea/soil core) and pellets (0.5, 1.0. 1.5, and 2.0 g), applied
between soil cores (fig. 4.10).

Time required for total dissolution increased with particle size. For al treatments,
dissolution rate, as indicated by the weight loss versus time relationship, declined with
time. Rapid dissolution in the initial stages in larger pellets was likely due to rapid
dissolution of the edges since the pellets were tablet-shaped (G. Sanzoni, personal
communication, Blacksburg, Va., 16 September 1997). For example, while 30% of the
2.0-g pellet dissolved in 6 h, the remaining 70% required 66 h to dissolve.
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Figure4.10. Percent weight loss in urea granules and pellets with time. Each
data point is the mean of three replications. Data points are
connected by dashed linesto show the dissolution trend.

1 Null hypothesis: Urea dissolution rate (% weight loss/time) is unaffected by
particle size.
Alternative hypothesis: Urea dissolution rate decreases as particle size
increases (specific surface area decreases).

Due to the non-linearity of the percent weight loss versus time relationship (fig.
4.10), a dissolution rate that could be considered representative of the entire duration of
dissolution was impossible to define for any of the treatments. A transformed plot of
weight loss versus square root of time was used to linearize the relationship (fig. 4.11).

High correlation coefficient (r) values (fig. 4.11) indicated that percent weight loss
versus square root of time had strongly linear relationships in all treatments. The
regressions indicated that the slopes of the three largest pellets were close in value to
each other while the two other treatments were different. A statistical comparison of
the slopes using indicator variables in regression could not be performed since not all of
the data sets were normally distributed. Based on the graphical comparison (fig. 4.11),
it was likely that the granule, 0.5-g pellet and 1.5-g pellet treatments had different
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dissolution rates. However, the 1.0-g pellet, 1.5-g pellet, and 2.0-g pellet had similar

dissolution rates.
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Figure4.11. Per cent weight lossin urea granules and pellets with square root of
time. Each data point isthe mean of three replications. Data points
for the treatment are connected by linesto show weight losstrend.

Center of mass of dissolved urea in pellets and granules were compared for granules
(1.5 g-urea/soil core) and 1.5-g pellets based on dissolved urea (as percent of total urea
in the soil core) in 1-cm thick layers, above and below the point of urea application (fig.
4.12). Amount of urearecovered in each 1-cm segment was represented as a point-load
applied at the middle of the layer (fig. 3.6). Hence, the distances of point load
applications were at 0.5, 1.5, 2.5, and 3.5 cm, as both, positive and negative numbers
from the point of urea application. Measurements were made at 4.5 cm also; however,
no urea was recovered at that distance in both pellets and granules. In pellets, 55% of

the urea was recovered in the lower core compared to 52.1% in granules.
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Figure4.12. Urea distribution by segment in pellet and granules. Each data label
is the mean value of three replications, numbers in parentheses
represent maximum and minimum values. Segment 1 (or -1)
represents a 1-cm soil section closest to the urea application plane.
Positive segment markings represent segments above the plane of
urea application.

2. Null hypothesis: The distance of center of mass of dissolved urea from the
plane of placement is unaffected by the urea form (pellet versus granules).
Alternative hypothesis. Center of mass of dissolved urea is at a greater
distance from the plane of placement in granulesthan in 1.5-g pellets.

The center of mass values for the pellet and granule treatments were 0.98 and 0.89
cm, respectively, while the corresponding SD values were 0.04 and 0.03 cm. Null
Hypothesis 2 was rejected (t-test p = 0.02, equal variance). Hence, the evidence
indicated that center of mass was at greater distance from the plane of urea application
in pellets than in granules.

It had been expected that the opposite would be the case, i.e., dissolved urea from
granules would have a greater center of mass than pellets. For the experimental
conditions, since the 1.5-g pellets dissolved in 60 h versus 7.5 h in granules, it had been

expected that dissolved urea from the granules would have more time to move away
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from the plane of fertilizer placement resulting in a greater center of mass. Further, it
had been expected that three-dimensional movement of dissolved urea in pellets
compared to alargely one-dimensional movement in granules, would possibly result in
slower downward urea movement in pellets than granules.

The reason for the greater dispersal of dissolved urea from pellets than from
granules was probably due to greater mass flow in pellets than in granules as was
indicated by greater urea recovery in the lower soil core in pellets than granules.
Compared to granules, the dissolved urea from the pellet acting on a smaller area of
contact probably exerted greater pressure causing greater displacement of dissolved
urea from the point of application. However, since nearly half of the applied urea was
present above the plane of urea application, molecular diffusion was likely the
predominant mode of urea transport. Near-absence of urea in the two outer-most
sections in each of the upper and lower cores indicated that volatilization loss from
subsurface-applied urea, irrespective of its form would likely not be significant.

Moisture distribution within the soil column was investigated to compare between
the two treatments; moisture distributions in the upper and lower cores were also
compared to investigate the presence of a moisture gradient (fig. 4.13). Presence of a
moisture gradient could provide information on the mode of urea transport.

No moisture gradient was observed in either of the treatments in either of the cores.
The absence of a monotonically decreasing moisture gradient (with higher 6, close to
the plane of urea application) supported the earlier inference that urea movement in the
soil cores was largely due to molecular diffusion. Singh and Beauchamp (1988)
subsurface-applied urea powder a 60.3 mg/cm? to silt loam soil packed in apipe. Up to
a distance of 5 cm away from the plane of fertilizer application, at 6, values ranging
from 20 to 24%, moisture content gradients of 0.8%/cm were observed with 6y,
increasing with distance (Singh and Beauchamp, 1988). Since a higher urea
concentration (82.9 mg/cm?) was applied in this study (resulting in grester osmotic
suction) compared to the study by Singh and Beauchamp (1988), a moisture gradient
had been expected in this study. Further, given the fact that silt loam will hold soil
moisture with greater tenacity than loam sandy, the presence of a moisture gradient in
the Singh and Beauchamp (1988) study and its absence in this study was unclear. Singh
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and Nye (1984) detected no moisture gradient when urea powder was surface-applied at
4.6 mg/cm? to sandy loam soil at 8, = 20%. Lack of moisture gradient in the Singh and
Nye (1984) study could have been due to low solute concentration resulting in low

osmotic tension.
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Figure4.13. Moisture distribution by segment in pellet and granules. Each data
label is the mean value of three replications. The underlined values
represent moisture content for the pellet. Segment 1 (or -1)
represents a 1-cm soil section closest to the urea application plane.
Positive segment markings represent segments above the plane of
urea application.

Moisture distribution in the pellet treatment was nearly identical in the upper and
lower cores with average 6, values of 27.5% and 27.3%, respectively. The granule
treatment had average 6, values of 27.6% and 28.1, respectively, in the upper and lower
cores. Hence, in terms of moisture distribution, the pellet and granule treatments were
comparable. The highest moisture contents were observed in the central section of each
core (sections 3 and -3); thereafter, moisture content gradually tapered off towards the
ends. The reason for such moisture distribution was unclear. Over the 60-h
experimental period, the pellet and granule treatments lost 3.0 and 2.7% of water,
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respectively. Since both faces of the soil column were covered with double layers of
parafilm (held by rubber band) and the interface between the upper and lower layers
was sealed with tape, it was unclear how moisture was lost.

Even though the centers of mass in pellets and granules were statistically different,
the actual difference (1 mm) was unlikely to impact mineralization and transport of urea
and its transformation products. Further, conducting this experiment in a sterilized soil
(to eliminate urease activity) likely reduces the applicability of these results to natural
soil conditions with normal urease activity. Under natural soil conditions, urearecovery
would have been lower due to conversion of urea to NH4"-N starting at the fringes of
the dissolved urea front where the urea solution concentration would have been low
enough to allow urea hydrolysis to proceed. However, this study indicated that urea
movement was mainly through molecular diffusion, with nearly equal amounts moving

in the upward and downward directions.

Proposed mechanism of dissolution of urea particles as affected by particle size

Chao (1967) reported that at greater than 70% relative humidity (RH), urea exhibits
hygroscopicity. Since soil air is always close to saturation (Hillel, 1971), the
dissolution process is initiated by the wetting of the urea particle surface by water in
vapor or liquid form. The dissolved urea on the particle surface moves into the
surrounding soil throughout the particle surface. The dissolved solute in soil solution
exerts an osmotic suction in the surrounding soil resulting in vapor diffusion towards
the solute particle (Marshall et al., 1993). However, the additional vapor flux into a
region with high RH will result in supersaturation leading to condensation of vapor in
pores close to the particle-soil interface. The concomitant increase in moisture content
will reduce vapor diffusivity as thicker water films in the soil pores obstruct vapor
movement (Marshall et al., 1993). Eventually, depending on the duration of the
dissolution process, direct vapor movement from the surrounding soil to the urea
particle may be reduced over time. Meanwhile, the dissolved urea will migrate in all
directions with diffusion being the primary mode of movement.

However, due to migration of the dissolved urea at the particle surface into the

surrounding soil, an annular space is created all around the particle except where the
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particle rests on the soil. The annular space is likely to prevent dissolved urea
movement into the soil except through the area where the particle is still in contact with
the soil. Liquid water across the annular space will convert to vapor and migrate to the
particle surface due to osmotic suction exerted by the dissolved urea on the particle
surface. In granules, due to their larger SSA, more of the dissolved urea will have
moved in the upward direction before the annular space stops the upward and lateral
transfer of dissolved urea directly from the granulesto the soil. An indication of greater
upward movement from granules as compared to pellets was provided by the higher
urea recovery (of the total) in the upper soil core in granules (47.9%) versus pellets
(45.0%).

Orne likely reason for the decline in dissolution rate (weight loss/unit time) with time
(fig. 4.10) is due to faster dissolution of edges in pellets in the early stages, as the edges
become smooth, the dissolution rate declines. A second reason for the greater
dissolution rate decline in larger particles is perhaps due to the slower movement of the
dissolved urea through the contact surface into the soil.

It was observed that both pellets and granules did not retain their tablet or spherical
shapes; thiswas likely due to the downward flow of the dissolved ureato the base of the
particle. Especially in pellets, the partly-dissolved particles assumed irregular shapes,
sometimes resembling a column with pointed ends. Due to the greatly reduced area of
contact between the particle and soil, dissolved urea movement into the soil was
retarded, more 0 in the case of larger pelletsthan in smaller, more numerous granules.

However, the reduced rate of dissolved urea movement in pellets compared to
granules seemed to contradict the results of the center of mass measurement
experiment. In that experiment, greater distance of movement of dissolved urea was
detected in pellets than granules. In granules, due to more-or-less, uniform application,
dissolved urea movement was likely to be along one axis, perpendicular to the plane of
urea application, in both upward and downward directions. Dissolved urea movement
likely occurred along all three axes, in upward and downward directions in pellets.
However, in pellets, due to a greater overburden of dissolved urea acting through a
smaller surface area, there was likely greater vertical downward movement, with
convective transport playing a more important role than in granules. However,

Results and Discussion 141



dissolved urea movement parallel to the plane of application as well as in the upward
direction was likely governed by molecular diffusion as in granules.

As discussed earlier, the dominant mode of dissolved urea movement seemed to be
diffusion, though convection could have contributed to a certain extent, especialy in
pellets. The dominance of diffusion was supported by the absence of a moisture
gradient in the soil core. The absence of monotonic moisture gradient in the soil profile
was consistent with the results obtained by Singh and Nye (1984) who attributed
diffusive transport to the lack of such a gradient.

4.2.2. Incubation Study

The incubation study was conducted to estimate rates of urea hydrolysis and
nitrification of subsurface-applied urea pellets (1.5 g) and granules. The pellets and
granules were also compared with respect to pH since nitrification is accompanied by a
decline in pH. One-half gram pellets were also included in the study to evaluate the
impact of SSA on mineralization and acidification. The control treatment was used to
quantify background mineralization and acidification processes, however, it was
excluded in the satistical analyses. Results and hypotheses for urea hydrolysis,
nitrification, and acidification are presented separately.

Urea Hydrolysis

The first batch (7 d after start of incubation) of incubation pots were sampled and
analyzed for urea (fig. 4.14) as described in Section 3.3.3. No urea analysis was
performed on the control pots. Since urea recovery did not exceed 5% of the applied
amount, assuming that all of the remaining urea would be hydrolyzed within the next 7
d, subsequent batches were not analyzed for urea. Based on urea-N recovered (fig.
4.14), urea hydrolysis rates for the granule, 0.5-g pellet, and 1.5-g pellet were 96.9,
96.4, and 93.8 ug-N/g-soil per day, respectively, over the 7-d period. Using percent
urea hydrolyzed as the index of the rate of urea hydrolysis, Hypothesis 1 was tested to
compare the three treatments.
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1. Null Hypothes's: Rate of urea hydrolysis (percent urea hydrolyzed in 7 d) is
unaffected by thefertilizer treatment.
Alternative Hypothesis: Rate of urea hydrolysis is affected by the fertilizer
treatment.

Analysis of variance and Fisher’s LSD were used to test the null hypothesis that
urea hydrolysis rate was unaffected by the fertilizer treatment. The results are given in
table 4.14.

Since the null hypothesis was rejected (p < 0.01), urea hydrolysis rate was affected
by the treatment applied. Compared to granules and 0.5-g pellets, the 1.5-g pellet had a
significantly lower urea hydrolysis rate. Singh and Beauchamp (1987) also reported that

rate of urea hydrolysis decreased with increasing pellet size for 1-, 2-, and 3-g urea
pellets.
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Table4.14. Incubation study results: urea hydrolyzed (7 d), nitrate recovered
(35d), and pH (35d) from the control, granule, 0.5-g pellet, and 1.5-
g pellet treatments

Treatment Urea hydrolyzed Nitrate-N pH
(%) (ng/g-oven dry soil)
M ean* SD’ Mean SD Mean SD
Control - - 45.8 - 5.94 -
Granule 98.8a" 0.8 407.5a 8.1 4.93a 0.03
0.5-g pellet 98.2a 0.3 392.6a 14.4 5.16b 0.07
1.5-g pellet 95.6b 0.9 334.3b 19.9 5.44c 0.08
LSD® 0.8 17.6 0.07

*  Average of threereplicationsin all treatments

T Standard deviation

Treatment means in the same column, followed by the same letter are not
significantly different at a =0.1.

8 Fisher’s Least Significant Difference

The rate of urea hydrolysis of the 0.5-g pellet (SSA of 6.3 cm?/g) did not differ
significantly from that of granules with a much higher SSA (19.6 cm?/g). Hence, it was
likely that the reduction in SSA in the 0.5-g pellet compared to granules was not
adequate to reduce the rate of urea hydrolysis over a 7-d period. It was likely that if the
urea analysis had been performed at a shorter interval, say 2 d, the rates of urea
hydrolysis of 0.5-g pellets and granules could have been significantly different.
Further, spreading out the 0.5-g pellets at 6-cm intervals could have accelerated urea
hydrolysis. In 7 d, more than 95% urea had been hydrolyzed in all three treatments;
rapid urea hydrolysis observed in this study agreed with the conclusions of Singh and
Beauchamp (1987).

Urea hydrolyzes when it is available in the dissolved form to the soil enzyme
urease. Even when urea is available in soil in dissolved form, high urea concentrations
in soil solutions can be detrimental to urease activity. Irrespective of soil type, ureain
excess of half-saturation in soil solution resulted in total urease inhibition while even

one-quarter saturation significantly retarded urease activity (Wetselaar, 1985). Slower
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dissolution of the 1.5-g pellet, as compared to the granules and 0.5-g pellets, resulted in
reduced availability of dissolved urea for hydrolysis. Further, higher concentration of
dissolved ureain the vicinity of the 1.5-g pellets could have retarded urease activity to a
greater degree than in the other treatments.
2. Null Hypothes's: Rate of urea hydrolysis (percent urea hydrolyzed in 7 d) is
unaffected by the urea form (1.5-g pellet and granules).
Alternative Hypothesis: Rate of urea hydrolysisis higher in granules than
in 1.5-g pellets.

Since the data set was normally distributed, Student t-test was applied to the two
treatments. Null Hypothesis 2 was rejected (p < 0.01, equal variance); hence, granules
had a significantly higher rate of urea hydrolysis than the 1.5-g pellet. Retardation in
urea hydrolysis rate in 1.5-g pellets versus granules was likely due to the reasons
discussed under Hypothesis 1.

Nitrification

All six batches were analyzed for NO3;-N using the procedure described in Sec.
3.3.3. Soil NO3-N concentrations for all four treatments are presented in table 4.15.
Apparent nitrification in the fertilizer treatment was calculated by subtracting the
average NOz-N concentration in the control treatment from the fertilizer treatment.
The plot of apparent nitrification rate (percent urea nitrified over time) is presented in
figure 4.15.

Apparent nitrification rates in all treatments were comparable at the first sampling
event, perhaps due to the rapid dissolution of pellet edges resulting in rapid nitrification.
Apparent nitrification rates of all fertilizer treatments increased approximately linearly
up to the fourth sampling event (35 d). However, at the fifth sampling event (49 d),
NO3-N recovery declined in all fertilizer treatments while it registered a gradual
increase in the control treatment (table 4.15). Since the reason for decline in NO3™-N
recovery was unclear, the soil samples for this batch were reanalyzed. The reanalysis

confirmed the original results.
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Table 4.15.

Nitrate-N concentration in the different treatments at the six
sampling events

Sampling NOs-N recovery (ng-N/g-soil)
event Control Granules 0.5-g pellet 1.5-g pellet
Mean* SD Mean SD Mean SD Mean SD
7d 32.2 1.4 47.3 2.7 44.8 3.4 38.5 19
14d 31.3 7.1 121.7 5.8 124.7 3.6 83.2 0.5
21d 39.2 0.5 210.6 0.8 192.5 37.6 178.9 8.5
35d 45.8 19 407.4 7.8 392.8 14.4 333.8 19.9
49d 54.7 3.0 291.0 2.6 290.4 55 284.6 18
63d 52.1 3.7 366.5 125 361.1 6.4 357.6 10.3

*  Average of threereplications

Urea nitrifed (%
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Figure4.15. Apparent nitrification of urea pellets (0.5 and 1.5 g) and granules

during incubation. Each data point is the average of three
replications. For each treatment, the data points are connected by a
line to indicate the apparent nitrification trend. No samples were
collected at 28, 42, and 56 d.

The possibility of poor NOs-N recovery in the fifth batch due to substantial

immobilization of applied-N by OM was ruled out since it occurred late in the study (R.
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Reneau, personal communication, Blacksburg, Va., 15 March 1998). The possibility of
significant NH4"-N fixation was also considered since the Ross soil contains NH4*-N
fixing clay minerals, as discussed earlier. Since the soil was continuously maintained at
a constant 6, of 31.4% and since NH4"-N fixation increases with drying (Bohn et al.,
1985), NH;-N fixation was probably not substantial. Further, it was unlikely that
NH,"-N fixation could have occurred on such a large scale so late in the study (R.
Reneau, personal communication, Blacksburg, Va., 15 March 1998). However, it was
likely that applied-N immobilization by OM and NH,4" fixation by the soil clay fraction
partly affected applied-N recovery.

A likely explanation for the low NOs-N recovery in the fifth batch was
denitrification. It was likely that moisture evaporated from the soil surface condensing
on the inside of the container lid and dripping back to the soil surface created a
localized wet layer with anaerobic sites resulting in denitrification (R. Reneau, personal
communication, Blacksburg, Va., 15 March 1998). Since denitrification increases with
NOs-N concentration (Tisdale et al., 1993) and the fertilizer treatments contained at
least five times more NOs-N than control, conditions were favorable for denitrification
(table 4.13). However, given the excellent forced convection in the environmental
chamber through the floor (the incubation pots were placed on the floor), it was unclear
how denitrification could have occurred on such a large scale.

With the last batch of samples (63 d), NOs-N recovery showed a dlight
improvement over the fifth batch of samples (49 d). The apparent NOs-N recovery (or
urea-N nitrified) at the last sampling event (63 d) for the granule, 0.5-g pellet, and 1.5-g
pellet were 45.8, 45.0, and 44.5% of the urea-N applied, respectively. Over the long
term, nitrification rate would not likely be affected by size or form of urea. However,
given the decline in NO3™-N recovery at 49 and 63 d in comparison to 35 d, it was
unclear at what stage the urea particle size effects on apparent NOz-N recovery would
cease.

Since greater NO3-N recovery in one treatment versus another is indicative of a
reduced nitrification rate, inferences regarding the impact of urea size and form on
nitrification rate were based on NOs;-N recovery. Comparisons were made at 35 d
since the overall NO3;™-N recovery was highest (48.4% in granules) at 35 d. Since the
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NO3z-N components from the fertilizer and background sources could not be separated,
the amount of NO3™-N recovered was used to compare treatments with respect to their
nitrification rates.
3. Null Hypothesis: Nitrification rate (amount of NO3-N recovered after 35 d)
isunaffected by thetreatment applied.
Alternative Hypothesis: Nitrification rate is affected by the treatment
applied.

Since the combined data set for the fertilizer treatments was normally distributed,
ANOVA and Fisher's LSD were used to test the null hypothesis that the nitrification
rate was unaffected by the fertilizer treatment applied (table 4.14). The null hypothesis
was rejected (p < 0.01) indicating that a least one treatment differed from the other
treatments with regard to NO3-N recovery (or nitrification rate). Means comparison
using Fisher’s LSD indicated that while the 1.5-g pellets had significantly lower NOs-N
recovery than 0.5-g pellets and granules, the 0.5-g pellets and granules were not
significantly different.

Retardation in urea hydrolysis possibly retarded nitrification in the 1.5-g pellets as
compared with the other fertilizer trestments. More importantly, higher concentration
of NH4"-N and, possibly, NHj3, in the vicinity of the 1.5-g pellet (as compared to the two
other fertilizer treatments) likely inhibited nitrification. Wetselaar (1985) reported that
high concentration of NH;*-N and smaller amounts of NH3 proved toxic to nitrifying
bacteria resulting in reduced nitrification. Based on observations during sampling
(stronger NH3 smell from the 1.5-g pellet), there was evidence of higher NH3
concentrations in the 1.5-g pellets than in the other fertilizer treatments. Compared to
granules, higher pH in pellets (see following discussion on pH) provided indirect
evidence of higher NH3 concentrations since NHs/NH,4" ratio increases with pH (Tisdale
et a., 1993).

4. Null Hypothesis: Nitrification rate (amount of NO3-N recovered after 35 d)
isunaffected by theureaform (1.5-g pellets and granules).
Alternative Hypothesis: Nitrification rate is higher in granulesthan in 1.5-g
pellets.
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Since the data set was normally distributed, Student t-test was used to compare the

nitrification rates of 1.5-g pellets and granules at 35 d. Null Hypothesis 4 was rejected

(p < 0.01, equa variance) indicating that the nitrification rate in granules was

significantly higher than 1.5-g pellets. The likely reasons for the lower nitrification rate

in 1.5-g pellets compared to granules are discussed under Hypothesis 3.

pH

Change in soil pH was monitored for al treastments since nitrification, an acid-

forming process, is accompanied by adecline in pH. Measured pH values over time are
plotted for al trestments in figure 4.16.
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Figure4.16. Effect of urea pellet (0.5 and 1.5 g) and granule treatments on pH

during incubation. Each data point is the average of three
replications. The control treatment was included to indicate change
in background pH level. For each treatment, the data points are
connected by a line to indicate the trend in pH. No samples were
collected at 28, 42, and 56 days.

Higher pH values were consistently observed in the 1.5-g pellet treatment compared

to the other fertilizer treatments. Generally, the 0.5-g pellet and granules had very close

pH values except at 35 d. As expected, decline in pH over time provided evidence of
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continuing nitrification, unlike NO3-N recovery that declined after 35 d. As with the

nitrification hypotheses, it had been intended to compare pH among treatments for the

last batch (63 d) or the batch with the highest NO3-N recovery. Accordingly, the pH

hypotheses were tested using data for the 35-d sampling event.

5. Null Hypothesis. pH isunaffected by thefertilizer treatment applied.
Alternative Hypothesis: pH is affected by the fertilizer treatment applied.

The null hypothesis was tested using ANOV A and Fisher’s LSD (table 4.14) for the
pH data for the fertilizer treatments obtained at 35 d. The null hypothesis was rejected
(p < 0.01) indicating thet at least one treatment differed from the other two with respect
to pH. The Fisher's LSD results indicated that all fertilizer treatments differed
significantly from one another with pH decreasing with an increase in SSA. More rapid
nitrification in smaller urea particles (higher SSA) caused more acid formation,
resulting in a decline in pH (Tisdale et al., 1993) compared with larger urea particles
(lower SSA). Unlike the urea hydrolysis and nitrification results, pH values of the
granules, 0.5-g pellets, and 1.5-g pellets were significantly different. Higher pH in the
0.5-g pellet as compared to granules provided some evidence that nitrification was
faster in granules. However, the difference in nitrification rate between 0.5-g pellet and
granules was not large enough to be detected.

6. Null Hypothesis: pH is unaffected by the urea form (1.5-g pellets and
granules).
Alternative Hypothesis: pH islower in granulesthan in 1.5-g pellets.

Student t-test was used to compare the pH at 35 d in granules versus 1.5-g pellets.
Since the null hypothesis was rejected (p < 0.01, equal variance), the granules had a
significantly lower pH than 1.5-g pellets. As discussed in Hypothesis 5, more rapid
nitrification in granules resulted in more acid formation lowering pH values compared
to 1.5-g pellets. Higher pH in the 1.5-g pellet treatment as compared with the other
fertilizer treatments lead to more of the ammoniacal-N remaining as NH3 (Tisdale et al.,

1993) causing greater nitrifier inhibition, potentially resulting in slower nitrification.
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Discussion: incubation study

Results of the incubation study indicated that the reduction in nitrification rate was
probably more important than urease inhibition in reducing NO3-N availability from
pellets compared to granules. While urea hydrolysis was significantly faster in granules
than 1.5-g pellets at 7 d, the actual difference was only 3.1%. Urea hydrolysis was
slower in 1.5-g pellets than granules due to higher urea concentrations in the vicinity of
urea application, resulting in greater urease inhibition (Wetselaar, 1985). However,
apparent nitrification was 22% faster in granules than 1.5-g pellets 35 d after start of
incubation (table 4.14). Although urea hydrolysis was rapid, nitrification was slower as
indicated by NOs-N recovery as well as pH data (table 4.12). The combination of
higher NH,4"-N concentration and higher NHa/NH,*-N ratio in 1.5-g pellets as compared
to the other fertilizer treatments, caused greater nitrifier inhibition, resulting in slower
nitrification. Compared to granules, 1.5-g pellets had a smaller amount of applied-N as
NO3-N; hence, leaching and denitrification losses could be lower from 1.5-g pellets

than granules.

4.2.3. Leaching Column Study

The leaching column study was performed to study the impact of urea form on NO3
-N leaching in the laboratory using both leachate and soil samples. The leachate and
soil samples are discussed separately.
L eachate samples

Nitrate-N concentration in leachate from the different treatments was determined
over the study duration to investigate both the amount and trend. Time series of NO3-N
concentrations in the different treatments are compared in figure 4.17.

During the first two leaching events, the control treatment gave the highest NO3-N
concentrations followed closely by pellets and granules. Even during the third leaching
event, the control treatment gave comparatively high NO3-N concentration. High NO3
-N concentrations in the initial stage in all treatments were likely due to background
NOs-N leaching as the air-dried soil packed into the leaching columns had 25 and 5.3
ug-N/g-oven dry soil as NOs™ and NH,", respectively. Such high variability in NOz-N

concentration especialy in the first leaching event was unexpected (fig. 4.17).
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Beginning with the fourth leaching event (fig. 4.17), it was unclear why the pellet
and control treatments declined to almost negligible NO3™-N levels while the granule
treatment showed a slow and steady rise. Calculated as the average of all leaching
events, the mean NOz™-N concentrations for the control, pellet, and granule treatments
were 6.7, 6.6, and 6.6 mg/L, respectively. Comparable NO3z-N concentrations among
the treatments provided further indication that most N in the leachate did not come from
applied-N.

Soil samples

Soil residual inorganic-N (NOs-N and NH,4™-N) for the three treatments at different
layers as well as for the entire column were compared (fig. 4.18). The fertilizer
treatments contained substantially larger amounts of inorganic-N than the control
treatment in the top-third layer and in the entire column. The differences in inorganic-N

amounts in the middle-third and bottom-third layers between the fertilizer and control
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treatments were substantially lower than in the top-third of the leaching columns.
Inorganic-N concentrations were comparable between the pellet and granule treatments.
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Figure4.18. Soil inorganic-N for the different treatments shown by layer and for
the entire leaching column. Treatment means (¢ for control; A for
granules; « for pellets) represent the average of three replications,
dashes show the high and low values.

1. Null Hypothesis: Inorganic-N concentration is unaffected by the treatment
applied.
Alternative Hypothesis: Inorganic-N concentration is affected by the
treatment applied.

Since the data were normally distributed, Hypothesis 1 was tested using ANOVA.
Null Hypothesis 1 was rejected for the top-third (p < 0.01) as well as for the entire
column (p < 0.01), indicating that at least one treatment had lower inorganic-N
concentration in the top-third of the column as well as in the entire column. However,

there was no evidence that the treatments were different in terms of inorganic-N
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concentrations in the middle-third (p = 0.30) and bottom-third (p = 0.41) portions of the
leaching column. Hence, Hypothesis 2 was tested for the top-third of the leaching
column as well as for the entire column.
2. Null Hypothesis: Inorganic-N concentration is unaffected by the fertilizer
treatment applied.
Alternative Hypothesis: Inorganic-N concentration is higher in the pellet
treatment than granules.

The Student t-test was applied to the pellet and granule treatments after confirming
the normality of the data sets on the top layer and entire column (data for all three layers
as well as the entire column for the pellet and granule treatments were used to test for
normality). The evidence failed to reject Null Hypothesis 2 for both the top-third (p =
0.5) as well as the entire column (p = 0.48) for the top layer, indicating that the fertilizer
form did not affect inorganic-N in the top layer. It is clear from figure 4.18 that a
substantial portion of the applied-N remained confined to the top-third of the leaching
column in both the pellet and granule treatments.

Discussion: leaching column study

Residual inorganic-N analysis indicated that irrespective of the fertilizer form, the
applied fertilizer remained largely confined to the top-third of the soil column. An
attempt was made to account for all applied-N in both fertilizer treatments by estimating
the contribution of applied-N to the total residual inorganic-N. Based on the residual
inorganic-N status of the control treatment (mean of three replications), the apparent
residual inorganic-N concentrations were calculated for all layers as well as the entire
column for both pellets and granules. Of the 2.07 g-N (as urea), 0.9 g of applied-N was
estimated to be present in the top-third of the column in both treatments. In the lower
two-thirds of the column, 0.16 and 0.15 g of applied-N remained in the pellet and
granule treatments, respectively. Hence, 1.01 and 1.02 g of applied-N could not be
accounted for in the pellet and granule treatments, respectively.

It was unlikely that a major portion of the unaccounted, applied-N had been lost
through leaching since leachate from all three treatments gave nearly equal mean NO;3™-

N concentrations. Even though leachate amounts were not measured, given that equal
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amounts of water were applied to al the columns, it was unlikely that NO3™-N loadings
varied with treatment. Apart from inorganic-N as NOz and NH,", the soil samples were
also analyzed for total-N. Given the large background total-N concentration of 0.14%
(1400 pg-N/g-oven dry soil) versus only 81 pug-N/g-oven dry soil applied as urea, it was
unclear if the applied-N had been immobilized by organic matter. However, since both
fertilizer treatments had 0.14% total-N at the end of the experiment, equal to the initial
total-N, it was unlikely that this N-loss pathway affected the two urea forms differently.
Given the continuously wet conditions, it was unlikely that N loss through NH4"
fixation was a mgjor N-loss pathway (Bohn et al., 1985).

The likely major N-loss pathway was denitrification. Since the soil packed into the
leaching columns had a high carbon content (4.6%), it likely contained abundant water-
soluble organic carbon. High water-soluble organic carbon content, combined with
highly moist conditions (resulting in anoxic conditions) can result in denitrification
(Tisdale et al., 1993). The Ross soil is medium-textured (loam) and has only moderate
permeability (SCS, 1985). When air-dried and sieved soil was packed into the leaching
column at field py,, the permeability of the soil could have been greatly diminished as
compared to the field soil in the absence of root and worm holes resulting in slow
drainage and possibly, anoxic conditions. Use of air-dried soil in the leaching columns
further increased the denitrification rate when anoxic conditions developed (Tisdale et
al., 1993). Nitrification was probably inhibited by high NH,;*-N concentration (NH,'-
N/total inorganic-N in control, pellet, and granule treatments were 82.4, 97.4, and
98.6%, respectively, more than 2 months after N application) and high moisture content
(Tisdale et al., 1993). Hence, denitrification was likely to have been rapid.

Denitrification could have been minimized by improving drainage in the leaching
column. Drainage could have been improved by applying suction at the base of the soil
column to accelerate percolation; the single tension lysimeter was inadequate in
draining the soil column. Operating the leaching columns at a lower soil moisture
content would have possibly reduced denitrification. Percolation could also have been

improved by using a mixture of native soil and sand.

Results and Discussion 155



5. MATHEMATICAL MODELING

Objective 3 of the study was to improve management of subsurface-applied urea-N
as pellets or granules through the development of a mathematical model to smulate the
fate of band-applied urea-N. The developed model simulated the fate of applied urea-N
only. The model utilized data from the laboratory experiments (described in Chapters 3
and 4) and was tested using the field data (described in Chapters 3 and 4). Model
development, model evaluation, sensitivity analyses, and model summary are presented
in separate sections in this chapter.

5.1. Model Development

Objective 3: Improve computer-based tools for better management of subsurface-
applied urea-N.

To achieve Objective 3, a mathematical model was developed to simulate the fate
and movement of subsurface-banded urea-N. The model is comprised of a one-
dimensional (1-D) moisture redistribution sub-model and a two-dimensional (2-D) N
sub-model. The moisture sub-model provides moisture flux (g) and volumetric
moisture content (0) as inputs to the N sub-model for simulating the fate of applied
urea-N. Results obtained from the dissolution study in the laboratory were used as
input parameters in the model. Model outputs were compared with data from the field
experiment data.

The model flowchart is presented in figure 5.1. The physically-based, lumped
parameter model was designed for field-scale application to simulate N fate in
subsurface-banded urea-N. Other important model features are listed below.

1. The model domain isthe root depth x crop row space.

2. The model uses a variable time step (10° to 1 h) with the smaller time step being
applied to infiltration conditions.

3. Moisture redistribution in the soil profile is simulated using a numerical
approximation (finite difference) of the Richards (1931) equation.
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Figure5.1. Flowchart of two-dimensional nitrogen model
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4. Actual crop transpiration is estimated as a function of reference evapotranspiration,
soil moisture content, and root depth.

5. The model does not simulate surface runoff; moisture that does not infiltrate into the
soil isignored.

6. The N sub-model uses a numerical approximation (finite difference) of the
convective-dispersion equation (CDE) applied in 2-D to subsurface-banded urea-N.
Dissolution and movement of dissolved urea, urea hydrolysis, and nitrification are
simulated. Substrate concentration effects on N transformation orders and rates are
taken into account.

7. Nitrogen removal by plants and NO3-N leaching from the root zone are simulated.
Other N-loss pathways (ammonia volatilization, N loss in surface runoff, inorganic-
N immobilization by organic matter, and NH," immobilization by clay) are not
simulated.

8. The model has been designed to smulate N fate in a corn-fallow rotation; however,

the model can be readily modified to simulate other crop rotations.

5.1.1. Moisture Redistribution Sub-model

The moisture redistribution sub-model uses a finite difference approximation of the
Richards equation to simulate moisture redistribution in the root zone in the vertical
direction. Components of the hydrologic cycle that are simulated include infiltration
through the soil surface, soil surface evaporation, crop transpiration, and percolation
from the root zone. Surface runoff routing is not simulated. The sub-model outputs are
moisture flux, 6, and transpiration values, which are supplied to the N sub-model as

inputs.

Governing Equation

Richards (Richards, 1931) combined the conservation of mass relationship (Eg. [5-
1]) with Darcy’s Law (Eq. [5-2]) to obtain a partial differential equation (PDE) of the
parabolic type (Remson et al., 1971). The resulting equation used in simulating
moisture redistribution in the soil profile in this model, is known as the Richards
equation (Eq. [5-3]).
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e [5-1]
q=-k2 [5-2]

oh o h i
by = ﬁqh)él;—z 1%T(z, h, t) [5-3]

where,

0 = volumetric moisture content (mL/cm?),

t =time (h),

g = moisture flux in the z direction (cnm/h)

z = distance above the datum plane or the elevation head, positive downward (cm),

K = hydraulic conductivity (cm/h),

H = hydraulic head (cm) = h—z,

h = pressure head, unsaturated values being negative (cm),

C = soil water capacity = 96/0h (cm™), and

T = transpiration (c®HGm).

Transpiration is applied as a sink term to the Richards' equation (Eq. [5-3]). The
hydraulic head, H, takes into account gravitational, capillary, and osmotic forces that
govern the energy status of soil water. However, in this model, since the osmotic
component is disregarded, H only accounts for gravitational and capillary forces.

While the right side of Eq. [5-1] is expressed in terms of 6, the right side of Eq. [5-
3] is expressed in terms of h since h values can be calculated for points in the soil
profile for known 6 values, assuming a unique 6-h relationship, i.e., for non-hysteretical
soils. The 6-based equation cannot be used for saturated conditions, since the diffusivity
term D (K/C) approaches infinity as 6 approaches saturation (Skaggs and Khaleel,
1982). Hence, the h-based form that is applicable to both saturated and unsaturated
conditions was used. If the h values due to capillary forces are known at the initial
conditions in the soil profile, Eg. [5-3] can be used to calculate h values at any desired
time. In addition, the model requires K-h-8 and C-h-8 relationships which are discussed

in the following sections.

Mathematical Modeling 159



K -h-0 relationships

For every time step, K values are required and estimated from h (provided the h(8)
relationship is well-described and unique) using semi-empirical methods. A soil
displaying non-unique h(B) relationship is hysteretical in nature, and will need separate
K(h) relationships depending on whether the soil is wetting or drying. Such K(h)
methods involve the combination of theoretical pore-size distribution models and soil
moisture characteristic curve or desorption curve data (de Jong, 1993) to predict K. A
simple and widely used equation suggested by Campbell (1974) is:

KzKﬁh—eBM/b [5-4]

Oh O

where he is the air-entry value (L) and b is the slope of the log (h) versus log ()
expressed as a positive number. Campbell (1974) reported that Eq. [5-4] did not give
valid estimates of K when the plot of the log (h) vs. log (8) was not a graight line.
Hence at high moisture content values, the accuracy of K estimation could be adversely
affected (Campbell, 1974). Further, Eq. [5-4] is highly sensitive to he, a parameter that
is difficult to estimate with accuracy.

Hence, the method developed by van Genuchten (1980) was evaluated for
estimating K from h. van Genuchten applied the empirical S-shaped moisture retention
function to the pore distribution theory suggested by Mualem (1976). Durner (1992)
reported that the Mualem-van Genuchten method was the most popular method since it
successfully described water retention and K characteristics. The K-h relationship is
(van Genuchten, 1980):

0o 1 1 O
K(h)=Kg+0' {°——dz / [——d 5-5
A TN 155
where the dimensionless moisture content (relative saturation) is given as:
0= [5-6]
8,-6,

In EQ. [5-5], the dimensionless parameter, L, though soil-specific, is estimated to be
0.5 for awide range of soils (de Jong, 1993). In Eq. [5-6], 6; isthe 8 corresponding to a
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very low though finite h value (van Genuchten et al., 1991) and 65 is saturation 8. van
Genuchten (1980) proposed the following ©(h) relationship:

1

o=—"
(L+oh ™)™

[5-7]

where a is the absolute inverse of the air entry value (cm™), and m and n are constants
(dimensionless) that affect the shape of the h(B) relationship. To reduce the number of
parameters to be estimated, van Genuchten (1980) assumed that m was a function of n.
The simplified method wherein m = 1-1/n was adequate for 1.25 < n < 6 in
approximating K values reasonably well (van Genuchten and Nielsen, 1985); however,
the full model (where m and n are independent) estimated K(h) better for a wide range
of soils.

Using Equations [5-5]-[5-7], a smplified expression relating K with Kg and h
modified from the van Genuchten method is:

i - o

K(h):KS m(L+2)

[5-8]

1+ [ahf
where L is the pore-connectivity parameter. Inthis study, the software RETC.FOR (van
Genuchten et a., 1991) which uses the Mualem-van Genuchten method discussed
above, was used to edimate 6;, a, m, n, and L using non-linear least squares
optimization. Using the parameters 6,, a, m, n, and L estimated using RETC.FOR and
measured B, for known values of h, 8 was estimated with the following relationship in
the model:

0=6,+ (85-6,) [5-9]
(L+oh ™)™

Equation [5-9] was obtained by combining Equations [5-6] and [5-7]. Equation [5-
9] was modified to calculate h for known values of 8 (Eg. [5-10]):

s _er %/m _1H/n

[5-10]
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C-h-0 relationship
Soil water capacity (C) is the slope of the h-0 relationship; however, given the non-
linearity of the h-0 relationship requires that C be evaluated at every combination of h
and 8. Hence, C can be written as follows:
c:igar . (8s-60) B [5-11]
5" @an™™E

It may be noted that when 6 reaches saturation, C becomes zero and since the right
hand side of Eq. [5-3] is divided by C, h becomes indeterminate. Hence, a non-zero
value of C was calculated based on a very small positive value of h (Section 5.2).

Based on the differentiation of Eq. [5-11], the C(h) relationship can be rewritten as:
oo~ Onth (8, -8,)(1+ b ™ (b ")

[5-12]
(1+|ah/™)?™

Application of thefinite difference method to Richards equation

In order to be applicable to a wide range of boundary conditions, a numerical
approximation, in the form of a finite difference (FD) or finite element method (FEM),
is applied to the Richards’ equation since analytical solutions exist only for restrictive
initial and boundary conditions. The application of the finite element method (FEM)
would have been desirable if the flow domain had been complicated. However, since
the model simulates moisture redistribution in 1-D, in a rectangular domain, the simpler
FD method was used. Application of the FD scheme to the Richards equation involves
discretizing the equation in both time and space domains as discussed below.

Discretization of the time domain

Discretization of the time domain requires the FD form of the Richards’ equation to
be solved in small time steps (At) and the addition of all the time steps sums up to the
simulation period. Different discretization schemes of the time domain to obtain FD
approximations to Eq. [5-3] were considered. The discretization schemes are discussed
in detail, for example, in Remson et al. (1971). The explicit (forward difference)
scheme, though simple, was discarded due to stability and convergence problems
(Skaggs and Khaleel, 1982). The Crank-Nicolson (C-N) (central difference) scheme

Mathematical Modeling 162



with reduced truncation error of O((At)®> + (Az)?) allows for more rapid convergence
compared to the explicit scheme with a greater truncation error of O((At) + (Az)?)
(Remson et al., 1971). Further, the C-N scheme is unconditionally stable. However,
the resulting FD equations are difficult to linearize, and thus, difficult to solve (Remson
et a., 1971). Finite difference equations can also be quasi-linearized using the
Kirchhoff transformation, however, Haverkamp et al. (1977) reported that the Kirchhoff
transformation integral changed too drastically with time during infiltration resulting in
decreased accuracy of prediction compared to the implicit scheme discussed below.

A third discretization scheme is the implicit method (backward difference scheme).
Even though the implicit method has the same truncation error as the explicit method, it
is stable (Remson et al., 1971). More importantly, the resulting set of FD equations can
be linearized by applying an efficient linearization technique (Remson et al., 1971).
Hence, the implicit scheme was used for discretization of the time domain in this model.
The method of selection of At and the application of the implicit scheme to the
Richard’s equation are presented later.

Discretization of the space domain

The soil profile was discretized into thin layers (depth increment, Az) separated by
nodes and the h, C, and K values were estimated for each time increment (At) for all
depth increments before proceeding to the next time step. The discretization of the
modeling domain, as applied to the 2-D situation is shown in figure 5.2. Discretization
along the y-axis was achieved by dividing the distance between the crop rows into
segments spaced at equal distance, Ay. In this model, Az and Ay were kept equal. The
discretization along the y-axis does not apply to the 1-D moisture model. Placement of
the first node (i = 1) in the z-axis Az/2 below the soil surface permitted the application
of Darcy’s Law to the first node since Darcy’s Law does not apply to the node in the
air-soil interface. Hence, the bottom node (i = L) was located Az/2 above the root zone
boundary.

The central difference operator was applied to the space domain in the Richards
equation, i.e., h values at the nodes above and below the node of interest are considered.
The backward difference operator (i and i-1) and the forward difference operator (i+1

and i) were the other possible alternatives. However, since the backward difference
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operator is more appropriate for percolation and the forward difference operator is more
appropriate for evaporation, the central difference operator represents a compromise
that works under both percolation and evaporation conditions. Selection of Az and Ay

is presented later.

Crop row along X-axis

(perpendicul ar to plane of paper)
v Soil surface

Az/2 . .
(i,j+1) () s
Y e . oD
X
Az
(i+1, j+1) (i+1,)) (i+1,j-1)
v * * *
Ay

v
z

Figure5.2. Discretization of the 2-D domain

The possibility of applying a two-dimensional FD method was explored for the
moisture sub-model. At greater soil depths (say, at 1 m), corn roots are not as evenly
distributed in the soil layer as in the top 30-cm. Hence, there could be an advantage in
modeling moisture movement in 2-D (laterally toward the roots as well as vertically).
Such a model could simulate transpiration more accurately if accurate root distribution
information were available. However, due to the lack of reliable root distribution data

at lower depths, aone-dimensional FD method was used.

Linearization and solution of FD equations

When finite differencing is applied to the non-linear and parabolic Richards
equation, the resulting set of non-linear algebraic equations are difficult to solve. Such

non-linear equations can be linearized using one of various linearization techniques,
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such as, predictor-corrector, iteration, and extrapolation (Remson et al., 1971). For the
1-D problem in question, Remson et al. (1971) reported that the Douglas-Jones (D-J)
predictor-corrector technique, also known as the implicit linearization technique
(Haverkamp et al., 1977), was perhaps the best method. The explicit linearization
technique, though simpler to program, was less accurate than D-J predictor-corrector
(Haverkamp et al., 1977). Accordingly, the D-J predictor-corrector was used in this
model to linearize the finite difference equations.

The D-J predictor-corrector requires the FD equations for the entire depth of interest
to be solved twice for atime step. For the first half of the time step (t + At/2), predictor
equations are solved to obtain values of h; using h values at t + At/2, values of K, C, and
T are calculated. Predictor equations can be of the implicit (backward difference) or the
C-N (central difference) types. The comparative merits or demerits of the implicit
versus C-N predictor are unclear (Remson et al., 1971; Haverkamp et al., 1977; Douglas
and Jones, 1963). Since the programming for the C-N type is more involved (Douglas
and Jones, 1963), the simpler implicit form of the predictor equation was applied in this
model as was done by Haverkamp et a. (1977). For the second half of the time step,
the corrector equations (C-N type) were solved (using the C and K values obtained from
the predictor equations) to evaluate the pressure distribution. Equation [5-3] is
expressed in the D-J predictor-corrector in the following sections.

Both iterative and direct methods for solving a set of linear algebraic equations were
considered.  Iterative methods such as the Jacobi iteration, Gauss-Seidel, and
Successive Over Relaxation (SOR) are desirable for solving elliptic equations while
direct methods are preferred for parabolic equations such as the Richards equation
(Remson et al., 1971). Among the direct methods, the most popular method uses the
Thomas algorithm for solving a set of tridiagonal equations (Haverkamp et al., 1977;
Feddes et al., 1978; Remson et al., 1971). Since the D-J predictor-corrector results in
tridiagonal equations, the Thomas algorithm is particularly suited for this situation and
was used in this model.
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Finite difference equation for the Richards equation (non-boundary node)

Due to the application of boundary conditions, different FD equations are required
for boundary and non-boundary nodes. For the non-boundary nodes2<i<L-1(i=1
and L are boundary nodes), the D-J predictor-corrector equations for time step k + 1 (k
=1, ..., N) aregiven below.

Predictor (for t + At/2 (k + %))
Ck H‘ikﬂ/z ‘h!( % Kik+1/2 Hhik:ll/z ‘hikﬂ/2 _1H
'H o ay2 Az H o Az H

_ Kik—llz Hhikﬂ/z ‘hik—Jrll/2 _1H_T_k
Az H Az H '

[5-13]

Since the values of C, K, T, and h were known at the previous time step (k), Eq. [5-
13] was used to calculate h values for all nodes at t + At/2 (k + %2) by solving the
predictor equations for all nodes. Using the h at the k + %2 time step, the values of C, K,
and T were calculated explicitly for the k + ¥ time step. The value of Ki.1,*¥? (K at
the internode between nodes i+1 and i), was calculated as the arithmetic mean of
Kis1<"Y2 and K{“*¥?, K values at the nodes i+1 and i. Hydraulic conductivity values at
the nodes were calculated using Eq. [5-8]. The value of C¥* Y2 was calculated using
Eq. [5-12]. The actual transpiration T was kept unchanged throughout the time step, as
is discussed later under evapotranspiration (ET).

Moisture flux values for the k + % time step at the internodes (qj:1.<™?
calculated by substituting Kis1,"¥?, hi“"Y2, and h**¥? in Darcy’s Law (Eq. [5-2]).
Similarly, using h***?, Y2 values were calculated using Eq. [5-9]. The calculated

) were

gi+v2"Y2 and 62 values were used as inputs to the first step of the two-step N sub-
model (Section 5.1.2). To solve the FD equations with the Thomas algorithm, Eqg. [5-
13] was rewritten as:
AM; hi2 +BM, ™2 +CM; ThiH? =KM, [5-14]

where,

AM; = sub-diagonal coefficient of the tridiagonal matrix = -K;.1,*/(Az)?,

BM; = diagonal coefficient of the tridiagonal matrix

= (2GMIAL) + (Kiyo® -Kis2)(AZ)?,
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CM; = super-diagonal coefficient of the tridiagonal matrix) = -Ki.1,*/(Az)? and

KM; = (2CKBMAL) + (Ki.a2® -Kira2)/(AZ)* -

When a set of linear equations for all the nodes in the modeling domain is solved
simultaneously with the Thomas alogrithm with known values of tridiagonal matrix

h*Y2 values are calculated for all nodes. Detailed information on the

coefficients,
Thomas algorithm was presented by Carnahan et a. (1969).

Corrector(for t + At (kj + 1))

The corrector equation (Eq. [5-15]) resembles the predictor equation except for the
use of the full time step and the updated C and K values:
crou2 =l B K2 his2 -niet2
H at Az H Az H
_ Kk_+ll/22 k+1/2 _ h!<_+11/2 _1El_ T_k

Az H Az H

[5-15]

However, the C-N scheme was implemented (as mentioned earlier) to modify the
corrector egquation as shown in Eq. [5-16]:
Ck+1IZHQ| i _hk |k++11//22 Pﬂ(h:(:ll + h|k+1)/2) _((hikJrl + hik)/z) _1H
H At Az H Az H
k+1/2 k+1 k+1 k
KIS/Z H((hf™ +h)/2) - ((hi +hi<y)/2) 1H_Tk

Az H Az H

From Eq. [5-16], h values at k + 1 time step were calculated by solving the corrector

[5-16]

equations for all nodes. As in the predictor step, h values at the k + 1 time step were
used to update C, K, g, and 0 values from the k + %2 time step to the k + 1 time step
while T was updated from the k time step to the k + 1 time step. The updated C, K, and
T values were used as inputs in the predictor equation in the next time step while g and
0 values were used as inputs to the second step of the N sub-model. Also, as discussed
later, q values were used in calculating the time step. In order for the set of corrector
FD equations to be solved using the Thomas algorithm, Eq. [5-16] was written in aform
similar to Eq. [5-14] with the pressure head values written at the k + 1 time step.
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Initial conditions
The initial volumetric moisture content (8) at each of the vertical nodes was
specified as:
6, =6/~ [5-17]

Boundary conditionsand FD equations for boundary nodes

Boundary conditions were specified for the top (i = 1) and bottom (i = L) nodes.
The surface boundary conditions accounted for precipitation and evaporation separately.
The boundary conditions and the concomitant FD equations are discussed below.

1. Soil surface
Precipitation condition

Under precipitation conditions, depending on precipitation and soil
characteristics, infiltration will be either flux- or profile-controlled. Hence, the
Neumann condition was applied to the soil surface which required the specification
of downward flux through the soil surface based on precipitation rate, soil moisture
conditions, and Ks at the soil surface. The Neumann condition specifies the values
of the normal gradient on the boundary (Press et al., 1989) either as flux or as dh/dz.
Reduction in infiltration through the soil surface due to surface sealing was not
considered. The following steps were implemented in calculating surface flux (gs)
and formulating the FD equation for the top node.

* If the top node was unsaturated, using Darcy’s Law, potential infiltration (igy)
through the soil surface was calculated as:

i =— (Kg + K1+1/2) EEPlﬂ/Z —hg _1E [5-18]
sur 2 0 Az C

where Ks is the saturated hydraulic conductivity at the soil surface, Ky.12 isthe
arithmetic mean of K; and K, hy+1/2 isthe arithmetic mean of h; and h,, and hsis
the saturation pressure head at the soil surface. It was assumed that under
precipitation conditions, the soil surface saturated instantly and, hence, had a
hydraulic conductivity value equal to Ks. If ig, Was greater than precipitation, gs
was set equal to precipitation rate; otherwise, gs was set equal to igy-
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» |If the top node was saturated, iy, Was set equal to Ks. If precipitation rate was
greater than ig, (Or Ks), gs Was set equal to ig,; otherwise, gs was set equal to the
precipitation rate.

Non-precipitation condition

As under precipitation, the Neumann condition was used as the surface
boundary condition for calculating the evaporative flux through the soil surface. The
following steps were implemented in calculating gs and formulating the FD equation
for the top node under evaporation conditions.

* Hourly potential evaporation rate (Eq) Was calculated using the Priestly-Taylor
method (Allen et al., 1990) which is discussed in detail in the evapotranspiration
section.

*  When moisture availability was limited, it was assumed that evaporative flux
was controlled by the moisture flux in the upper soil surface region. Hence,
when h; was lower than - 48 000.0 cm (van Bavel and Ahmed, 1976), gs was set
equal to gp+1/2 provided q+1/2 Was negative (i.e., moisture was moving upwards)
and the absolute value of gi.+1> was less than or equal to Ex. When moisture
availability was adequate, it was assumed that evaporative flux would solely be
controlled by environmental conditions. Hence, if h; was higher than - 48 000.0
cm, gs was set equal to —Ep.

* Hence, based on the surface boundary condition, for either precipitation or
evaporation, the conservation of mass relationship (Eq. [5-1]) was rewritten for
the top node as (Simunek et al., 1999):

00 _ _Qivgy2 ~0s [5-19]
ot Az

where the left side of the equation is identical to Eq. [5-13] for the predictor and
Eq. [5-16] for corrector in the FD form. Application of the FD scheme to the
right side of Eqg. [5-19] for both predictor and corrector followed logically since
O1+12 Was calculated by Darcy’s Law and gs was calculated as described above.
No transpiration component was applied to the top node since it was

assumed that root distribution would be scarce in the top layer. Equation [5-19]
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was written in the following form for the predictor to facilitate solution using the
Thomas algorithm:

BM, th¥*2 +CM, th¥;Y2 =KM, [5-20]
where the tridiagonal matrix coefficients were defined earlier. The corrector FD
equation was also written in a similar manner with the h values at the k + %2 time
step replaced by h values at the k + 1 time step.

2. Bottom of theroot zone
As at the surface, the Neumann condition was applied at the bottom of the root
zone (i = L). However, instead of specifying the bottom flux, it was assumed that
the hydrostatic pressure gradient (dh/dz) was zero. Accordingly, the FD equation
for the predictor was written as follows:

AM; h2 + BM; h¥™/2 =KM, [5-21]
where AM; and BM; are both equal to one and KM; is equal to zero. The
formulation of the corrector equation was also straightforward, with the h values at
the k + %2 time step replaced by h values at the k + 1 time step.

Evapotranspiration (ET)

In order to accurately simulate moisture movement, and hence solute transport, it is
important to estimate ET accurately since ET is usually the largest component of
moisture balance during the crop season. However, ET can be estimated more
accurately if the evaporation and transpiration components are estimated separately
since currently available ET models tend to underestimate evaporation under partial
canopy conditions (Farahani and Bausch, 1985).

As mentioned earlier, the potential evaporation rate (Eyy) Was estimated as upward
flux through the soil surface, and hence, was assumed to occur only through the top
node. Transpiration was applied by node and took into account not only atmospheric
factors but also soil moisture status and crop phenology. However, transpiration was
not calculated using the ‘extraction model’ approach used by Molz and Remson (1970);
rather, transpiration was applied as an abstraction in the Richards’ equation as done by
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Wagenet (1981). The following procedure was implemented in estimating crop ET and
separating the evaporation and transpiration components.
1. ReferenceET (Ey)

Reference ET is defined as the water loss based on atmospheric demand, when soil

moisture supply is not limiting from a reference crop that completely covers the ground
and is unaffected by disease or pest (Allen et a., 1990). Given the agroclimatic
conditions in Virginia, grass was used as the reference crop.

For estimation of E;, a physically-based combination equation was used.
Combination equations are the most accurate and portable of all ET estimation methods
since combination equations are based on physical laws and account for the maximum
number of variables that influence the process (Allen et al., 1990). A combination
equation applies a radiation balance plus aerodynamic approach for estimating E;. The
energy component is required to convert water to vapor; the wind component transports
the vapor. Among 19 ET edimation methods, the grass-based Penman-Monteith
method gave the most accurate estimations when compared with lysimeter data in a
wide range of climatic conditions (Allen et al., 1990). Unlike the older combination
equations (e.g., 1963 Penman), the Penman-Monteith method incorporates the
aerodynamic and surface resistances to sensible heat and vapor transfer (Allen et al.,
1990):

E, - |_A(Rn —G)+P €, ((?‘Z) -e, )/ ra]
A@+f)

[5-22]

where,
Ey = reference ET (mmv/d),
A = dope of the saturation vapor pressure-temperature curve (kPa/°C),
R, = net radiation (MJm?d™),
G = oil heat flux (MJIm?d™), sign of G is positive if warming,
p = air density (kg/m°),
C, = specific heat at constant pressure (kJKg'[IC™),
€°, = saturation vapor pressure of air at height z m (kPa),
€, = vapor pressure of air at height z m (kPa),

r, = aerodynamic resistance to sensible heat and vapor transfer (§m),
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A = latent heat of vaporization (2.47 MJkg),

y* =y(1+rdr),

y = psychrometric constant, and

r. = surface resistance to vapor transfer ('m).

Penman-Monteith E; was calculated on an hourly basis using the Reference
Evapotranspiration Calculator Ver. 2.0 (REF-ET) (Allen, 1990). Inputsto the REF-ET
model included hourly values of air temperature, relative humidity (RH), solar
radiation, precipitation, and wind speed. The hourly E; output was used as input in
moisture modeling.

Recent advancements in ET modeling include the introduction of combination
models that simulate ET within different layers of the canopy thus providing for better
accounting of energy and vapor transfer. Multi-layer models such as the Shuttleworth-
Wallace (2-layer) and Choudhary-Monteith (4-layer), though based on the Penman-
Monteith type equations are probably capable of better evaporation and transpiration
estimation than the parent models (Farahani and Bausch, 1995). Farahani and Bausch
(1995) reported that the Shuttleworth-Wallace model outperformed Penman-Monteith
on irrigated corn. Farahani and Bausch (1995) reported that evaporaion was
underestimated by Penman-Monteith under partial canopy conditions; the two models
performed satisfactorily under full canopy conditions. However, given the complexity
of the multi-layer models and lack of adequate testing, the multi-layer models were not
used.

2. Hourly potential crop ET (E)

Hourly potential crop ET (E) is ET from a crop that is well-supplied with moisture
and is under no disease or pest stress. Potential crop ET can be measured in lysimeter
studies. However, it is more common to estimate E;. using E; values by introducing an
empirical crop coefficient, K. = Ei/E,. For a specific crop, K. appliesto a given growth
stage and a specified soil moisture condition (Allen et al., 1990). Crop coefficient
values can be further refined to improve E;. estimates by accounting for available soil
moisture in the root zone and soil surface wetness (to adjust evaporation values) (Allen
et a., 1990). In this study, no adjustments were made to K. since Eq and T were
adjusted for soil moisture status, as discussed later.

Mathematical Modeling 172



3. Hourly potential evaporation (Eyy) and evaporative surface flux (qs)

Using air temperature and solar radiation as inputs, potential evaporation was
estimated with the Priestly-Taylor equation (Allen et al., 1990):

A
EIOOt :A+y(anns [5'23]

¢, =0.92+0.40(Rx/R},) [5-24]
where A and y are as defined earlier and Ry is the net radiation received on the soil
surface. The coefficient ¢, involves the ratio of Ry to R, net solar radiation received
on the earth’s surface. The net radiation, R, can be either measured directly using net
radiometers or estimated from solar radiation, Rs (Allen et al., 1990). A relationship for
estimating R, as a function of Rgis given in Section 5.2. The following expression from
Uchijima (1976) cited in Farahani and Bausch (1995) relates R, t0 Ry

R, =R, e A [5-25]
where C. is the extinction coefficient and LAI is the leaf area index. Leaf area index
increases with canopy development.

When E, Was greater than E;c or when the field was in fallow, Ep Was set equal to
Ei. Asdiscussed earlier in the section on boundary conditions, based on soil moisture
content, gs was calculated using Eyq.

4. Potential hourly transpiration (T p)

It was assumed that plants began to transpire 5 days after planting and stopped
transpiring a certain number of days after planting, depending on the length of the crop
season.  Hence, Tp Was set equal to zero outside of that time period. During the
transpiring period, Ty, Was calculated by subtracting the evaporative surface flux (gs)
from E.

5. Allocation of Tpu by node

It is well recognized that roots at all depths are not equally effective in extracting
moisture for transpiration; roots in the upper regions extract more water than deep roots.
Studies have indicated that crops extract 40, 30, 20, and 10% moisture from the first,
second, third, and last quarter, respectively, of the root zone (Danielson, 1967). In this
model, a modification of the so-called 40-30-20-10 rule was used in apportioning

transpiration in the root zone (fig. 5.3). Asindicated in figure 5.3, no transpiration was
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assumed to occur from the top node (i = 1). By dividing the length of the y-axis in
figure 5.3 into R-1 nodes, where R is the number of nodes in the root zone, the area
corresponding to that node as a fraction of the total area, gives the fraction of
transpiration assumed to occur through that node. The amount of potential transpiration
occurring through any node i (T o)) in mm/h, was expressed as:

(0.45R - 0.4i - 0.1)

Ty =T
Pot(i) = TPt "9 25(R - 1)(R - 2)

[5-26]

where 1 <i < R. Equation [5-26] was verified using a spreadsheet to ensure that T o)
for all layers added up to Tpy:.

M aximum extraction (45%) ]

yYy

Uppermost node ——»

R-1 transpiring
root nodes

Lowest node —¥p

t—>

Minimum extraction (5%)

Figure5.3. Moistureextraction as affected by the location of the node within the
root zone. ThereareR nodesin therootzone but thetop node (i = 1)
does not transpire. The maximum and minimum extraction
percentages are not the percentages of moisture extracted by the
uppermost and lowest nodes but the upper and lower integral limits.

6. Hourly actual transpiration by node (T au)

When soil moisture is not limiting, Taxg) Will be equal to Tpeg). However, under
limited moisture conditions, a modification of the sink term given by Feddes et al.
(1978) as used to explain the impact of soil pressure head on transpiration is given in
figure 5.4.
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Tactiy = T poti) 10
= - 0.75
a § = a(h) = T aeeiy/ T potciy
0 3 S —{ 0.50
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—_ [ (@]
& = £
< 3 =
0.0
1h oh sh

Decreasing pressure head (cm) ——p

Figure5.4. Changein actual transpiration with pressurehead. For nodei, T )
and Tpag are actual transpiration and potential transpiration,
respectively. The pressure heads at the anaerobic, limiting, and
wilting points are denoted by ;h, 7h, and sh, respectively (adapted
from Feddeset al., 1978).

Soil moisture content close to saturation will result in anaerobic soil conditions thus
denying oxygen to the roots to breathe (Feddes et al., 1978). However, since field soils
seldom reach saturation and saturation conditions persist for only short periods, it was
assumed there would be no reduction in transpiration under saturation conditions. In
the h range of 1h and ,h, transpiration was assumed to occur a the potential rate.
However, as shown in figure 5.4, under deficit soil moisture conditions, Tay) Was
reduced as compared to Ty and was calculated as (Feddes et a., 1978):

Tect(i) = Tpot(i % [5-27]
where 7h is the pressure head below which there is decline in the transpiration rate.
When h; has a value lower than sh, transpiration ceases. The values of ;h and zh are
dependent on crop phenology (Feddes et al., 1978). Feddes et al. (1978) suggested a
range of —500.0 to —1 000.0 cm for ,h and arange of —15 000.0 to —20 000.0 cm for 3h.

In this model, T for all nodes is set equal to zero during precipitation events.
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Calculation of percolation

Percolation through the root zone for any time step At is calculated by multiplying
flux at the mid-time step (q***2.) through the bottom node (i = L) by thetime step. The

lower boundary condition specifies that dh/dz is equal to zero; hence, g<**/?

L IS set equal
to K“Y2_. Percolation amounts at the individual time steps are summed to obtain

percolation during the simulation period.

Selection of thetimeincrement or time step (At)

Selection of At plays an important role in ensuring the stability of the finite
difference solution. Implicit time domain discretization methods as applied to linear
parabolic systems are always stable; however, the Richards' equation (Eg. [5-3]) is
highly nonlinear given the dependence of C and K not only on the independent
variables (t and z) but also on the dependent variable, h. Even though the results from
linear problems may be used as guidelines to nonlinear problems, frequently the
stability of the solution is determined through trial and error. One such procedure,
involving the use of an adjustment factor (¢) for calculating At used by Feddes et al.
(2978) is:.
¢z

Atk+l <
'

[5-28]

where,
At“** = time step for the new time increment,

¢  =time step adjustment factor (0.015-0.035), and
la

[< = absolute value of flux through the upper or lower boundary at the previous
time step.

In Eq. [5-28], lower values of ¢ are used for high infiltration conditions while higher
values are used for soil evaporation under extremely dry soil surface conditions.
Stability criteria or expressions for calculating At are usually analogous to Eq. [5-28]
with At increasing with Az and decreasing with increasing flux. However, in addition to
the stability problems associated with the nonlinearity of the Richards’ equation, while

the selection of At may result in a stable solution, mass balance accuracy may be
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unacceptable. A conservative approach using a very small At will result in
unacceptably high computing time, especialy if the simulation period is long.

Hence, in this study, using a fixed value of Az (the selection rationale for which is
discussed in the following section), the mass balance accuracy of a stable solution for
different combinations of At and q were determined. Unlike Eq. [5-28] where only the
boundary flux was considered, in this study, the maximum flux (upwards or
downwards) anywhere in the soil profile was considered to be the governing flux in

determining At. The mass balance error (&, %) was computed as.

L
ZAG—(% —ET-0y,)
=100-=

L
ZAG

1=1

[5-29]

E moist

where Z;-;"(A8) is the change in 8 (cm®) and gy IS percolation flux from the root zone
(cm®). Theterms gy, and ET are as defined earlier.

Using a maximum & of 0.2%, for different values of maximum flux, suitable values
of At were determined using trial and error. The following empirical relationship was
developed using the plot of maximum flux versus At:

At=0.000100 ;297 / 1 [5-30]
where gmax Was the maximum flux anywhere in the soil profile and t was the margin of
safety set equal to 1.25. By using different values of Az for different combinations of
Omex @Nd At, for a preset value of &, it is likely that arelationship analogousto Eq. [5-28]
will emerge. However, since the model aso has an N sub-model, the At value
calculated based on the moisture sub-model was compared with the At value based on
the N sub-model and the lower of the two At values was chosen. The criterion for
selecting At based on the N sub-model is presented in Section 5.1.2. Overall, At for the
model ranged between 10° and 1.00 h.

Selection of the space increment (Az or Ay)

Selection of Az is affected by factors such as degree of soil heterogeneity, desired

accuracy of the modeling results, and the available computing resources. By reducing
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Az, the discretization error can be reduced; however, computation time increases since
the number of both nodes and time steps increases (Press et al., 1989). To simulate
moisture redistribution in soil columns for a few hours, a small Az will be required.
However, in the field, the simulation time may run into months and such accuracy may
not be feasible to obtain; hence, a small Az may increase computation time without a
proportionate increase in accuracy. For example, while Haverkamp et al. (1977) kept
Az equal to 1 cm for alaboratory study, Short et al. (1995) kept Az equal to 16.7 cm for
afield study. For this study, Az and Ay were both kept equal to 1.25 cm. A choice of
1.25 cm as Az (or Ay) represented a reasonable compromise between accuracy and
simulation time. Selection of equal-sized increments in the z- and y-axes simplified the

modeling code.

5.1.2. Nitrogen Sub-model

The two-dimensional N sub-model simulates the fate of subsurface-banded N using
the convective-dispersive equation (CDE). Processes that are simulated include
dissolution of urea particles, urea hydrolysis, and nitrification. Crop N removal and
NOs; leaching from the root zone are estimated. In addition to the initial N
concentrations in the root zone, moisture redistribution model outputs (moisture flux, 6,

and transpiration) are applied as inputs to the N sub-model.

Governing equation

The CDE is used to simulate the fate of urea-N and its transformation products in
the 2-D N sub-model. The general form of the CDE applicable to all three N forms,
urea, NH;*, and NOg3’, iswritten as (Selim, 1994):

o6) ,  0S_ [Py a3,
———EL Zz 5-31
o o dy oz Q [5-31]
and

- -9 oc 5.3
Jy__(Dm+Dt)a_y+qu [ - ]

_ dc
J; __e(Dm +DI)E+qzC [5'33]
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where ¢ is N-form concentration in soil solution (mg/mL); py is soil bulk density
(g/em?); S is the amount of N-form adsorbed on the soil complex (mg/g-soil); J, and J,
are N-form fluxes in y and z-directions (mg/cm?R), respectively; and Q represents both
source (positive) and sink (negative) terms. The molecular diffusion coefficient for the
N-form is Dy, (cm?/h); D, and D, are dispersion coefficients for the soil in the transverse
and longitudinal directions (cm?/h), respectively; and gy and g, are moisture fluxes
along the y and z axes (cnm/h), respectively.
The dispersion coefficients are written as:

D, =\, [5-34]

D, =\, v, [5-35]
where A; and A, are dispersivities (cm) in the transverse and longitudinal directions,
respectively, and vy (=q,/6) and v, (=0./6) are pore velocities along the y and z axes.
Since the moisture redistribution sub-model is one-dimensional, moisture flux along the
y-axis is assumed to be zero. Consequently, Eq. [5-32] simplifies to the following

expression.
oc
Jy - _eDm E [5‘328]
The molecular diffusion coefficient Dy, can be expressed as:

where Dq is the N-form diffusivity in bulk agueous solution (cm?/h) and b is the
tortuosity (cm/cm). Since physically-based tortuosity models were not available, the
empirical Millington and Quirk (MQ) tortuosity model cited in Ryan and Cohen (1990)
was used in this study. Using the MQ tortuosity model, b is expressed as:

b=62%3/f?2 [5-37]
where f is soil porosity. Based on the above discussion, Eq. [5-31] was rewritten as
follows:

0(60) , | 9S_oHDo0%° Ho’c, o f3HD60%°  Ajq, FocH 0a.9F, o s
ot +pb6t_eH 12 oy ozl 12 @ Hz[ oz é&Q [>-38]

or,
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d(6c) ,  0S d%c 0 ac[] 9(q,c)
==(D,)—+—[(6D, ) — [ —22"+ 5-39
ot oy y)ayz az%t Z)az% oz 2 [5-39)

where Dy (D) and D, (D + D) are the apparent dispersion coefficients (cm?h) along
the y- and z-axes, respectively. Since g, was zero, dispersion along the y-axis was
solely due to molecular diffusion. However, dispersion along the z-axis was due to both
molecular diffusion and longitudinal dispersion. While 6 varied with z, it remained
constant with y; hence it was treated as constant for the y-axis term in EqQ. [5-39)].

The D, component also contains the flux term g, (Eg. [5-38]). If g, becomes
negative (moisture movement is towards the soil surface), even for small values of
upward flux, D; becomes negative and may cause D, to become negative, a physical
impossibility. Longitudinal dispersion ceases when water flow ceases (Selim, 1994);

hence, it was assumed that for negative values of g,, D, was equal to Dy,

Application of thefinite difference method to the CDE

In view of 2-D N movement in granules, a finite differencing scheme that allowed
for two-dimensional discretization in space was required. Due to superior stability
characteristic of the implicit method, a finite difference scheme that combined the
ability to simulate in 2-D with stability was considered desirable. Accordingly, the
alternating-direction-implicit (ADI) technique was applied to the CDE. Further, the use
of the ADI technique results in a set of tridiagonal equations that can be solved rapidly
using the Thomas algorithm (Anderson, 1995). Briefly, the ADI technique involves a
two-step process to solve for the unknowns at timet + At. In thefirst step, the unknown
values of ¢ are estimated at t + At/2 using known values of c at t. In the second step, the
unknown values of c at t + At are solved using the known values at t + At/2. In the first
step, one space coordinate is treated implicitly while the other space coordinate is
treated explicitly. In the following step, the space coordinate that was previously
treated explicitly istreated implicitly and vice-versa, asthe name ADI implies.

Space discretization of the dispersive terms in EQ. [5-39] (the first two terms on the
right side) was implemented using the central difference scheme. However, since
convection is dependent on the magnitude and direction of g, a backward difference
operator was applied to the convective term when g, was downwards (positive). For
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negative g, the convective term was implemented as a forward difference operator.
The FD equations for the CDE are presented in the following section.

Finite difference equation for the CDE (non-boundary node)

Due to the presence of boundary conditions along both vertical (z) and horizontal
(y) axes, different FD equations are required for boundary and non-boundary nodes.
For the non-boundary nodes along the y- (2<i<L-1) and z- (2<j<M-1) axes, the ADI
finite differencing scheme was applied to the CDE equation as given below.
ADI first step (for t + At/2)

In the first ADI step, for each node along the z-axis (vertical), the Thomas algorithm
was solved for all nodes along the horizontal y-axis before being moved to the next
node along the z-axis. The general FD equation for the non-boundary node, as applied
to any N-form for the first step of the ADI is:

K+1/2 —nk+1/2 _ ok kK k+1/2 _ ok
O e e, S TS

At/2 Po—"At/2
k+1/2 k+1/2 . ~k+1/2 k k k
:(eDy)(Ci,j+1 —2¢i ;7 +Ci +(eDz)i+1/2(Ci+1,j —Cij) [5-40]
(Ay)? (Az)?
B (eDz)!(—llz(Cik,j _C!(—Lj) B (qik+1/2(cik,j)|_ _qik—llz(cik,j)u) +0
(Az)? Az -

where the (8D,) term was explicitly evaluated with known variables 6; and q; as well as
constant terms (EQ. [5-36]). The values of (¢ ,,-")L (concentration in the Lower node) and
(ci,,-")u (concentration in the Upper node) in the convective term change depending on

the direction of g as given below.

k q“. =0

, i+1/2
CRI 5413
%iﬂ,j qi+l/2 <0
k k
- . Q... =20
(Cli(’j)u =0 i-1, i-1/2 [5—41b]

k k
B:i,j qis2 <0
Hence, as discussed in the previous section, the convective term was always

evaluated explicitly since the values of (ci;*). and (c;)y changed with the direction of
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moisture flux. In order for the FD equations for the first ADI step to be solved using
the Thomas algorithm, Eq. [5-40] was written as:

ASciiY? +BS,cf M2 + CSicf 2 =KS, [5-42]
where AS, BS;, and CS; are the sub-diagonal, diagonal, and super diagonal coefficients,
respectively, of the tridiagonal matrix while KS is comprised of the remaining (known)
terms. Hence, using g**? and 6“2 obtained from the predictor of the moisture sub-
model, ¢ and ¢ ***? values are obtained at t + At/2. For each node (i,j), Eq. [5-42]
was written separately for urea, NH,", and NOs™ with appropriate source and sink terms,
as discussed in the following section.

ADI second step (for t + At)

For the second ADI step, for each node along the horizontal y-axis, the Thomas
algorithm was solved for all nodes along the z-axis before being moved to the next y-
axis node. The general FD equation for the non-boundary node, as applied to any N-
form for the first step of the ADI is as follows:

eik+l m:(";'l _eik+l/2 mik’ji'l/z ‘o Slk;'l _Sik'ji'l/z
At/2 bTAL 2
B (cih? — 22 +¢f4%)  (8D,){H o (el — ¢
=(6D,) + [5-43]
(ay)? (Az)?
_ 8D (e o) (@ (T A @)
(A2)2 Az B

where the convective term is expressed explicitly, i.e., in terms of t + At/2 even though
the diffusive component associated with the z-axis is expressed implicitly, i.e., in terms
of t + At. Evaluation of (¢, and (ci;***?), were performed based on the signs of

k12 respectively, following the conditions expressed in Eqgs. [5-414]

G2 and a2
and [5-41b].
As with the first ADI step, Eq. [5-43] is written in the following form to be solved
using the Thomas algorithm:
ASicil +BSicf it +CS el =KS, [5-44]
where AS;, BS;, and CS are the sub-diagonal, diagonal, and super diagonal coefficients

of the tridiagonal matrix while KS; is comprised of the remaining (known) terms.
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Hence, in the second ADI step, G*** and 6;“** from the corrector of the moisture sub-
model and ¢; ***? from the first step of the ADI are used to calculate ¢ values at t +
At. As with the first ADI step, for the second ADI step, for each node (i,j), Eq. [5-44]
was written separately for urea, NH,", and NOs” with appropriate source and sink terms,
as discussed later.

Initial conditions

For each of the N-forms, the initial N-form concentrations (mg/mL) were specified

for all nodes in the y- and z-axes in the modeling domain as:

— ~t=0
uci,j_uci,j

— At=0
aGii=aCi; [5-45]
C =,C 7"

n¥i,jTn¥i,j

where Cij, «Cij, and qCi; are urea, NH,", and NO3™ concentrations, respectively at the
node(i,j) at timet =0.

M odeling the fate of urea, ammonium, and nitrate

The model simulates the fate of urea (CO(NH>),) applied as granules or pellets in
subsurface bands. With passage of time, urea hydrolyzes to NH," a a rate that is
affected not only by environmental conditions but also by the urea concentration at the
site. Unlike urea or NO3', alarge fraction of NH;" remains adsorbed to the soil matrix.
Ammonium in the soil is depleted as a result of conversion to NO3™ as well as due to
removal by the crop. Nitrification is affected by both environmental factors and by the
NH," concentration at the site. Hence, in addition to having different CDE equations,
the three N forms have different source and sink terms as well as different boundary

conditions as discussed below.

A. Urea

1. Governing equation for urea
Fate of ureawas simulated using the CDE in 2-D as shown in Eq. [5-39] with S,

the adsorbed urea component, set equal to zero since urea is only in the dissolved
form with no fraction adsorbed to the soil matrix (Singh and Nye, 1984). The

Mathematical Modeling 183



source term associated with urea is due to addition of ureato the soil solution asthe
applied urea dissolves. The urea sink term accounts for the rate of urea hydrolysis.
The description of both source and sink terms are presented later in this section.

2. Boundary conditions applicable to urea

Under favorable soil conditions, urea hydrolysis is a rapid process resulting in
complete conversion to NH," in several days (Tisdale et al., 1993). Hence, it was
assumed that urea concentration at any boundary node (i=21or L; J=1or M) was
zero. At any timet, boundary conditions for ureawere written as:

M i=11<j<M,t=0
i=L,1<j<M,t=0
Ci = 5-46
4 Ep j=11<i<L,t=0 [5-46]
=) j=M,1<i<L,t=0

3. Dissolution of applied urea (source term)

When urea granule or pellet dissolves, the rate of increase in urea content per
unit soil volume (mg©@m3[™?) is termed as the urea source term. In the model, the
urea source term appears with a positive sign on the right side of Eq. [5-40] (first
ADI step) and Eq. [5-43] (second ADI step) in only those nodes which received
urea application.

The dissolution rates of urea pellets and granules were determined (Chapter 4) in
the laboratory at a 6, of 31.4%. The amount of urea dissolved in time At/2 in a node
was estimated as follows:

U gis =My (U e AL/ 2)%° [5-47]
where Ugs is the mass of urea dissolved (mg), my is the mass of urea granules
dissolved per square root of time (mg/h®?), and Upnass iS the amount of urea
remaining in the node. To simulate the dissolution of pellets, my was substituted by
m, which is the mass of urea pellet dissolved per square root of time (mg/h®).
Finally, the urea source term was expressed as.

Udis

- s 5-48
(At/2)(Az)3 [>-48]

u “<source

where \Qgurce iS the urea source term (mg@m>H?). The denominator on the right

side of Eq. [5-48] was divided by (Az) since the amount of urea dissolved was from
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asingle node and it was assumed that node was enclosed in a cube of dimension Az.
It was assumed that Az and Ay were equal and for smplicity, the space increment
along the x-axis (along the fertilizer band) Ax was also assumed equal to Az.

It was assumed that urea was applied in a band 2.5 cm wide; hence, two nodes
along the y-axis received equal amounts of urea. Along the z-axis, it was assumed
that all of the urea was confined to a single node. Since the boundary conditions
assume that there is no urea concentration in the boundary nodes, the urea source
terms were never applied to the two nodes closest to the boundary (i = 1, 2, L-1, and
Lorj=1,2, M-1, and M).

4. Ureahydrolysisrate (sink term)

Urea is hydrolyzed into NH;" by the soil enzyme urease:

CO(NH,), +H" +2H,00 & 2NH], + HCO; [5-49]
where HCOj3' is the bicarbonate ion. Urea hydrolysis results in removal of urea
from the node and hence, urea hydrolysis rate (,Qsnk) appears with a negative sign
on the right side of Eq. [5-40] (first ADI step) and Eq. [5-43] (second ADI step) in
all except the boundary nodes.

Being an enzymatic reaction, the ,Qsnk is best described by a Michaelis-Menten

equation (Tabatabai, 1982):
uQsink =P VrecldCi [5-50]

(K mex FuCi, j )

where Ve is the maximum reaction velocity (mgl@’-soili'), . is urea
concentration (mg/mL) in any node (i,j), and Kmna, the Michaelis constant, is the
urea concentration at half V.. Between urea concentration of zero and, as yet
undefined, ¢, (fig. 5.5), uQsnk (Or the reaction velocity) follows the rectangular

hyperbolic locus.
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uQsink (mg nm—Sm—l)

u

Urea concentration (mg/mL)

Figure5.5. Rectangular hyperbola with decreasing reaction velocity with urea
concentration between ,c; and ,C3. Vmax IS the maximum reaction
velocity (adapted from Tabatabai, 1982).

Given the likelihood of encountering very high urea concentrations in banded
pellets and granules, the inhibitory effects of high urea concentrations on the rate of
urea hydrolysis are likely. Wetselaar (1985) reported that urea hydrolysis ceased
when urea concentrations equaled half-saturation (535.0 mg/mL-soil solution at
20°C). Hence, in the model, while urea concentration remained at or below ,cy,
uQsnk Was calculated using the Michaelis-Menten equation (Eq. [5-50]). At urea
concentrations in excess of ,C,, ;Qsnk Was assumed to decrease linearly as shown in
figure 5.5 and expressed in Eq. [5-51].
el (CTRY [5-51]

Since Knax and Ve Values, and hence, ,Qsnk are highest at a temperature of

uQsink =

37°C (Bremner and Mulvaney, 1978), ,Qsnk Was adjusted for a different temperature
by multiplying with a urea hydrolysis temperature factor fr (0-1). The urea
hydrolysis temperature factor ,,fr was calculated using the Arrhenius equation
(Tabatabai, 1982):

uhf1=unA BXp(=n B4/ RT) [5-52]
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where hA is the pre-exponential factor for urea; nE, is the activation energy in
Kcal/mole-urea; R is the universal gas constant (1.99 x 10 kcal/mole-K); and T is

the soil temperaturein K.

B. Ammonium

1. Governing equation for NH,"
Fate of NH," was simulated using the CDE in 2-D (Eq. [5-39]). The negative

charge on the soil matrix and on organic matter can result in large amounts of NH,"
being retained on the soil and organic matter complex. The commonly used
Freundlich isotherm is used in the model to express adsorbed NH," fraction as a
function of the dissolved NH," fraction (Novotny and Olem, 1994; McLaren, 1978):

S=Kgyct)" [5-53]
where S isthe amount of NH," retained on the soil (mg/g-soil), K4 is the distribution
coefficient (mL/g), «Ci; is the NH," concentration in the node (i,j), and n is the
Freundlich exponent. When n is not equal to one, Eq. [5-39] becomes nonlinear,
and hence, cannot be solved using the Thomas algorithm. Hence, following the
work of Selim and Iskandar (1981), n was assumed to be one to linearize the
isotherm.

The source term associated with NH," is due to hydrolysis of urea, resulting in
the addition of NH;" to the soil N pool. The NH4 sink terms account for
nitrification rate as well as NH;" removal rate by plants. The description of both
source and sink terms are presented later in this section.

2. Boundary conditions applicable to NH,"

Due to its tendency to adsorb to the soil matrix, NH,* movement in soil is
largely due to diffusion (Tisdale et al., 1993), which results in limited NH,;"
movement in soil. Hence, it was assumed that NH," concentration at any boundary
node (i =1orL orJ=1o0r M) was zero. At any timet, boundary conditions for

NH," were written as:
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0
aCi':B) . . 2 [5-54]
J EP j=11<i<L,t>0
= :

3. Ammonium source term

When urea hydrolysis occurs, urea is consumed and NH," is produced. For
every 60 g (1 mole) of urea hydrolyzed, 36 g (2 moles) of NH," is produced.
Hence, the NH4" source term was calculated as:

aQsource = (36/60)[] Qg [5-59]
where ;Qsurce IS €xpressed in mgem>3H2. The :Qsouce Was written on the right side
of the CDE as a positive term for all except the boundary nodes.

4. Nitrification rate (sink term 1)

Ammonium is converted into NO3™ in a two-stage process with NO,™ as the
intermediate product. While NH;" is converted into NO, by the autotrophic
bacteria Nitrosomonas, NO, is rapidly converted into NOs; by the autotrophic
bacteria Nitrobacter. For simplicity, the intermediate stage of NO, formation is
usually not modeled, with conversion of NH;" to NOs modeled as a one-stage
process. Modeling NO,  formation is not widespread probably because NO,
presence is short lived and it is not removed by plants. Since nitrification is a
biological reaction, a bhiological model is desirable (Prosser, 1986). However,
difficulty in quantifying the nitrifier populations and establishing the contribution of
each genusto the nitrification process (Schmidt and Belser, 1982), has made simpler
physicochemical models popular (Sparks, 1986).

Hence, in this study, the simple physicochemical models, zero- and first-order
reactions were used as a one-stage process to quantify nitrification rate (oQsnk1)-
Further, due to NH," toxicity at high concentrations (at or above quarter-saturation)
(Wetselaar, 1985), nitrification was halted at high NH4" concentrations (Eq. [5-56]).
Ammonium concentration effects on nitrification order in the model is expressed as.

d.c ) Bnit kq(aCi;) aCi,j<aC1
adtI’J = Bnit 0 aclsaci,j<aco [5'56]
DO aCOSaCi,j
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where ks (h™h) and ko (MgML ™) are the first- and zero-order rate constants for
nitrification, respectively; .G is the NH,;" concentration in the node (i,j); and .c; is
the threshold NH," concentration below which the first-order reaction isused. Zero-
order reaction governs nitrification when NH,* concentration remains between ,c;
and ,Co. Hence ;Qqnk1 IS expressed as.

d(,Ci ;)
aQsink1 = ET [5-57]

The nitrification rate as calculated in Eq. [5-56] is true for optimum pH (8.5),
temperature (25°C), and soil moisture tension (0.1 bar) values, three environmental
factors that significantly affect the nitrification rate. For environmental conditions
that are less than optimum, nitrification coefficients were used to reduce ;Qsnk1-

A mildly non-linear relationship given in Novotny and Olem (1993) was used to
describe pH effects. Accordingly, values of the pH factor for nitrification pitfpn (0-1)
were calculated as (Novotny and Olem, 1994):

.12 45<pH <6.0
it F o = D3520pH-6.0)+0.12  6.0<pH <85 [5-58]
Hp.400pH -10.0) +0.40 85< pH <10.0

As with urea hydrolysis, the Arrhenius equation was used to account for
temperature effects on nitrification rate.  Assuming 25°C as the optimum
temperature for nitrification, the temperature factor for nitrification nfr (0-1) was
calculated as:

fo=_ Axp(-, E,/RT) [5-59]

nit nit
where ;A isthe pre-exponential factor for NH," and E, is the activation energy in
Kcal/mole-NH;"; R and T are as previously defined.

Raynes (1986) reported that nitrification rate in silt loam incubated at 21°C was
highest at —100.0 cm and nitrification rates at 0.0 cm and —15 000.0 cm were 4.8 and
15.1%, respectively of the highest rate (at —100.0 cm). Based on the work of
Raynes (1986), assuming that nitrification rate was negligible at O cm pressure, the
nitrification coefficient for soil moisture tension, nifn (0-1) was calculated using a
linear equation for h values between 0 and -100 cm and a logarithmic equation was

used for h values below -100 cm:
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[0.01]h| 0>h=-100cm

ntth = 016730n(|h|) +1.6864 —100> h>-15000cm [5-60]

Hence, ;Qsnk1 Was adjusted for pH, soil temperature, and pressure head effects.
Oxygen composition in the soil air plays an important role in the nitrification rate; it
was assumed that i, addressed this issue. No other environmental factors were
considered. The adjusted sink term was applied as a negative quantity on the right
side of the CDE to all except the boundary nodes.
5. Rateof NH," removal by plants (sink term 2)

The second sink term in the NH," CDE, .Qsn2 accounted for the rate of NH,4"

removal by the crop. The following assumptions were applied in estimating 2Qsink2-

« There was no preferential removal of NH," over NO3™ or vice-versa.

« The amount of NH," removed by the crop from a cell (1.25 x 1.25 x 1.25 cm”)
was equal to the amount of water removed from the cell multiplied by the
dissolved NH," concentration. Hence, NH," removal followed a zero-order
reaction.

* Equal amounts of water were removed from all cells (j = 1, M) at any vertical
node (i).

Hence, based on the amount of water removed by transpiration from each cell,
the amount of NH,4* from a particular cell was estimated. The sink term, Qs Was
applied as a negative quantity on the right side of the CDE to all except the
boundary nodes

C. Nitrate

1. Governing equation for NO3
Fate of NO3;™ was simulated using the CDE in 2-D as shown in Eq. [5-39] with S,

the adsorbed NO3;™ component set equal to zero snce NO3 remains largely in the
dissolved form given its weak anionic charge, and hence, its inability to adsorb to
the soil matrix in substantial amounts. The source term associated with NOs” is due
to addition of NO3 to the soil solution as NH," undergoes nitrification. The NO3”
sink term accounts for the rate of NO3” removal by plants. The description of both
source and sink terms are presented later in this section.

Mathematical Modeling 190



2. Boundary conditions applicable to NOs

Four types of boundary conditions were applied at the boundaries along the y-
and z-axis as discussed below.
e Topnode(i=1,j=1,.....,M)

Since NOgs’ is highly water soluble, it can move upwards to the soil surface
due to capillary action. However, given the suction exerted by the plant roots,
NO3 concentration in the surface layer was assumed to be negligible, and the
Dirichlet boundary condition was expressed as:

nCij =0 i=1L1<j<M,t=20 [5-61]

* Bottomnode(i=L,j=2,...,M-1)

Nitrate readily leaches with water percolating through the root zone;
conseguently, it is unclear what kind of boundary condition best explains the
physical situation. Hence, the differential of the NO3™ concentration gradient
with depth (also a Neumann boundary condition) was assumed to be zero (J.T.
Borggaard, personal communication, Blacksburg, Val7 July 2000) at the
bottom node. The boundary condition (Eqg. [5-62]) and the resulting CDE
(obtained by modifying Eqg. [5-39]) are:

(o)
0z

(6,D,) 9(,0) [ 8(a,c) ]
_(qu) Ep 0z d)az E_ 0z Q [5-63]

=0 i=L,2<jsM-1,t=20 [5-62]

a(eq Q)

where ,Dy is Dy for NOs". Equation [5-63] was finite differenced using the same
method used for differencing Eq. [5-39] for the non-boundary nodes for both the
first and second ADI steps.

» Corner nodes at the bottom (i =L, j =1 or M)

At the corner nodes in the bottom layer, it was assumed that the Neumann
condition applied along both y- and z-axes. The boundary condition (Eq. [5-64])
and the resulting CDE (Eq. [5-65]) are:

0%(,0) _0%(a0) _,
022 ay?

i=L,j=1lorM,t=0 [5-64]
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9(8l4c) _[P(B{D,) (1) [ 9(d,Lc) 0 [5-65]
ot 0 o0z 0z 0o oz

Equation [5-65] was finite differenced to obtain NO3™ concentration at the corner
nodes for both the first and second ADI steps.
* Nodes at the lateral boundaries(j=1or M, 2<i<L-1)
Again, the Neumann condition applied at the node on the lower boundary
was applied. The boundary condition (Eq. [5-66]) and the resulting CDE (Eqg.

[5-67]) are:
az(”c):o j=lorM,2<i<L-1t=0 [5-66]
ay?
a(8,c) 0 (n0) [ 9(9,(n0) _ !
ot _Eg(e(”Dz)) 0z E_ 0z Q [5-67]

where \D; is the D, for NO3. Equation [5-67] was finite differenced using the
same method used for differencing Eq. [5-39] for the non-boundary nodes for
both the first and second ADI steps.

3. Nitrate source term

Nitrification results in depletion of NH," and production of NO3". For every 18
g (1 mole) of NH,4" nitrified, 62 g (1 mole) of NOs™ is produced. Hence, the NOs’
source term was calculated as:

n Qsource = (62/18)[] Qginia [5-68]
where \Qsource iS expressed in mgem M2, The \Qsurce Was written on the right side
of the CDE as a positive term for all except the boundary nodes.

4. Rate of NO3 removal by plants (sink term)
The sink term in the NO3” CDE, Qs &ccounted for the rate of NOsremoval by

the crop. Assumptions used in estimating NH," removal were also applied for
calculating nQsnk.- Hence, based on the amount of water removed by transpiration
from each cell, the amount of NO3™ from a particular cell was estimated. The sink
term, .Qsnk, Was applied as a negative quantity on the right side of the CDE to all
except the boundary nodes.
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5. Nitrate-N loading from the root zone

Nitrate-N loading from the root zone for any time step is calculated by
multiplying the moisture flux through the lowest node (i = L) at the mid-time step
(g*Y2L) by the average NOs-N concentration in the lowest layer in the root zone (i
=L,j=1, ..., M). Nitrate-N loading values over the individual time steps are
summed to obtain NO3™-N loading during the simulation period.

Selection of thetimeincrement or time step (At)

Selection of the time step using the Courant or the Courant-Friedrichs-Lewy (CFL)
criterion ensures the stability of hyperbolic equations, for example, the wave equation
(Anderson, 1995). However, the CFL criterion can also be used to select At for
parabolic equations such as the CDE (Kaluarachchi and Parker, 1988), though the
presence of the convective term does not always guarantee the stability of the system.
For the CDE (Eq. [5-39]), the CFL criterion is represented as (Anderson, 1995):

20z ) ma B, [5-69]
(82)?
where (D;)max IS the maximum D, anywhere in the soil profile along the vertical axis (i
=1, ..., L); At and Az are as previously explained. Hence, the time step in the model
was calculated as given below:
_ ()
2 ﬁ maDz ) max

where T, the margin of safety factor (1.25) used in Eq. [5-30] for determining At was

[5-70]

introduced in Eq. [5-70] to ensure that the CFL criterion remains equal to 0.8 to ensure
the stability of the CDE. Further, the D, component in D, varies with the N-form, with
NH," having the highest value (Section 5.2). Hence, in determining At, Dy, for NH,"
(aDm) was used to obtain the smallest At value.

While testing the full model it was observed that, at low moisture flux values (e.g.,
0.01 cm/h), use of At calculated using Eq. [5-30] resulted in numerical oscillations since
the CFL criterion was violated. However, at higher moisture flux values (e.g., 1.0
cm/h), At calculated using Eq. [5-30] satisfied the CFL criterion. Hence, for the time
before fertilizer application, Eq. [5-30] was used to calculate At for the model.
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Otherwise, At obtained using Eq. [5-30] was compared with At obtained using EqQ. [5-
70], and the smaller of the two time steps was selected. Such an approach ensured the
stability of the model and also minimized numerical oscillations.

5.2. Model Evaluation

The model was evaluated for a period of 325 days from 12 May 1998 through 2
April 1999 using data obtained from the field experiment. This section includes a
discussion of the input data required to run the model. Moisture and N sub-models (for
both pellets and granules) were evaluated for their mass conservative properties.
Measured and simulated moisture and inorganic-N were compared to evaluate the
ability of the model to simulate the physical process. Limited model calibration was
also performed. Finally, model sensitivity to selected parameters was analyzed.

5.2.1. Input Data

While some model parameters were measured in the laboratory for the Ross soil
(the soil at the field experiment site) or estimated using laboratory measurements, other
parameters were obtained from the literature. The required input parameters, their
sources, and selection procedures are described below. The values of the variables and
parameters contained in the input files are presented in Appendix B while the input file
formats are presented in Appendix C. The model code is presented in Appendix D.

1. Initial volumetric moisture content (8)

Using moisture content estimations at 30, 45, 60, 90, and 120-cm depths using the
neutron probe (Chapter 3) and an assumed value of 0 at the surface (based on
antecedent precipitation conditions), 6 values were calculated for intermediate nodes
within the root zone (120 cm). The 0 values thus obtained were used to specify the

initial moisture conditions.

2. Hourly weather parameters
Hourly weather parameters were obtained from multiple sources with the objective
of obtaining data that could be considered to be representative of the field site (table

Mathematical Modeling 194



5.1). The data were used to calculate hourly reference ET (Ey) externally using REF-ET
(Allen, 1990) as well asto calculate hourly potential crop ET (E;) within the model.

Table5.1. Sour ces of hourly weather parametersrequired by the model

Parameter Source (duration)

Air temperature (°C) Roanoke Regional Airport (12 May-19 September, 1998) *
Relative humidity (%)  Kentland Farm Weather Station (20 September 1998 - 2
Wind speed (km) April 1999)"

Soil temperature (°C)  Kentland Farm®
Solar radiation (W/m?)  Bluefield State College, West Virginia®
Precipitation (mm) Field site at Kentland Farm!

*  Source: State Climatologist’s Office, Charlottesville, Va.

" Located about 1 km from field site

Obtained by averaging hourly temperature measured at 5 cm depth beneath a sod

cover during 1993 (part), 1994, and 1995 (Source: N. Persaud, Virginia Tech,

Blacksburg, Va.)

8 Source: National Renewable Energy Laboratory (1999)

I Collected 150 m from field site; precipitation data recorded on strip charts with a
readability of 0.127 cm were digitized to obtain hourly precipitation data

3. Initial applied inorganic-N statusin the soil

During the May 1998 soil sampling event, the fertilizer treatments did not have
higher inorganic-N amounts than the control treatment in any layer in the root zone
(Chapter 4). Hence, assuming that there was no residual inorganic-N in the soil profile
from the fertilizer application made during the 1997 corn season, urea, NH4", and NOs’
concentrations were set equal to zero everywhere in the soil profile.

4. Parametersrequired for estimating hydraulic conductivity (K)
Pressure head was estimated from 8 and the parameters 6, 6;, a, m, and n using Eq.

[5-9]. Hydraulic conductivity was estimated using h and the parameters K, a, m, n,
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and L (Sec. 5.1.1) using Eq. [5-8]. The parameters (Table 5.2) were estimated using
soil properties in the top 10-cm of the soil profile and applied to the entire root zone.

Table5.2. Parametersrequired for estimating K from@ or h

Parameter  Value used in model Estimation method

Bs (mL/cn) 0.488 Measured in the laboratory

8, (mL/cm®) 0.029 Estimated from RETC.FOR using h(8) and 65
Ks (cnvh) 1.00 Estimated from RETC.FOR using h(6) and 6s*
a (cm) 0.1302 Estimated from RETC.FOR using h(8) and 65
m 0.1244 Estimated from RETC.FOR using h(8) and 65
n 1.005 Estimated from RETC.FOR using h(8) and 65
L 0.5 Estimated from RETC.FOR using h(8) and 6

*  Due to uncertainty in Ks measurement, measured Ks (0.92 cm/h) was replaced by
estimated K value in the model as recommended by van Genuchten et a. (1991).

5. Soil water capacity (C) at saturation

At saturation (h = 0), C becomes zero (Eq. [5-12]) resulting in an indeterminate
value of hin the next time step (Eq. [5-13]). By trial and error, over a simulation period
of 3574 h, it was determined that the mass balance error computed using Eq. [5-29] was
reduced to zero when h was set equal to — 0.0001 cm at saturation.

6. Net radiation (Rp)

Net radiation is the difference between the total upward and total downward
radiation fluxes (Rosenberg et al., 1983). Net radiation is generally expressed as a
linear function of solar radiation, Rs (Rosenberg et al., 1983). Using measured data,
Rosenthal et al. (1977) developed the following relationship to estimate R, as a function
of Ry

_ [0.861(R4)—103.92 LAI<3.0

= 5-71
: B).848(RS) -144.49 LAl >3.0 [5-71]
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where Rs is expressed in cal@m™d™ and LAl is the leaf area index. The value of R,
obtained from Eq. [5-71] in cal@m™?[d™ was converted to MJmn2d™ within the model.

7. Extinction coefficient (Ce)

The extinction coefficient was used to calculate Ry, the net soil solar radiation (Eq.
[5-25]). For corn, Farahani and Bausch (1995) estimated C. as 0.594. Farahani and
Bausch (1995) reported that the Ce value in their study had likely been underestimated,
resulting in the overestimation of surface evaporation. Uchijima (1976) reported that Ce
values ranged between 0.45 to 0.65 for rice. Hence, based on the observations of
Uchijima (1976) and Farahani and Bausch (1995), a C, value of 0.63 was used.

8. Corn crop coefficient (K¢)

Even though Eg-based K. values are in principle universally applicable, local
calibration is desirable to account for differences in cultural practices. However, K.
values for corn are not available for Virginia; hence K. values developed for corn grown
in the San Joaquin Valley, California (fig. 5.6) were used (Allen et al., 1990).

0.8 4

04 4 :
K, = 01522 -ZE-06 (d)* + 0.0003 (d7 + 0.0012 {d)

0t = =097

1] 0 40 ] &0 100 120 140 L0
Days after planting {d)

Figure5.6. Corn crop coefficient (K¢) during the growing season in California
(adapted from Allen et al., 1990)
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The relationship shown in figure 5.6 was used to calculate K any time during the
growing season. The variables in figure 5.6 had a high degree of correlation as
demonstrated by the high r? value. Crop coefficient values were updated at 10-d
intervals beginning the sixth day until 140 days after planting; for the other periods, K.
was assumed to be equal to 0.19 (Allen et al., 1990). Since corn is usually harvested
within 140 days of planting, a K. value of 0.19 was assigned for those days exceeding
140 days after planting. Further, if the crop was harvested earlier than 140 days, the
model set the K. value equal to 0.19 for those days.

9. Leaf areaindex (LAI)

Change in LAl of corn over the growing season was obtained from the
documentation of the CREAMS model (USDA-SCS, 1984). Leaf area indices reported
in portions of the growing season were calculated for days of the growing season
assuming that afull corn season lasted 140 days (fig. 5.7).

a5
74 Stage 1(0-45 d | Stage 2 (46-90 d) H *
Laj = 0.0055 id) VLA = 00017 exp 06 d) ) "
75 F = (0.97 'f =100 !
z .
=l _—
151 . Stage 3 (91-140 d)
| * L LAI= 13.08-1E-05 (g +0.004 )
- 03503 (d)
) P E 00
05 + # H
- * |
0 H . ; : ; .
0 15 30 45 B0 75 a0 105 120 135 150

Days after planting (d)

Figure5.7. Corn LAI during the growing season (adapted from USDA-SCS,
1984)

Three regression equations were developed to express LAI as a function of time
(fig. 5.7). For stage 1 (0-45 d), a linear equation was used for expressing LAl as a
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function of time (fig. 5.7). For second (46-90 d) and third (>90 d) stages, exponential
and fourth-order polynomial relationships, respectively, were used. Correlations
between the variables for all three stages were good, as indicated by the high r? values
(fig. 5.7). Leaf area indices were updated using equations given in figure 5.7 at 10-d
intervals beginning the sixth day until 140 days after planting; for the other periods,
LAI was assumed to be equal to zero.

10. Root depth

Maximum root depth of the corn plant varies between 1.0 and 1.7 m (Smith, 1992).
Since the Ross soil has a maximum solum thickness of 1.14m (SCS, 1985), maximum
root depth of the corn crop was assumed to be 1.2 m. Based on the study by Saxton et
a. (1974), an empirical relationship of root depth versus days after planting was
developed (fig. 5.8).

Rt groarth = -4E-08 (@t + TE-06 (d)" - 0.0003 (d) * 00099 (d)
=100

Foot growth (fraction)

I] ] ] ] ]
L 1% sl 45 all > | 105

Days after planting (d)

Figure5.8. Root development as function of crop growth (adapted from Saxton
et al., 1974)

The variables in figure 5.8 had a high degree of correlation as demonstrated by the
r’ value. The relationship shown in figure 5.8 was used to calculate root growth as a

fraction of the maximum root depth any time during the growing season. Root depth
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was calculated by multiplying the root growth fraction by the maximum root depth.
Root depth values were updated at 10-d intervals beginning the sixth day until 90 days
after planting. Between 90 and 140 days, or the time of harvest (whichever came first),
it was assumed that root depth did not change. For other periods, root depth was
assumed to be zero.

11. Pressure head values at limiting (2h) and wilting points (sh)
In this application, ;h and sh were assigned the drier-end values of —1 000.0 and
—20 000.0 cm, respectively, since corn is considered to be an efficient user of water.

12. Distribution coefficient (K g) for NH,"

For a sandy loam soil, Selim and Iskandar (1981) reported a K4 of 0.25 mL/g for
NH,". Hence, a K4 of 0.25 mL/g was used in this application because the Ross soil has
atexture comparable to the sandy loam soil studied by Selim and Iskandar (1981).

13. Molecular diffusion coefficients

The agueous diffusion coefficient (Do) for any solute is affected by both solute
concentration and temperature. Temperature effect on Dy was not considered.
However, where available, Do measured for high solute concentration was selected.
Singh and Nye (1984) used a urea molecular diffusion coefficient (,Do) value of 0.03
cm’/h based on a urea concentration of 480 g-urea/L-aqueous solution at 25°C. Since
high solute concentrations were expected in banded-N application, Do value of 0.03
cm’/h was used. For NH,4", a molecular diffusion coefficient (,Do) of 0.07 cm?h at
25°C reported by Singh and Nye (1984) was used.

Since the agueous diffusion coefficient for NO3™ (,Do) could not be obtained from
the literature, the following relationship proposed by Nye and Tinker (1977) was used
to estimate the proportionality constant K, for urea:

K ,=,Do B/MW, [5-72]

where Dy is the molecular diffusion coefficient and MW, is the molecular weight of
urea (60 amu). Using the value of K, (0.1174) calculated using Eq. [5-72] and the
molecular weight of NO3™ (62 amu), \Do was calculated using a modification of EQ. [5-
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72]. The value of ,Dy thus calculated, 0.03 cm/h, was used. In Eq. [5-72], K, was
calculated using yDo because urea and NO;3™ are similar in molecular weights.

14. Longitudinal dispersivity (A))
For sandy clay soil, Kaluarachchi and Parker (1988) used a value of 1.0 cm for A,.
Brusseau (1993) reported A; values of 0.03 to 0.11 cm for sandy soils in Florida. In this

study, A was assumed to have avalue of 1.0 cm.

15. Slope of mass of urea dissolved per unit square root of time as affected by urea
particlesize
Dissolution rate of urea particle was estimated (Egs. [5-46, 47]) using my and mp,
slopes applicable to granules and pellets, respectively. The values of parameters my and
m,, estimated using laboratory measurements of urea particle weight loss over time
(Chapter 4) used in this study were 0.3877 and 0.1345, respectively.

16. Urea hydrolysis parameters

Tabatabai (1973) reported Vmax and Kax Values for urea hydrolysis for seven lowa
soils that covered a wide range of textures. Based on the Vo values reported by
Tabatabai (1973), a range of 0.02 to 0.44 mg-ureald™-soil[i™ based on soil texture, a
value of 0.19 mg-urealg-soil (i was selected for the Ross soil. Similarly, from arange
of Kimax values (0.08 to 0.42 mg-urea/mL), avalue of 0.2 mg-urea/mL was selected.

Kumar and Wagenet (1984) determined ,nE, for a number of soils; based on
comparable urease activities between Ross soil and Panoche soil, 1E, value of 5.78
kcal/mole-urea calculated for Panoche soil by Kumar and Wagenet (1984) was used.
Since ywfr isone at 310°K (37°C) (Tabatabai, 1982), substituting the known values of
uhEa R, and T (310°K) in Eq. [5-52], the pre-exponential factor, ,»A was calculated to
be 11724.4. Hence, with known values of A, whEa and R, nfr was calculated for the
temperature (T) of interest.
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17. Nitrification parameters

For asilty clay loam soil, Wagenet et a. (1977) reported a ik, value of 0.01/h; this
value was used in this study. The ko value of 347 x 10° mg-NH, L (B reported
by Chen et al. (1972) for lake sediment samples from Wisconsin was used in this study.

The value of +E, (Eq. [5-59]) used in the model was 12.64 kcal/mole-NH;" (L. Ma,
personal communication, 3 March 1999, Great Plains Systems Research Group, Ft.
Collins, Colo.). Assuming that fr is equal to one at 298°K (25°C), substituting the
known values of iiE, R, and T (298°K) in Eq. [5-59], the pre-exponential factor, /A
was calculated to be 1.806 x 10°. Hence, with known values of 1A, niEa and R, nifr
was calculated for the temperature (T) of interest.

5.2.2. Moisture Sub-modd Performance

The mass conservative property of the moisture sub-model was evaluated for two
durations from 5 May to 9 October 1998 and from 5 May 1998 to 2 April 1999. After
corn silage was harvested in September 1998, moisture measurements were made and
soil samples were obtained to determine inorganic-N status on 9 October 1998.
Moisture measurements and soil inorganic-N status were determined again on 2 April
1999, when the field experiment was concluded. In addition to 9 October 1998,
simulated and measured moisture values were also compared for 6 June, 10 July, and 11
August 1998, days that had been preceded by substantial precipitation depths.
Simulated total crop evapotranspiration was compared with published values of corn
ET. Finaly, the results of sub-model calibration are presented.

1. Massconservative property of the moisture sub-model

While Richards' equation is based on the principle of conservation of mass (Eg. [5-
1]), the nonlinearity of the K(h) and C(h) relationships, inputs to the Richards’ equation,
can result in errors. Also, selection of the finite differencing scheme may result in
errors if the scheme does not display mass conservative properties. The index for
evaluating the mass conservative property of the moisture sub-model (Nmoig) Was
expressed as.
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ei _ei
Nmoist = ( fin n) [5'73]
(qsur “EBat ~Tact ~Aat)

where 65, and 6y, are final (simulated) and initial volumetric moisture contents in the
soil profile (cm), respectively, qgr IS simulated surface infiltration (cm), Exx is
simulated actual surface evaporation (cm), T IS simulated actual crop transpiration
(cm), and guet is Simulated percolation from the root zone (cm). The components Eq
and T,y are summed to obtain actual crop ET. Errorsin the mass conservative property
of the moisture sub-model and components of mass balance simulated by the sub-model
for both durations of simulation are given in table 5.3. When nnmi« IS equal to one, the
model exhibits no error in mass conservation; values greater than one indicate
overestimation.

Table5.3. Simulated moisture mass balance componentsfor thefirst (5May - 9
October 1998) and second (5 May 1998 - 2 April 1999) durations of
smulation in theroot zone (120 cm)

Mass balance components First duration Second duration
(cm of water) (3574 h) (7800 h)
Final volumetric moisture content, B, 35.2 53.0
Initial volumetric moisture content, i, 44.9 44.9
Surface infiltration, Qs 35.0 61.6
Surface evaporation, E 12.8 174
Crop transpiration, T 313 313
Percolation, Qpot 0.6 5.0
Nmois™ 1.00 1.02

*  Value equal to 1.00 indicates no error in mass conservation

No error for the first duration (3574 h) (table 5.3) indicated that the model
conserved mass. Unlike solution schemes that only consider boundary fluxes in
calculating the time step (Feddes et al., 1978), in this sub-model, the time step was
calculated using the maximum flux at any point within the root zone. Such an approach
used in calculating the time step minimized numerical oscillations, improving accuracy.
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There was 2% overestimation in mass conservation over the entire simulation period
(7800 h), which could be considered to be acceptable given the long duration of
simulation.

The simulation periods included complicated boundary conditions involving
precipitation on dry soils with minimal numerical oscillations. Hence, the developed
model could be considered to be robust given its capability to simulate precipitation in

very dry soil for long periods of time with good mass conservative property.

2. Comparison of estimated and ssimulated moisture contents

The moisture sub-model was evaluated to see if it represented the physics of
moisture redistribution in the field by simulating moisture redistribution accurately.
Moisture content values were estimated with measured neutron counts at 30, 45, 60, 90,
and 120-cm depths. Estimated and simulated moisture volumes (table 5.4) and
distributions (fig. 5.9) in the root zone were compared for five dates, 6 June 1998, 10
July 1998, 11 August 1998, 9 October 1998, and 2 April 1999 (fig. 5.9).

Table5.4. Comparison of estimated and smulated moisture volumes in the
root zone (June 1998 - April 1999)

Date Estimated (cm)* Simulated (cm) Error (%)"
6 June 1998 41.6 47.2 134
10 July 1998 36.0 45.6 26.9
11 August 1998 36.1 42.9 18.9
9 October 1998 34.6 35.2 1.7
2 April 1999 44.9 53.0 18.0

*  Based on measured neutron counts
T (Simulated-estimated)x100/estimated; positive values indicate overestimation
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Figure5.9. Comparison of measured and smulated moisture content valuesin
theroot zone during June 1998 through April 1999

During 2-5 June 1998, 2.4 cm of precipitation was recorded a the site with 1.7 cm
falling during 2-3 June. For 6 June 1998, the model overestimated moisture volume in
the root zone (table 5.4) with the distribution being overestimated in the 30-60 cm
depth, correctly estimated at 90 cm and underestimated at 120 cm (fig. 5.9). During 7-8
July 1998, 1.1 cm of precipitation was recorded at the site. For 10 July 1998, the model
substantially overestimated moisture volume in the root zone (table 5.4, fig. 5.9).
During 8-10 August 1998, 9.5 cm of precipitation was recorded at the field site. For 11
August 1998, the model overestimated total moisture volume (table 5.4), particularly in
the lower depths of the root zone (fig. 5.9). During 7-8 October 1998, 5.6 cm of
precipitation was recorded at the field site. For 9 October 1998, the model
overestimated total moisture volume slightly (table 5.4). However, except at the 30-cm
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depth, simulated and measured moisture contents in the root zone were considerably
different (fig. 5.9). On 1 April 1999, 1.1 cm of precipitation was recorded at the site.
For 2 April 1999, the model overestimated both total moisture volume (table 5.4) and
moisture distribution (fig. 5.9) in the root zone. It is clear from table 5.4 that the error
in moisture volume simulation is not cumulative in nature.

Moisture redistribution profiles in the root zone were compared during 20 - 22 May
1998 to see how the model responded to precipitation events (fig. 5.10). The profile for
21 May was developed at 1100 hours while the profiles for 22 May were developed at
0800 hours (during precipitation) and 1100 hours (after precipitation).
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Figure5.10. Moisture redistribution profiles before, during, and after
precipitation during 21-22 M ay 1998

On 22 May, during 0800 through 1000 hours, 1.7 cm of precipitation was received
resulting in an increase in moisture content close to soil surface compared to the
previous day (fig. 5.10). Given the comparatively low antecedent moisture content near
the soil surface, moisture movement was relatively rapid into the profile as indicated by
the relatively high moisture content in the upper 20 cm of the root zone. Figure 5.10
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indicated that the sub-model responded to evaporative and infiltration fluxes as
expected.

Reasons for the inability of the sub-model to simulate moisture redistribution in the
soil profile were examined in light of the sub-model’s ability to respond to changing
boundary conditions. Because of uncertainty of some parameter estimates, the selected
parameters may not have represented conditions at the field site. The Ross soil used in
this study exhibited inconsistent soil properties (table 5.1) with respect to the K-h-6
relationship. The Ks value of 1.0 crm/h selected for Ross soil (loam) by the RETC.FOR
model (van Genuchten et al., 1991) was comparable to the measured value of 0.92 cm/h
(table 3.3). Measured saturated 0 (65) value of 48.8% (tables 3.4, 5.1) seemed to be too
high for a loam soil compared with published values ((43%) (van Genuchten et al.,
1991). Based on the h(8) relationship (table 3.4), the RETC.FOR model calculated the
parameters required to develop the K-h-0 relationships (table 5.1). The value of the ‘n’
parameter determined to be 1.005 (table 5.1), representative of fine-textured soils (van
Genuchten et al., 1991), may not have been representative of the loam soil used in this
study. More importantly, use of one set of parameters (table 5.1) for estimating K(h)
for the entire soil profile made the K(h) relationship not representative for the profile,
thereby increasing errors. Use of an assumed 6 value for the upper-most node in the
soil profile as part of the initial condition likely affected the accuracy of simulation.

Large differences in estimated and simulated moisture volumes (table 5.4) (as well
as the estimated and simulated moisture distributions, fig. 5.9) could have been affected
by estimation of moisture contents using the neutron probe in the root zone. Compared
to the gravimetric method, use of the neutron probe for moisture estimation increased
uncertainty. Low r? at the 60- and 90-cm depths (table 3.2) and a smaller data set
(versus the other depths) used for developing the neutron count versus 0 relationship at
the 120-cm depth (table 3.2) indicated that the regressions developed for those depths
probably did not represent soil moisture conditions accurately. Use of Roanoke weather
data for smulating ET for the early part of the simulation period could have also
affected the ability of the model to simulate moisture movement in the soil profile.
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3. Comparison of published and simulated crop ET

The moisture sub-model computed soil surface evaporation and crop transpiration
values of 11.6 cm and 31.3 cm, respectively, with atotal seasonal corn silage ET value
of 42.9 cm or 0.34 cm/d. Simulated cumulative evaporation, transpiration, and ET with
plant growth are shown in figure 5.11. The evaporation, transpiration, and ET trends
are similar to reported trends (e.g., Rosenthal et a., 1977). As expected, with a sparse
canopy cover, evaporation dominated ET; transpiration became increasingly larger as
the canopy cover developed.
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Figure5.11. Simulated cumulative  evaporation, transpiration, and
evapotranspiration (ET) for corn silage grown in Blacksburg,
Virginia during 1998

Doorenbos and Pruitt (1977) suggested a corn ET range of 50 to 80 cm for a wide
range of environmental conditions. Using the Bowen ratio method in Colorado,
Farahani and Bausch (1995) estimated that seasonal corn ET was 50.9 cm (0.41 crm/d)
while Rosenthal et al. (1977) reported a value of 55.9 cm (0.39 cnvd) for Kansas. Both
studies in Colorado and Kansas were performed under irrigated conditions. As
expected, corn silage ET in this study was lower than published ET values for irrigated
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corn, not only because it was grown under rainfed conditions but also because there was
a precipitation deficit of 11.5 cm (compared to normal rainfall) during the season (fig.
4.2 and fig. A(a), Appendix A).

Applying the Penman-Monteith method directly to corn (without using K),
Farahani and Bausch (1995) estimated daily corn ET value of 0.31 crm/d. Hence, it
seemed likely that the Penman-Monteith method underpredicted corn ET, particularly
under partial canopy conditions, as was reported by Farahani and Bausch (1995).
Further, application of K. developed in California (Allen et al., 1990) to Virginian
conditions likely affected the estimation of corn silage ET. No K. values could be
obtained for Virginia or the neighboring states.

5. Moisture sub-model calibration

At least part of the differences in estimated and simulated moisture volumes was
likely due to uncertainties in model parameter selection. A representative saturated
hydraulic conductivity (Ks) is difficult to estimate for afield site since Ks varies widely
both laterally as well as vertically. The model was run using mean measured value of
0.92 cnvh (table 3.3) as well as the lowest Ks value (0.57 cnvh) measured in the
laboratory for Ross soil. The moisture volumes for all three values of Ks on five dates
during June 1998 and April 1999 are compared in table 5.5.

Except for 9 October 1998, with reductions in Ks, errors in volume estimation
decreased (table 5.5). Reduction in Kgs results in reduction in the amount of
precipitation that infiltrates; hence when the model overestimated moisture contents in
the root zone, use of a smaller Ks reduced error (table 5.5). Compared to 0.97 and 1.00
cm/h, a Ks value of 0.57 cnvh resulted in the smallest error (between simulated and
estimated moisture volumes) over the entire simulation period as well as on five of six
dates (table 5.5). Hence, based on the calibration of the moisture submodel, among the
Ks values that were considered, Ks of 0.57 cm/h gave the least error in simulating the
total moisture volume in the root zone. Moisture profiles obtained using the three Kg
values on 9 October 1998 (least error) and 2 April 1999 (greatest error) are compared in
figures 5.12 and 5.13, respectively.
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Table5.5. Comparison of estimated and smulated moisture volumes in the
root zone on 6 June 1998 for three Ksvalues

Ks (cm/h)
Date Estim.* 1.00 0.92 0.57
(cm) Sim." Error Sim. Error  Sim. Error
(cm) (%) (cm) (%) (cm) (%)

6 June 1998 41.6 47.2 13.4 46.8 12.4 46.2 11.1

10 July 1998 36.0 45.6 26.9 43.2 20.0 42.6 18.3

11 August 1998 36.1 42.9 18.9 41.9 16.3 40.0 10.9

9 October 1998 34.6 35.2 1.7 34.6 0.0 29.8 -13.8

2 April 1999 449 53.0 18.0 53.1 50.8 33.2 -5.7

*  Egtimated with measured neutron counts

T Simulated

¥ (Simulated-estimated)x100/estimated; positive values indicate overestimation
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Figure5.12. Comparison of moisture redistribution profiles for three values of

saturated hydraulic conductivity (Ks) on 9 October 1998
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Figure5.13. Comparison of moisture redistribution profiles for three values of
saturated hydraulic conductivity (Ks) on 2 April 1999. Volumetric
content values for K values of 0.92 and 1.00 cm/h were nearly
identical.

For 9 October 1998, moisture profiles obtained with Ks values of 1.00 and 0.92
cm/h underestimated moisture contents at 45-60 cm depths, overestimated moisture
contents at 90-120 cm depths, and correctly estimated the moisture content a the 30-cm
depth. On 9 October 1998, the moisture profile with Ks of 0.57 cm/h underestimated
moisture contents in the 30-60 cm depths while overestimating moisture contents in the
90-120 cm depths. Hence, compared to Ks value of 0.57 cnvh, use of Ks values of 1.00
and 0.92 cm/h resulted in reduced or no error in simulating the total moisture volume in
the root zone; however, none of the three Ks values accurately simulated moisture
contentsin the profile.

For 2 April 1999, using Ks values of 1.00 and 0.92 cr/h, the model overestimated
moisture contents throughout the root zone (fig. 5.13); with a Ks value of 0.57 crvh, the
model underestimated moisture contents throughout the root zone. Accounting for
differences in Ks values within the entire root zone could improve the ability of the sub-

model to simulate moisture redistribution in the soil profile.
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5.2.3. Nitrogen Sub-model Performance

As with the moisture sub-model, the mass conservative property of the N sub-
model was evaluated for two durations, 5 May - 9 October 1998 and 5 May 1998 - 2
April 1999 for the pellet and granule treatments. Simulated and measured inorganic-N
concentration distributions and amounts in the root zone were also compared for the full
simulation period for both treatments. Simulated and estimated applied residual
inorganic-N amounts and corn N removals were also compared a the end of the
simulation period for both treatments. Finally, sub-model calibration results are
presented.

1. Massconservative property of the nitrogen sub-model
The N sub-model was evaluated to determine if the convective-dispersive equation
(CDE) retained its mass conservative property after finite differencing using the
following index (Nnit):
(Nfin —=Nin)

Nnit = [5-74]
(N, —N

fet ~ 'Nerop N jeach )

where Nsin and N;, are final (simulated) and initial applied inorganic-N contents in the
soil profile (kg/ha), respectively, Nte: iS urea-N applied (kg/ha), Neop is Simulated
amount of applied-N removed by the crop (kg/ha), and Njech is sSimulated NOs-N
leaching loss (kg/ha) from the applied-N. When n;; is equal to one, the N sub-model
fully satisfies the mass conservative property; a value greater than one is indicative of
overestimation. Simulated N mass balance components are presented in table 5.6.

In both pellets and granules, for the first period, the N sub-model overestimated N in
the profile by 2% (or applied-N removed by the crop since there was no simulated NO3’
-N leaching loss), while there was no mass balance error for the second duration.
Higher mass balance error during the shorter duration (5 May - 9 October 1998) was
likely dueto N application as well as periods of dry and moist weather. Precipitation on
dry soils probably resulted in simulated sharp wetting fronts resulting in sharp N (urea,
NH,", or NOs) fronts causing greater mass balance error during the first period. During
the second period, due to greater dispersion of N throughout the soil profile, simulated
N fronts were likely less steep than during the first period resulting in lower numerical
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oscillations. The zero mass balance error observed at the end of the second simulation
period was likely due to the compensatory nature of model error during the period of 10
October 1998 to 2 April 1999.

Table 5.6. Simulated nitrogen mass balance componentsfor thefirst (5 May - 9
October 1998) and second (5 May 1998 - 2 April 1999) durations of
smulation in theroot zone (120 cm)

Mass balance components (kg/ha) First duration Second duration
Pellet Granule Pellet  Granule

Final applied-N, Nfin 103.9 103.9 102.0 102.0
Initial applied-N, Nin 0.0 0.0 0.0 0.0
N applied to crop, Niet 184.0 184.0 184.0 184.0
Applied-N removed by crop, Neop 81.7 81.7 81.7 81.7
Applied-NOs™-N leaching 10sS, Njexch 0.0 0.0 0.0 0.0
Mass balance error, Nnic* 1.02 1.02 1.00 1.00

*  Pogtive value indicates overestimation

Mass balance components for both pellets and granules were equal for both
simulation durations (table 5.6) as expected since the only difference in pellets versus
granules involved the value of the urea particle dissolution rate parameter (Eq. [5-48]).
Since the impact of the urea particle dissolution rate parameter was expected to impact
urea-N recovery in the short term, simulated percentages of urea-N and NH,"-N were
compared between pellets and granules 3 d after N application (fig. 5.14).

As expected, due to the longer dissolution time of pellets, simulated urea-N
percentage was slightly higher and NH4"-N percentage was slightly lower compared to
granules. However, inthe laboratory, 7 d after start of simulation (table 4.14), the pellet
treatment retained 3.2% more urea-N than granules. Hence, it was likely that urea
hydrolysis-related parameters such as the Michaelis-Menten maximum reaction velocity
of urea hydrolysis, Vmax (EQ. [5-50]) selected for the model was too high for the
laboratory condition. The sub-model simulated no NO3-N percentage in either urea
form, which was consistent with the results of the nitrification study in which very little
NO3-N was recovered (in either ureaform) 7 d after urea application (table 4.15).
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Figure5.14. Comparison of simulated urea-N and NH;"-N recovery from the
pellet and granule treatmentsthree days after starter-N application

2. Comparison of measured and ssimulated applied residual inorganic-N results

Measured and simulated applied residual inorganic-N concentrations in different
layers as well as the root zone were compared for both the pellet and granule treatments
for the second duration to see if the sub-model simulated the physics of N
transformation and transport in the field. Since inorganic-N amounts were measured
only between rows on 9 October 1998 (Section 3.2.7), measured and simulated applied
residual inorganic-N could not be compared along the y-axis for the first duration.
Since inorganic-N amounts were measured at three points between crop rows for the
second duration, measured and simulated inorganic-N amounts were compared along
the y-axis.

Measured and simulated applied residual inorganic-N amounts in different layers
and at different points in the soil profile are compared in figure 5.15. The simulated
applied residual inorganic-N amounts in different layers were identical for pellets and
granules.
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Figure5.15. Comparison of smulated and measured applied residual inorganic-
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As expected, simulated inorganic-N concentrations directly below the band (fig.
5.15(a)) were higher than 8.75 cm (fig. 5.15(b)) and 17.5 cm (fig. 5.15(c)) away from
the band. The model greatly overestimated inorganic-N concentrations in the upper half
of the root zone at al three sampled locations (fig. 5.15 (a, b, ¢)).

Comparison of simulated and estimated total applied residual inorganic-N amounts
recovered in the root zone from pellets and granules at the end of the simulation period
as well as simulated and measured crop N removal are compared in table 5.7. Tota
inorganic-N in the fertilizer treatment was estimated by taking the average of inorganic-
N amounts obtained by sampling at the SS1, SS2, and SS3 locations (table 4.9).
Applied residual inorganic-N in the fertilizer treatment was obtained by subtracting the
total inorganic-N in the control trestment from the total inorganic-N in the fertilizer
treatment. Applied N amount removed by the N-fertilized crop was obtained by
subtracting the N amount removed by the control treatment from the total N amount
removed by the fertilized crop (fig. 4.9).

Table5.7. Comparison of simulated and estimated applied inorganic-N
amounts and crop N removal in the pellet and granule treatments
for the second period (5 May 1998 - 2 April 1999) in theroot zone

N mass balance Total applied-N (kg-N/ha)
components Pellet Granule

Simulated Nin 102.0 102.0
Estimated Nsin 9.3 15.5
Error (%)* 996.8 558.1
Simulated Neop 81.7 81.7
Estimated Nop 105.4 76.1
Error (%) -22.5 7.4

*  (Simulated-measured)x100/measured; positive  values
indicate overestimation

The N sub-model greatly overestimated the final amount of applied-N remaining in
the root zone at the end of the simulation period for both pellets (996.8%) and granules
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(558.1%) (table 5.7). However, it may be noted that the procedure used to estimate the
amount of applied-N remaining in the soil probably resulted in gross underestimation.
Of the 184 kg-N/ha of fertilizer N, it was estimated that the crop removed 105.4 and
76.1 kg-N/ha from pellet and granule treatments, respectively. In the absence of
substantial N losses, as discussed in Chapter 4, substantially more applied-N should
have been recovered than the estimated amounts of 9.3 and 15.5 kg-N/ha from pellets
and granules, respectively. While the model underestimated (22.5%) the amount of
applied-N removed by the crop from the pellet treatment, the model slightly
overestimated (7.4%) applied-N removed by the crop from granules (table 5.7).

Distribution of inorganic-N concentrations in the root zone from the pellet
application were compared on 7 June 1999 (20 d after starter-N application), 19 July
1999 (20 d after sidedress-N application), and 2 April 1999 (end of simulation) to trace
the fate of applied-N over time (fig. 5.16). Applied residual inorganic-N distribution in
granules very closely resembled the distribution for pellets, and hence, is not presented.

Figure 5.16(a) shows applied inorganic-N distribution with 37 kg/ha. The solute
front is concentrated close to the point of application because only 20 d had elapsed
since the time of starter-N application. While all of the urea had been converted to
NH,", only a small fraction of the less-mobile NH," had converted to NOs resulting in a
compact solute plume. In figure 5.16(b), in addition to the solute plume created by the
sidedress-N application (147 kg-N/ha) applied 20 d earlier, the smaller solute plume due
to starter-N application 42 d earlier isclearly visible. Asin figure 5.16(a), since NH," is
the predominant N-form 20 d after sidedress-N application (fig. 5.16(b)), the solute
plume is quite compact.

By comparison, the solute plume simulated on 2 April 1999 (fig. 5.16(c)) is more
diffuse since more of the N is in the NO3; form compared with figures 5.16(a) and
5.16(b). Given the moisture deficit conditions during the fall-through-spring of 1998-
1999, location of the plume some distance above the lower limit of the root zone was as
expected.  Figures 5.16(a) through 5.16(c) indicated that simulated applied-N
redistribution within the root zone occurred as expected in reactive solutes, with higher
N concentrations beneath the point of application accompanied by transverse and

longitudinal dispersions.
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Figure5.16. Simulated distribution of applied resdual inorganic-N in the
modeling domain in pellets (a) 20 days after starter-N (37 kg/ha)
application (Julian day 158), (b) 20 days after sdedress-N (147
kg/ha) application (Julian day 200), and (c) at the end of the study
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Even though the N sub-model simulated the distribution of applied-N as expected
(fig. 5.16), it greatly overestimated applied residual inorganic-N in the root zone (fig.
5.15). It was likely that one or more of the following factors affected the comparison of
simulated and estimated results.

Due to uncertainty in parameter estimation, some parameters may not have
represented field conditions. For example, the simulation results indicated that nearly
86% of the applied residual inorganic-N remained in the NH," form more than nine
months after application. The soil sampling results for April 1999 indicated that NO3-N
constituted 40-60% of the total inorganic-N (data not presented), depending on the
depth and location of sampling (i.e., SS1). In the incubation study, more than 50% of
the urea-N from the granules had undergone nitrification in 35 days (fig. 4.15). Since
NOs-N is more mobile than NH,"-N, higher simulated NH,*-N concentrations likely
resulted in slower than expected movement of applied-N in the soil profile, as indicated
by figure 5.15. Some model parameters that could have affected the nitrification rate
were the distribution coefficient Kg, first- and zero-order rate constants, and soil pH.

Use of a 1-D moisture sub-model could have affected model results. In the early
stages of root development in row crops like corn, and when moisture movement is
mainly due to capillary tension, root suction could create a significant horizontal
moisture gradient. Hence, apparent dispersion of the N forms in the transverse direction
(y-axis) was likely affected by transverse dispersion (D;) which was not considered in
this study since transverse moisture flux was assumed to be zero (Eq. [5-38]). Asa
result, the model likely underestimated the spread of the N-forms along the y-axis.

Uncertainty associated with soil sampling and the method of N analysis normally
affects the determination of residual applied-N amount. Uncertainty was further
increased due to the use of the control treatment to determine background inorganic-N
in the fertilizer treatment. Also, dueto localized high N concentrations in subsurface-N
banding, the field measurement likely underestimated residual applied-N despite the

implementation of a more intensive sampling scheme in April 1999 (table 4.9).
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3. Nitrogen sub-model calibration

The N sub-model performance was also affected by uncertainty in parameter
estimation. Since the moisture sub-model provided inputs to the N sub-model, in
addition to the N-related parameters, moisture-related parameters also affected the
performance of the N sub-model. Nitrogen fate was simulated with a Ks value of 0.57
cm/h, and zero- (nko) and first-order (ki) rate constants of nitrification that were 40%
higher than the baseline values of 347 x 10° mg-NH," L and 0.01/h, respectively.
The N sub-model results obtained with the baseline and modified parameters are
compared in table 5.8. Results are presented for the granule treatment only since the
simulations of N fate were nearly identical for pellets and granules at 325 days.

Table5.8. Simulated versus estimated applied-N amounts and crop N removal
using basdline and modified parameters for the second period (5
May 1998 - 2 April 1999) in the root zone

N mass balance Total applied-N (kg-N/ha)
components Parameters
Baseline Modified

Simulated Nin 102.0 106.7
Estimated Nsin 15.5 15.5
Error (%)* 558.1 588.4
Simulated Nerop 81.7 78.3
Estimated Nerop 76.1 76.1
Error (%) 7.4 29

*  (Simulated-measured)x100/measured; positive values indicate
overestimation

When Kg was decreased and ko and k; were increased, while error in estimating
the amount of N removed by the crop decreased, error in estimating the total N mass in
the root zone increased (table 5.8) due to the reduced crop N removal. It had been
expected that by increasing ko and Ky by 40%, rate of conversion of NH;"-N to NOz-N
would increase proportionately, resulting in substantially greater simulated NOs-N
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recovery (as percent of total applied-N). With the baseline and modified parameters,
for the 325-day simulation period, simulated NO3s-N amount constituted 14.3 and
15.5% of the total applied-N, respectively; hence, the slight increase in simulated NOs'™-
N recovery was unexpected. However, since Ks was reduced from 1.00 to 0.57 cnvh,
moisture movement in the profile was much slower (fig. 5.13). Consequently, despite
higher nitrification rate constants, a smaller value of Ks caused the applied-N to remain
confined to a smaller region in the root zone resulting in slower nitrification due to the
inhibitory effects of high NH4" concentration. Distribution of applied-N directly beneath
the fertilizer band is compared for the baseline and modified parameters values in figure
5.17.

Applicd residual norganic N (10 g'g)
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Figure5.17. Comparison of simulated applied inorganic-N using baseline and
modified parameters on the sidedress-N band (SS1) in the root zone
on 2 April 1999

Despite higher nitrification rate constants which should have accelerated the
downward movement of the plume, use of a Ks value of 0.57 cvh as compared to a
baseline value of 1.00 cn/h resulted in slower downward movement of the applied-N
plume (fig. 5.17). Hence, this calibration exercise clearly indicated the importance of

moisture-related parameters in simulating N distribution in the root zone.
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5.3. Sensitivity Analysis

The concept of relative sensitivity (S;), was used to evaluate the sensitivity of model
output to selected parameters (James and Burges, 1982):

|:()new_()baselj
T ~ 0O
-0 O 0O
' O
| [l
O Teee O

[5-75]

DEInew _Ibase

where Opey and Opaee @re output values obtained for input parameter values I ey (New
value) and lpase (baseline value), respectively. Model sensitivity to the parameters was
evaluated according to the following criteria (Storm et al., 1988):

S <0.01] insensitive

[0.01] < S <]0.10]  dlightly sensitive

[0.10]< S <|1.00]  moderately sensitive

[1.00] < S <]2.00]  sensitive

S =12.00| extremely sensitive

Four parameters that affected N transformation and movement were evaluated at
two levels (£10%) using parameter values previousy estimated to best represent the
field conditions as the baseline. The simulation period considered represented the first
simulation duration (3574 h) and covered the 1998 crop season.

The parameter Kp controls the amount of NH;"-N adsorbed to the soil versus the
amount of NH;"-N in solution (Eq. [5-53]). Since only the dissolved NH;*-N undergoes
nitrification, Kp impacts the ratio of NH;"-N/NO3-N. The zero-order rate constant for
nitrification (Eq. [5-57]) controls the rate of NH4"-N to NO3™-N transformation. Soil pH
affects nitrification (Eq. [5-58]), and hence, the NH4-N/NOs-N ratio. A higher value
of longitudinal dispersivity, A,, allows for more rapid dispersion of solutes in the soil.
In this study, since nitrification is inhibited at high NH,"-N concentration, more rapid
dispersion of NH,"-N will result in more rapid nitrification. Since the ratio of NH,"-
N/NOs-N affects the NO3-N availability for N-loss or crop removal, sensitivity of the
selected parameters were also evaluated with respect to the amount of N removed by the
crop in addition to the NH4*-N/ NOs-N ratio (table 5.9).
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Table5.9. Sensitivity of NH4;"-N/NO3-N and N removed by crop to selected parameters

Variation from

NH;"-N/NO3-N

N removed by crop

Parameter B\a/zjelljlge baseline value ch : o :
ange in e ange in .
%

(%) output (%) S Sensitivity output (%) S Sensitivity
Freundlich +10.0 6.49 065 Moderate -3.94 -0.39 Moderate
distribution 0.25mL/g
coefficient, Kp -10.0 -3.24 0.32 Moderate 3.35 -0.34 Moderate
Zero-order rate 347 x 10 +10.0 -5.08 -0.51 Moderate -0.30 -0.03  Slight
constant for et
nitrification, ko oML -10.0 5.87 -0.59 Moderate -0.54 005 Slight

+10.0 -57.15 -5.72  Extreme 2.34 0.23 Moderate
Soil pH 6.1 units

-10.0 29.10 -2.91  Extreme -0.93 0.09 Slight
Longitudinal Loem +10.0 -1.11 -0.11  Moderate -0.47 -0.05 Slight
dispersivity, A ' -10.0 +1.31 -0.13 Moderate -0.40 -0.04 Slight
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The output NH,"-N/NOs-N was moderately sensitive to three of the selected
parameters and extremely sensitive to the fourth, i.e., soil pH (table 5.9). The amount
of N removed by the crop was moderately sensitive to Kp and slightly sensitive to the
parameters, ko and A, (table 5.9). The amount of N removed by the crop was
moderately or dightly sensitive to pH depending on whether the new parameter was
increased or decreased as compared to the baseline parameter, respectively (table 5.9).
Even though N removed by crop was slightly sensitive to ko and A, the ratio of NH,"-
N/NO3-N was at least moderately sensitive to all four parameters.

The parameter Kp could vary by more than one order of magnitude depending on
soil CEC (Selim and Iskandar, 1981; Wagenet et d., 1977); however, Ky can be readily
estimated. Depending on the composition of nitrifiers, ko could vary widely for soils
(Schmidt and Belser, 1982), making it difficult to quantify nitrifiers. Hence, estimation
of ko could involve considerable uncertainty. Even though soil pH is readily
quantified, it may be important to account for soil pH variations at least in the plow
layer, where most of the nitrification is likely to occur. Simulation of N fate could be
improved if change in pH could be simultaneously simulated with urea hydrolysis and
nitrification.  While urea hydrolysis results in a localized increase in soil pH,
nitrification has the opposite effect. Currently, the model accepts a single value of soil
pH for the soil profile and does not simulate change in soil pH with N transformation
reactions. The parameter A, is not readily estimated and reported values vary widely in
range (Novotny and Olem, 1993; Brusseau, 1993). Simulation of N fate could be
improved if all four parameters were measured or estimated for field conditions,

especially since the parameters could have a multiplicative effect on N transformations.

5.4. Model Summary

A two-dimensional model was developed to simulate the fate of subsurface-banded
urea. The model is comprised of a 1-D moisture sub-model and a 2-D N sub-model.
The moisture sub-model uses the implicit finite difference form of the Richards
equation to simulate moisture redistribution in the root zone. The moisture sub-model
uses the efficient though little-used Douglas-Jones predictor-corrector method to

linearize the finite difference equations, rather than the more time-consuming iterative

Mathematical Modeling 224



solution methods generally in use. The evapotranspiration component of the moisture
sub-model combines the physically-based Penman-Monteith method with the
empirically-tested 40-30-20-10 rule suggested by Danielson (1967). The
evapotranspiration component of the moisture sub-model considers crop (canopy and
root depth), soil moisture, and environmental conditions to calculate crop water use.

The N sub-model uses the 2-D convective-dispersive equation which is finite
differenced using the alternating-direction-implicit (ADI) scheme. While solute
movement in the transverse direction considers only molecular diffusion, movement
along the vertical direction accounts for both molecular diffusion and longitudinal
dispersion. The N sub-model simulates the fate of urea and its transformation products,
NH," and NOs"; specific source and sink terms are applied as abstractions to each N-
form. To better represent the physical process associated with high urea concentrations
due to band applications of urea pellets or granules, particle size effects on urea
dissolution and the inhibitory effects of high substrate concentrations on urea hydrolysis
and nitrification are considered.

Nitrogen from subsurface-banded urea pellet will move in three directions. Hence,
ideally, a three-dimensional model would be required to smulate the fate of N pellets.
Use of urea particle dissolution rate as the sole parameter for distinguishing the fate of
urea-N from pellets versus granules proved to be inadequate to model the fate of pellets
in the 2-D model.

The model was evaluated using field data for the period of 5 May 1998 through 2
April 1999; while some model parameters were measured or estimated using field data,
other parameters were selected from the literature. The model displayed good mass
conservative properties for both moisture and N. The model simulated moisture and N
fate under difficult conditions, i.e., precipitation into dry soils and sharp N fronts:
hence, the model could be considered to be robust. Also, the model simulated moisture
and N distribution profiles in the root zone as expected. Even though ET and crop N
removal (for granules) estimations seemed reasonable, measured and simulated
moisture and applied-N amounts as well as distributions within the root zone differed
greatly. Even though the limited calibration did not improve model simulations, it

underscored the importance of moisture-related parametersin simulating N fate.
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Uncertainty involved in the estimation of model parameters probably accounted for
part of the difference between measured and simulated values. Sensitivity analyses on
four parameters indicated that the output NH,;"-N/NOs-N was moderately sensitive to
three and extremely sensitive to one parameter. Uncertainty involved in the estimation
of these four parameters could have affected the nitrification rate substantially because
of the possible multiplicative effect of these parameters on the nitrification rate. The
calibration exercise demonstrated that moisture-related parameters could substantially
impact the accuracy of N simulation. Uncertainty associated with both moisture and
applied-N contents estimated in the field likely affected comparison between estimated
and simulated values. It seemed likely that residual applied-N had been grossly
underestimated.

The model requires validation using more reliable field data for both the moisture
and N sub-models. For the model to be of use to planners and producers, the validated

model would require incorporation into a management model.
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6. SUMMARY AND CONCLUSIONS

This study evaluated the potential impacts of urea particle size on crop yield and
nitrate-N (NOs- N) leaching into groundwater using a field experiment, laboratory
experiments, and mathematical modeling. While the field experiment was used to
compare the agronomic and water quality impacts of urea pellets versus granules, the
laboratory studies were used to understand the impact of urea particle size on N
transformation and movement. A mathematical model was developed to smulate the
transformation and fate of subsurface-banded N (urea pellets or granules). Results of
the laboratory studies were used in model development and parameter estimation. The
model was tested using the field data.

6.1. Summary

A two-year field study was conducted to evaluate agronomic and NO3-N leaching
impacts of urea pellets versus urea granules in loam soil at Kentland Farm, Blacksburg,
Virginia. Corn silage yield and corn N content obtained from urea pellets and granules
applied at 184 kg-N/ha (sufficient) were compared. Nitrate-N leaching potential of the
ureaformswas evaluated at 184 kg-N/ha using soil inorganic-N (0-120 cm depth), NO3
-N concentration in leachate (30- and 120-cm depths), and N removal by crop. Corn
silage yield and corn N content obtained from pellets and granules were also compared
at N application rates of 110 (deficient) and 258 (excess) kg-N/ha. A control treatment
(no N) was included to evaluate the agronomic and NO3z-N leaching impacts of
background-N. All treatments were applied in triplicate.

The field experiment provided the following results.

1. Inthe second year of the study, corn silage yield with urea pellets was 15% higher
than with urea granules at 184 kg-N/ha. No yield response was observed in the first
year of the study. No ureaform impact on corn silage yield was observed at other N
application rates (110 and 258 kg-N/ha). Lack of yield response to ureaform at 110
kg-N/ha indicated that possibly greater N losses from granules due to denitrification
and NH4"-N fixation by clay minerals did not explain higher yield in pellets than
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granules. Reduced NOjs-N leaching was ruled out as a cause for greater yield from
pellets than granules due to drier-than-normal crop season.

2. Therewas no corn N content response to ureaform in any year.

In October 1997, with 39.8 cm of precipitation and irrigation over a 3.5-month
period, pellets retained 9.0 and 10.3 kg/ha more inorganic-N than granules in the top
30- and 60-cm layers of the root zone, respectively.

. Based on 27 sampling events at 120-cm depth (corn root zone depth), average NOs3™-
N concentrations in the granule, pellet, and control treatments were 2.6, 2.2, and 1.6
mg/L, respectively. However, there was no significant difference in NO3-N
leaching between pellets and granules at any sampling event. At a subsurface
application rate of 184 kg-N/ha to corn silage in coarse-textured soil, NO3s-N in
leachate leaving the root zone did not pose athreat to drinking water.

. Corn silage fertilized with urea pellets removed 19% more applied-N than the crop
fertilized with urea granules in the second year. No N removal response was
observed in the first year when corn silage followed soybean.

Laboratory studies were conducted to investigate urea particle size impact on

dissolution rate, mechanism of movement of dissolved urea (center of mass study),

mineralization (urea hydrolysis and nitrification), and NOs-N leaching. Treatmentsin

the dissolution study included commercial urea granule (0.01-0.02 g), 0.5-g pellet, 1.0-g

pellet, 1.5-g pellet, and 2.0-g pellet. The center of mass study considered granules and

1.5-g pellet. Inthe incubation study, 0.5- and 1.5-g pellets, granules, and control (no N)

were considered. While the main comparison was between granule and 1.5-g pellet, the

other pellets were included to obtain better information regarding the impact of urea

particle size on dissolution and mineralization of urea. The leaching column study

considered three treatments, 1.5-g pellets, granules, and control. All treatments were

applied in triplicate.

The laboratory studies provided the following results.

1. Granulesdissolved eight times faster than 1.5-g pellets.

2. Molecular diffusion was the predominant transport mechanism in both pellets
and granules; however, convection was likely more important in pellets than
granules.
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3. Rates of urea hydrolysis and nitrification were higher in granules than in 1.5-g
pellets.

4. Nitrate-N leaching between pellets and granules could not be compared in the
leaching column study due to insufficient drainage resulting in excessive
denitrification losses.

A two-dimensional model was developed to simulate the fate of subsurface-banded
urea. The model is comprised of a 1-D moisture sub-model and a 2-D N sub-model.
The moisture sub-model uses the implicit finite difference form of the Richards
equation to simulate moisture redistribution in the root zone, and simulates moisture
redistribution, evapotranspiration, and percolation from the root zone. The N sub-
model uses the 2-D convective-dispersive equation (CDE) which is finite differenced
using the alternating-direction-implicit (ADI) scheme. The N sub-model simulates the
fate of urea and its transformation products, NH,;" and NOs, and source and sink terms
such as urea dissolution and plant N removal. Particle size effects on urea dissolution
and the inhibitory effects of high substrate concentrations on urea hydrolysis and
nitrification are considered. Urea particle dissolution rate, the sole parameter used for
distinguishing fate of urea-N from pellets versus granules was inadeguate to account for
difference in urea particle size.

The model was evaluated using field data for the period of 5 May 1998 through 2
April 1999. While some model parameters were measured or estimated using field
data, other parameters were selected from the literature. The model displayed good
mass conservative properties and robustness for both moisture and N; also, moisture
and N distribution profiles in the root zone were simulated as expected. Even though
ET and crop N removal (for granules) estimations seemed reasonable, measured and
simulated moisture and applied-N amounts as well as distributions within the root zone
differed greatly. The differences were probably due to the difficulty of selecting
parameters that represent the physical situation adequately and errors in measurements
of moisture and N amount in the root zone. Limited calibration did not improve model
estimation. Sensitivity analyses on selected nitrification-related parameters indicated
that the NH;"-N/NOs-N ratio was moderately to extremely sensitive to the parameters
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6.2. Conclusions

The research described in this dissertation led to conclusions related to each of the
three study objectives. The first objective was to evaluate agronomic and NO3-N
leaching impacts of pellets versus granules on no-till corn silage. Conclusions related to
this objective, for the conditions of this study, are the following:

1. Cornsilageyield isimproved by using urea pelletsinstead of urea granules.

2. Using urea pellets in place of urea granules reduces nitrate leaching in the soil

profile, offering the potential of reducing nitrate leaching into groundwater.

3. Soil and leachate sampling schemes must be carefully designed to capture
gpatial and temporal variability when fertilizer sources are banded.

The second objective of this study was to quantify the rates of dissolution, diffusion,
mineralization, and NO3s-N movement from subsurface-applied urea pellets versus
granules. The following conclusions were reached:

4. Urea particle dissolution decreases with increasing particle size.

5. Ureahydrolysis decreases with increasing particle size.

6. Nitrification rate decreases with increasing particle size.

7. Nitrification inhibition due to larger particle sizes is more important in reducing
NOz-N availability for loss or increasing N removal by crop than urea
dissolution or hydrolysis.

The third objective was to improve computer-based tools for better management of
subsurface-applied ureaN. Development and testing of the 2-D N model led to the
following conclusions:

8. The developed model, after validation, is appropriate for simulating N fate from

subsurface-banded urea granules.

9. The developed model is not appropriate for simulating N fate from urea pellets
because it does not account for three-dimensional N movement.

10. Incorporating the effects of urea hydrolysis and nitrification on soil pH will
allow for more accurate smulation of nitrification, thereby, improving the
model’ s ability to predict N fate.

The overall conclusion of the study is that use of urea pellets does increase crop

yield and reduce nitrate leaching compared to granules for the crop, soil, and climatic
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conditions investigated in this study. The use of pellets for other crop, soil, and
management conditions should be investigated.
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7. RECOMMENDATIONSFOR FUTURE RESEARCH

Based on the results of this study, following are the recommendations for future

research.

1.

Both the agronomic and NO3-N leaching impacts of urea form need to be evaluated
during the crop season under moist conditions. Also, longer-term studies would be
useful in evaluating the agronomic and environmental impacts of urea form under
changing soil-N conditions.

There is limited information on the impact of urea form on N-loss pathways such as
NHs volatilization, NH4-N fixation by clay minerals, denitrification, and
immobilization. Such studies could lead to a better understanding of the economic
and environmental impacts of urea pellets versus granules.

There is need to consider the prices of urea pellets and granules while considering
the economics of using urea pellets versus urea granules.

Accounting of the applied-N fate as affected by urea form could be improved
through use of labeled-N (*°N).

The potential for using phosphorus (P) pellets is recognized. Use of P pellets could
result in higher localized dissolved inorganic-P concentrations leading to more
efficient plant P uptake.

The need for developing a physically-based model to simulate solute dissolution as
affected by solute particle size, soil moisture content, and soil properties is
recognized. Such a model would be useful in simulating the fate of a wide variety
of solutesthat are applied as large particles in the soil.

The ability of the model developed in this study to simulate N transformations could
be enhanced if pH were simulated. Such an approach could improve simulation of
the nitrification process since nitrification is extremely sensitive to pH changes.

8. The need for validation of the model using multiple data setsis recognized.

9. A validated 2-D N model could enhance N management from subsurface-banded N

if it wereto be incorporated into a comprehensive management model.
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Precipitation and Air Temperature Data
(May 1999 - April 1999)
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Input Requirements and Definition of Parameters and

Variables Used in the Mathematical Model

The mathematical model requires inputs from eight external text files, namely,
CROPN.DAT, REFET.DAT, WEATHER.DAT, SOILPROP.DAT, UNSAT.DAT,
MOIST.DAT, UREA _IN.DAT, AMMONIUM _IN.DAT, and NITRATE_IN.DAT. The
inputs contained in each file along with their descriptions are given in table B.1. Other
parameters that are specified in the model code (Appendix E) are described in table B.2.
Finally, all the model inputs are described in table B.3.

TableB.1. Parametersand variablescontained in theinput files

File Parameter/Variable Type Description
CROPN.DAT PL_DATE i* Planting date (Julian day)
(contains information HV_DATE i Harvesting date (Julian day)
about the cropand N U DATE1 i Starter urea application date (Julian day)
application to the crop) U_DATE2 i Sidedress urea application date (Julian day)
ROW_SPACE dp’ Crop row spacing (cm)
MAX_ROOTDEPT dp Maximum root depth of crop (cm)
H

U RATE1 dp Starter urea application rate (kg/ha)

U RATE2 dp Sidedress urea application rate (kg/ha)

U _DIST1 dp Distance (cm) of starter urea application with respect to any

reference point. Any distance can be selected so long as the point of
application is not too close to the boundary which may makethe
boundary condition unrealigtic.

U _DIST2 dp Distance (cm) of sidedress urea application with respect to any
reference point
U _DEPTH1 dp Depth (cm) of starter urea application below the soil surface. Even

though any depth may be specified, sdecting a very small depth may
make the boundary condition unrealistic.

U DEPTH2 dp Depth (cm) of sidedress urea application below the soil surface.

ELEV dp Elevation of the sudy plot (m above md)
REFET.DAT ET_REF dp, 1d* Penman-M onteith hourly reference evapotranspiration (mm)
WEATHER.DAT AIR_TEMP dp, 1d Hourly air temperature (°C)
(contains weather RH dp, 1d Hourly reative humidity (%)
parameter values) SOLRAD dp, 1d Hourly solar radiation (W/m?)

SOILTEMP dp, 1d Hourly soil temperature at the depth of urea application (°C)

RAIN dp, 1d Hourly precipitation (mm)
SOILPROP.DAT BD dp Sail bulk density (g/cm®)
(contains soil POR dp Soil porosity (fraction)
properties assumed LAMBDA L dp Longitudinal dispersivity (cm)
invariant with depth) SOIL_PH dp Sail pH
UNSAT.DAT KS dp, 1d Saturated hydraulic conductivity 9cm/h)
(contains soil THETA_S dp, 1d Saturated volumetric moisture content (mL/cm?®)
properties assumed THETA R dp, 1d Residual volumetric moisture content (mL/cm?®)
variable with depth ALPHA_US dp, 1d o parameter (cm™) - Eq. [5-7]
required for the K-h-6 L US dp, 1d L parameter - Eq. [5-5]
relationship) M_US dp, 1d m parameter - Eq. [5-7]

N_US dp, 1d n parameter - Eq. [5-7]
MOIST.DAT THETA_IN dp, 1d Initial volumetric moisture content (mL/cm?)

(Table continued)
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UREA_IN.DAT UCONC_IN dp, 2 Initial urea concentration specified as mg/g-soil but converted to
mg/mL-soil solution in the model

AMMONIUM_IN.DAT ACONC_IN dp, 2d Initial NH,4" concentration specified as mg/g-soil but converted to
mg/mL-soil solution in the model

NITRATE_IN.DAT NCONC_IN dp, 2d Initial NOs™ concentration specified as mg/g-soil but converted to
mg/mL-soil solution in the model

* Integer
" Doubleprecision
¥ Elementinal-D array
§  Elementin 2-D array
TableB.2.  Parameters* defined in the model code
Parameter Description
CcP Specific heat of moist air at constant pressure (kJRg*IC™?)
GAS Universal gas constant (kcal ol e*[IK ™)
A1&B 1 Coefficientsused in Eq. [5-24]
HEAD_S Saturation pressure head (cm)

HEAD_2 & HEAD_3

Pressure heads (cm) defined as ;h and sh, respectively, in Eq. [5-24]

HEAD 4

Pressure head (cm) at which hydrodynamic dispersion ceases

HEAD_5 Pressure head (cm) bel ow which surface evaporative flux is controlled by moisture
movement towards the soil surfaceinstead of environmental conditions
HEAD_MAX Negative pressure head (cm) at which soil water capacity is calculated for saturation
conditions
EXTINC C Extinction coefficient used in Eq. [5-25]
TAU Margin of safety in calculating time step used in Eq. [5-

DT_MANT & DT_EXPO

Empirically devel oped mantissa and exponent used in time step calculation (Eq. [5-30])

UDIFF_AQ, ADIFF_AQ,

Molecular diffusion coefficients (cm?h) of urea, NH,", and NO3’, respectively in agueous

& NDIFF_AQ solution

U_VMAX Maximum reaction velocity of urea (mg-urealg’-soil B ™) in Eq. [5-50]

U KMAX Michaelis congtant (mg-urea/mL) in Eqg. [5-50]

U ACT_ENER Activation energy for urea hydrolysis (kcal/mole-urea) in Eq. [5-52]

UA Pre-exponential factor for urea hydrolysisin Eq. [5-52]

UCONC_MM Threshold urea concentration (,¢,) at or above which, the Michaelis-Menten equation no
longer applies (Eg. [5-51])

UCONC_STOP Urea concentration at which urea hydrolysis ceases (,¢3) (Eq. [5-51])

K_DIS Distribution coefficient for NH," (Eq. [5-53])

ACONC_RR Threshold NH," concentration (,¢1) above which, the zero-order equation no longer applies

(Eq. [5-56])

ACONC_STOP NH,4" concentration at which nitrification ceases (oC;) (Eq. [5-56])

N_ACT_ENER Activation energy for nitrification (kcal/mole-NH,") in Eq. [5-59]

N_A Pre-exponential factor for nitrification in Eq. [5-59]

N_KO0 Firgt-order rate constant for nitrification (h™) in Eq. [5-56]

N_K1 Zero-order rate constant for nitrification (mgL ™) in Eq. [5-56]

U_SLOPE Slope of the mass of urea dissolved per square root of time (my for granule and m, for

pellet) (mg/h®®) in Eq. [5-47]

* All parametersare double precison
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TableB.3.

Variablesused in the model code

Variables Type Description
10S i* Boolean counter to check for presence of input file
| i Increment along z-axis
L i Upper bound of |
1L i Increment used to skip a fixed number of header linesin theinput files
J i Increment along y-axis
M i Upper bound of J
N& P i Dummy variables (counters) used in the tridiagonal subroutines
|_FERT1& i Increments along z-axis that receive starter and sidedress urea application, respectively
|_FERT2
J FERT11 & i Increments along y-axis that receive half and half of starter urea application
J FERT12
J FERT21 & i Increments along z-axis that receive half and half of sidedress urea application
J FERT22
HR i Hour counter
HR_END i Upper bound of number of hours of smulation
TEN_D i Counter of tracking ten-day incrementsin crop growth during smulation
SIM_START i Date of start of smulation (Julian day)
SIM_END i Date of end of smulation (Julian day)
R i,1d" Number of root nodes as a function of crop age
K_C i,1d Crop coefficient value as a function of crop age
LAI i,1d Leaf areaindex value asa function of crop age
DZ dp* Node spacing along z-axis (cm)
DY dp Node spacing along y-axis (cm)
T dp Time (h) after start of smulation
DT dp Timeincrement (h)
T _START dp Hour at which smulation gtarts (SIM_START times 24.0)
T _END dp Hour at which smulation ends (SIM_END times 24.0)
T_NEW dp T+DT
PL_ TIME dp Time (h) between planting date and start of simulation
HV_TIME dp Time (h) between harvesting date and start of simulation
U TIME1 dp Time (h) between starter urea application and start of smulation
U TIME2 dp Time (h) between sidedress urea application and start of smulation
THETA dp, 1d V olumetric moisture content, ® (mL/cm®) at the nodes al ong z-axis used as dummy variable
THETA_M dp, 1d 0 between the nodes along z-axis
THETA_IN dp, 1d 0 at the nodes used asthe initial (input to predictor) or the final (output from corrector) value
THETA_MID dp, 1d 0 at the nodes recei ved as output from the predictor and used as input to the corrector
HEAD dp, 1d Pressure head, h (cm) at the nodes along z-axis used as dummy variable
HEAD _IN dp, 1d h at the nodes along the z-axis correspondingto THETA_IN
HEAD_MID dp, 1d h at the nodes along the z-axis corresponding to THETA_MID
KUS dp, 1d Hydraulic conductivity, K (cm/h) between nodes along z-axis used as dummy variable
KUS IN dp, 1d K between nodes used in the predictor
KUS MID dp, 1d K between nodes used in the corrector
KUSN dp, 1d K at the nodesused aslocal variable
FLUX dp, 1d Moigture flux, g (cm/h) between nodes along z-axis used as dummy variable
FLUX_IN dp, 1d g calculated usng HEAD_IN and KUS _IN
FLUX_MID dp, 1d g calculated usng HEAD_MID and KUS _MID
SwWC dp, 1d Soil water capacity, C(1/cm) at the nodes al ong z-axis used as dummy variable
SWC_IN dp, 1d C at the nodes used in the predictor
SWC_MID dp, 1d C at the nodes used in the corrector
POT_ET dp, 1d Hourly potential crop evapotranspiration (cm/h)
POT_EVAP dp, 1d Hourly potential evaporation (cm/h)
POT_TRANS dp, 1d Hourly potential crop transpiration (cm/h)
TRANS LAY dp, 1d Hourly actual crop transpiration (mL@m*[H") for individual nodesalong the z-axis
POT_TRANS_LAY dpé Potential crop transpiration (cnvh) for individual nodesalong the z-axis for all specified hours
2d
PERC_LOSS dp Cumulative percolation loss from the root zone (cm)
INFILT dp Cumulativeinfiltration through the soil surface (cm)
FLUX_SUR dp Actual surface flux dueto preci pitation or evaporation (cm/h)
POT_INFILT dp Potential infiltration at the soil surface (cm/h)
EVAP dp Cumulative evaporation from the soil surface (cm)
PRECIP dp Cumulative precipitation (cm)
TRANSPIRE dp Cumulative transpiration (cm)
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MAX_FLUX dp Maximum flux anywherein the soil profile (cm/h)
N_LEACH dp Cumulative amount of NOs'-N leached (kg/ha)
CROP_NREM dp Cumulative amount of N removed by crop (kg/ha)
UCONC _IN dp, 2d Urea concentration (mg/mL) used asinput in the first step of ADI
UCONC_MID dp, 2d Urea concentration (mg/mL) used asinput in the second step of ADI
ACONC _IN dp, 2d NH,4" concentration (mg/mL) used asinput in the first step of ADI
ACONC _MID dp, 2d NH,4" concentration (mg/mL) used asinput in the second step of ADI
NCONC_IN dp, 2d NOs concentration (mg/mL) used asinput in thefirst step of ADI
NCONC _MID dp, 2d NOs concentration (mg/mL) used asinput in the second step of ADI
UCONC LO dp, 2d Urea concentration (mg/mL) in the downstream node in the convective component of CDE
UCONC _UP dp, 2d Urea concentration (mg/mL) in the upstream node in the convective component of CDE
ACONC LO dp, 2d NH,4" concentration (mg/mL) in the downstream node in the convective component of CDE
ACONC_UP dp, 2d NH,4" concentration (mg/mL) in the upstream node in the convective component of CDE
NCONC LO dp, 2d NOs concentration (mg/mL) in the downstream node in the convective component of CDE
NCONC_UP dp, 2d NOs concentration (mg/mL) in the upstream node in the convective component of CDE
UCONCMID dp, 1d Urea concentration (mg/mL) calculated in thefirst step of ADI along the y-axis
UCONCFIN dp, 1d Urea concentration (mg/mL) calculated in the second step of ADI along the z-axis
ACONCMID dp, 1d NH," concentration (mg/mL) calculated in the first step of ADI along the y-axis
ACONCFIN dp, 1d NH,4" concentration (mg/mL) cal culated in the second step of ADI along the z-axis
NCONCMID dp, 1d NOs concentration (mg/mL) calculated in thefirst step of ADI along the y-axis
NCONCFIN dp, 1d NOs concentration (mg/mL) calculated in the second step of ADI along the z-axis
U_SOURCE dp Urea source term due to urea dissolution (mg@m°H™)
U_SINK dp, 2d Urea sink term dueto urea hydrolysis (mgém>h™)
U F TEMP dp Temperature factor for urea hydrolysis
U_MASSI11 & dp Masses (mg) of starter urearemaining in the first and second cells, respectively, where the first and
U_MASSI12 second starter urea nodes are located within the first and second cells mentioned above
U _MASS21 & dp Masses (mg) of sidedressurearemaining in the first and second cells, respectively, where the first
U MASS22 and second sidedress urea nodes are | ocated within the first and second cells mentioned above
U _DISS11 & dp Masses (mg) of starter urea dissolved in the first and second cells, respectively
U_DISS12
U _DISS21 & dp Masses (mg) of sidedress urea dissolved in the first and second cells, respectively
U_DISS22
A_SOURCE dp, 2d NH," source term due to urea hydrolysis (mglém*H?)
A_SINK1 dp, 2d NH,4" sink term due to nitrification (mglém[H™); thisterm isalso applied as the source term in the
NOs CDE after converting the NH," mass into the equivalent NO;” mass
A_SINK2 dp NH," sink term due to plant N removal (mgém ™)
N_F _TEMP, dp Temperature, pH, and pressure head factors for nitrification, respectively
N_F PH, &
N_F HEAD
N_SINK dp NO; sink term due to plant N removal (mglem ™)
U_AP DISP dp, 1d Apparent dispersion (cm?/h) of ureatimes 8 applicable to that vertical node
A_AP DISP dp, 1d Apparent dispersion (cm’/h) of NH,," times 8 applicable to that vertical node
N_AP DISP dp, 1d Apparent dispersion (cm’/h) of NO; times 8 applicable to that vertical node
AV_ACONC dp,1d | Average NH,"-N concentration (mg/mL) for any i (2, ..., L-1) in all non-boundary horizontal nodes
(=2,...,M-1)
AV_NCONC dp, 1d Average NOs -N concentration (mg/mL) for any i (2, ..., L) inall horizontal nodes(j =1, ..., M)
NA_REM_LAY dp, 1d N removed by crop from any vertical node (mglém*[h?)
X&Y dp, 1d Dummy variables used in thetridiagonal subroutines
A_Y,BY,CY,& dp, 1d Dummy variabl es corregponding to subdiagonal, diagonal, superdiagonal coefficients on theleft
K_Y sideand coefficient on theright side, respectively in the tridiagonal subroutine for the moisture sub-
model
A_M,B_M,C_M, dp, 1d Subdiagonal, diagonal, superdiagonal coefficients on the left side and coefficient on the right side,
& K M respectively in the tridiagonal subroutine for the moisture sub-model
A_X,B_X,C X, & dp, 1d Dummy variabl es corregponding to subdiagonal, diagonal, superdiagonal coefficients on theleft
K_X side and coefficient on theright side, respectively in the tridiagonal subroutine for the N sub-model
for thefirst step of the ADI
A_U,B UCU, & dp, 1d Subdiagonal, diagonal, superdiagonal coefficients on the left side and coefficient on the right side,
K U respectively in the tridiagonal subroutine for the N sub-model for the first step of the ADI for urea
A_U2,B_U2, dp, 1d Subdiagonal, diagonal, superdiagonal coefficients on the left side and coefficient on the right side,
C U2, & K_U2 respectively in the tridiagonal subroutine for the N sub-model for the second step of the ADI for
urea
dp, 1d Subdiagonal, diagonal, superdiagonal coefficients on the left side and coefficient on the right side,

respectively in the tridiagonal subroutine for the N sub-model for the first step of the ADI for NH,"
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A_A2,B_A2, dp, 1d Subdiagonal, diagonal, superdiagonal coefficients on the left side and coefficient on the right side,

C A2, & K_A2 respectively in the tridiagonal subroutine for the N sub-model for the second step of the ADI for
NH,"

A_N,B_N,C N, & dp, 1d Subdiagonal, diagonal, superdiagonal coefficients on the left side and coefficient on the right side,

K_N respectively in the tridiagonal subroutine for the N sub-model for thefirst step of the ADI for NO3°

A_N2,B_N2, dp, 1d Subdiagonal, diagonal, superdiagonal coefficients on the left side and coefficient on the right side,

C_N2,& K_N2 respectively in the tridiagonal subroutine for the N sub-model for the second step of the ADI for
NOs

* Integer

" Elementinal-D array

¥ Doubleprecision

5

Element in 2-D array
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APPENDIX C. SAMPLE INPUT FILESREQUIRED BY THE
MATHEMATICAL MODEL
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SAMPLE INPUT FILES REQUIRED BY THE MATHEMATICAL
MODEL

1. CROPN.DAT

Crop data for 1998 corn crop (modified to make boundary conditions reasonabl €)
M. Hv. St. Sd. Row_sp.Max_Rt. St.rt. Sd.rt. St.dis. Sd.dis. St.dep. Sd.dep. Elev
dt. dt. dt. dt. ----- cm------- -urea-kg/ha- cm m
138 259 138 180 75.00 120.00 80.0 320.0 20.00 45.00 10.00 10.00 670.7

In the above sample file, Pl. dt. and Hv. Dt.are PL_DATE and HV_DATE,
respectively; St. dt. and Sd. dt. are U_DATEL and U_DATEZ2, respectively; Row_sp
and Max_rt. are ROW_SPACE and MAX_ROOTDEPTH, respectively; St.rt. and
Sd.rt. are U_RATEL and U_RATEZ2, respectively; St.dis. and Sd.dis. are U_DIST1
and U_DIST2, respectively; St.dep. and Sd.dep. are U_DEPTH1 and U_DEPTH2,
respectively, and Elev is ELEV. All variables listed above are described in table
B.1.

2. REFET.DAT

"Trial Et caculation for Kentland Farm, May 12,1998-April 2, 1999"
Reference Typeis GRASS (Alfalfa/ 1.25)
DoY HrMn Tmax Tmin Rs Wind DewP PMon KPen FcPn 63Pn Harg FRad FB-C
C C Wim2m/s C mm/h mm/h mm/h mm/h mm/h mm/h mm/h
1321100 185185 700 2911.10400.41 0.50
1321200 189189 759 3.111.70430.45 054
1321300 19.419.4 320 3.111.20.240.24 0.29

The above file was generated as output by the REF-ET (Allen, 1990), the
software program used to calculated reference evapotranspiration (ET). The only
value in each line that is used by the mathematical model in this study in the
Penman-Monteith ET value (ET_REF intable B.1.). Description of the variablesin
the above file may be found in Allen (1990).

3. WEATHER.DAT

Jday 132-262:Temp, RH,WS-Roanoke Reg. Airport; RS-Bluefield; soil temp.-
Kentland (average of 1993(part), 1994, 1995),Jday 262-92: Kentland data
DayTime Temp(C) RH(%)RS(W/m2)WS(km/h)S.temp(C)Rain(mm/h)
1321100 18,50 62.0 700.0 10.300 14.35 0.00
1321200 18.90 63.0 759.0 11.300 14.65 0.00
1321300 19.40 59.0 320.0 11.300 15.00 0.00
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1321400 18.90 63.0 324.0 16.100 15.58 0.00

In the above file Temp, RS, Stemp, and Rain are AIRTEMP, SOLRAD,
SOILTEMP, and RAIN, respectively, as previously defined in table B.1. Day,
Time, RH, and WS are Julian days, hours, relative humidity, and wind speed which
are not required by the model.

4. SOILPROP.DAT

Soil properties for Ross soil, Kentland Farm
BD POR Lambda | Soil_pH

g/cm3 mL/cm3 cm

1.34 0.496 0001.0 6.10

The variables BD, POR, lambda I, and Soil pH are defined as BD, POR,
LAMDA L, and SOIL_PH intable B.1.

5. UNSAT.DAT

Datarequired to calculate unsat. K by layer(1.25 cm) for Ross soil, Kentland Farm.
These are not measured but |east-squares fitted values obtained from RETC3.FOR
Layer KS(cm/h)theta stheta rapha |_us m_ us n_us

1 1.000 0.4880 0.0286 0.1302 0.50 0.1244 1.0050

2 1.000 0.4880 0.0286 0.1302 0.50 0.1244 1.0050

3 1.000 0.4880 0.0286 0.1302 0.50 0.1244 1.0050

The variables Layer, KS, theta s, thetar, adpha, | us, m us, and n_us
correspond to | (Table B.3.), KS, ALPHA _US, L_US, M_US, and N_US,
respectively. The variables KS, ALPHA_US, L_US, M_US, and N_US are defined
inTable B.1.

3. MOIST.DAT

Initial volumetric moisture content estimated on 5/12/98 using neutron count measurements.

Note that neutron countswere only available at 30, 45, 60, 90, and 120 cm. Intermediate values were
obtained through interpol ation.

Vol. MC

0.440

0.438

0.436

0.434

0.432

In the above file, initial volumetric content (THETA_IN) is specified for each
vertical node (I).
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4. UREA_IN.DAT, AMMONIUM IN.DAT, and NITRATE_IN.DAT
The UREA_IN.DAT, AMMONIUM IN.DAT, and NITRATE_IN.DAT contain
intial  urea (UCONC_IN), NH," (ACONC_IN), and NOs; (NCONC_IN)
concentrations for all nodes in the lateral and vertical directions. The descriptions
of these variable are presented in table B.1. In this study, all initial N concentrations
were set equal to zero. With the proper format (field description), the model can

read intial N concentrations from atext file.
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APPENDIX D. CODE OF THE TWO-DIMENSIONAL
MATHEMATICAL MODEL FOR SSIMULATING THE FATE OF
SUBSURFACE-BANDED UREA-N (FORTRAN 90)
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CODE OF THE TWO-DIMENSIONAL MATHEMATICAL MODEL
FOR SIMULATING THE FATE OF SUBSURFACE-BANDED UREA-
N (FORTRAN 90)

| %k *kkhhhhhhhhhhhhdhhhdhhhdhhhdhhhrdhkhhhhhhhhhhhdhhhdhhhdhhhddhddhkdddrdkdrxkx*x*x

I Created by Sanjay B. Shah
I July 2000
!**********************************************************************
I This nodel simulates the fate of urea applied in subsurface bands in
two di nensions. The nodel uses the one-di nensional Richards
equation to provide flux and noi sture content values for running the
N nodel

The noi sture nodel sinulates bare surface evaporation, transpiration
nmoi sture redistribution, and percolation. Currently, it does not
simulate runoff. The noisture nodel is capable of handling
precipitation intensities of upto 5 cmh. \Wen larger precipitation
intensities are to be sinmulated, the smallest time step (10D-6 h)
restriction will need to be renoved.

VWil e the N nodel simulates urea dissolution, urea hydrolysis, and
nitrification, currently, it does not simulate other NI oss pathways
such as denitrification, amoniumfixation, and i mobilization

|
|
|
|
|
|
|
|
|
|
|
|
|
|
]
I Nitrogen fate is nodel ed using separate convective-di spersive

I equations (CDE) for urea, anmonium and nitrate. The alternating
I -direction inpicit nmethod is used to finite difference the CDE

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

Stability of the noisture nodel is checked using an enpirica

equation for calculating tine step. Stability of the CDE is tested
with the CFL criterion set equal to 0.8. The snmaller of the two tine
steps is used dependi ng on whether there is N applied to the soil

The nodel outputs three files - MJST. QUT, N TRATE. QUT, and
AMVONI UM QUT. The MO ST.QUT file contains information on all
conponents of the hydrologic cycle that the nodel simulates. The
NI TRATE. QUT file contains nitrate concentrations as well as anounts
of N |eached and N renoved by the crop. The AMMONIUM QUT file
cont ai ns ammoni um concentrations. Note that there is no file for
urea outputs since urea does not stay in the soil for too |ong.
Note that all of the above outputs are generated at 10-day intervals
as well as at the end of sinulation. For outputs at other tine

I intervals, appropriate WRITE statenents will need to be inserted.

| %k kkhhhhhhhhhhhhhhhdhhhhdhhhhhhhhhhhhhhhhhhhhhdhhhdhhhdhhhddhddhkrddhrrkhr*x*

PROGRAM NAI N
I MPLICI' T NONE
SAVE

I Uni versal constants

DOUBLE PRECI SI ON, PARAMETER: : C P=1. 013, GAS=8. 314D+7

I Decl ared constants, mneasured val ues preferable

DOUBLE PRECI SI ON, PARAMETER: : A 1=0. 40, B_1=0. 92, HEAD S=0. 0,
& HEAD 2=-1000. 0, HEAD 3=-20000. 0, HEAD 4=- 30000. 0, HEAD 5=- 48000. 0,
& HEAD MAX=-1.0D0- 4, EXTI NC_C=0. 63, TAU=1. 25, DT_MANT=1. 0D 4,

R0 Ro Ro
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& DT_EXPO=- 2. 4907

DOUBLE PRECI SI ON, PARAMETER: : UDI FF_AQ=0. 03, ADI FF_AQ=0. 07, &
& NDI FF_AQ=0. 03, U VMAX=0. 19, U KMAX=0. 20, U ACT_ENER=5. 78, U A=11724. 4, &
& UCONC_MVE25. 0, UCONC _STOP=400. 0, K DI S=0. 25, ACONC RR=0. 054, &
& ACONC _STOP=3. 857, N A=1. 807D+9, N ACT_ENER=12. 64, N _K0=347D- 6, &
& N _K1=0. 01, U SLOPE=0. 3877
I The U SLOPE val ue shown above applies to urea granules. For
I pellets, it is 0.1345.

I Variabl e declaration

I Counters

INTEGER: : 10S, 1, 1L,J,1 _FERT1,| FERT2,J FERT11,J FERT12,J FERT21, &
& J _FERT22, HR, TEN D

I Sizes

| NTEGER: : L, M N, P, Q HR_END, SI M_START, SI M_END

I Array containing nunber of root nodes for all growh stages

| NTEGER, DI MENSI ON( 1: 17):: R

DOUBLE PRECI SI ON: : DY, Dz, T, DT, T_START, T_END, T_NEW

I Since the array dinmensions are not known

I initially, need to usethe allocatable attribute

DOUBLE PREC! S| ON, ALLOCATABLE, DI MENSI ON(: ) : : THETA, THETA I N, THETA_ M D, &
& HEAD, HEAD | N, HEAD M D, THETA M

DOUBLE PREC! S| ON, ALLOCATABLE, DI MENSI O\( :

DOUBLE PREC! S| ON, ALLOCATABLE, DI MENSI O\( :

DOUBLE PREC! S| ON, ALLOCATABLE, DI MENSI O\( :

DOUBLE PREC! S| ON, ALLOCATABLE, DI MENSI O\( :
& ALPHA US, L_US, M US, N_US

DOUBLE PREC! S| ON, ALLOCATABLE, DI MENSI ON(: ) : : Al RTEMP, SO LTEMP, SOLRAD, &
& RAIN

DOUBLE PRECI S| ON, ALLOCATABLE, DI MENSI ON(: ) : : ET_REF, POT_EVAP, POT_ET, &
& POT_TRANS

DOUBLE PREC! S| ON, ALLOCATABLE, DI MENSI ON(: , : ) :: POT_TRANS_LAY

DOUBLE PREC! S| ON, ALLOCATABLE, DI MENSI ON(: ) : : TRANS_LAY

DOUBLE PRECI SI ON, DI MENSI ON(1: 17) : : K_C, LAI

DOUBLE PREC! SI ON: : BD, POR, LAMBDA L, SO L_PH, ELEV

DOUBLE PREC! SI ON: : ROW SPACE, MAX_ROOTDEPTH

DOUBLE PRECI SI ON: : PERC_LGSS, | NFI LT, FLUX_SUR, POT_I NFI LT, EVAP, PRECI P, &
& TRANSPI RE, MAX_FLUX, N_LEACH, CROP_NREM

.1 KUS, KUS_I N, KUS_M D
: 1 FLUX, FLUX_I N, FLUX_M D

: 1 SWC, SWC | N, SWC_M D

.1 KS, THETA_S, THETA R, &

— N N

DOUBLE PRECI SI ON, ALLOCATABLE, DI MENSI ON(: , : ) : : UCONC_I N, UCONC_M D, &
& ACONC | N, ACONC_M D, NCONC_| N, NCONC_ M D
DOUBLE PRECI SI ON, ALLOCATABLE, DI MENSI ON(: , : ) : : UCONC_UP, UCONC_LO, &

& ACONC_UP, ACONC_LO, NCONC_UP, NCONC _LO
I The uconc_up is the concentration in the upper node while uconc_Ilo
I is the concentration in the | ower node and these are required to
I cal culate the advective conponent.

DOUBLE PRECI SI ON: : U SOURCE, A SI NK2, N_SI NK, U MASS11, U MASS12, &
& U DI SS11, U DI SS12, U MASS21, U MASS22, U DI SS21, U DI SS22

DOUBLE PRECI SI ON, ALLOCATABLE, DI MENSI ON( : ) : : UCONCM D, ACONCM D, &
& UCONCFI N, ACONCFI N

DOUBLE PRECI SI ON, ALLOCATABLE, DI MENSI ON(: ) : : U AP_DI SP, A AP_DI SP, &
& N_AP DI SP

DOUBLE PRECI S| ON, ALLOCATABLE, DI MENSI ON(: ) : : X, Y, Z, NCONCM D, NCONCFI N
DOUBLE PRECI SI ON, ALLOCATABLE, DI MENSI ON( : ) : : AV_ACONC, AV_NCONC, &

& NA REM LAY

DOUBLE PRECI SI ON, ALLOCATABLE, DI MENSI ON(:, : )1 : A_SI NK1, U_SI NK
DOUBLE PRECI S| ON, ALLOCATABLE, DI MENSION(: )::A Y, B_Y,C Y, K.Y
DOUBLE PRECI S| ON, ALLOCATABLE, DI MENSI ON(: ) : : A X, B_X, C_X, K_X
DOUBLE PRECI S| ON, ALLOCATABLE, DI MENSI ON(: ):: A Z,B Z,C Z, K Z
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DOUBLE PRECI SI ON, ALLOCATABLE, DI MENSI ON(:)::A MB M C MK M

DOUBLE PRECI SI ON, ALLOCATABLE, DI MENSI ON(:)::A U, B U C U K U

DOUBLE PRECI SI ON, ALLOCATABLE, DI MENSI ON(: ) :: A U2, B_U2, C U2, K 2
DOUBLE PRECI SI ON, ALLOCATABLE, DI MENSI ON(:)::A A B A CA KA

DOUBLE PRECI SI ON, ALLOCATABLE, DI MENSI ON(: ) : : A A2, B_A2, C A2, K A2
DOUBLE PRECI S| ON, ALLOCATABLE, DI MENSI ON(:):: A N,B_N, C N, K N

DOUBLE PRECI SI ON, ALLOCATABLE, DI MENSI ON(: ) : : A N2, B_N2, C N2, K_N2
DOUBLE PRECI SI ON: : U RATE1, U RATE2, U DI ST1, U DI ST2, U DEPTHL, U_DEPTH2
DOUBLE PRECI S| ON: : U_F_TEMP, N_F_TEMP, N_F_PH, N_F_HEAD

DOUBLE PRECI SI ON: : U _TI MEL, U TI ME2

| NTEGER: : U DATE1, U DATE2

| NTEGER: : PL_DATE, PL_TI ME, HV_DATE, HV_TI ME

I All tinme-related declarations are made now.

PRI NT*, " Si nul ati on shoul d begin before or at planting and fertilizer"

PRI NT*," application and end at or after harvesting."
PRI NT*, "Specify julian day when sinul ation begins."
READ*, SI M_START
T_START=24. D0O* S| M_START
PRI NT*, "Specify the julian day when sinulation ends. Note that the "
PRI NT*, "si mul ati on period cannot exceed 2 years. For the second "
PRI NT*, "year of sinulation, do not count fromday 1.For exanple, "
PRINT*,"if the simulation period is fromMay 1,1998 to Jan.7,1999, "
PRI NT*, "t he date when sinulation ends should bel999, the date when"
PRI NT*, "when sinul ati on ends should be specified as 372 and not 7."
READ *, SIM END
T_END=24. DO* SI M_END
HR_END=I NT( T_END- T_START)
| Read file containing information on the crop and fertilization
OPEN( UNI T=1, FI LE=" CROPN. DAT", STATUS="COLD", | CSTAT=I OS)
IF (10s/=0) THEN
PRI NT*, "Unabl e to open file CROPN. DAT"
ELSE
DO IL=1,3
READ( UNI T=1, *)
END DO
READ( UNI T=1,
& FMI=' (414,F6.2,F8.2,F6.1,F8.1,F7.2,F8.2,F8.2,F8.2,F8.1)")
& PL_DATE, HV_DATE, U_DATE1, U_DATE2, ROV SPACE, MAX_ROOTDEPTH,
& U _RATE1, U RATE2, U DI ST1, U_DI ST2, U_DEPTH1, U_DEPTH2, ELEV
END | F
CLOSE( UNI T=1)
I Note that PL_TIME and HV_TIME are specified in terns of HR a
I one-hourly increment.
PL_TI ME=( PL_DATE- SI M_START) * 24
HV_TI ME=( HV_DATE- SI M_START) * 24
I Time of starter application after start of sinulation (h)
U Tl ME1=( U_DATE1- SI M_START) *24. 0D0
I Sidedress tine
U _TI ME2=( U_DATE2- SI M_START) *24. 0D0

ALLCOCATE( ET_REF(1: HR_END))
OPEN( UNI T=2, FI LE=" REFET. DAT", STATUS="COLD", | OSTAT=I OS)
IF (10s/=0) THEN
PRI NT*, "Unabl e to open file REFET. DAT"
ELSE
I REFET. DAT has six lines of headers and one line of dunmy data
DO IL=1,7
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READ( UNI T=2, *)
END DO
I Assunmed that ET is zero outside this tinme range
I This is for the Penman-Mnteith nethod
READ( UNI T=2, FMI=' (34X, F5. 2) ") (ET_REF(HR) , HR=1, HR_END)
DO HR=1, HR_END
| F (ET_REF(HR) <0. 0D0) THEN
ET_REF( HR) =0. 0DO
END | F
END DO
ET_REF=0. 1D0* ET_REF
I Converts Et frommmh to cmh
END | F
CLOSE( UNI T=2)

ALLOCATE( Al RTEMP( 1: HR_END) , SOLRAD( 1: HR_END) )
ALLCOCATE( SO LTEMP(1: HR_END), RAI N( 1: HR_END) )
OPEN( UNI T=3, FI LE=" WEATHER. DAT", STATUS="OLD", | OSTAT=I 0S)
IF (10s/=0) THEN
PRI NT*, "Unabl e to open file WEATHER DAT"
ELSE
I WEATHER. DAT has three lines of headers and one |line of dumy data
DO IL=1,4
READ( UNI T=3, *)
END DO
READ( UNI T=3, FMIr=' (16X, F8. 2, 8%, F8. 1, 8%, 2F8. 2) ") &
& (Al RTEMP(HR) , SOLRAD( HR) , SO LTEMP( HR) , RAI N( HR) , HR=1, HR_END)
RAI N=0. 1D0* RAI N
I Converts precipitation frommmh to cmh
END | F
CLOSE( UNI T=3)

I Node spacings for both y and z axes need to be specified.

I The first requirenment is that DY=DZ.

PRI NT*,"Both Y and Z node spaci ngs shoul d be equal ."

PRI NT*, "Ent er node spacing in cm"

READ*, DY

DZ=DY

PRI NT*, " Pl ease note that row spaci ng should be exactly divisible by "
PRI NT*, "y axi s node spacing."

I Note that in the vertical direction, the first and | ast nodes are
I located dz/2 below the soil surface and dz/2 above the root zone
I limt, respectively. In the horizontal direction, the first and
I last nodes start at the nodeling domain's boundari es.
Mel NT( ROW_SPACE/ DZ+1)
PRI NT*,"There are ", M "nodes along the y axis"

L=l NT( MAX_ROOTDEPTH DZ)
PRI NT*, "There are ", L, "nodes along the z axis"

I Assuned that urea is applied in a single node along the z axis.

I Uea is equally distributed between two adj acent nodes al ong

I the y axis.

I Identify nodes that receive urea application

| FERT1=NI NT( (U DEPTH1+0. 5*DZ)/ DZ)
I The above variable identifies the depth node i that receives
I starter urea.
J_FERT11=NI NT(U_DI ST1/ DY)
J_FERT12=J FERT11+1
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I J_FERT11 & J_FERT12 are the |l ateral nodes receiving starter urea.
| _FERT2=NI NT( (U_DEPTH2+0. 5*DZ) / D2)

J_FERT21=NI NT( U_DI ST2/ DY)

J_FERT22=J_FERT21+1

I 1| _FERT2, J_FERT21, and J_FERT22 pertain to sidedress urea

I application.

I U MASS11 and U MASS12 are equal urea anounts applied initially

I to J_FERT11 and J_FERT12, respectively.

U MASS11=( U _RATE1* ROW SPACE* DY) * (0. 01/ 2. 0)

U MASS12=U MASS11

I Urea application rate in kg/ha is converted to mass in ng in one
I node or cell by the factor (0.01/2.0)

U MASS21=( U_RATE2* ROW SPACE*DZ) * (0. 01/ 2. 0)

U MASS22=U MASS21

ALLOCATE( POT_EVAP( 1: HR_END) , POT_ET( 1: HR_END) , POT_TRANS( 1: HR_END) )
ALLOCATE( POT_TRANS_LAY(2: L, PL_TI ME+120: HV_TI ME) )
CALL TRANSPI RATI ON( ET_REF, POT_ET, POT_EVAP, L, HR_END, TEN_D, PL_TI M,
& HV_TI ME, C_P, Al RTEMP, SOLRAD, ELEV, R, K_C, LAI, A 1,B 1, EXTI NC_C,
& MAX_ROOTDEPTH, DZ)
ALLOCATE( TRANS_LAY(2: L))
DEALLOCATE(ET_REF) ! This array is no |onger needed

I Read soil properties that do not vary by |ayer
OPEN( UNI T=4, FI LE=" SO LPROP. DAT", STATUS="QOLD", | OSTAT=I OS)
IF (10s/=0) THEN
PRI NT*, "Unabl e to open file SO LPROP. DAT"
ELSE
DO IL=1,3
READ( UNI T=4, *)
END DO
READ( UNI T=4, FMr=' (F5. 2, F7. 3, F8. 1, F6. 2) ' ) BD, POR, LAMBDA L, SO L_PH
END | F
CLOSE( UNI T=4)
I Read soil paraneters that affect unsat. K by |ayer
ALLOCATE(KS(1:L), THETA S(1:L), THETA R(1:L), ALPHA US(1:L),L US(1:L),
& MUS(1:L),N US(1:L))
ALLOCATE( THETA I N(1: L), THETA M D(1:L), THETA M 1: L), HEAD I N(1: L),
& HEAD M D(1:L))
ALLOCATE(KUS IN(1:L),KUS MD(1:L))
ALLOCATE( FLUX I N(1: L), FLUX M D(1: L))
ALLOCATE(SWC I N(1:L),SWC M D(1:L))

ALLOCATE(UCONC I N(1: L, 1: M, UCONC M D(1: L, 1: M, U_SI NK(2: L- 1, 2: M 1),
& ACONC IN(1:L,1: M, ACONC MD(1:L, 1: M, A SINKL(2: L-1, 2: M 1),
& NCONC_IN(1: L, 1: M, NCONC M D(1: L, 1: M)

ALLOCATE( UCONC UP(1: L, 1: M, UCONC LQ(1: L, 1: M, ACONC UP(1:L,1: M),
& ACONC LO(1: L, 1: M, NCONC UP(1:L, 1: M, NOONC_LQ(1: L, 1: M)

ALLOCATE(U_AP DI SP(1: L), A AP_DI SP(1:L), N AP DI SP(1:L))

ALLOCATE( UCONCM D( 2: M 1), UCONCFI N( 2: L- 1) , ACONCM D(2: M 1),
& ACONCFI N( 2: L- 1), NCONCM D( 1: M), NCONCFI N( 2: L))

ALLOCATE( AV_ACONC( 2: L- 1), AV_NCONC( 2: L) , NA_REM LAY(2: L))

ALLOCATE(A M2:L),B M1:L),C M1:L-1), K M1:L))

ALLOCATE(A U(3: M1),B U(2: M1),C U(2: M2), K U(2: M1), A U2(3:L-1),
& B U2(2:L-1),C W2(2:L-2), K U2(2:L-1))

ALLOCATE(A A(3: M 1),B A(2: M1),C A(2: M2), K A(2: M1), A A2(3:L-1),
& B_A2(2:L-1),C A2(2:L-2),K A2(2:L-1))
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ALLOCATE(A N(3: M 1), B N(2: M1),C N(2: M2), K N(2: M1),A N2(3: L), &
& B N2(2:L),C N2(2: L-1), K N2(2: L))

OPEN( UNI T=5, FI LE=" UNSAT. DAT", STATUS="CLD", | OSTAT=I OS)

I UNSAT. DAT contains for each layer: saturated K, vol. noisture

I content values at saturation and as residual, and van Genuchten

I paranmeters m and L. Cbserve that all of the above paraneters are

I obtained using RETC. FOR progranm again, the values are |east-square
I fitted values. The unsaturated soil paranmeters nust be specified

I by layer and layer thickness nust be equal to DZ

IF (10s/=0) THEN

PRI NT*, "Unabl e to open fil e UNSAT. DAT"

ELSE
DO IL=1,3
READ( UNI T=5, *)
END DO
READ( UNI T=5, FMT=' (10X, F6. 3, F9. 4, 2F8. 4, F6. 2, 2F8. 4) ') &
& (KS(1), THETA S(1), THETA R(1), ALPHA US(1), L_Us(l), M US(1), &
& N US(I1),I=1,1)
END | F
CLOSE( UNI T=5)
I All of those arrays that have not already been allocated, will be

I allocated now. Note that these arrays are required for the
I duration of the simulation and will be updated every tine step.
I Supply initial soil noisture content val ues.
OPEN( UNI T=6, FI LE=" MO ST. DAT", STATUS="COLD', | OSTAT=I OS)
IF (10s/=0) THEN
PRI NT*, "Unabl e to open file MJ ST. DAT"
ELSE
DO IL=1,3
READ( UNI T=6, *)
END DO
READ( UNI T=6, FMr=' (F6.3) ") (THETA IN(I),1=1,1L)
END | F
CLOSE( UNI T=6)
PRI NT*,"The nodel will search for the files for residual urea, "
PRI NT*," anmoni um and nitrate concentrations for all nodal "
PRI NT*, "points in the nodel domain. |If the file nanes are not"
PRI NT*, "found, the nodel will initialize the N species to zero "
PRI NT*," concentrations."
Supply initial N species concentrations. Note that when N form
concentrations are specified as zero in the follow ng steps, the
units are ng/nmL. However, residual N formconcentrations are
usual ly reported in ng/g-soil. Hence, in the following files,
if the residual N forns are non-zero, they will be converted into
ng/ ni.

I Urea
OPEN( UNI T=7, FI LE=" UREA | N. DAT", STATUS="OLD", | OSTAT=I 0S)
IF (10s/=0) THEN
PRI NT*,"No residual urea file found, intializing urea "
PRI NT*, "concentrations to zero."
UCONC | N=0. 0
ELSE
DO 1L=1,3
READ( UNI T=7, *)
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END DO
READ( UNI T=7, FMr=' (61F8. 3)"' ) ((UCONC_ IN(I1,J),J=1,M,1=1,1L)
I 61 is the nunber of nodes along the y-axis.
DO I=1,L
DO J=1, M
UCONC I N(1, J)=UCONC I N(I,J)*BD THETA I N(1)
I Note that bulk density BD is assunmed constant throughout
I the nodeling domain.
END DO
END DO
END | F
CLOSE( UNI T=7)
|
I Armoni um
OPEN( UNI T=8, FI LE=" AWWONI UM | N. DAT", STATUS="OLD", | CSTAT=I 0S)
IF (10s/=0) THEN
PRI NT*,"No residual ammniumfile found,"
PRI NT*,"intializing concentrations to zero."
ACONC | N=0. 0
ELSE
DO IL=1,3
READ( UNI T=8, *)
END DO
READ( UNI T=8, FMr=' (61F8. 3)"' ) ((ACONC IN(I1,J),J=1,M,1=1,1L)
DO I=1,L
DO J=1, M
ACONC | N( 1, J)=ACONC I N(I,J)*BD/ THETA I N(I)
END DO
END DO
END | F
CLOSE( UNI T=8)
I Nitrate
OPEN( UNI T=9, FI LE=" NI TRATE I N. DAT", STATUS="QOLD", | OSTAT=I 0S)
IF (10s/=0) THEN
PRI NT*,"No residual nitrate file found, intializing concentration "
PRI NT*," to zero"
NCONC | N=0. 0
ELSE
DO IL=1,3
READ( UNI T=9, *)
END DO
READ( UNI T=9, FMr=' (61F8. 3)"' ) ((NCONC_IN(I1,J),J=1,M,1=1,1L)
DO I=1,L
DO J=1, M
NCONC | N(1, J)=NCONC I N(I,J)*BD THETA | N(1)
END DO
END DO
END | F
CLOSE( UNI T=9)
|
I Create file to wite out noisture content results
OPEN( UNI T=11, FI LE="MJ ST. QUT", STATUS=" REPLACE", PCSI TI ON=" APPEND")
110 FORMAT(' Node-w se noi sture content in the root zone',//,
& 'Node thickness = ',F4.2," cmand the root zone depth =",
& F6.2," cm)
VWRI TE (11, 110) DZ, MAX_ROOTDEPTH
CLOSE( 11)
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OPEN( UNI T=12, FI LE=" NI TRATE. QUT", STATUS=" REPLACE", PCSI TI ON=" APPEND")
120 FORMAT(' File contains NO3-N | oadi ng,crop N renoval, ', &
& "and node-w se nitrate, concentration data')
WRI TE(12, 120)
CLOSE(12)

OPEN( UNI T=13, FI LE=" AMMONI UM QUT", STATUS=" REPLACE", PCSI TI ON=" APPEND")
130 FORMAT(' Fil e contains node-wi se NH4 concentration data')
WRI TE( 13, 130)

CLOSE( 13)

CALL THETA2HEAD( HEAD | N, THETA I N, THETA S, THETA R, ALPHA US, M US, &
& N US L)

CALL KUNSAT(KUS I N, HEAD I N, HEAD S, KS, ALPHA US, L_US, M US, N US, L)

CALL DARCY(FLUX I N, KUS I N, KS, HEAD I N, HEAD S, L, DZ)

I This subroutine is required to calculate theta msince theta in is

I supplied as initial condition.

CALL HEAD2THETA( THETA_I N, THETA_M HEAD_ I N, HEAD_S, THETA_S, THETA R, &
& ALPHA US, M US, N_US, L)

I The followi ng subroutine is required to supply U AP DI SP,.. val ues

I to the predictor for the first time step only.

CALL AP_DI SP(U_AP_DI SP, A AP_DI SP, N_AP_DI SP, UDI FF_AQ ADI FF_AQ &

& NDI FF_AQ LAMBDA L, POR THETA M FLUX_I N, HEAD | N, HEAD 4, L)

I Initialization

T=0.0

HR=1

PERC_LCSS=0. 0

I NFI LT=0.0

PRECI P=0. 0

EVAP=0. 0

TRANSPI RE=0. 0

CROP_NREM=0. 0

N _LEACH=0. 0

MAX FLUX=1. 0DO

I' A maximumflux is assuned knowi ng that it will be conpared wth
I the surface flux in calculating the first time step in the

I simulation. Later in the sinulation, the maxi numflux anywhere
I inthe soil profile is conpared with the surface flux for the
I next hour in calculating tine step.

DO WHI LE ((T_END- T_START) - T>1. 0D 6)
I Based on soil and environnental conditions, actual infiltration
I or evaporation is calcul ated.
| F (RAIN(HR) >0. 0) THEN
| F (HEAD I N(1) <HEAD S) THEN
POT | NFI LT=- (( KUS_I N(1) +KS(1))*0.5)*(-1+(((0.5*( HEAD I N( 1) &
& +HEAD I N(2)))-HEAD S)/DZz))
I F (POT_I NFI LT>=RAI N(HR)) THEN
FLUX_SUR=RAI N( HR)
ELSE
FLUX SUR=POT | NFI LT
END | F
ELSE
POT_I NFI LT=KS( 1)
I F (RAI N(HR) >=POT_I NFI LT) THEN
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FLUX_SUR=POT_I NFI LT
ELSE
FLUX_SUR=RAI N( HR)
END | F
END | F
TRANS_LAY=0.0
ELSE ! No rain

FLUX_SUR=- POT_EVAP( HR)

I If pressure head in i=1 equal or decreases bel ow HEAD 5
(-48000.0 cm), evaporative flux is controlled by upward noisture
novenent rather than by the environnent (potential evaporation).

| F ((HEAD_I N(1) <=HEAD 5) .AND. (FLUX_IN(1)<=0.0)) THEN

I F (ABS(FLUX I N(1))<POT_EVAP(HR)) THEN
FLUX_SUR=FLUX_I N( 1)

ELSE
FLUX_SUR=- POT_EVAP( HR)

END | F

END | F
I Transpiration is assuned non-zero 5-145 d after planting

| F ((HR<PL_TI ME+120) .OR (HR>HV_TIME)) THEN

TRANS_LAY=0.0

ELSE ! The crop season

POT_TRANS( HR) =POT_ET( HR) - ABS( FLUX_SUR)

| F (POT_TRANS( HR) <=0. 0) THEN
TRANS_LAY=0.0

ELSE ! Potential transpiration > zero
I The followi ng statenent is used to cal cul ate potenti al
I transpiration by |ayer.
I After 145 d,transpiration = zero.

TEN_D=I NT( ( HR+120- PL_TI ME) / 240)

DO 1=2,L
| F (1 <=R(TEN_D)) THEN
POT_TRANS LAY(I, HR) =(((0. 45*R(TEN_D))- (0. 4*1)-0. 1) &

& *POT_TRANS(HR))/ (0. 25*(R(TEN_D)-1)*(R(TEN_D) - 2))
| F (HEAD I N(I)>=HEAD 2) THEN
TRANS LAY(1)=POT_TRANS LAY(Il,HR)/ Dz
I For the Richards' equation to be di nensionally honogeneous,
I it has to be expressed in 1/hr units. Hence POT_TRANS LAY
I in the above equation as well as later are divided by DZ
ELSE | F(HEAD | N(1) <HEAD 2 . AND. HEAD | N(I)>=HEAD 3) THEN
TRANS _LAY(1)=POT_TRANS LAY(I,HR)*(HEAD | N(1)-HEAD 3) &
& ((HEAD_ 2- HEAD 3) * DZ)
ELSE ! The layer has head < -20000.0 cm
TRANS_LAY(1)=0.0
END | F
ELSE
TRANS_LAY(1)=0.0
END | F
END DO
END | F
END | F
END | F
I' The maxi mum val ue of hydrodynam c dispersion is used for the CFL
I criterion. Ammoni um svalue is used since it has higher nolecul ar
I diffusivity than the other two sol utes.
MAX_ FLUX=MAXVAL( FLUX_ I N(1: L))
| F (ABS( MAX_FLUX) <ABS(FLUX_SUR)) THEN
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MAX FLUX=FLUX SUR
END | F
CALL TI MESTEP(PL_TI ME, HR, A_AP_DI SP, MAX_ FLUX, THETA M TAU, DT_MANT, &
& DT_EXPQ, Dz, DT)
I The followi ng statenent is needed to ensure that nultiple
I time-steps always add up to 1 hour, the interval at for weather
| & ET data are available
DT=M N( DT, 1. 0- DMOD( T+0. 000001D0, 1. 0D0))
IF (1.0-DT<1.0D-6) THEN
Dr=1. 0DO
END | F
I The following step is needed for the last time-step
IF ((T_END T_START) - T<DT) THEN
DT=T_END-T_START-T
END | F
T _NEWET+DT
!******************Predi CtOI‘ for the nDI Sture mdel********************
CALL SWCAP(SWC | N, HEAD | N, HEAD S, HEAD MAX, THETA S, THETA R, ALPHA US, &
& MUS, N US, L)
I Surface |ayer

=1

B MI)=(2*SWC IN(1)/DT)+(KUS_ IN(I)/(Dz**2))

I Note that kus(i) is actually evaluated at i+1/2

C MI)=-KUS_ IN(I)/(Dz**2)

K M 1)=(2*SWC I N(1)*HEAD I N(1)/DT)+((FLUX SUR-KUS IN(I))/DZz)

DO I=2,L-1

A MI)=-KUS IN(I-1)/(Dz**2)

B MI1)=(2*SWC IN(1)/DT)+((KUS I N(I-1)+KUS IN(I))/(Dz**2))
C MI1)=-KUS_ IN(I)/(Dz**2)

K M 1)=(2*SWC I N(1)*HEAD I N(1)/DT)+((KUS_IN(I-1)-KUS IN(1))/D2) &
& - TRANS LAY(I)

END DO

I =L

AMI)=-1.0

B MI1)=1.0

K M1)=0.0

CALL TRI DI AG M HEAD M MC MK ML)

A M
D

B MC
, THETA_M HEAD_M D, HEAD S, THETA_S, THETA R, &

D,
CALL HEAD2THETA( THETA_ M
& ALPHA US, M US, N_US, L)
CALL KUNSAT(KUS_M D, HEAD M D, HEAD S, KS, ALPHA US, L_US, M US, N_US, L)
CALL DARCY(FLUX_M D, KUS_M D, KS, HEAD M D, HEAD S, L, D7)
IF (FLUX_ M D(L)>0.0) THEN
PERC LOSS=PERC LOSS+( FLUX_M D(L) *DT)
END | F
! ******************Pr ed| Ct or for the SO| ut e rmdel kkhkkkkhhkkkhkhhkkkhhkkkhhkkhkhkkx*%
I For this half of time step, for each node along the z axis, the
I solution will be marched along all y axis nodes. The initial
I conditions involve specification of N species concentration at all
I nodes in the conmputational domain using the relevant input files.
I Theta_mid, theta_in, and flux_in required as inputs are avail able
I fromthe noisture predictor. The followi ng subroutine will prepare
I 2-D arrays of U SINK and a_sink1_in.

CALL HYDROLYSI S( UCONC | N, UCONC_MV] UCONC_STOP, U F_TEMP, U_A, &
& U_ACT_ENER, GAS, SO LTEMP, BD, U VMAX, U KMAX, L, M HR, HR_END, U_SI NK)

CALL NI TRI FI CATI ON( THETA | N, HEAD | N, ACONC | N, BD, HR HR_END, L, M &
& A_SINK1, SO LTEMP, N_F_TEMP, N_A, N_ACT_ENER, GAS, N_F_PH, SO L_PH, &

& N_F_HEAD, ACONC_RR, ACONC_STOP, N_K1, N_KO0)
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DO 1=2,L
F (FLUX_I N(1)>=0.0) THEN
DO J=1, M

UCONC _LQ(1, J)=UCONC I N(1,J)
ACONC LQO(1,J)=ACONC IN(I,J)
NCONC _LQ(1, J)=NCONC I N( 1, J)
END DO
ELSE
DO J=1, M
UCONC_LQ(1,J)=UCONC_I N(I +1, J)
ACONC LQ(1,J)=ACONC I N(I+1,J)
NCONC_LQ( 1, J) =NCONC_I N(I +1, J)
END DO
END | F
END DO
DO I=2,L
IF (FLUX_IN(I-1)>=0.0) THEN
DO J=1, M
UCONC_UP(1, J)=UCONC I N(I-1
ACONC _UP(1,J)=ACONC IN(I-1
NCONC_UP(1, J)=NCONC I N(I-1
END DO
ELSE
DO J=1, M
UCONC_UP(1, J)=UCONC I N(1, J)
ACONC _UP(1,J)=ACONC IN(I,J)
NCONC_UP('1, J) =NCONC I N( 1, J)
END DO
END | F
END DO
I It is assunmed that urea is not applied in the two top nodes and in
I the two extrenme nodes, i.e., J=1 or 2 and J=M1 or M

)
)
)

=1
DO J=1, M
UCONC M I I,J)=0
ACONC M D(1, J) =0
NCONC_ M I I, J) =0
END DO
| =2 | There are no urea nodes in i=2
J=1
UCONC M I I,J)=0
ACONC M D(1, J) =0
N_SI NK=TRANS_LAY( 1) *NCONC I N(I, J)
NCONCM D(J) =((2* THETA I N(1)*NCONC_I N(I,J)/DT)+(N_AP_DI SP(1)
& *(NCONC I N(I+1,J)-NCONC IN(I,J))/(Dz**2))-(N_AP_DI SP(I-1)
& *NCONC IN(I,J)/(Dz**2)) - (NCONC _LO(I,J)*FLUX I N(I1)/DZ)-N_SI NK)
& [ (2*THETA M D(1)/ DT)
J=2
I Urea
C U(J)=-UDI FF_AQ*( THETA M D(1)**4. 3)/ (POR**2*DY**2)
B WJ)=2*((THETA_ M D(1)/DT)-C_U(J))
K WJ)=(2*THETA I N(I1)*UCONC I N(I,J)/DT)+(U _AP_DI SP( 1)
& *(UCONC I N(I+1,J)-UCONC IN(I,J))/(Dz**2))-(U_AP_DI SP(I-1)
& *UCONC IN(I,J)/(Dz**2)) - (UCONC_LO(I,J)*FLUX_IN(I)/D2z)
& -U SINK(I, J)
I Ammoni um
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A(J) =- ADI FF_AQ*( THETA M D( 1) **4. 3)/ ( POR**2* DY** 2)
A(J)=2*((THETA M D(1)/DT)-C A(J) +(BD*K DI S/ DT))
SI NK2=TRANS_LAY(1)*ACONC I N(I, J)

K A(J)=(2*THETA I N(I1)*ACONC I N(I,J)/DT)+(2*BD*K DI SFACONC I N(1,J) &
& /DT)+(A AP DI SP(1)*(ACONC I N(1+1,J)-ACONC IN(I,J))/(Dz**2)) &
& - (A AP DISP(1-1)*ACONC IN(I,J)/(Dz**2))-(ACONC LI, J) &
& *FLUX_IN(1)/DZ)+(0.6*U SINK(I,J))-A SINKL(I,J)-A SINK2
I In the above equation, the ammoni um source is replaced by the
I urea sink tinmes 0.6 to convert urea to anmoni um

I Nitrate

C N(J)=-NDI FF_AQ*( THETA M D(1)**4. 3)/ (POR**2*DY** 2)

B N(J)=2*((THETA M D(1)/DT)-C _N(J))

N_SI NK=TRANS_ LAY( 1) *NCONC I N(I, J)

K N(J)=(2*THETA I N(I1)*NCONC I N(I,J)/DT)+(N_AP_DI SP( 1) &
& *(NCONC I N(I+1,J)-NCONC IN(I,J))/(Dz**2))-(N_AP_DI SP(I-1) &
& *NCONC IN(I,J)/(Dz**2))-(NCONC LI, J)*FLUX IN(1)/DZ)-N SINK &
& -(C_N(J)*NCONCM D(J- 1)) +(3. 4444*A SINKL(1,Jd))

I I n the above equation, the NO3- source is replaced by the NH4+

I sink with the 3.444 factor converting NH4+ to NO3-.

DO J=3, M2

I Urea

A U(J)=-UD FF_AQ*( THETA M D(1)**4. 3)/ ( POR**2* DY** 2)

B WJ)=2*((THETA M D(1)/DT)-A U(J))

C UJ)=A_UJ)

K WJ)=(2*THETA I N(I1)*UCONC I N(I,J)/DT)+(U AP _DI SP( 1) &
& *(UCONC I N(I+1,J)-UCONC IN(I,J))/(Dz**2))-(U AP _DI SP(I-1) &
& *UCONC IN(I,J)/(Dz**2)) - (UCONC LO(I,J)*FLUX IN(I)/D2z) &
& -U SINK(I, J)

I Anmroni um

A A(J)=-AD FF_AQ*( THETA M D(1)**4. 3)/ ( POR**2* DY** 2)

B A(J)=2*((THETA_ M D(1)/DT)-A A(J)+(BD*K DI S/ DT))

C A(J)=A A(J)

A SI NK2=TRANS_ LAY(1)*ACONC I N(I, J)

K A(J)=(2*THETA I N(1)*ACONC I N(I,J)/DT)+(2*BD*K DI SFACONC I N(1,J) &
& DT) +(A _AP_DI SP(1)*( ACONC I N(1+1,J)-ACONC IN(I,J))/(Dz**2)) &

C
B
A

& - (A AP DI SP(1-1)*ACONC IN(I,J)/(Dz**2))-(ACONC LO(I, J) &
& *FLUX_ IN(I)/DZ)+(0.6*U SINK(I,J))-A SINKL(I,J)-A SINK2
I Nitrate

A N(J) =- NDI FF_AQ (THETA_ M D(| ) ** 4. 3) / ( POR* * 2* DY* * 2)

B_N(J) =2*(( THETA_ M D(1)/DT)-A N(J))

C N(J)=A N(J)

N_SI NK=TRANS_LAY( 1) *NCONC_I N( 1, J)

K_N(J) =(2* THETA_I N(1)*NCONC_I N(1, J) / DT) +(N_AP_DI SP(1) &
& *(NCONC_I N(1+1, J) - NCONC IN(I, J))/(Dz**2)) - (N_AP_DI SP(I - 1) &
& *NCONC_IN( 1, J)/ (Dz**2)) - (NCONC_LO(1,J) *FLUX_IN(1)/Dz)-N SINK &
& +(3.4444*A SINKL(1,J))

END DO
J=M

UCONC_ M IX( 1, J) =0

ACONC M D1, J) =0

N_SI NK=TRANS_LAY( 1) *NCONC_I N( 1, J)

NCONCM D( J) =( ( 2* THETA | N(T) *NCONC_I N( 1, J)/ DT) +(N_AP_DI SP(1) &
& *(NCONC_I N(1+1, J)-NCONC I N(1,J))/(Dz**2))- (N_AP_DI SP(I - 1) &
& *NCONC_IN( 1, J)/ (Dz**2)) - (NCONC_LO(1, J)*FLUX IN(1)/D2)-N_SINK) &
& / (2*THETA M D(1)/ DT)

J=m1
I Urea
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A U(J)=-UDl FF_AQ ( THETA M D( 1) ** 4. 3) / ( POR** 2* DY* * 2)
B_U(J)=2*((THETA_ M D(1)/DT)-A_UJ))
K_U

(J)=(2* THETA I N(1)*UCONC_IN(I,J)/DT)+(U_AP_DI SP(I) &
& *(UCONC I N(I1+1,J)-UCONC I N(I,J))/(Dz**2))-(U_AP_DI SP(I-1) &
& *UCONC IN(I1,J)/(Dz**2))-(UCONC LO(1,J)*FLUX_ I N(1)/Dz) &
& -U_SINK(I, J)

I Ammoni um

A A(J)=-ADI FF_AQ*( THETA M D(1)**4. 3)/ ( POR** 2* DY* * 2)

B A(J)=2*((THETA M D(1)/DT)-A A(J)+(BD*K DI S/ DT))

A SI NK2=TRANS LAY(1)*ACONC IN(I, J)

K A(J)=(2*THETA I N(1)*ACONC I N(I,J)/DT)+(2*BD*K_DI S*ACONC I N(1,J) &
& / DT)+(A AP DI SP(1)*( ACONC I N(I+1,J)-ACONC IN(I,J))/(Dz**2)) &
& - (A AP DI SP(1-1)*ACONC IN(I,J)/(Dz**2))-(ACONC LO(I, J) &
& *FLUX_ IN(I)/DZ)+(0.6*U SINK(I,J))-A SINKL(I,J)-A SINK2

I Nitrate

A N(J)=-ND FF_AQ*( THETA_M D( 1) **4. 3) / ( POR** 2* DY* * 2)
B N(J)=2*((THETA_M D(1)/DT)-A _N(J))
N_SI NK=TRANS_LAY(1)*NCONC_I N(I, J)
KON(J) =(2* THETA_I N(1) *NCONC_I N(I, J)/ DT) +( N_AP_DI SP(1)
& *(NCONC_I N(1+1,J)-NCONC_IN(I,J3))/(Dz**2))-(N_AP_DI SP(I - 1) &
& *NCONC_I N(1,J3)/(Dz**2))- (NCONC_LQ(I,J)*FLUX_IN(1)/DZ)-N_SINK &
& - (A _N(J)*NCONCM D(J+1)) +(3. 4444*A SINKL(I,J))
I Sol ve concentration values for |=2
CALL TRIDIAGCUCONCM D(2: M 1), A U(3: M1),B U2: M1),C U2: M2), &
& KY2:Mm1), M
I Data for the y nodes for a z node are inserted into a 2-D array
I in the required row
UCONC_ M D(1, 2: M 1) =UCONCM D( 2: M 1)
CALL TRI DI AGCACONCM D(2: M 1), A A(3: M1),B A(2: M1),C A(2: M2), &
& KA(22M1), M
ACONC_ M D(1, 2: M 1) =ACONCM D( 2: M 1)
I The followi ng statenent averages the total NH4+ in a layer of y
I nodes(2: M 1) and converts it into NH4+- N
AV_ACONC( | ) =(SUM ACONCM D(2: M 1))/ (M 2))*0. 7778
CALL TRI DI AGCNCONCM D(2: M 1), A N(3: M1),B N(2: M1),C N(2: M 2), &
& KN2:M1), M
NCONC_M D(1, 1: M =NCONCM D( 1: M
AV_NCONC( ') =(SUM NCONCM D(1: M)/ M *0. 2258
I The follow ng statenment adds NH4+-N and NO3--N in each |ayer
I and calculates the total N renoved fromeach layer in time DI.
NA REM LAY( 1) =( AV_ACONC( | ) +AV_NCONC( 1)) *DZ* TRANS_LAY(I)
DO | =3, L-2
J=1
UCONC_ M D(1,J)=0.0
ACONC_M D(1,J)=0.0
N_SI NK=TRANS_LAY(1)*NCONC_I N( I, J)
NCONCM D(J) =( (2* THETA_I N( 1) *NCONC_I N(1, J)/ DT) +(N_AP_DI SP( 1)
& *(NCONC_I N(1+1,J)-NCONC_IN(I,J3))/(Dz**2))-(N_AP_DI SP(I - 1)
& *(NCONC_IN(1,J)-NCONC_IN(I-1,3))/(Dz**2)) - ((NCONC_LO( I, J)
& *FLUX I N(1')-NCONC_UP(1,J)*FLUX_I N(I-1))/DZ)-N_SI NK)
& [ (2*THETA_M D( 1)/ DT)
J=2 | Note that there are no urea nodes in J=2
I Urea
C U(J)=-UDl FF_AQ*(THETA_ M D(1)**4. 3)/ (POR**2* DY** 2)
B U(J)=2*((THETAMD(l)/DT)-C_WJ))
K_U(J) =(2*THETA_I N(1)*UCONC_I N(I,J)/DT) +(U_AP_DI SP(1) &
& *(UCONC_I N(1+1,J)-UCONC IN(I,J))/(Dz**2))-(U_AP_DI SP(I-1) &
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& *(UCONC I N(I,J)-UCONC IN(I-2,0))/(Dz**2))-((UCONC LO(I, J) &
& *FLUX I N(I)-UCONC UP(l,J)*FLUX IN(I-1))/Dz)-U SINK(I, J)
Anmoni um
A(J)=- ADI FF_AQ*( THETA M D(I)**4. 3)/ ( POR** 2* DY** 2)
A(J)=2*((THETA_ M D(1)/DT)-C A(J) +(BD*K DI S/ DT))
SI NK2=TRANS_LAY(1)*ACONC IN(I1, J)
A(J)=(2*THETA I N(1)*ACONC IN(I,J)/DT)+(2*BD*K_DI S
& *ACONC IN(I,J)/DT)+(A AP_DI SP(1)*(ACONC I N(I+1, J)
& -ACONC IN(1,3))/(Dz**2))-(A AP _DISP(1-1)*(ACONC IN(I, J)
& -ACONC IN(1-1,3))/(Dz**2))-((ACONC LO(1,J)*FLUX_IN(I)
& - ACONC UP( 1, J)*FLUX IN(1-1))/Dz)+(0.6*U_SI NK(I, J))
& -A SINKL(I,J)-A SINK2
I Nitrate
C N(J)=-NDI FF_AQ*( THETA M D(1)**4. 3)/ ( POR**2* DY** 2)
B N(J)=2*((THETA M D(1)/DT)-C N(J))
N_SI NK=TRANS _LAY(1)*NCONC IN(I, J)
K N(J)=(2*THETA I N(1)*NCONC IN(I1,J)/DT)-(C_N(J)*NCONCM I J-1))
& +(N_AP DI SP(1)*(NCONC I N(I+1,J)-NCONC IN(I,J))/(Dz**2))
& -(N_AP DI SP(1-1)*(NCONC I N(I,J)-NCONC IN(I1-1,3))/(Dz**2))
& ((NCONC LO(I,J)*FLUX I N(I')-NCONC UP(1,J)*FLUX IN(I-1))/D2z)
& +(3.4444*A SINKL(1,J))-N_SINK

!

C_
B_
A
K

R0 R0 Ro Ro Ro

DO J=3, M2
I The If statements below are required to identify the time and
I location of urea application so that the source termin the
I urea equations can be quantified.
I For the starter:
IF (T_NEWU TI ME1) THEN
U_SOURCE=0. 0
ELSE I F ((T_NEWS=U TI MEL1 . AND. T_NEWU TI ME2). AND. &
& (U_MASS11>0.0 . OR U _MASS12>0.0)) THEN
IF (I==I _FERT1 . AND. J==J FERT11) THEN
U DI SS11=U SLOPE*U_MASS11*((0.5*DT)**0. 5)
| F (U DI SS11<=0. 0001) THEN
U DI SS11=0.0
END | F
U SOURCE=U DI SS11/ ((0.5*DT)*(Dz**3))
U MASS11=U MASS11-U DI SS11
| F (U MASS11<=0. 0001) THEN

U MASS11=0.0
I Uea < 0.1 ncyg, is assunmed equal to zero.
END | F
ELSE I F (1 == _FERT1 . AND.J==J FERT12) THEN

U_DI SS12=U_SLOPE*U_MASS12* ( (0. 5* DT) **0. 5)
I F (U DI SS12<=0. 0001) THEN

U DI SS12=0.0
END | F
U SOURCE=U DI SS12/ ((0.5*DT)*(Dz**3))
U MASS12=U MASS12- U DI SS12
| F (U MASS12<=0. 0001) THEN
U MASS12=0.0
I Uea < 0.1 ncyg, is assunmed equal to zero.
END | F
ELSE
U _SOURCE=0. 0
END | F

ELSE | F (T_NEWKU TI ME2 . AND. (U MASS11==0.0 .AND. U MASS12==0.0)) &
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& THEN
I Assuned that all starter urea has dissolved at the tine of
I sidedress application.
U SOURCE=0.0
ELSE I F (T_NEW-=U TIME2 . AND. (U MASS21>0.0 . OR U NMASS22>0.0))
& THEN
I This is for the sidedress
IF (I==l _FERT2 . AND. J==J FERT21) THEN
U DI SS21=U SLOPE*U MASS21*((0.5*DT) **0. 5)
| F (U DI SS21<=0. 0001) THEN
U DI SS21=0.0
END | F
U SOURCE=U DI SS21/ ((0.5*DT) *(Dz**3))
U MASS21=U MASS21-U DI SS21
| F (U MASS21<=0. 0001) THEN
U MASS21=0.0
ND | F
E |F (I==1_FERT2 . AND. J==J FERT22) THEN
U DI SS22=U SLOPE*U MASS22*( (0. 5*DT) **0. 5)
| F (U DI SS22<=0. 0001) THEN
SS22=0.0
F

U_SOURCE=U_DI SS22/ ( (0. 5* DT) * ( DZ**3) )
U_MASS22=U_MASS22- U DI SS22
(U _MASS22<=0. 0001) THEN

F (U
U_MASS22=0. 0
F

ELSE
U SOURCE=0. 0
END | F
ELSE
U SOURCE=0. 0
END | F
I Urea
A U(J)=-UDI FF_AQ*( THETA M D(1)**4. 3)/ ( POR** 2* DY* * 2)
B UJ)=2*((THETA M D(1)/DT)-A WJ))
C U J)=AUJ)
K U(J)=(2*THETA I N(1)*UCONC I N(1,J)/DT)+(U_AP_DI SP(I)
& *(UCONC I N(I+1,J)-UCONC I N(I,J))/(Dz**2))-(U_AP_DI SP(I-1)
& *(UCONC I N(I,J)-UCONC IN(I-21,0))/(Dz**2))-((UCONC LO(I, J)
& *FLUX I N(I)-UCONC UP(I,J)*FLUX I N(I-1))/Dz)+U _SOURCE
& -U_SINK(I, J)
Anmoni um
A A(J)=-ADI FF_AQ*( THETA M D(1)**4. 3)/ ( POR** 2* DY* * 2)
B A(J)=2*((THETA M D(1)/DT)-A A(J)+(BD*K DI S/ DT))
C A(J)=A A(J)
A SI NK2=TRANS LAY(1)*ACONC IN(I, J)
K A(J)=(2*THETA I N(1)*ACONC IN(I,J)/DT)+(2*BD*K_DI S
& *ACONC IN(I,J)/DT)+(A AP_DI SP(1)*(ACONC I N(I+1, J)
& -ACONC IN(1,3))/(Dz**2))-(A AP _DISP(1-1)*(ACONC IN(I, J)
& -ACONC IN(1-1,3))/(Dz**2))-((ACONC _LO(1,J)*FLUX_ I N(I)
& - ACONC _UP( 1, J)*FLUX_IN(1-1))/Dz)+(0.6*U_SI NK(I, J))
& -A SINKL(I,J)-A SINK2
| Nitrate
A N(J)=-NDI FF_AQ* ( THETA M D(1)**4. 3)/ ( POR** 2* DY* * 2)
B N(J)=2*((THETA_ M D(1)/DT)-A N(J))
C N(J)=A N(J)
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N_SI NK=TRANS_LAY( 1) *NCONC_I N(1, J)

K_N(J) =(2* THETA | N(1)*NCONC_| N( I, J)/ DT) +(N_AP_Di SP(1)
& *(NCONC_I N(1+1, J)-NCONC I N( I, J))/(Dz**2)) - (N_AP_DI SP(I - 1)
& *(NCONC_I N(1, J)-NOONC_I N(1-1,3))/ (Dz**2))-((NCONC_LO( 1, J)
& *FLUX_I N(1) - NCONC_UP(T, J) *FLUX_I N(1-1))/Dz)-N_SI NK
& +(3.4444*A SINKL(T, J))

END DO ! J=3, M2

J=M

UCONC M IX(1, J)=0. 0

ACONC M D1, J)=0. 0

N_SI NK=TRANS_LAY( 1) *NCONC_I N(1, J)

NCONCM D( J) =( ( 2* THETA | N(1) *NCONC_| N( I, J) / DT) +(N_AP_Di SP(1)
& *(NCONC_I N( 1 +1, J) - NCONC I N(1, J))/ (Dz**2)) - (N_AP_DI SP(| - 1)
& *(NCONC_IN(1, J)-NOONC_I N(I-1,3))/(Dz**2))-((NCONC_LQ( 1, J)
& *FLUX_I N(1) - NCONC_UP(T, J) *FLUX_I N(1-1))/DZ) - N_SI NK)

& / (2*THETA M D(1)/ DT)

J=M1
I Urea
A U(J)=-UDI FF_AQ*( THETA M D(1)**4. 3)/ ( POR** 2* DY* * 2)
B UJ)=2*((THETA M D(1)/DT)-A WUJ))
K U(J)=(2*THETA I N(1)*UCONC I N(1,J)/DT)+(U_AP_DI SP(I)
& *(UCONC I N(I+1,J)-UCONC IN(I,J))/(Dz**2))-(U_AP_DI SP(I-1)
& *(UCONC I N(I,J)-UCONC IN(I-2,0))/(Dz**2))-((UCONC LO(I, J)
& *FLUX I N(I)-UCONC UP(l,J)*FLUX IN(I-1))/Dz)-U SINK(I, J)
I Ammoni um
A A(J)=-ADI FF_AQ*( THETA M D(1)**4. 3)/ ( POR** 2* DY* * 2)
B A(J)=2*((THETA M D(1)/DT)-A A(J)+(BD*K DI S/ DT))
A SI NK2=TRANS LAY(1)*ACONC IN(I,J)
K A(J)=(2*THETA I N(1)*ACONC IN(I,J)/DT)+(2*BD*K DI S
& *ACONC IN(I,J)/DT)+(A AP_DI SP(1)*(ACONC I N(I+1, J)
& -ACONC IN(1,3))/(Dz**2))-(A AP _DISP(1-1)*(ACONC IN(I, J)
& -ACONC IN(1-1,3))/(Dz**2))-((ACONC _LO(1,J)*FLUX_IN(I)
& - ACONC UP(1, J)*FLUX IN(1-1))/Dz)+(0.6*U_SINK(I, J))
& -A SINKL(I,J)-A SINK2
I Nitrate
A N(J)=-NDI FF_AQ*( THETA M D(1)**4. 3)/ ( POR** 2* DY* * 2)
B N(J)=2*((THETA M D(1)/DT)-A N(J))
N_SI NK=TRANS_LAY(1)*NCONC IN(I, J)
K N(J)=(2*THETA I N(1)*NCONC IN(I,J)/DT)-(A _N(J)*NCONCM D( J+1))
& +(N_AP DI SP(1)*(NCONC I N(I+1,J)-NCONC IN(I,J))/(Dz**2))
& -(N_AP DI SP(1-1)*(NCONC I N(I,J)-NCONC IN(I1-1,3))/(Dz**2))
& - ((NCONC_LO(1, J) *FLUX_ I N(1)-NCONC UP(I,J)*FLUX_ IN(I-1))/D2)
& +(3.4444*A SINKL(1,J))-N_SINK
! Need to insert CALL TRID AG for |=3,L-2
CALL TRIDIAGQUCONCM D(2: M1), A U3:M1),B Y2: M1),C U2: M2),
& KU2:M1), M
UCONC M D(1,2: M 1)=UCONCM D(2: M 1)
CALL TRI DI AGCACONCM D(2: M 1), A A(3: M1),B A(2: M1),C A(2: M2),
& KA(22M1), M
ACONC M D(I,2: M 1) =ACONCM D(2: M 1)
AV_ACONC( 1) =(SUM ACONCM D(2: M 1))/ (M 2))*0.7778
CALL TRI DI AGCNCONCM D(2: M1), A N(3: M1),B N(2: M1),C N(2: M 2),
& KN2:M1), M
NCONC M D(1,1: M =NCONCM D( 1: M
AV_NCONC( 1) =(SUM NCONCM D(1: M)/ M *0. 2258
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I The follow ng statenent adds NH4+-N and NO3--N in each | ayer and
I calculates the total N renoved fromeach layer in time DI.
NA REM LAY( 1) =( AV_ACONC( 1) +AV_NCONC(|)) *DZ* TRANS_LAY(I)

END DO ! 1=3,L-2

I=L-1

1

UCONC_M D(1,J)=0

ACONC_M D(I,J)=0

N_SI NK=TRANS_LAY(1)*NCONC_I N( I, J)

NCONCM D(J) =( (2* THETA_I N( 1) *NCONC_I N(1, J)/ DT) +(N_AP_DI SP( 1) &
& *(NCONC_I N(1+1,J)-NCONC_IN(I,J3))/(Dz**2))-(N_AP_DI SP(I -1) &
& *(NCONC_I N(I,J)-NCONC_ I N(I-1,3))/(Dz**2))-((NCONC_LO( I, J) &
& *FLUX I N(1')-NCONC_UP(1,J)*FLUX_I N(I-1))/DZ)-N_SI NK) &
& [ (2*THETA_M D( 1)/ DT)

<ol
In -

(J) =-UDI FF_AQ* ( THETA M D(1)**4. 3)/ ( POR** 2* DY* * 2)
(J)=2*((THETA M D(1)/DT)-C WUJ))
_U(J)=(2*THETA I N(1)*UCONC I N(I,J)/DT)+(U_AP_DI SP(1)
& *(UCONC I N(I+1,J)-UCONC I N(I,J))/(Dz**2))-(U_AP_DI SP(I-1)
& *(UCONC I N(I,J)-UCONC IN(I-2,0))/(Dz**2))-((UCONC LO(I, J)
& *FLUX I N(I)-UCONC UP(l,J)*FLUX IN(I-1))/Dz)-U SINK(I, J)
I Ammoni um
C A(J)=-ADl FF_AQ*(THETA M D(1)**4. 3)/ ( POR**2* DY** 2)
B A(J)=2*((THETA_ M D(1)/DT)-C A(J)+(BD*K DI S/ DT))
A SI NK2=TRANS LAY(1)*ACONC IN(I, J)
K A(J)=(2*THETA I N(1)*ACONC IN(I,J)/DT)+(2*BD*K DI S
& *ACONC IN(I,J)/DT)+(A AP_DI SP(I1)*(ACONC I N(I+1, J)
& -ACONC IN(1,3))/(Dz**2))-(A AP _DISP(1-1)*(ACONC IN(I, J)
& -ACONC IN(1-1,3))/(Dz**2))-((ACONC _LO(1,J)*FLUX_IN(I)
& -ACONC UP( 1, J)*FLUX IN(1-1))/Dz)+(0.6*U_SINK(I, J))
& -A SINKL(I,J)-A SINK2
I Nitrate
C N(J)=-NDI FF_AQ*( THETA M D(1)**4. 3)/ ( POR** 2* DY** 2)
B N(J)=2*((THETA M D(1)/DT)-C N(J))
N_SI NK=TRANS _LAY(1)*NCONC IN(I, J)
K N(J)=(2*THETA I N(1)*NCONC IN(I,J)/DT)-(C_N(J)*NCONCM D( J-1))
& +(N_AP DI SP(1)*(NCONC I N(I+1,J)-NCONC IN(I,J))/(Dz**2))
& -(N_AP DI SP(1-1)*(NCONC I N(I,J)-NCONC IN(I1-1,3))/(Dz**2))
& - ((NCONC_LO(1, J) *FLUX_ I N(1)-NCONC UP(I,J)*FLUX_ IN(I-1))/D2)
& - N_SI NK+(3.4444* A SI NKL(1,J))
DO J=3, M 2
I Urea
A U(J)=-UDI FF_AQ*( THETA M D(1)**4. 3)/ ( POR** 2* DY* * 2)
B UJ)=2*((THETA M D(1)/DT)-A WJ))
C U J)=AUJ)
K U(J)=(2*THETA I N(1)*UCONC_IN(1,J)/DT)+(U_AP_DI SP(I)
& *(UCONC I N(I1+1,J)-UCONC I N(I,J))/(Dz**2))-(U_AP_DI SP(I-1)
& *(UCONC I N(I,J)-UCONC IN(I-2,3))/(Dz**2))-((UCONC LO(I, J)
& *FLUX I N(I)-UCONC UP(l,J)*FLUX IN(I-1))/Dz)-U SINK(I, J)
I Amoni um
A A(J)=-ADI FF_AQ*( THETA M D(1)**4. 3)/ ( POR** 2* DY* * 2)
B A(J)=2*((THETA_ M D(1)/DT)-A A(J)+(BD*K_DI S/ DT))
C A(J)=A A(J)
A SI NK2=TRANS_LAY(1)*ACONC_IN(I, J)
K A(J)=(2*THETA I N(1)*ACONC _IN(I,J)/DT)+(2*BD*K_DI S &

u
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& *ACONC IN(I,J)/DT)+(A AP_DI SP(1)*(ACONC I N(I+1, J)
& -ACONC IN(1,3))/(Dz**2))-(A AP _DISP(1-1)*(ACONC IN(I, J)
& -ACONC IN(1-1,3))/(Dz**2))-((ACONC _LO(1,J)*FLUX_IN(I)
& - ACONC UP( 1, J)*FLUX IN(1-1))/Dz)+(0.6*U_SI NK(I, J))
& -A SINKL(I,J)-A SINK2

I Nitrate

A N(J)=-NDI FF_AQ* ( THETA M D(1)**4. 3)/ ( POR** 2* DY* * 2)

B N(J)=2*((THETA M D(1)/DT)-A N(J))

C N(J)=A N(J)

N_SI NK=TRANS _LAY(1)*NCONC IN(I, J)

K N(J)=(2*THETA I N(1)*NCONC I N(1,J)/DT)+(N_AP_DI SP(I)
& *(NCONC I N(I1+1,J)-NCONC I N(I,J))/(Dz**2))-(N_AP_DI SP(I-1)
& *(NCONC I N(I,J)-NCONC IN(I-21,3))/(Dz**2))-((NCONC _LO(1, J)
& *FLUX I N(I)-NCONC UP(Il,J)*FLUX I N(I-1))/DZ)-N_SI NK
& +(3.4444*A SINKL(I, J))

END DO

J=M

UCONC M D(1,J)=0

ACONC M D(I,J)=0

N_SI NK=TRANS_LAY(1)*NCONC IN(I, J)

NCONCM D(J) =( (2* THETA I N(1')*NCONC I N(1,J)/DT)+(N_AP_DI SP(1)
& *(NCONC I N(I1+1,J)-NCONC I N(I,J))/(Dz**2))-(N_AP_DI SP(I-1)
& *(NCONC I N(I,J)-NCONC IN(I-21,3))/(Dz**2))-((NCONC L1, J)
& *FLUX I N(I)-NCONC UP(I,J)*FLUX I N(I-1))/DZ)-N_SI NK)

& [ (2*THETA M D(1)/DT)
J=M1

I Urea

A U(J)=-UDI FF_AQ*( THETA M D(1)**4. 3)/ ( POR** 2* DY* * 2)

B UJ)=2*((THETA M D(1)/DT)-A WJ))

K U(J)=(2*THETA I N(1)*UCONC I N(1,J)/DT)+(U_AP_DI SP(I)

& *(UCONC I N(I+1,J)-UCONC I N(I,J))/(Dz**2))-(U_AP_DI SP(I-1)
& *(UCONC I N(I,J)-UCONC IN(I-2,0))/(Dz**2))-((UCONC LO(I, J)
& *FLUX I N(I)-UCONC UP(l,J)*FLUX IN(I-1))/Dz)-U SINK(I, J)

I Ammoni um

A A(J)=-ADI FF_AQ*( THETA M D(1)**4. 3)/ ( POR** 2* DY* * 2)

B A(J)=2*((THETA M D(1)/DT)-A A(J)+(BD*K DI S/ DT))

A SI NK2=TRANS LAY(1)*ACONC IN(I, J)

K A(J)=(2*THETA I N(1)*ACONC IN(I,J)/DT)+(2*BD*K_DI S
& *ACONC IN(I,J)/DT)+(A AP_DI SP(1)*(ACONC I N(I +1, J)

& -ACONC IN(1,3))/(Dz**2))-(A AP _DISP(1-1)*(ACONC IN(I, J)
& -ACONC IN(1-1,3))/(Dz**2))-((ACONC _LO(1,J)*FLUX_IN(I)

& -ACONC UP( 1, J)*FLUX IN(1-1))/Dz)+(0.6*U_SINK(I, J))

& -A SINKL(I,J)-A SINK2

I Nitrate

A N(J)=-NDI FF_AQ*( THETA M D(1)**4. 3)/ ( POR** 2* DY* * 2)

B N(J)=2*((THETA M D(1)/DT)-A N(J))

N_SI NK=TRANS _LAY(1)*NCONC IN(I, J)

K N(J)=(2*THETA I N(1)*NCONC IN(I1,J)/DT)-(A _NJ)*NCONCM D( J+1))
& +(N_AP DI SP(1)*(NCONC I N(I+1,J)-NCONC IN(I,J))/(Dz**2))

& -(N_AP DI SP(1-1)*(NCONC I N(I,J)-NCONC IN(I1-1,3))/(Dz**2))
& - ((NCONC_LQO(1, J) *FLUX_I N(1)-NCONC UP(I,J)*FLUX_IN(I-1))/Dz)
& - N_SI NK+(3.4444* A SI NKL(1,J))

CALL TRI DI AG{UCONCM D(2: M 1), A U(3: M1),B U 2: M1),C U2 M?2),

& K U2:M1), M
UCONC_M D( 1, 2: M 1) =UCONCM D( 2: M 1)

Appendix D 273

R0 Ro Ro R0 Ro Ro Ro R0 Ro Ro Ro Ro Ro Ro Ro

R0 Ro Ro Ro Ro



CALL TRI DI AGACONCM D(2: M 1), A A(3: M1),B A(2: M1),C A(2: M2),

&K A(2: M1), M
ACONC_ M D(1, 2: M 1) =ACONCM D( 2: M 1)
AV_ACONC( | ) =( SUM ACONCM D(2: M 1))/ (M 2))*0. 7778

CALL TRI DI AG(NCONCM D(2: M 1), A N(3: M 1), B N(2: M 1), C N(2: M 2),

& KN(22M1),M

NCONC_ M D( 1, 1: M) =NCONCM D(1: M

AV_NCONC( | ) =( SUM NCONCM D( 1: M)/ M *0. 2258

NA_REM LAY( 1) =( AV_ACONC( | ) +AV_NCONC( | ) ) * DZ* TRANS_LAY( 1)

I =L

<ol

1

UCONC_ M IX( 1, J) =0

ACONC M (1, J) =0

N_SI NK=TRANS_LAY( 1) *NCONC_I N( 1, J)

NCONCM D( J) =( ( 2* THETA | N(T)*NCONC | N( I, J)/ DT) +((N_AP_DI SP(1)
& -N_AP DI SP(1-1))*(NCONC I N(I,J)-NCONC I N(I-1,J))/(Dz**2))
& - ((NCONC_I N(1, J) *FLUX_I N(1)-NCONC_I N(I-1,J)*FLUX_I N(I-1))
& /DZ)-N_SINK)/ (2* THETA_ M D(1)/ DT)

J=2

UCONC_ M IX(1, J) =0

ACONC M (1, J) =0

C N(J)=-NDI FF_AQ‘( THETA M D(1)**4. 3) / ( POR** 2* DY**2)

B_N(J) =2* (( THETA_ M D(1)/DT)-C_N(J))

N_SI NK=TRANS_LAY( 1) *NCONC_I N(T, J)

K_N(J) =(2* THETA_I N(1)*NCONC_I N( I, J)/ DT) - (C_N(J) * NCONCM D( J- 1))

& +((N_AP_DI SP(1)-N_AP_DI SP(1-1))*(NCONC_IN(I, J)
& -NCONC_IN(1-1,J))/(Dz**2))-((NCONC_I N( I, J) *FLUX_I N(1)
& - NCONC_I N(1-1,J)*FLUX_I N(I-1))/Dz)-N_SI NK

DO J=3, M 2
UCONC_ M IX( 1, J) =0
ACONC M D1, J) =0
A N(J) =- NDI FF_AQ (THETA_ M D(| ) ** 4. 3) / ( POR* * 2* DY* * 2)
B_N(J) =2*(( THETA_ M D(1)/DT)-A N(J))
C N(J)=A N(J)
N_SI NK=TRANS_LAY( 1) *NCONC_I N(1, J)
K_N(J) =(2* THETA I N(1)*NCONC_I N( 1, J) / DT) +( (N_AP_DI SP(1)
& -N_AP DI SP(1-1))*(NCONC I N(I,J)-NCONC I N(1-1,J))/(Dz**2))
& - ((NCONC_I N(1, J) *FLUX_I N(1)-NCONC_I N(I-1,J)*FLUX_I N(I-1))
& /DZ) - N_SI NK

END DO

J=M

UCONC_ M IX(1, J) =0

ACONC M (1, J) =0

N_SI NK=TRANS_LAY( 1) *NCONC_I N(1, J)

NCONCM D( J) =( ( 2* THETA | N(T) *NCONC | N( I, J)/ DT) +((N_AP_DI SP(1)
& -N_AP_DI SP(1-1))*(NCONC I N(I,J)-NCONC I N(I-1,J))/(Dz**2))
& - ((NCONC_I N(1, J) *FLUX_I N(1)-NCONC_ I N(I-1,J)*FLUX_I N(I-1))
& /DZ)-N_SINK)/ (2* THETA_ M D(1)/ DT)

J=m1

UCONC_ M IX( 1, J) =0

ACONC M (1, J) =0

A N(J) =- NDI FF_AQ (THETA_ M D(| ) ** 4. 3) / ( POR* * 2* DY* * 2)

B_N(J) =2* (( THETA_M D(1)/DT)-A N(J))

N_SI NK=TRANS_LAY( 1) *NCONC_I N(1, J)

K_N(J) =(2* THETA_I N(1)*NCONC_I N( I, J)/ DT) - (A_N(J) * NCONCM D( J+1))

& +((N_AP_DI SP(1)-N_AP DI SP(I-1))*(NCONC_IN(I, J)
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& -NCONC_IN(1-1,3))/(Dz**2)) - ((NCONC_I N( I, J)*FLUX_I N(1) &
& -NCONC_ I N(I1-1,J)*FLUX_I N(I-1))/D2Z)-N_SI NK
I Call TRIDIAG for nitrate only for I=L
CALL TRIDIAGCNCONCM D(2: M 1), A N(3: M1),B N(2: M1),C N2:M2), &
& KN2:M1), M
NCONC_M D(L, 1: M =NCONCM D( 1: M
AV_NCONC( L) =SUM NCONCM D(1: M) *0. 22581/ M
NA REM LAY( 1) =AV_NCONC( L) * DZ* TRANS_LAY(L)
I' NA REM LAY(l) is in mg/sg. cmh of N renoved by plant fromthe
I node i

I After exiting the I |oop, N leached and renoved by crop are
I updated. Wen av_nconc (ng/mL) is nultiplied with perc_vol
I (cm) tinmes 100, n_leach is obtained in kg-N ha.
N_LEACH=N_LEACH+( AV_NCONC( L) * FLUX_M D( L) * DT* 100. 00)
CROP_NREM=CROP_NREM+( SUM NA_REM LAY(2: L)) *DT*100. 00)
!******************CorrectOr for the nDI Sture mdel********************
CALL SWCAP(SWC M D, HEAD M D, HEAD S, HEAD_MAX, THETA S, THETA R,

&
& ALPHA US, M US, N_US, L)
|

I =1

B_M1)=(SWC_ M D(1)/DT)+(0.5*KUS_M D( 1)/ (Dz**2))

C M1)=-0.5*KUS_ M D(1)/(DZz**2)

K_M1)=(SWC_M D(1)*HEAD | N(1)/DT) +(0.5*KUS_M D(1)*( HEAD | N(1 +1) &
& -HEAD IN(1))/(Dz**2)) +(( FLUX_SUR KUS_M D(1))/ D2)

DO 1=2,L-1

A M1)=-0.5%KUS_M D(I - 1)/ (DZ**2)

B_I\/(I):(SV\C_MD(I)/DT)+(O 5% (KUS_M D(1)+KUS_M D(1-1))/(Dz**2))

C M1)=-0.5*KUS_ M D(1)/(DZz**2)

K_M1)=(SWC_M D(1)*HEAD | N(1)/DT) +(0.5*KUS_M D(1)*( HEAD | N(1 +1) &
& -HEAD IN(1))/(Dz**2))-(0.5%KUS_M D(1I-1)*( HEAD I N(I) &
& -HEAD I N(1-1))/(Dz**2))+((KUS_ M D(1-1)-KUS M D(1))/Dz) &
& - TRANS_LAY(1)

END DO

| =L

AMI)=-1.0

B MI)=1.0

K_M1)=0.0

CALL TRIDIAG MHEAD INAMB MC MK ML)
CALL HEAD2THETA( THETA I N, THETA M HEAD I N, HEAD S, THETA S, THETA R, &
& ALPHA US, M US, N_US, L)
CALL KUNSAT(KUS_I N, HEAD | N, HEAD_S, KS, ALPHA _US, L_US, M US, N_US, L)
CALL DARCY(FLUX_I'N, KUS_I N, KS, HEAD | N, HEAD S, L, DZ)
! ***************Correct Or for SOI ut e rmdel khkkkkhhkkkhhhkkhkkhhkkkhhhkkhkkhhkkkrhkkhkkhk*x*%
I For this half of tine step, for each node along they axis, the
I solution will be marched along all z axis nodes. Theta_nid val ues
I were obtained with the noisture predictor

CALL HYDROLYSI S( UCONC_M D, UCONC_MV UCONC_STOP, U F_TEMP, U_A, &
& U_ACT_ENER, GAS, SO LTEMP, BD, U_VMAX, U KMAX, L, M HR HR_END, U_SI NK)
CALL NI TRI FI CATI ON( THETA M D, HEAD M D, ACONC M D, BD, HR, HR END, L, M &
& A _SINK1, SO LTEMP, N_F_TEMP, N_A, CT ENER GAS,N. F PH SO L _PH &
& N_F_HEAD, ACONC_RR, ACONC_STOP, N_K1, N_K0)

CALL AP _Di SP(U_AP DI SP, A AP_DI SP, N DI SP, UDI FF_AQ ADI FF_AQ &
& NDI FF_AQ LAMBDA L, POR THETA M FLUX_I N, HEAD | N, HEAD 4, L)

DO 1=2,L
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I F (FLUX_M D(1)>=0.0) THEN

DO J=1, M
UCONC_LO(1, J) =UCONC M (1, J)
ACONC_LQ(1, J) =ACONC_ M D( 1, J)
NCONC_LO(1, J) =NCONC_M (1, J)

END DO
ELSE
DO J=1, M
UCONC_LO(1, J) =UCONC M (| +1, J)
ACONC_LO(1, J) =ACONC_M D(1 +1, J)
NCONC_LO(1, J) =NCONC_M (| +1, J)
END DO
END | F
END DO
DO =2, L
| F (FLUX_M D(I-1)>=0.0) THEN
DO J=1, M
UCONC_UP( 1, J) =UCONC M (I - 1, J)
ACONC_UP( 1, J) =ACONC_M D( I - 1, J)
NCONC_UP( 1, J) =NCONC_M (I - 1, J)
END DO
ELSE
DO J=1, M
UCONC_UP(1, J) =UCONC_M DX( I, J)
ACONC_UP(1, J) =ACONC_M D( 1, J)
NCONC_UP( 1, J) =NCONC_M DX( I , J)
END DO
END | F
END DO

I Note that the N specie concentrations are made_in to indicate

I that they will be intialized for the comng tine step.
DO J=1, M
| Extreme lateral nodes: J=1 & Mare synmetri cal
IF (J==1 .OR J==M THEN
=1
UCONC I N(1,J)=0
ACONC_I N(I', J)=0
NCONC_I N(1, J) =0
| =2
UCONC I N(1,J)=0
ACG\ICIN(I J)=0
 N2(1)=(2*THETA IN(1)/DT)+((N_AP_DI SP(1)+N_AP DI SP(1-1))

/ (DZ**2))

C N2(1)=-N_AP_DI SP(I)/(Dz**2)
N_SI NK=TRANS_LAY(1)*NCONC_M D(1,
K_N2

J)
1) =(2* THETA_M D(1) *NCONC_M DX |

( ,J)/ DT) - (NCONC_LO( 1, J)
FLUX_M D(1)/Dz) - N_SI NK
3

DO =3, L- 2

UCONC_I N(1, J) =0

ACONC_I N(I, J) =0

A N2(T)=-N_AP_DI SP(1-1)/(DZ**2)

B_N2(1)=(2* THETA I N(1)/DT) +((N_AP_DI SP(1) +N_AP DI SP(I-1))
/ (DZ**2))

C N2(1)=-N_AP_DI SP(I)/(Dz**2)

N_SI NK=TRANS_LAY( 1) *NCONC_M (I , J)

K_N2(1)=(2* THETA M D(1)*NCONC M D( I, J)/ DT) - (( NCONC_LQ(1 , J)
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& *FLUX_M D(1)-NCONC_UP( 1, J) *FLUX M D(1-1))/DZ)-N_SI NK
END DO
I =L-1
UCONC_I N(1, J) =0
ACONC_I N(I, J) =0
A N2(T)=-N_AP_DI SP(1-1)/ (DZ**2)
B_N2(1)=(2*THETA I N(1)/DT) +((N_AP_DI SP(1) +N_AP DI SP(I-1))
/ (DZ**2))
C N2(1)=-N_AP_DI SP(I1)/(Dz**2)
N_SI NK=TRANS_LAY(1)*NCONC_M (1, J)
K_N2(1)=(2* THETA M D(1)*NCONC M D( I, J)/ DT) - (( NCONC_LQ(1 , J)
* FLUX_M D(1) - NCONC_UP(1, J)*FLUX_M D(1-1))/Dz) - N_SI NK
| =L
UCONC_I N(1, J) =0
ACONC_I N(I, J) =0
N_SI NK=TRANS_LAY(1)*NCONC_M (1, J)
A N2(1)=(N_AP DI SP(1)-N_AP_DI SP(1-1))/(Dz**2)
B_N2(1)=-A N2(1)+(2* THETA_I N(1)/ DT)
K_N2(1)=(2* THETA M D(1)*NCONC M D( |, J)/ DT) - (( NOCONC_M (1, J)
& *FLUX_M D(1)-NCONC_ M D(1-1, J)*FLUX M D(1-1))/DZ)-N_SI NK
CALL TRI DI AG N(NCONCFI N(2: L), A N2(3:L), B N2(2: L), C N2(2: L-1),
& K N2(2:L), L)
NCONC | N( 2: L, J) =NCONCFI N( 2: L)

ELSE IF (J==2 .OR J==Mt1) THEN
I Since J=2 and M1 nodes are not 'urea' nodes, they have to be
I treated separate fromJ=3,.., M2
=1
UCONC I N(1,J)=0
ACONC I N(1,J)=0
NCONC_I N(1, J) =0
| =2
! Urea
 U2( 1) =(2*THETA IN(I)/DT)+((U_AP_DI SP(1)+U AP DI SP(I-1))
& [ (DZ**2))
C W2(1)=-UAP DISP(l)/(Dz**2)
K W2(1)=(2*THETA M D(1)*UCONC M D(I, J)/DT) +( (UDI FF_AQ
[ (POR**2*DY**2) ) *(THETA M D(1)**4.3)*(UCONC_ M D( I, J+1)
-(2*UCONC_ M D(1,J))+UCONC M D(1,J-1)))-((UcOoNC LT, J)
& *FLUX_ M D(1)-UCONC UP(I,J)*FLUX M D(1-1))/Dz)-U_SINK(I, J)
I Anmoni um
B A2(1)=(2*THETA IN(1)/DT)+(2*BD*K DI S/ DT) +( (A_AP_DI SP( )
& +A AP DISP(1-1))/(Dz**2))
A2(1)=-A AP DI SP(1)/(Dz**2)
A_SI NK2=TRANS_LAY(|)*ACONC M (1, J)
(A2(1)=(2*THETA M D(1)*ACONC M D(1,J)/DT)+(2*BD*K DI S
& *ACONC M D(1,J)/DT) +((ADI FF_AQ (POR**2*DY**2))
& *(THETA M D(1)**4. 3)*(ACONC M D(1,J+1)-(2*ACONC M D(1,J))
& +ACONC M D(I1,J-1)))-((ACONC LI, J)*FLUX M D(1)
& - ACONC UP(I,J)*FLUX M D(1-1))/Dz)+(0.6*U SINK(I,J))
& -A SINKL(I,J)-A SINK2
I Nitrate
B N2(1)=(2*THETA IN(1)/DT)+((N_AP_DI SP(1)+N AP DI SP(1-1))
& | (DZ**2))
C N2(1)=-N_AP_DI SP(1)/ (Dz**2)
N_SI NK=TRANS_LAY(1)*NCONC_ M (I, J)
K N2(1)=(2*THETA_M D(1)*NCONC_M D( I, J)/DT) +( (NDI FF_AQ

2020
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& / (POR**2*DY**2) ) *( THETA_ M D(1)**4. 3) * (NCONC_M D( 1, J+1)
& - (2*NCONC_ M D( 1, J)) +NCONC_ M D(1, J-1))) - ((NCONC_LO(I, J)
& *FLUX_M D(1)-NCONC_UP(1, J)*FLUX_ M D(1-1))/DZz) - N_SI NK
& +(3.4444*A SINKL(1,J))

DO | =3, L-2
! Ur ea
U2(1)=(-U AP D SP(1-1)/(Dz**2))
U2(1)=(2*THETA IN(1)/DT)+( (U AP_DISP(1)+U AP DI SP(1-1))
[ (DZ**2))
C U2(1)=-U AP DI SP(1)/(Dz**2)
K U2(1)=(2*THETA M D(1)*UCONC M D(1,J)/DT)+((UD FF_AQ
& [ (POR**2*DY**2))*( THETA M D(1)**4.3)*(UCONC_ M D(I, J+1)
-(2*UCONC_ M D(I,J))+uCONC M D(I1,J-1)))-((ucoNC LO( T, J)
& *FLUX_ M D(1)-UCONC UP(I,J)*FLUX M D(1-1))/Dz)-U_SINK(I,J)
I Ammoni um
A A2(1)=(-A_AP_DI SP(Il-1)/(Dz**2))
B A2(1)=(2*THETA IN(I1)/DT)+(2*BD*K DI S/ DT) +( (A_AP_DI SP( 1)
& +A AP DI SP(1-1))/(Dz**2))
> A2(1)=-A AP DI SP(1)/(Dz**2)
A SI NK2=TRANS_LAY(I)*ACONC M X I, J)
_A2(1)=(2*THETA M D(I)*ACONC M X1, J)/DT) +(2*BD*K_DI S
& *ACONC M D(1,J)/DT) +( (ADI FF_AQ ( POR**2* DY**2))
& *(THETA M D(1)**4. 3)*(ACONC_ M D(1,J+1)-(2*ACONC M D(1, J))
& +ACONC M D(1,J-1)))-((ACONC L1, J)*FLUX M D(1)
& -ACONC UP(1,J)*FLUX M D(1-1))/DZ)+(0.6*U_SINK(1, J))
& -A SINKL(I,J)-A SINK2
Nitrate

B

lel

20

|

A N2(1)=(-N_AP_DI SP(1-1)/(Dz**2))

B N2(1)=(2*THETA IN(I)/DT)+((N_AP_DI SP(1)+N AP DI SP(1-1))
& [ (Dz**2))

C N2(1)=-N_AP_DI SP(1)/ (Dz**2)

N_SI NK=TRANS _LAY(1)*NCONC M D(I1, J)

K N2(1)=(2*THETA M D(1)*NCONC M D(1, J)/DT)+((ND FF_AQ
& [ (POR**2*DY**2))*( THETA M D(1)**4.3)*(NCONC_M D( I, J+1)
& -(2*NCONC_ M D(1,J))+NCONC M DX 1,J-1)))-((NCONC LI, J)
& *FLUX_ M D(1)-NCONC UP(I,J)*FLUX M D(1-1))/DZ)-N_SI NK
& +(3.4444*A SINKL(I, J))

END DO
| =L-1

I Urea

A W2(1)=(-UAP_D SP(1-1)/(Dz**2))

B_U2(I)=(2*THETA IN(1)/DT)+((U AP_DISP(1)+U AP _DISP(1-1))
& [ (Dz**2
K U2(1)=(2*THETA M D(1)*UCONC M D(1, J)/DT)+((UD FF_AQ
& [ (POR**2*DY**2))*( THETA M D(1)**4.3)*(UCONC_ M D(I, J+1)
& -(2*UCONC_ M D(I,J))+UCONC M D(I1,J-1)))-((uUCONC LO(I, J)
& *FLUX_ M D(1)-UCONC UP(I,J)*FLUX M D(1-1))/DzZ)-U_SINK(I,J)

I Ammoni um

A A2(1)=(-A_AP_DI SP(I-1)/(Dz**2))

B A2(1)=(2*THETA IN(I)/DT)+(2*BD*K DI S/ DT) +( (A_AP_DI SP( 1)

+A AP DI SP(1-1))/(Dz**2))
A SI NK2=TRANS_LAY(I)*ACONC M X I, J)
K A2(1)=(2*THETA M D(1)*ACONC M D(1,J)/DT)+(2*BD*K DI S

& *ACONC_M D( 1, J)/ DT) +( (ADI FF_AQ ( POR** 2% DY**2))
& *(THETA_ M D(1)**4. 3)* (ACONC_M D(1, J+1) - (2* ACONC_ M (1, J))
& +ACONC M (1, J-1)))- ((ACONC_LO(I, J)*FLUX M D(1)
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& - ACONC UP(I,J)*FLUX M D(1-1))/DZ)+(U_SINK(I,J)*0.6)
& -A SINKL(I,J)-A SINK2
Nitrate

|

A N2(1)=-N_AP_DI SP(1-1)/(DZ**2)

B_N2(1)=(2*THETA I N(1)/DT) +((N_AP_DI SP(1) +N_AP DI SP(I-1))
& /(DZ**2))

C N2(1)=-N_AP_DI SP(I1)/(Dz**2)

N_SI NK=TRANS_LAY(1)*NCONC_M (1, J)

K_N2(1)=(2* THETA M D(1)*NCONC M D( I, J)/ DT) +( ( NDI FF_AQ
& |/ (POR**2*DY**2) ) *( THETA M D(1)**4. 3)* (NCONC_M D( 1, J+1)
& - (2*NCONC_ M D( 1, J)) +NCONC_ M D(1, J-1))) - ((NCONC_LO(I, J)
& *FLUX_M D(1) - NCONC_UP(1, J)*FLUX M D(| - 1))/ DZ)
& +(3.4444*A SINKL(1,J))-N_SI NK

| =L

UCONC I N(1, J) =0
ACONC_I N(1, J) =0
N_SI NK=TRANS_LAY(|)*NCONC_M D( I , J)

A N2(1)=(N_AP DI SP(1)-N_AP_DI SP(1-1))/(Dz**2)
B_N2(1)=-A N2(1)+(2* THETA_IN(1)/ DT)
K_N2(1)=(2* THETA M D(1)*NCONC M D( |, J)/ DT) +( ( NDI FF_AQ
& |/ (POR**2*DY**2) ) *( THETA M D(1)**4. 3)* (NCONC_M D( |, J+1)

& -(2.0*NCONC_M D(I,J))+NCONC_M D(1,J-1)))-((NCONC_ M D(1, J)
& *FLUX_ M D(1)-NCONC_ M D(I-1,J)*FLUX_MD(I-1))/DZ)-N_SI NK
I Call tridiags for all N species for J=2 & M1
CALL TRI DI AG{UCONCFI N(2:L-1),A U2(3:L-1),B U2(2:L-1),C U2(2:L-2),
& K W2(2:L-1),L)
UCONC_| N(2: L-1, J) =UCONCFI N( 2: L-1)
CALL TRI DI AG{ACONCFI N(2:L-1),A A2(3:L-1),B_A2(2:L-1),C A2(2:L-2),
& K A2(2:L-1),L)
ACONC_| N(2: L-1, J) =ACONCFI N( 2: L-1)
CALL TRI DI AG_ N(NCONCFI N(2: L), A N2(3:L),B N2(2:L),C N2(2:L-1),
& K N2(2:L),L)
NCONC_I N(2: L, J) =NCONCFI N( 2: L)
ELSE ! J=3,..., M 2
=1
UCONC_IN(I, J) =0
ACONC_I N(1,J)=0
NCONC_I N(1, J) =0
| =2
I Urea
B U2(1)=(2*THETA_IN(1)/DT)+((U_AP_DI SP(1)+U_AP_DI SP(1-1))
& [ (Dz*x*2))
C U2(1)=-UAP_DISP(l)/(Dz**2)
K W2(1)=(2*THETA_M D(1)*UCONC_M D(1, J)/DT) +( ( UDI FF_AQ
[ (POR**2*DY**2) ) *( THETA_ M D(1)**4.3)*(UCONC_M D( I, J+1)
& -(2*UCONC_ M D(1,J))+UCONC_ M D(1,J-1)))-(UCONC_LO( 1, J)
& *FLUX_M D(1)/Dz)-U _SINK(I, J)
I Amoni um
B A2(1)=(2*THETA I N(1)/DT) +(2*BD*K DI S/ DT) +( (A_AP_DI SP( 1)
& +A AP_DISP(I-1))/(Dz**2))
C A2(1)=-A_AP_DISP(1)/(Dz**2)
A_SI NK2=TRANS_LAY(1)*ACONC_M (I, J)
K A2(1)=(2*THETA_M D(1)*ACONC_M (1, J)/DT) +(2*BD*K_DI S
& *ACONC_ M D(1,J)/DT) +( (ADl FF_AQ (POR**2*DZ**2))
& *(THETA_MD(1)**4.3)*(ACONC_M D(1,J+1)-(2*ACONC_M D(1,J))
& +ACONC_ M D(1,J-1)))-(ACONC_LO( I, J)*FLUX_M D(1)/ Dz)
& +(0.6*U_SINK(I,J))-A SINKL(I,J)-A SINK2

Rl _|
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 N2( 1) =(2* THETA I N(1)/ DT) +( (N_AP_DI SP(1) +N_AP_DI SP(1 - 1))
/ (DZ**2))
C N2(1)=-N_AP_DI SP(I)/(Dz**2)
N_SI NK=TRANS_LAY(1)*NCONC_M (1, J)
K_N2(1)=(2* THETA M D(1)*NCONC M D( |, J)/ DT) +( ( NDI FF_AQ
& |/ (POR**2*DY**2) ) *( THETA M D(1)**4. 3) * (NCONC_M D( 1, J+1)
& - (2*NCONC_ M D( 1, J)) +NCONC_M D(1, J-1))) - (NCONC_LO(I, J)
& *FLUX M[XI)/DZ) N_SI NK+( 3. 4444* A_SI NK1(1, J))
DO 1=3, L
| F (|:_| FERTl .AND. J==)_FERT11) THEN
| F (U DI SS11==0.0) THEN
U_SOURCE=0. 0
ELSE

U_DI SS11=U_SLOPE*U_MASS11*( (0. 5*DT)**0. 5)
U_SOURCE=U_DI SS11/ ( (0. 5* DT) *( DZ**3))
u MASS11=U_MASS11- U DI SS11
I F (U MASS11<0. 0001) THEN
U_MASS11=0. 0
ND
END |
ELSE | F (1==I FERT1 .AND. J==J_FERT12) THEN
| F (U DI SS12==0.0) THEN
U_SOURCE=0. 0
ELSE
U_DI SS12=U_SLOPE*U_MASS12* ( (0. 5* DT) **0. 5)
U_SOURCE=U_DI SS12/ ( (0. 5* DT) *( DZ**3))
U_MASS12=U MASS12- U DI SS12
| F (U MASS12<0.0001) THEN
U_MASS12=0. 0
END | F
END | F
ELSE | F (1==I FERT2 .AND. J==J_FERT21) THEN
| F (U DI SS21==0.0) THEN
U_SOURCE=0. 0
ELSE
U_DI SS21=U_SLOPE*U_MASS21* ( (0. 5* DT) **0. 5)
U_SOURCE=U_DI SS21/ ( (0. 5* DT) *( DZ**3))
U_MASS21=U MASS21- U DI SS21
| F (U MASS21<0. 0001) THEN
U_MASS21=0. 0
END | F
END | F
ELSE | F (1==I FERT2 .AND. J==J_FERT22) THEN
| F (U_DI SS22==0.0) THEN
U_SOURCE=0. 0
ELSE
U_DI SS22=U_SLOPE*U_MASS22* ( (0. 5* DT) **0. 5)
U_SOURCE=U_DI SS22/ ( (0. 5* DT) *( DZ**3))
U_MASS22=U_MASS22- U_DI SS22
I F (U MASS22<0. 0001) THEN
U_MASS22=0. 0
END | F
END | F
ELSE
U_SOURCE=0. 0
END | F

m
'I'I

I
E
E
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! Urea
U2(1)=-U AP _DI SP(I-1)/(Dz**2)
U2(I) =(2*THETA_IN(1)/DT) +((U_AP_DI SP(1)+U_AP_DI SP(1-1))

& [ (Dz**2))

C U2(1)=-U AP DI SP(1)/(Dz**2)

K U2(1)=(2*THETA M D(1)*UCONC M D(1,J)/DT)+((UD FF_AQ

& [ (POR**2*DY**2))*( THETA M D(1)**4.3)*(UCONC_ M D(I, J+1)
& -(2*UCONC_ M D(I,J))+UCONC M DX 1,J-1)))-((uUCONC LO(T, J)
& *FLUX_ M D(1)-UCONC UP(I,J)*FLUX M D(1-1))/Dz)+U_SOURCE
& -U _SINK(I, J)

I Ammoni um

A A2 -A AP DI SP(1-1)/(Dz**2)

B A2 =(2*THETA_IN(1)/DT) +(2*BD*K _DI S/ DT) +( (A_AP_DI SP(1)

(1=
(1)
+A AP DI SP(1-1))/(Dz**2))
A2(T1)=-A AP DI SP(1)/(Dz**2)

SI NK2=TRANS_LAY( 1) * ACONC M (1, J)
_A2(1)=(2*THETA M D(1)*ACONC M D( |, J)/ DT) +(2*BD*K_DI S

& *ACONC_M (|, J)/ DT) +( ( ADI FF_AQ ( POR** 2* DY** 2) )

& *(THETA M D(1)**4.3)*(ACONC_ M D(1, J+1) - (2*ACONC_ M D(1, J))
& +ACONC M (1, J-1))) - ((ACONC_LO(I, J) *FLUX_M D(1)

& - ACONC_UP( 1, J) *FLUX_M D( |- 1))/ Dz) +(0. 6*U_SI NK(1, J))

& -A SINKL(1,J)-A SINK2

C_
A
K

| Nitrate

A N2(1)=-N_AP DI SP(I-1)/(Dz**2)

B N2(1)=(2*THETA IN(1)/DT)+((N_AP_DI SP(1)+N AP DI SP(1-1))

[ (DZ**2))

C N2(1)=-N_AP DI SP(1)/(Dz**2)

N_SI NK=TRANS_LAY(1)*NCONC M I I, J)

K_NZ( I)=(2*THETA M D(1)*NCONC M D(1,J)/DT) +((NDI FF_AQ
& [ (POR**2*DY**2))*(THETA M D(1)**4. 3)*(NCONC M D(1, J+1)
& - (2*NCONC_ M D(1,J))+NCONC M D(1,J-1)))-((NCONC LI, J)
& *FLUX_ M D(1)-NCONC UP(Il,J)*FLUX M D(1-1))/D2z)
& +(3.4444* A SINKL(1,J))-N_SI NK

END DO ! 1=3,L-2
I =L-1

I Urea: The C U associated ternm=0

A U2(1)=-UAP DISP(I-1)/(Dz**2)

B_U2(I)=(2*THETA IN(I)/DT)+((U_AP_DI SP(1)+U AP _DISP(I-1))
& | (DZ**2))
K W2(1)=(2*THETA M D(1)*UCONC M D(1I, J)/DT) +( (UDI FF_AQ
& [ (POR**2*DY**2))*(THETA M D(1)**4. 3)*(UCONC M D(1, J+1)
& -(2*UCONC_ M D(1,J))+UCONC M D(I,J-1)))-((UCONC LI, J)

& *FLUX_ M D(1)-UCONC UP(I,J)*FLUX M D(1-1))/Dz)-U_SINK(I,J)
I Ammoni um
\ A2(1)=-A AP DISP(1-1)/(Dz**2)
B A2(1)=(2*THETA IN(1)/DT) +(2*BD*K DI S/ DT) +( (A_AP_DI SP( 1)
& +A AP DI SP(1-1))/(Dz**2))
A SI NK2=TRANS_LAY(I)*ACONC M X I, J)
K A2(1)=(2*THETA M D(1)*ACONC M D(1,J)/DT)+(2*BD*K DI S
& *ACONC M D(I1,J)/DT) +( (ADl FF_AQ (POR**2*DY**2))
& *(THETA M D(1)**4. 3)*(ACONC_M D(1,J+1)-(2*ACONC M D(1, J))
& +ACONC M D(1,J-1)))-((ACONC L1, J)*FLUX M D(1)
& -ACONC UP(1,J)*FLUX M D(1-1))/DZ)+(0.6*U_SINK(1, J))
& -A SINKL(I,J)-A SINK2
| Nitrate
A N2(1)=-N_AP_DISP(1-1)/(Dz**2)
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B_N2(1)=(2*THETA I N(1)/DT) +((N_AP_DI SP(1) +N_AP DI SP(I-1))
& [ (DZ**2))
C N2(1)=-N_AP_DI SP(I1)/(Dz**2)
N_SI NK=TRANS_LAY(1)*NCONC_M (1, J)
K_N2( 1) =((NDI FF_AQ ( POR**2*DY**2) ) * (THETA_ M D(1) ** 4. 3)
& *(NCONC_ M D(1, J+1) - (2*NCONC_M D(1, J)) +NCONC_ M (1, J-1)))
& +(2* THETA M D(1)*NCONC_ M D( 1, J)/ DT) - ( ( NCONC_LQ(1 , J)
& *FLUX_M D(1)- NCONC_UP(1, J) *FLUX M D(| - 1))/ DZ)
& +(3.4444*A SINKL(1,J))-N_SI NK
| =L
UCONC_I N(1, J) =0
ACONC_I N(I, J) =0
N_SI NK=TRANS_LAY(1)*NCONC_M (1, J)
A N2(1)=(N_AP DI SP(1)-N_AP_DI SP(1-1))/(Dz**2)
N2(1)=-A N2(1)+(2* THETA_IN(1)/ DT)
N2(1)=(2* THETA M D( 1) *NCONC M D( |, J)/ DT) +( ( NDI FF_AQ
/ (POR**2*DY**2) ) * (THETA_M D( 1) **4. 3) * (NCONC_M D( 1, J+1)
- (2. 0*NCONC_M D(1, J)) +NCONC_ M D(1, J-1))) - ((NCONC_ M D(1 , J)
*FLUX_M D(1) - NCONC_ M D(1-1, J)*FLUX_M D(|-1))/DZ) - N_SI NK
CALL TRI DI AG{ UCONCFI N(2: L-1), A U2(3:L-1), B U2(2: L-1),
& C U2(2:L-2), K U2(2:L-1), L)
UCONC_| N( 2: L- 1, J) =UCONCFI N( 2: L- 1)
CALL TRI DI AG{ ACONCFI N(2: L-1), A A2(3:L-1), B A2(2:L-1),
& C A2(2:L-2), K A2(2:L-1), L)
ACONC_| N( 2: L- 1, J) =ACONCFI N( 2: L- 1)
CALL TRI DI AG N(NCONCFI N(2: L), A N2(3:L), B N2(2: L), C N2(2: L-1),
& K N2(2:L), L)
NCONC | N( 2: L, J) =NCONCFI N( 2: L)
END | F
END DO

&
&
&

| F (FLUX_SUR>0.0) THEN
I NFI LT=(| NFI LT+( FLUX_SUR*DT))
ELSE
EVAP=( EVAP+( ABS( FLUX_SUR*DT)))
END | F
| F (SUM TRANS_LAY(2:L))>0.0D0) THEN
TRANSPI RE=( TRANSPI RE+( SUM TRANS_LAY( 2: L) *DZ*DT)))
END | F
| F (RAI N(HR) >0. 0) THEN
PRECI P=( PRECI P+( RAI N( HR) * DT) )
END | F
| F ((DVOD( ( T_NEW0. 00003) , 240. 0D0) <DT) . OR
& ((T_END-T_START) - T_NEWDT)) THEN
OPEN (UNI T=11, FI LE=" MOl ST. OUT", STATUS="OLD", PCSI TI ON=" APPEND")
WRI TE(11, *)' TIME(H =, T_NEW
WRI TE(11, *)' AMOUNT | NFI LTRATED=', | NFI LT
WRI TE(11, *)' AMOUNT PERCOLATED=', PERC _LOSS
WRI TE(11, *)' AMOUNT EVAPORATED=', EVAP
WRI TE(11, *)' TOTAL PRECI Pl TATI ON=' , PRECI P
WRI TE(11, *)' AMOUNT TRANSPI RED=', TRANSPI RE
WRI TE(11, *)' HEAD_ M D HEAD FI N THETA I N
113 FORMAT(F12. 2, F12. 2, F10. 4)
DO I=1,L
WRI TE( 11, 113) HEAD_ M D( 1), HEAD I N(1), THETA I N(1)
END DO
CLOSE(11)
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OPEN( UNI T=12, FI LE=" NI TRATE. QUT", STATUS="OLD", POSI TI ON=" APPEND")
121 FORMAT(' Anmount of fertilizer-N leached ',14,' days after ', &
& "start of simulation is ',F7.2," kg-Nha')
VWRI TE(12, 121) NI NT( T_NEW 24) , N_ LEACH
122 FORMAT(' Anount of fertilizer-N renmoved by the crop during ' &
& "this period is ',F6.2," kg-Nha')
VRI TE(12, 122) CROP_NREM
123 FORMAT(/,' Node-wi se nitrate concentrations (ng/nL) ', 14, &
& days after the start of sinulation were:',/)
VWRI TE(12, 123) NI NT(T_NEW 24)
124 FORMAT(61F8. 3)
WRI TE(12, 124) ((NCONC_IN(I,J),3=1, M, 1=1,L)
CLOSE(12)
OPEN( UNI T=13, FI LE=" AMMONI UM QUT", STATUS="OLD", PCSI TI ON=" APPEND" )
131 FORMAT(/,' Node-wi se ammoni um concentrations (nmg/nL) ', 14, &
& ' days after the start of simulation were:',/)
VWRI TE(13, 131) NI NT(T_NEW 24)
132 FORMAT(61F8. 3)
WRI TE(13, 132) ((ACONC_IN(I,J),3=1,M,1=1,1)
CLOSE( 13)
END | F
T=T_NEW
HR=(| NT( T+0. 00003) +1)
END DO ! The time | oop goes back

|*************************LI ST G: SUBRQJTI NES**************************

CONTAI NS
SUBROUTI NE TRANSPI RATI ON( ET_REF, POT_ET, POT_EVAP, L, HR_END, TEN D, &
& PL_TI ME, HV_TI ME, C_P, Al RTEMP, SOLRAD, ELEV, R, K C, LAI,A 1,B 1, EXTINC C, &
& MAX_ROOTDEPTH, DZ)
| MPLICI' T NONE
In this subroutine, root depth, crop coefficient,and LAl are
cal cul ated and updated using enpirical equations for corn. For other
crops, crop-specific equations for root depth, kc, and LAl are
required. Using hourly reference ET data obtained fromthe
nodel REF_ET and the above paraneters, hourly potential transpiration
by | ayer is cal cul at ed.
I NTEGER: : TEN D, I, L, HR, HR_END, PL_TI ME, HV_TI ME
| NTEGER, DI MENSI ON(1: 17):: R
DOUBLE PRECI SI ON, DI MENSI ON( 1: HR_ END), | NTENT( I N) : : ET_REF, Al RTEMP, SOLRAD
DOUBLE PREC! SI ON, DI MENSI ON(1: HR_END) : : POT_EVAP, POT_ET
DOUBLE PRECI SI ON, DI MENSI ON(1: 17): : K_C, LAI
DOUBLE PRECI SION:: C P, A 1, B 1, EXTI NC_C, ELEV, MAX_ROOTDEPTH, DZ
I Local variable
DOUBLE PREC! SI ON: : PHI _NS, NET_SCOLRAD, NETSO L_SOLRAD, ROOT_DEPTH, DELTA, &
& GAWMVA, E_0, ATM PRESS, LAT_VAP
First, root growh will be calculated in 10-d stages, 10-90 d after
pl anti ng. Between 90-140 d, the maxi numroot depth is used. Note
that HRis an hourly interval. Root growth at each stage (except
for the last stage) is the average root growth over a 10-d peri od,
5 d before and after the assigned date. Crop coefficient is
cal cul ated the sane way, but for 140 days. LAl is also calculated
in 10-d increnments upto a nmaxi mum of 140 days after planting. It
is assuned that the crop is harvested within 145 days of planting.
Again, the LAl for stage 1 is for a 10-d period between 5 and
15 days.
TEN D=1
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DO HR=PL_TI ME+240, PL_TI ME+4080, 240
TEN_D=M N( TEN_D, 18)
| F (TEN D<5) THEN
ROOT_DEPTH=MAX_ROOTDEPTH* ( ( - 4D- 8* ((( HR- PL_TI NE) / 24) **4))
& +(7D- 6*(((HR-PL_TI ME)/ 24) **3)) - (0. 0003* ( ( (HR- PL_TI ME) / 24) **2))
& +(0.0099* ((HR PL_TI ME)/ 24)))
R( TEN_D) =NI NT( ROOT_DEPTH DZ)
K_C(TEN_D) =(- 2D- 6* ((( HR- PL_TI ME) / 24) **3) ) +( 0. 0003
& *(((HR-PL_TI ME)/ 24) **2) ) +( 0. 0012* (( HR- PL_TI ME) / 24) ) +0. 1522
LAl ( TEN_D) =0. 0055* (HR- PL_TI ME) / 24
ELSE | F (TEN D>=5 . AND. TEN D<9) THEN
ROOT_DEPTH=MAX_ROOTDEPTH* ( ( - 4D- 8* ((( HR- PL_TI NE) / 24) **4))
& +( 7D 6*(((HR-PL_TI ME)/ 24) **3)) - (0. 0003* ( ( ( HR- PL_TI ME) / 24) **2))
& +(0.0099* ((HR PL_TI ME)/ 24)))
R( TEN_D) =NI NT( ROOT_DEPTH DZ)
K_C(TEN_D) =(- 2D- 6* ((( HR- PL_TI ME) / 24) **3) ) +( 0. 0003
& *(((HR-PL_TI ME)/ 24) **2) ) +( 0. 0012* (( HR- PL_TI ME) / 24) ) +0. 1522
LAl ( TEN_D) =0. 0169* EXP( 0. 0569* ( HR- PL_TI NE) / 24)
ELSE | F (TEN D>=9 . AND. TEN D<=14) THEN
R( TEN_D) =NI NT( MAX_ROOTDEPTH DZ)
K_C(TEN_D) =(- 2D- 6* (((HR- PL_TI ME) / 24) **3) ) +( 0. 0003
& *(((HR-PL_TI ME)/ 24) **2) ) +( 0. 0012* (( HR- PL_TI ME) / 24) ) +0. 1522
LAl (TEN_D) =(- 1D- 5* ( ( ( HR- PL_TI ME) / 24) **3) ) +( 0. 04
& *(((HR-PL_TI ME)/ 24) **2) ) - (0. 3503* (HR- PL_TI ME) / 24) +13. 08
ELSE
R(TEN_D) =0. 0
K_C(TEN_D) =0. 19
LAl (TEN_D) =0. 0

cal cul ated using the method suggested by Feddes et al. (1978) and
is presented in the noisture section.
DO HR=1, HR_END
| F ((HR>=PL_TI ME+120) .AND. (HR<HV_TIME)) THEN
TEN D=1 NT( ( HR+120- PL_TI ME) / 240)
POT_ET(HR) =ET_REF(HR) *K_C( TEN_D)
E_O0=EXP( (16. 78* Al RTEMP( HR) - 116. 9) / (Al RTEMP( HR) +237. 3) )
DELTA=(4098*E_0)/ ( (Al RTEMP( HR) +237. 3) **2)
ATM PRESS=101. 3- (0. 01055*ELEV)
LAT_VAP=( 2. 501- (Al RTEMP(HR) *2. 361D- 03) ) * 1000. 0DO
I Using a tenperature dependent |atent heat of vaporatization
I equation (given in Allen et al., 1992 page 169) will inprove
I prediction.
GAMVA=( C_P*ATM PRESS) / (0. 622* LAT_VAP)
IF (LAl (TEN D) <=3.0) THEN
NET_SCLRAD=0. 041855* (( 0. 861* SOLRAD( HR) *2. 0643) - 103. 92)
I Based on relationship by Rosenthal et al. (1977)
I The factor 2.0643 converts SOLRAD in Wsqg.minto cal/sq.cmd
I The factor 0.041855 converts cal/sg.cmd into Ml/sq. md
ELSE
NET_SCLRAD=0. 041855* (( 0. 848* SOLRAD( HR) *2. 0643) - 144. 49)
END | F

END | F
TEN_D=TEN D+1
END DO
I Hourly potential transpiration will be calculated for the crop
I season beginning 5 d after planting. It is assunmed that
I transpiration is negligible during the remaining part of the
I sinulation period. Evaporation during that period will be
I
I
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| F (NET_SOLRAD<0. OD0) THEN
NET_SCOLRAD=0. 0DO
END | F
NETSO L_SOLRAD=11. 574* ( NET_SOLRAD) * ( EXP( - EXTI NC_C*LAI (TEN_D)))
I The 11.574 factor converts NETSO L_SOLRAD back into Wsqg. m
| F (NET_SOLRAD>0. 0) THEN
PH _NS=B_1+(A 1*(NETSO L_SOLRAD ( NET_SCOLRAD*11.574)))
ELSE
PH _NS=B 1
END | F
IF (LAl (TEN D)>2.7) THEN
PH _NS=1.0
END | F
I See Allen et al. (1990) page 53
POT_EVAP(HR) =1. 457D 4* ( DELTA/ ( DELTA+GAMVA) ) *PHI _NS
& *NETSO L_SOLRAD

I The factor 1.457D-4 converts POT_EVAP fromWsg.minto cnih as

I POT_ET is also in cnlh
ELSE

POT_ET(HR) =0. 19* ET_REF( HR)

POT_EVAP( HR) =POT_ET( HR)

I Kc = 0.19 when corn canopy is absent (Allen et al. (1990),p 127).
I It is better to use the above approach than using the Priestly-
I Tayl or approach since the Priestly-Taylor nethod is not suitable

I for daily use, though it is used as in Feddes et al. (1978).
END | F
END DO
END SUBROUTI NE TRANSPI RATI ON

I Calculate head fromtheta

SUBROUTI NE THETA2HEAD( HEAD, THETA, THETA_S, THETA R, ALPHA_US, M _US, N_US, L)

I NTECER: : |, L

DOUBLE PRECI SI ON, DI MENSI ON( 1: L) : : THETA, THETA_S, THETA R, ALPHA _US, M US, &

& N US
DOUBLE PRECI SI ON, DI MENSI ON( 1: L), | NTENT( OUT) : : HEAD
DOUBLE PRECI SI ON: : THETA REL
DO 1=1, L
THETA REL=( THETA(1)- THETA R(1))/( THETA S(1)- THETA R(1))
HEAD( 1) =- ((((1/ THETA_REL)**(1/ M US(1)))-1)**(1/ N_US(1)))
& / (ALPHA US(1))

I HEAD(1) cal cul ated as a positive value needs to be converted into

I negative value for unsaturated conditions.
END DO
END SUBROUTI NE THETA2HEAD
|
I Calculate theta from head
SUBROUTI NE HEAD2THETA( THETA, THETA_M HEAD, HEAD_S, THETA_S, THETA R,
& ALPHA US, M US, N_US, L)

I NTECER: : |, L
DOUBLE PRECI SI ON, DI MENSI ON(1: L), I NTENT( QUT) : : THETA, THETA M
DOUBLE PREC! SI ON, DI MENSI ON(1: L), I NTENT(I N) : : HEAD, THETA_ S, THETA R,

& ALPHA US, M US, N_US
DOUBLE PRECI SI ON: : HEAD S, HEAD M
DO I=1,L
| F (HEAD(|)>=HEAD S) THEN
THETA(1) =THETA_S(1)
ELSE
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THETA(1) =( THETA R(1)) +( (THETA S(1) - THETA R(
& ((1+( ABS(ALPHA US(1)*HEAD(1))**(N_US(1))
END | F
END DO
DO 1=1,L-1
HEAD ME0. 5* ( HEAD( | ) +HEAD( | +1))
| F (HEAD Mb=HEAD S) THEN
THETA M| ) =THETA S(1)
ELSE
THETA M1 ) =( THETA R(1))+(( THETA_S(1)- THETA R(1))
& / ((1+( ABS(ALPHA US(1)*HEAD_ M **(N_US(1))))**M US(1))

1))
)) ¥ MUS(T))

END | F
END DO
I =L

THETA M I ) =THETA(1)
END SUBROUTI NE HEAD2THETA
|

)

)

I Calculate unsaturated K values at the nodes and i nternodes
SUBRQUTI NE KUNSAT( KUS, HEAD, HEAD S, KS, ALPHA US, L_US, M US, N US, L)

I MPLICI' T NONE

| NTECER: : |,

DOUBLE PRECI SI ON, DI MENSI ON(1: L), I NTENT( OQUT) : : KUS
DOUBLE PRECI SI ON, DI MENSI ON(1: L) : : KUSN

DOUBLE PRECI SI ON, DI MENSI ON( 1: L), | NTENT(I N) : : HEAD, KS, ALPHA US, L_US,

& M US, N _US
DOUBLE PRECI SI ON: : HEAD S
DO 1=1, L

| F (HEAD(|)>=HEAD S) THEN

KUSN( I ) =KS( I )

ELSE

KUSN( 1) =KS( 1) * ( 1- ( ( ABS( ALPHA US(1)*HEAD(1))** (M US(1)*N_US(1)
& *((1+(ABS(ALPHA_US(I)*HEAD(1))**(N_US(1))))**(-M.US(1)))))
& | (1+( ABS(ALPHA US(1)*HEAD(1))**(N_US(1))))**(M US(1)*L_US(
END | F

END DO

DO 1=1,L-1

KUS( 1) =( KUSN( | ) +KUSN( | +1) ) *0. 5

END DO

I =L

KUS( 1) =KUSN( | )
END SUBROUTI NE KUNSAT
!

I Calculate flux at the nodes and internodes with Darcy's Law.

SUBROUTI NE DARCY( FLUX, KUS, KS, HEAD, HEAD_S, L, D2)
| MPLI CI T NONE
| NTEGER : |,
DOUBLE PRECI SI ON, DI MENSI ON( 1: L), | NTENT(IN) : : KUS, KS, HEAD
DOUBLE PRECI SI ON, DI MENSI ON( 1: L), | NTENT( QUT) : : FLUX
DOUBLE PRECI SI ON: : DZ, HEAD_S
DO 1=1,L-1
| F ((HEAD(| +1) >HEAD_S) . AND. (HEAD(|)>HEAD S)) THEN
FLUX( 1) =KUS( )
ELSE | F (HEAD( | +1) >HEAD S) THEN
FLUX(1) =- KUS(1) *( - 1+( ( HEAD_S- HEAD( 1))/ DZ))
ELSE | F (HEAD(|)>HEAD S) THEN
FLUX( 1) =- KUS( 1) * (- 1+( ( HEAD( | +1) - HEAD S)/ DZ) )
ELSE
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FLUX( 1) =- KUS( 1) * (- 1+( ( HEAD( | +1) - HEAD( | ) )/ DZ) )

END | F
END DO
I =L

FLUX( 1) =KUS(1)
END SUBROUTI NE DARCY
|
I Calculate soil water capacity
SUBRQUTI NE SWCAP( SWC, HEAD, HEAD S, HEAD MAX, THETA S, THETA R, ALPHA US, &
& MUS, N US, L)
| MPLI CI' T NONE
INTEGER: : I, L
DOUBLE PRECI SI ON, DI MENSI ON( 1: L) : : HEAD, THETA S, THETA R, ALPHA US, M US, &
& N_US
DOUBLE PRECI SI ON, DI MENSI ON(1: L) :: S\WC
DOUBLE PRECI SI ON: : DENOM NUMVER, HEAD S, HEAD MAX
DO I=1,L
| F (HEAD(1)>=HEAD S) THEN
NUVER=- ALPHA US(1)*M US(1)*N US(1)*(THETA S(1)-THETA R(1))
& *(1.0+ABS(ALPHA US(I1)*HEAD MAX)**N US(I))**(M US(I)-1)
& * ABS(ALPHA US()*HEAD MAX)** (N US(1)-1)
DENOME( 1+ABS( ALPHA US( 1) *HEAD MAX) **N_US( 1)) **(2*M US(1))
SWC( | ) =ABS( NUMER/ DENOM)
ELSE
I SWC is kept positive
NUVER=- ALPHA US(1)*M US(1)*N US(1)*(THETA S(1)-THETA R(1))
& * (1. +ABS(ALPHA US(1)*HEAD(I))**N _US(1))**(M US(I)-1)
& *ABS(ALPHA US(I)*HEAD(I))**(N_US(1)-1)
DENOME( 1+ABS( ALPHA US( 1) *HEAD(1))**N_US(1))**(2*M US(1))
SWC( | ) =ABS( NUMER/ DENOM)
END | F
END DO
END SUBROUTI NE SWCAP
|
I Cal cul ate urea hydrolysis
SUBROUTI NE HYDROLYSI S( UCONC, UCONC_MMV UCONC_STCP, U F_TEMP, U_A, &
& U ACT_ENER, GAS, SO LTEMP, BD, U VVAX, U KMAX, L, M HR, HR_END, U_SI NK)
| MPLI CI' T NONE
INTEGER: : 1,J,L, M HR, HR_END
DOUBLE PRECI SI ON, DI MENSI ON(1: L, 1: M, I NTENT(I N) : : UCONC
DOUBLE PRECI SI ON, DI MENSI ON( 1: HR_END), | NTENT(I N) : : SO LTEMP
DOUBLE PRECI SI ON, DI MENSI ON(2: L-1, 2: M 1), I NTENT(OUT) : : U _SI NK
DOUBLE PREC! SI ON: : UCONC_MM UCONC_STOP, U F_TEMP, U_A, U ACT_ENER, GAS, BD
DOUBLE PRECI SI ON: : U VMAX, U_KMAX
DOUBLE PREC! S| ON: : SLOPE, | NTERCEPT
I D and Wdenote depth and wi dth nodes, respectively
U F TEMP=U_ A*EXP(- U ACT_ENER/ ( GAS* 2. 3935E- 11*(273. 0+SO LTEMP(HR) ) ) )
IF (UF TEMP>1.0) THEN
UF TEMP=1.0
END | F
The factor 2.3935E-11 converts the units of the universal gas
constant fromerg/nole-K to kcal/nole-K since UACT_ENER is reported
in kcal and not ergs.
It is assunmed that soil tenperature is invariant with depth. Zero
hydrolysis in all boundary nodes

Ro Qo

Ro Qo

DO =2, L-1
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DO J=2, M1
I F (UCONC( I, J) <UCONC_ MV) THEN
I Urea concentration range is suitable for using the Mchaelis
I -Menten reaction
U SINK(I,J)=UF TEMP*(BD* U VMAX* UCONC( |, J) )/ (U _KMAX+UCONC( I, J))
ELSE | F (UCONC( I, J)>=UCONC_MM . AND. UCONC( |, J) <UCONC STCOP) THEN
SLOPE=- ( U_VMAX* BD) / ( UCONC_STOP- UCONC_MV)
| NTERCEPT=( U_VNMAX* BD* UCONC_STOP) / ( UCONC_STOP- UCONC_MV)
U SINK(I,J)=U F_TEMP* ( SLOPE* UCONC( | , J) +I NTERCEPT)
I Linear relationship (derived personally) used
ELSE
U SINK(I,J)=0.0
END | F
END DO
END DO
END SUBROUTI NE HYDROLYSI S
|
I Cal cul ates conversion of NH4+ to NO3-
SUBROUTI NE NI TRI FI CATI ON( THETA, HEAD, ACONC, BD, HR, HR END, L, M A SI NK1,
& SO LTEMP, N F TEMP, N A, N ACT_ENER, GAS, N F PH, SO L_PH, N F_HEAD,
& ACONC_RR, ACONC STOP, N K1, N_KO0)
| MPLI CI' T NONE
INTEGER: : 1,J,L, M HR, HR_END
DOUBLE PRECI SI ON, DI MENSI ON( 1: L), I NTENT(I N) : : THETA, HEAD
DOUBLE PRECI SI ON, DI MENSI ON(1: L, 1: M, I NTENT(I N) : : ACONC
DOUBLE PRECI SI ON, DI MENSI ON( 1: HR_END), | NTENT(I N) : : SO LTEMP
DOUBLE PRECI SI ON, DI MENSI ON(2: L-1, 2: M 1), | NTENT(QUT) : : A _SI NK1
DOUBLE PRECI SI ON:: N F TEMP, N A, N ACT_ENER, GAS, N F PH, N F HEAD,
& SO L_PH, BD
DOUBLE PRECI SI ON: : ACONC RR, ACONC STOPR, N K1, N KO
I Tenperature & pH are not varied spatially.
I Tenperature factor
N _F_TEMP=N_A*EXP(- N _ACT_ENER/ ( GAS*2. 3935E- 11*(273. 0+SO LTEMP(HR))))
IF (N_F_TEMP>1.0) THEN
N F TEMP=1.0
END | F
I pH factor
IF (SOL PH4.5 .OR SO L_PH>10.0) THEN
N F_PH=0.0
ELSE IF (SO L_PH>=4.5 . AND. SO L_PH<6.0) THEN
N F_PH=0. 12
ELSE IF (SO L_PH>=6.0 . AND. SO L_PH<=8.5) THEN
N F_PH=0.352*(SO L_PH 6. 0) +0. 12
ELSE
N _F_PH=-0.40*(SO L_PH 10.0) +0. 40
END | F
! i sture and NH4+ concentration factors are enbedded inside the
I DO | oop.
,L-1

Appendix D 288



IF (ACONC( I, J) <ACONC RR) THEN
A SINKL(I,J)=THETA(I)*N_K1* ACONC( I, J)
ELSE | F (ACONC(1,J)>=ACONC_RR . AND. ACONC( !, J) <( ACONC_STOP &
& *(BD THETA(1)))) THEN
A SINKL(I,J)=THETA(I)*N_KO
ELSE
A SINK1(I,J)=0.0
END | F
A SINKL(I,J)=A_SINKL(Il,J)*N_F TEMP*N_F_PH*N_F_HEAD
END DO
END DO
END SUBROUTI NE NI TRI FI CATI ON
|
SUBROUTI NE AP_DI SP (U_AP_DI SP, A AP_DI SP, N_AP_DI SP, UDI FF_AQ ADI FF_AQ &
& NDI FF_AQ LAMBDA L, POR, THETA M FLUX, HEAD, HEAD 4, L)
| NTEGER: : I,
DOUBLE PRECI SI ON: : UDI FF_AQ ADI FF_AQ NDI FF_AQ LAMBDA L, POR
DOUBLE PRECI SI ON, DI MENSI ON(1: L), I NTENT(I N) : : THETA_M FLUX, HEAD
DOUBLE PRECI SI ON: : LONG DI SP, UMOL_DI FF, AMOL_DI FF, NMOL_DI FF, HEAD 4
I The | ongi tudi nal dispersion and nol ecul er diffusion terns already
I include the theta term
DOUBLE PRECI SI ON, DI MENSI ON(1: L) :: U AP_DI SP, A AP_DI SP, N_AP_DI SP
DO 1=1,L
UMOL_DI FF=UDI FF_AQ* ( THETA_ M| ) **4. 3) / (POR**2)
AMOL_DI FF=ADI FF_AQ* ( THETA_M 1) **4. 3) / ( POR** 2)
NMOL_DI FF=NDI FF_AQ* ( THETA_M | ) **4. 3) / (POR**2)
LG\IG DI SP=LAMBDA L* FLUX(1)

| F (HEAD(|)<=HEAD 4 .OR FLUX(1)<=0.0) THEN
U_AP_DI SP(1)=UMDL_DI FF
A_AP_DI SP(1)=AMOL_DI FF
N_AP_DI SP( 1) =NVOL_DI FF
ELSE
U_AP_DI SP( 1) =UMOL_DI FF+LONG DI SP
A_AP_DI SP(|) =AMOL_DI FF+LONG DI SP
N_AP_DI SP( | ) =NMOL_DI FF+LONG DI SP
END | F
END DO

END SUBROUTI NE AP_DI SP
|
I Calculates time step as function of flux
SUBRQUTI NE TI MESTEP (PL_TI ME, HR, A_AP_DI SP, MAX_FLUX, THETA M TAU, &
& DT_MANT, DT_EXPQ, DZ, DT)
| NTEGER: : PL_TI ME, HR
DOUBLE PRECI SI ON: : MAX_FLUX
DOUBLE PRECI SI ON, DI MENSI ON(1: L) :: A AP _DI SP, THETA M
DOUBLE PRECI SI ON: : TAU, DT_MANT, DT_EXPO, DZ
DOUBLE PRECI SI ON: : DT_M DT_N, DT, MAX_AP_DI SP
I DT_M tinme step based on noisture, DI_N tine step based on sol ute,
I i.e., CFL criteria. MAX AP DISP is actually the maxi num appar ent
I dispersion for amonium while A AP DISP is the apparent dispersion
I' for amoni um di vi ded by the noisture content.
DT_M=DT_MANT* ( ( ABS( MAX_FLUX) ) ** DT_EXPO) / TAU
I CFL criterion
| F (HR<PL_TI ME) THEN
DT=DT_M
ELSE
=1
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MAX_AP_DI SP=(A_AP_DI SP(1)/ THETA M 1))
DO | =2,
| F (MAX_AP_DI SP<(A_AP_DI SP(1)/ THETA M 1))) THEN
MAX_AP_DI SP=A AP _DI SP( 1)/ THETA M)
END | F
END DO
DT_N=(Dz**2)/ ( 2* MAX_AP_DI SP* TAU)
I The CFL factor always renmains at 0.8
|F (DT_N>DT_M THEN
DT=DT_M
ELSE
DT=DT_N
END | F
END | F
| F (DT<1.0D-6) THEN
DTr=1. 0D- 6
ELSE | F (DT>1.0D0) THEN
Dr=1. 0DO
END | F
END SUBROUTI NE TI MESTEP
|
I The foll owi ng subroutine cal cul ates concentration val ues
SUBROUTI NE TRI DI AG( X, A_X, B X, C_ X, K X, N)
I A X: below diagonal; B_X diagonal; C X above diagonal;
I and K X: right hand side coefficients
| NTEGER: : CNT, N
DOUBLE PRECI SI ON, I NTENT(IN):: A X(3:N-1),B X(2: N1),C X(2: N2),
& K X(2: N-1)
DOUBLE PRECI SI ON, | NTENT( QUT) : : X(2: N-1)
I Local variables
DOUBLE PREC! SI ON, DI MENSI ON(2: N- 1) : : BETA, GAM
I To cal cul ate beta and ganma (gam
CNT=2
BETA( CNT) =B_X( CNT)
GAM CNT) =K_X( CNT) / BETA( CNT)
DO CNT=3, N-1
BETA( CNT) =B_X( CNT) - (A_X( CNT) * C_X( CNT- 1) / BETA(CNT- 1))
GAM CNT) =( ( K_X( CNT) - A_X(CNT) * GAM CNT- 1) ) / BETA( CNT) )
END DO
I To cal cul ate head val ues
CNT=N- 1
X( CNT) =GAM CNT)
DO CNT=N-2, 2, -1
X( CNT) =GAM CNT) - ( C_X( CNT) * X( CNT+1) / BETA( CNT))
END DO
END SUBROUTI NE TRI DI AG

(ol

I The foll owi ng subroutine cal cul ates head val ues
SUBROUTI NE TRIDIAG MY,A Y,B Y, CY,KY,P)
| MPLICI' T NONE
I AY: below diagonal; B_Y: diagonal; C_Y: above di agonal;
I and K_Y: right hand side coefficients
| NTEGER: : CMI, P
DOUBLE PRECI SI ON, I NTENT(IN):: A Y(2:P),B_Y(1:P),C Y(1:P-1),K Y(1: P)
DOUBLE PRECI SI ON, | NTENT(QUT) : : Y(1: P)
I Local variables
DOUBLE PRECI S| ON, DI MENSI ON( 1: P) : : BETA, GAM
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I To cal cul ate beta and ganma (gam
oMr=1
BETA( CMTI') =B_Y( CMI)
GAM CMT) =K_Y( CMT) / BETA( CMI)
DO Cvmr=2, P
BETA(CMI) =B_Y(CMT) - (A _Y(CMI) *C_Y(CMI-1)/ BETA(CMI-1))
GAM CMI) =( (K_Y(CMI) - A Y(CMI) * GAM CMT- 1) ) / BETA( CMI) )
END DO
I To cal cul ate head val ues
CMr=P
Y( CMI) =GAM CM)
DO CMr=p-1,1, -1
Y( CMI) =GAM CMT) - ( C_Y( CMI) * Y( CMT+1) / BETA( CMI) )
END DO
END SUBROUTI NE TRI DI AG M
|
SUBROQUTINE TRIDIAG N(Z,A Z,B Z,CZ K Z Q
I A X: below diagonal; B_X diagonal; C X above diagonal;
I and K X: right hand side coefficients
| NTEGER: : CNT, Q
DOUBLE PRECI SI ON, INTENT(IN):: A Z(3:Q,B Z(2:Q,C Z(2:Q1),K Z(2: Q
DOUBLE PRECI SI ON, | NTENT(QUT) : : Z(2: Q
I Local variabl es
DOUBLE PRECI SI ON, DI MENSI ON( 2: Q : : BETA, GAM
I To cal cul ate beta and ganma (gam
CNT=2
BETA( CNT) =B_Z( CNT)
GAM CNT) =K_Z( CNT) / BETA( CNT)
DO CNT=3, Q
BETA(CNT) =B_Z(CNT) - (A _Z(CNT) *C_Z(CNT- 1)/ BETA(CNT-1))
GAM CNT) =((K_Z(CNT) - A Z( CNT) *GAM CNT- 1) )/ BETA( CNT))
END DO
I To cal cul ate head val ues
CNT=Q
Z( CNT) =GAM CNT)
DO CNT=Q- 1, 2, -1
Z( CNT) =GAM CNT) - (C_Z( CNT) *Z( CNT+1) / BETA( CNT) )
END DO
END SUBROUTI NE TRI DI AG N
END PROGRAM MAI N

Appendix D 2901



VITA

Sanjay was born to Sushila and Kishorendra Bikram Shah on October 10, 1960 in
Birganj, Nepal. He did his schooling in Patna (India) and Birganj. He did his junior
college in Kathmandu, Nepal. He obtained his B. Tech. (Agric. Engineering) from
Punjab Agricultural University, India in 1985. He worked for more than eight years in
the area of agricultural machinery design with Agricultural Tools Factory, Birgan,
Nepal. He obtained his M.S. (BAE) from LSU in the summer of 1995, before starting
his PhD in Virginia Tech in the fall of 1995. While doing his PhD in Virginia Tech,
Sanjay was also involved in the development of Total Maximum Daily Load for fecal
coliform for a number of watersheds in Virginia Immediately after finishing his PhD
in 2000, Sanjay joined West Virginia University as extension specialist. Sanjay is
married to Banu and they have two children, son Shashant (11 years) and daughter
Shivani (3 years).

Vita 292



