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ABSTRACT

Groundwater contamination by agricultural fertilization is a widely recognized problem in the
USA and worldwide. Here in Hawaii, agricultural fields have posed a threat to the invaluable basal
aquifer. The concentration of nitrate-N in the Pearl Harbor aquifer on Oahu was below 2.3 mglL in
the 1950's and 1960's, but has increased in some wells in the Kunia area to a maximum of
7.6 mglL in 1992 to 1994. The objective of this study is to assess nitrogen use in the agricultural
lands and nitrate contamination in the Pearl Harbor aquifer.

Nitrate distribution and migration in the subsurface are influenced by many mechanisms.
Nitrogen fertilizer undergoes many N transformations and interactions with the soil and the plant
after applications. In this study, a field data collection was done and analysis of the samples was
completed to understand the leaching process of nitrate in the root zone of three different cropped
fields. A detailed discussion is presented to address various factors that control the transport
process. Field measurements were evaluated statistically to judge the sampling plan in relation to
spatial variations. The study uses an uncertainty index in the analysis, which is the density of
samples required for a sample mean to fall within a defined limit of accuracy.

To simplify the process of estimating leaching rates to the aquifer, a simple lumped parameter
model (LPM) was developed. The model, which is analytical in nature, uses a limited set of input
data. Average leaching rates can be estimated in response to agricultural practices, N
transformations, and other processes. The model is tested against two detailed numerical models
with great success. The model will be made available for interested parties for use in assessing the
potential threat to aquifers.

Various types of uncertainties affect our ability to predict nitrate fate accurately. Five major
sources of uncertainty were identified in this study: (1) uncertainty due to spatial variation, (2)
uncertainty related to the accuracy of the input data, (3) uncertainty due to simplifications in the
development of the models, (4) uncertainty due to modeling parameters, and (5) uncertainty due to
the complexity of the unsaturated zone in Hawaii. The impact of these uncertainties on the
simulations of nitrate leaching is evaluated and a sensitivity analysis was done to quantify the
uncertainty due to the modeling parameters in a leaching model. The result showed that hydraulic
properties, plant uptake, and dispersivity are very important in achieving reliable simulation or
prediction. It is recommended that hydraulic conductivity and water retention relationships be
measured under field conditions before the use of the model. A historical record of specific plant
growth and nutrient assimilation by the plant can provide reasonable data for modeling the plant
uptake process. Dispersivity can be obtained by calibration of the model in a specific soil.

Although the sensitivity analysis suggests that uncertainty in nitrate adsorption exert a
considerable effect on nitrate transport results, anion adsorption is not a principal factor that affects
nitrate leaching in the root zone. The relatively high content of organic matter in the root zone may
favor a net negative surface charge on soil colloids, which contributes to the leachability of
negatively charged nitrate. In contrast however, retardation of nitrate plays a dominant role in
nitrate leaching below the root zone in central Oahu. Only a small fraction of the nitrate leaching
reaches the groundwater. Although different explanations have been proposed for the sorption
process in the thick unsaturated zone in central Oahu, a retardation factor should be considered for
interpreting the results of the outflow from the root zone.

Nitrate contamination in the Pearl Harbor aquifer was assessed. Quasi three-dimensional
models were used to simulate water flow and nitrate transport in the aquifer. The models were
calibrated by using available records and used for predictions based on assumed scenarios for
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water and land use. Future predictions show the likelihood of a nitrate contamination problem.
Assumed conservative nitrate concentrations at the water table and a very mild increase in water use
resulted in concentrations that exceed the MeL for nitrate of 10 ppm. Nitrate concentration below
the agricultural lands is likely to increase with planned land use changes that may require additional
fertilizer use. The possibility of changes in the physical or chemical ability of the unsaturated deep
formations to store nitrate may also lead to increased leaching rates. A need exists for a better
management of fertilizer use, a process that should be possible without sacrificing agricultural
productivity. The approaches developed in this study can help in such an endeavor.
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Chapter 1
INTRODUCTION

1.1. Nitrogen Fertilization and Groundwater Contamination

Agriculture activities are probably the most significant anthropogenic source of groundwater
contamination. Twenty-nine states in the U.S. have identified groundwater contamination from
non-point sources as a major concern (Anderson, 1987). Fertilization and application of pesticides
are the main agricultural activities that can cause degradation of groundwater quality. Figure 1.1
shows nitrate as the most frequently reported contaminant in the United States. The most recent
national investigation (Vroomen, 1987) indicates that total fertilizer N consumption in the United
States has peaked since 1980. Some groundwater monitoring studies suggest that nitrate
concentrations are higher in groundwater beneath fertilized agricultural areas than in non
agricultural areas (USGS, 1985; USGS, 1991). High nitrogen fertilizer application has produced
direct effects on groundwater (Kellogg et al., 1992). For example, a study of nitrate in Maine's
groundwater reported that nitrate leaching from fertilized cropland has caused substantial
degradation of underlying groundwater. High nitrate concentration was detected in the wells
located near fertilized agricultural land. The samples collected from the wells near different
cropland showed that 14% to 40% of the wells exceeded the Primary Drinking Water Standard
(Pinette, 1993). In Iowa, increasing NO) concentration in groundwater has been linked
circumstantially with nitrogen fertilizer use in the Big Spring watershed (Hallberg, 1986).

In Hawaii, agricultural fields, such as pineapple and sugarcane, have occupied a large portion
of the land. Concern about non-point source groundwater contamination has become more and
more pronounced since 1980. The three principal nutrients of fertilizers are nitrogen, phosphorus
and potassium. Of these three fertilizers, nitrogen in the form of NO) is a major source of
contamination of groundwater, due to its high mobility and relative persistence in the environment.
Potassium and phosphorus have not posed a significant threat to groundwater in Hawaii. Cation
exchange cause K+ to be adsorbed by negatively charged soil colloids. Phosphorus has a small
leaching potential to migrate down the water table at any significant level, because it binds very
tightly with irons and aluminum hydroxides which are abundant in Hawaiian soils (Green, 1991).
However, nitrogen from agricultural fertilizer is one of the major causes of groundwater
contamination in several basal aquifers. Evidence has suggested an increasing trend of
groundwater NO). According to well data records maintained by the Honolulu Board of Water
Supply (BWS), the State Department of Health, and others (see also Swain, 1973; Hufen et al.,
1980), the concentration of NO)-N in the Pearl Harbor basin on the island of Oahu was below
2.3 mglL (ppm) in the 1950's and 1960's and has increased in some wells to as much as 7.6 mgIL
(ppm) in 1992 to 1994 (Figures 1.2 and 1.3). The recent high concentration pattern is consistent
with the current distribution of agricultural lands (Figure 1.4). On Maui, it is believed that waste
water injection and agricultural practices are the major contributors to the increase of nitrate content
in groundwater (Soicher, 1996).

Groundwater is the major water resource in the State of Hawaii. Table 1.1 shows the amount
of groundwater as a percentage of total water use for individual islands in Hawaii. On Oahu, 93%
of the total water use is from groundwater, and about 50% of the total water use is from the Pearl
Harbor aquifer.
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As sugarcane cultivation in Hawaii declines, diversified agriculture will replace the sugarcane
fields. It will be more difficult to monitor irrigation, the application of fertilizer and pesticides, and
other associated farming practices. In order to protect groundwater from agricultural
contamination, there is a great need to develop a practical methodology of assessment for nitrate
and other chemicals leaching from the root zone and their transport to the Pearl Harbor aquifer.

1.2. Health Effects of Nitrates

Nitrate (NO)) is the most stable form of nitrogen compound in the groundwater. Therefore, it
is likely to be encountered by humans in drinking water. The impacts of nitrates on human health
are discussed in detail by the National Academy of Sciences (1978). The most well-recognized
health hazard of excess nitrate in drinking water is clinical methemoglobinemia. This disease, also
known as "blue baby syndrome," occurs when ingested nitrate is reduced to nitrite by bacteria.
Nitrite can oxidize hemoglobin (Hb) to form methemoglobin (metHb). As a result, elevated metHb
levels reduce the oxygen-carrying capacity of the blood, which can be fatal for new-born infants.
Other possible adverse health effects include the potential link of nitrate and human cancer.
Although many N-nitroso compounds (the products of reaction of nitrous acid with secondary
amines) have induced tumors in laboratory animals (Terracini et aI., 1967; Moiseev and
Benemanskii, 1975), the evidence so far is inconclusive. Nitrate is not just a problem for human
health; domestic animals may also be adversely affected by high nitrate in water (Turner and
Kienholz, 1972). The health hazards in livestocks are similar to those seen in humans. Some
studies suggests that N03 level about 40 mglL in N03 may cause nitrate poisoning for livestock
(Univ. of Wisconsin Extension, 1983). Realizing the adverse health effects, the Primary Drinking
Water Standard established by the Environmental Protection Agency (EPA) for nitrate (NO)) is
45 mgIL, equivalent to 10 mglL for NO)-N (nitrate expressed in terms of nitrogen).

1.3. Previous Studies

Nationwide, movement of different nitrogen species in the soil has been the subject of many
investigations, especially in the corn belt states. A large amount of literature has been published
focusing on various aspects of the problem. Early studies of nitrogen behavior in agricultural soil
were covered in the book edited by Bartholomew and Clark (1965). A number of nitrogen
processes and assessment approaches were discussed. At that time the simulation of nitrogen
transport was limited to analytical solutions. Stevenson (1982) updated the work of Bartholomew
and Clark. Many developments and technical advances were reviewed. The most recent studies
regarding managing nitrogen for groundwater quality and agricultural profitability were described
in the proceedings of a symposium (Follett, 1991).

Since the 1970's, numerous computer programs have been developed to simulate nitrogen
processes in the soil-plant system. Frissel et al. (1981), Tanji (1982), and Johnson and Parker
(1993) summarized various numerical models that describe N transformations or N transport in
agricultural soil. Some of models cited in these reviews have been designed for particular
processes in the N cycle, such as ammonia volatilization (Parton et al., 1981), non-reactant
leaching (Addiscott, 1981; Burns, 1980), and denitrification (Smith, 1981; Leffelaar, 1981). A
few very comprehensive models (Molina et al., 1983) have been developed to describe the N cycle
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in the soil and provide much detail about major N transformations at the micro-biological level.
Other detailed models (Tanji et al., 1981; Huston and Wagenet, 1992) were designed specifically
for simulating the leaching process of nitrogen species by linking together all the major N
transformations, as well as sinks and sources, with solute transport. Some management models
aimed at crop productivity have been developed to estimate the N budget for the soil-crop system,
such as NLEAP (Shaffer et al., 1991) and CERES-Maize (Jones and Kiniry, 1986). Advances in
numerical modeling are complemented by the many field measurements and laboratory experiments
that have been conducted to analyze the major factors which affect the N transformations and to
determine the rate ofN transformations (e.g., Starr et al., 1974; Misra et aI., 1974; Wagenet et al.,
1977; Vlek and Carter, 1983).

Much specific research will be discussed in the following chapters. In this section, selected
previous studies concerning nitrogen transport in Hawaii will be reviewed. Although experimental
measurements and modeling of water movement and solute transport have been conducted in
central Oahu over the past 20 years, specific studies concerning nitrogen contamination of
groundwater in Hawaii are very limited. Table 1.2 summarizes the previous studies of nitrogen
transport processes in Hawaiian soils. Several field and laboratory experiments have been executed
to determine and analyze nitrogen transformation rates in different Hawaiian soils
(Balasubramanian, 1974; Khan et aI., 1986). The results of this work have supplied valuable
information for more sophisticated computer simulations of nitrogen movement. Some limited field
sampling studies were performed to examine nitrogen fertilizer leaching in central Oahu (Lau et al.,
1975; Khan and Green, 1977; Stanley et aI., 1990). These studies confllll1ed that fertilizer
application and soil water movement strongly dominate nitrate leaching in sugarcane fields. La,u
~'et al. (1975) reported that significant amounts of nitrate escaped below the root zone under furrow
.iirrigation. Nitrate concentration in the percolate collected from the testing fields reached over
~1!l0 mglL as N during the first eight months of a two-year sugarcane crop. Lau et aI. also noted the
coincidence of the period of high nitrate concentration with the time of fertilization applications.

Quantitative assessment of nitrogen fertilizer leaching down to groundwater for actual field
sites in Hawaii is limited to one preliminary simulation (Oki et aI., 1990) which used the EPA's
Pesticide Root Zone Model (PRZM) (Carsel et al., 1984). The model did not include principal
nitrogen transformation processes and plant uptake factors. Nitrate was simply treated as a
conservative solute. Two other modeling efforts were made by BaIasubramanian et al. (1973) and
Khan et al. (1986). In the Balasubramanian et al. (1973) work, an analytical dispersion model
(Day, 1956) was applied to simulate nitrate distribution in highly aggregated Oxisol. Although the
results showed good agreement with field experiments, the model was not designed for the
practical simulation of a plant-soil system. In addition, fitting parameters in Day's equation
restricted the model to theoretical use. Khan et al.'s (1973) model was based on the convection and
dispersion equation and was developed for nitrogen fertilizer leaching with intermittent irrigation.
However the model was not validated or supported by field measurements.
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1.4. Description of the Study Area

1.4.1. Geology

Below the root zone, nitrate transport process will be controlled mainly by the hydrogeologic
properties of the unsaturated zone. Knowledge of the hydrogeology will help to better estimate the
final amount of nitrate reaching groundwater.

The study area is located in the central part of the Schofield plateau on the island of Oahu,
Hawaii, and overlies the Pearl Harbor aquifer. The island of Oahu is formed of the eroded
remnants of two great shield volcanoes, the Waianae Range is on the west and the younger Koolau
Range is on the east. Lava flows from the Koolau volcano banked against the already-eroded slope
of the Waianae volcano to form the gently sloping surface of the Schofield plateau (Macdonald
et al., 1990). Most of the plateau is comprised of basalts from the Koolau volcanic series. The
surface of most of the central portion of the plateau consists of residual soils, which overlie a thick
zone of highly weathered basalt.

Well log data suggests the in-situ geologic column in the unsaturated zone is as shown in
Figure 1.5. Consistent layering sequences were described by Miller et al. (1988) and Oki et al.
(1990), although the thickness of each layer at different locations may not the same. The surface
soil contains relatively abundant organic matter to subsoil. It is derived from highly weathered
basalt and consists of clay and rock fragments of different mineralogy than the parent rock. This
top layer extends to the base of the tillage zone at a depth of about 0.5 m (Trouse and Humber,
1959). The subsoil is similar to the surface soil but contains a little organic content. It has a
relatively higher bulk density than the surface soil. The subsoil grades into saprolite, which is a
weathered rock having recognizable structure and texture but not the mineralogy of the parent rock.
The bottom layer, parent basalt, is the source of the overlying weathered sequence. It is made of
mostly unweathered basalt, and also includes unconformities of pyroclastics and weathered
horizons. Hydraulic characteristics vary through the different geological formation layers in the
unsaturated zone. Below the root zone biochemical factors have little impact on the nitrate leaching.
Several hydrogeologic properties are very important for evaluating the leaching potential of
contaminants, including depth to water table, sorption capacity and pore-size heterogeneity,
hydraulic gradient and conductivity.

Based on soil samples collected from seven deep boreholes, Miller et al. (988) measured
hydraulic conductivity, pore-size distribution, mineralogical features and other hydrogeologic
properties of the central Oahu's subsoil and saprolite. Their work has great value for interpreting
the nitrate leaching potential to ground water. In their investigation, they found that the
hydrogeologic conditions of the unsaturated zone are extremely heterogeneous. Although
porosities are high (0.455-0.723) at all depths, generally over half of this consists of micropores
which hold "immobile" water. The calculated saturated hydraulic conductivities range over six
orders of magnitude 00-3-10-8 mfsec). The highly weathered subsoil zone has lost the parent
basalt structure and shows lower conductivities, while the less weathered saprolite below retains
vesicular macropores and shows higher conductivities. The results of scanning electron
microscopy (SEM) in the study by Miller et al. (1988) show that preferential flow is occurring in
channels between macropores and along joints. The mineralogical analysis exhibits a close
correlation between the presence of the clay minerals kaolinite or halloysite and pesticide residues
in the subsoil and saprolite layers. This relationship implies that these clay minerals may have
entrapped chemical solutes within their hollow mineral structure.
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1.4.2. Soils

The soil characteristics such as soil texture, soil structure, and cation exchange capacity can
have a significant effect on nitrate distribution in the soil. The soil characteristics, climate, and crop
factors interact to control nitrogen transformation and drainage volume. Soil texture depends upon
the proportion of sand, silt and clay sizes. The clay content of Hawaiian soils is very high. They
are formed by the chemical weathering of the parent basalt. The proportion of sand is extremely
low since the individual mineral grains of Hawaiian basalt are readily weathered.

Eleven orders of soils are distributed on the Hawaiian islands. Five of them, Vertisols,
Inceptisols, Mollisols, Ultisols, and Oxisols, exist in agricultural areas on the island of Oahu. Each
soil order includes- many soil series, which are classified by the morphology and genetic
relationship. The soil categories are also represented by the soil family, great group, and
subgroups on the basis of soil properties and uniformity in kind and sequence of genetic horizons.
The classification of some soil which will be discussed in this study is provided in Table 1.3.

The soils in the experimental area of this study are Oxisols and Inceptisols. Oxisol is a
dominant order soil throughout the Schofield plateau. The mineralogical compositions of Oxisol
includes kaolinite, and oxides of iron and aluminum. Inceptisols in this region have the same
mineralogical composition as Oxisols but with poorly developed subsurface horizons. There is no
sharp boundary between the two different soil orders in the Kunia region. The suborder of the
soils in central Oahu is further classified into three series: Lahaina (L), Molokai (M), and Wahiawa
(W). Figure 1.6 (adapted from Green et al., 1982) shows the distribution of soil orders and series

"on Oahu. Some parameters of these soil series are shown in Table 1.4.
,, Most of soils in the study area have a water-stable aggregated structure (Green et al., 1982),
}!:'l.Which appears to result from cementation by iron hydroxides. This type of soil tends to produce
fudarger sized pores than would be the case for a structureless surface soil. Therefore infIltration and
',drainage are rapid. The permeabilities typically range from 0.014 to 0.044 mm/s (2.0 to 6.3 in./hr)

(Green et al., 1982; Oki et al., 1990).
The pH values of the soil in the study area fall in a range of 4.0 to 7.3. Hydrolysis of

aluminum clays and subsequent ionization of exchangeable aluminum, which releases hydrogen
ions, contributes to the acidity of most Hawaiian soils. The slightly acid nature of the soil may lead
to questions concerning the usual assumption that nitrate retention in the soil is negligible. A recent
study of deep core samples from pineapple fields in central Oahu indicates that much nitrate is
retained in the subsoil, but is leachable in the root zone (Deenik and Uehara, 1996). More
discussion of this subject will be presented in Chapter 3.

1.4.3. Climate

Soil water flow is the dominant process in determining the quantity of nitrate leaching below
the root zone. The amount of water in soil depends on water balance between rainfall or irrigation
and losses from drainage and evapotranspiration.

Rainfall is unevenly distributed throughout the island of Oahu. A maximum annual rainfall of
635 cm is concentrated just leeward of the Koolau crest, and a secondary maximum of roughly
190 cmlyr occurs along the Waianae summit. The mean annual rainfall in the study area ranges
from 63 to 127 cm (Taliaferro, 1959).

1-5



The average temperature ranges from 20°C in the winter to 25°C in the summer. The annual
evapotranspiration is about 165 cm (Giambelluca, 1983).

1.4.4. Land Use

The land use on Oahu has undergone significant changes since the 1960's. Most of change
results from urban growth. The current agricultural land use is shown in Figure 1.4. Com,
pineapple and sugarcane account for 0.5%,20.8% and 78%, respectively, of the total agricultural
land on Oahu.

Changes of land use can have a great effect on the hydrologic characteristics of the root zone,
including infIltration rate, evapotranspiration rate, and recharge patterns. Agricultural fertilization
also varies with different crops. Individual crops have distinct growth cycles and demand for
nutrients. These factors can play an important role in the nitrogen leaching process.

1.5. Objectives

The main objective of this study is to investigate the rise in nitrate concentration in the Pearl
Harbor aquifer. A major source of nitrate is agricultural practices in the Kunia area where fertilizers
have been used for decades. A first step in the assessment is to study nitrogen transformation in the
root zone in the agricultural fields in the area. The complicated physical and chemical changes of
nitrogen in such a zone make it very difficult to accurately describe various processes associated
with nitrate leaching. Many sophisticated computer models have been developed to simulate the
movement of nitrogen and its compounds in the plant-soil system. However, the extensive data
requirements of those models often become an obstruction to their application. The uncertainties in
input data or parameters decrease even further the reliability of predictions of nitrate leaching. One
objective of this research is to develop a practical methodology for realistically estimating nitrate
leaching from fertilized agricultural lands. The study is also aimed at studying and analyzing major
factors and processes controlling the fate of nitrate in the root zone. Finally, the study is concerned
with whether nitrate leaching below the agricultural land is related to the nitrate concentration rise in
the Pearl Harbor aquifer. The study objectives will be achieved through the following.

1. Carrying out a field soil sampling scheme to collect data from sugarcane, pineapple, and
seed com fields;

2. Analysis of soil sampling data to understand nitrogen transport in relation to known
processes;

3. Development of an analytical model (Lumped Parameter Model, or LPM) which can
realistically estimate nitrogen leaching below the root zone using limited data;

4. Testing the LPM model against detailed nitrogen transport models and field data;
5 . Analysis of the effect of uncertainty in various input parameters on the model results; and
6. Applying saturated flow models to assess nitrate contamination in the Pearl Harbor

aquifer.
The lumped parameter model will be made available for agencies interested in assessing leaching of
nitrate below the root zone.
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States to be a major threat to groundwater quality.
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Figure 1.5 In-situ geological column from Well 2703-1 of Del Monte, Kunia.
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Table 1.1 Water use in Hawaii (in m3/day). (Nakahara, 1978)

Hawaii Maui Oahu Kauai Lanai Molokai

Total Water Use* 1,050,000 2,070,000 1,780,000 1,720,000 7,470 12,900

Groundwater 406,000 949,000 1,640,000 358,000 7,470 2,700

GW % of Total Water 39% 46% 93% 21% 100% 21%

* Total does not include seawater.
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Table 1.2 Previous studies of nitrogen movement in Hawaii soils.

Investigators Study Area & Approaches Brief Description

Soil Order (Series)

Tamimi & Kanehiro Oahu Detennined hydrolysis &

(1962) (Paaloa & Lualualei Lab. Experiment nitrification of applied

Wahiawa) urea

Balasubramanian General Determined absorption &

(1974) (Hilo, Molokai & Lab. Experiment denitrification of applied

Akaka) ammonium and nitrate

Discussed chemicals & N
Lau et al. Kunia Lab. & Field leaching resulted from fertilizer

(1975) Oxisols Experiment and sewage effluent applications

Khan & Green Kunia Field Experiment Studied impact of water

(1977) Oxisols (Wahiawa) distribution on N leaching profile

Southern Oahu

Abouna (Honouliuli. Kunia. Lab & Field Detennined nitrification rate by

(1981 ) Lahania. Molokai. Experiment statistical analysis of samples

and Waipahu)

Khan et al. General Lab. Experiment & Determined N tranformation

(1986) Oxisols (Wahiawa) Analytical Model rates

Stanley et al. Kunia Field Experiment Studied impact of fertilization

(1990) Oxisols (Wahiawa) rate on N leaching profile

Balasubramanian General Lab. Experiment & Simulated nitrate leaching with

et al. (1973) Oxisols (Molokai) Analytical Model intennittent flooding

Khan et al. General I-D Numerical Simulated nitrate leaching

(1981) Oxisols (Molokai) Model with intennittent irrrigation

Oki et al. Central Oahu I-D Numerical Simulated nitrate leaching

(1990) Oxisols & Millisols Model by PRZM Model
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Table 1.3 Classification of selected Hawaiian soils. (USDA, 1972, 1973)

Order/Series

Andisols

Akaka

Hilo

Waimea

Oxisols
...... Lahaina

I......
Vt Molokai

'Vahiawa

Inceptisols

Kunia

lJltisols

Paaloa

Yertisols
Lualualei

Subgroup/Family

Acrudoxic Hydrudands, hydrous, isomesic

Typical Hydrudands, medial, isomesic

Mollie Haplustands, medial, isothermic

Typic Torrox, clayey, kaolinitic, isohyperthermic

Typic Torrox, clayey, kaolinitic, isohyperthermic

Tropeptic Eutrustox, clayey, kaolinitic, isohyperthermic

Ustoxic Humitropepts, fine, kaolinitic, isothermic

Humoxic Tropohumults, clayey, oxidic, isothermic

Typic Chromusterts, very-fine, montmorillonitic,
isohyperthermic

Great soil group
(1938 classification

Hydro Humic Latosols

Hydro Humic Latosols

Reddish Prarie

Low--Humic Latosols

Low-Humic Latosols

Low-Humic Latosols

Low-Humic Latosols

Humic Latosols

Dark Magnesium Clays



Table 1.4 Soil parameters of the three soil series at different depths in central Oahu.

Depth Bulk Density* Porosity* Saturated
Soil Series Conductivity Ks

em glcm3 cm3/cm3 cmlhr

Lahaina (LI) 1-9 1.14 0.611
Lahaina silty clay 24-39 1.263 0.569 10.548-19.368
(pH: 5.6-6.5) 53-64 1.38 0.529 0.096-0.576

76-84 1.255 0.572 0.276-0.372

Lahaina (L2) 1-9 1.05 0.644
Lahaina silty clay 25-33 1.19 0.593 0.84-1.14

52-63 1.4 0.523 0.0582-0.24

Lahaina/Molokai (L3) 1-9 1.21 0.586
Kunia silty clay 25-33 1.305 0.555 not reported
(pH: 4.{}-6.5) 53-68 1.353 0.538

Molokai (MI) 1-9 1.15 0.606
Molokai silty clay loam 27-35 1.265 0.569 0.33-3.588
(pH: 4.0-7.3) 59-67 1.395 0.524 0.33-0.702

Molokai (M2) 1-9 1.123 0.619
Molokai silty clay loam 19-31 1.263 0.572 0.132-0.822

38-42 1.255 0.572
42-46 1.36 0.536

Molokai (M3) 1-9 1.04 0.645
Molokai silty clay loam 19-29 1.15 0.608 1.98-12.12

48-58 1.3 0.556 0.3-0.49

Molokai (M4) 0-10 1.078 0.635
Molokai silty clay loam 17-32 1.297 0.561 not reported

42-54 1.27 0.5695

Wahiawa (WI) 3-10 0.958 0.673
Wahiawa silty clay 17-25 1.113 0.62 4.62-20.58
(pH: 5.6-7.3) 39-46 1.29 0.56 0.294-1.614

43-50 1.375 0.531 0.045-0.2154

Wahiawa (W2) 2-10 0.898 0.692
Wahiawa silty clay 36-45 1.083 0.631 not reported

55-65 1.27 0.567

Wahiawa (W3) 4-12 1.183 0.597 3.36-7.74
Wahiawa silty clay 13-17 1.19 0.594

19-27 1.213 0.586 1.932-6.84
38-42 1.285 0.562
42-50 1.25 0.572 7.856-11.682
58-62 1.41 0.517
72-80 1.418 0.516 0.744

103-110 1.468 0.499

*The values in this table are averages calculated from the measurements in Green's report (1982).
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Chapter 2
FIELD STUDY

2.1. Field Study of Nitrate Movement in the Root Zone
in Different Cropped Fields

2.1.1. Experimental Procedures

In order to quantify and analyze the leaching process of nitrogen in the upper unsaturated
zone during a planting season, a case study was executed from 1993 to 1994. A total of 5,048 soil
samples were collected from pineapple, com, and sugarcane fields in Kunia and Wahiawa, on
Oahu. The sampling sites are presented in Figure 2.1.

The ICI com fields and the Del Monte pineapple fields are both located in Kunia. Twelve
holes were drilled with 10 cm bucket augers to a depth 1.5 m (5 feet) over a 1.0 hectare area in an
ICI com field for two crop cycles. Twenty-four holes were dug to the same depth over a
3.0 hectare area in a Del Monte pineapple field for the first cropping period. Soil sampling from a
Waialua sugarcane field in north central Oahu was limited by budgetary constraints, so only twelve
holes were drilled over a 4.0 hectare area and measurements were made four times during the first
six months of the two year cropping period. Maps of the sampling sites are shown in Figures 2.2,
2.3, 2.4, and 2.5, and Figures 2.6, 2.7, 2.8, and 2.9 illustrate fertilizer applications and the dates
of sampling in the com, pineapple and sugarcane fields.

For each hole, augered soil samples were retrieved at eleven depth intervals in (m): 0-0.076,
0.076-0.15, 0.15-0.3, 0.3-0.46, 0.46-0.61, 0.61-0.76, 0.76-0.91, 0.91-1.1, 1.1-1.2,
1.2-1.4, and 1.4-1.5 (0"-3", 3"-6", 6"-12", 12"-24", 24"-36", 36"-48", 48"-54", 54"-60").
Each sample was placed within a plastic zipper bag and the bags were kept in coolers containing
refrigerant packs during sampling. They were later maintained in a freezer at a temperature about
-20°C in the Department of Agronomy and Soil Science. The detailed sampling operation procedure
is described in the proposal "Nutrient Use Assessment in the Kunia Watershed" (A. EI-Kadi,
unpublished proposal, 1993).

Nitrate was extracted from soil samples by shaking 109 of the sample with 100 mL of 2M
KCI for one hour. The soil-KCI suspension was filtered through Whatman no. 42 filter paper
(Keeney and Nelson, 1982). The filtrate underwent a nitrate analysis by the cadmium reduction
method (Henriksen and Selmer-Olsen, 1970). Soil moisture data were determined by the oven
drying method. The laboratory analysis was performed by the Agricultural Diagnostic and Service
Center, University of Hawaii.

2.1.2. Results and Discussion

The mean soil nitrate and ammonium profiles and nitrate concentration ranges at different
depths are shown in Figures 2.10 through 2.17 for ICI com, Del Monte pineapple and Waialua
sugarcane sampling sites. The minimum, median, and maximum concentrations of nitrate at each
depth were calculated for all augered holes. Two holes at each sampling site were chosen to
examine the soil ammonium profIle. The soil ammonium concentration distribution is presented in
Figures 2.11, 2.13, 2.15, and 2.17.
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Many mechanisms have impact on the distribution and migration of nitrogen fertilizer in the
soil. It is very important to identify and understand the main factors which control the nitrate
transport process. In our sampling sites, UAN-32, a nitrogen fertilizer containing urea,
ammonium, and nitrate, was applied to the ICI com and the Del Monte pineapple fields. Urea-46, a
liquid urea solution, was applied to the Waialua sugarcane field. The nitrogen fertilizer undergoes
urea hydrolysis, nitrification, denitrification, and interactions with the soil and the plant after it is
applied to the field. A detailed discussion of sampling results is presented in the following
sections.

2.1.2.1. Com Field - Cycle I (November 08, 1993 - March 30, 1994)

The first sampling (Nov. 08, 1993) was executed before the planting. The average soil nitrate
concentration (on the oven-dry basis) was above 20 mg/kg (Figure 2. lOa). The range of mean soil
moisture was from 0.281 to 0.314 (cm3/cm3). Considering average soil bulk density to be
1.3 g/cm3 in the depth range of 0.5 to 1.5 m (Table 1.4) in central Oahu, the mean nitrate
concentration in soil solution would be above 83 mg/kg. The high residual nitrate content in soil
probably reflects a high fertilization rate during the previous cropping season. The soil nitrate
profile at the initial sampling had two peaks through the 1.5 m sampling depth (Figure 2. lOa). The
first peak was located at the depth of 0.3 m. The second peak was found around the root depth
1.0 m. The increase of bulk density below the root zone would be the reason for the accumulation
of nitrate at the bottom of the root zone (see Miller and Gardner, 1962).

Low ammonium concentration in the initial soil profile was associated with nitrification. Less
than 1.3 mg/kg of NH:t-N was found in the surface layers. Ammonium was absent below the
depth of 0.15 m (Figure 2.11).

The second sampling in Figure 2. lOa was taken on Nov. 24, 1993, twelve days after the first
fertilization on the planting day. The fertilizer was applied to the field through the irrigation lines on
the soil surface. Several rainfalls and irrigations occurred during this period. An irrigation of
0.47 cm and two rains of 0.28 cm each occurred respectively on Nov. 12, Nov. 17 and Nov. 20.
The soil moisture was about 0.3 (cm3/cm3) in the root zone through the period. To evaluate the
effect of infiltration on the solution front, we can use the following simple drainage equation to
estimate the displacement in the depth of solute peak.

P
LID =e (2-1)

in which,
D =mean depth beneath the soil surface of solution penetration,
M) =the displacement in D during a given period,
p = the net amount of water applied to the soil surface during a given period,
S =volumetric water content of soil during a given period.

During the period between the first sampling and second sampling, the total amount of water
application is 1.18 cm. The sampling result manifested that the first nitrate peak of second
sampling was at the depth 0.6 m beneath the surface. It moved about 0.3 m lower compared with
its location at the first sampling. Applying this displacement in the depth of nitrate peak to equation
(2-1), a reasonable estimate of 30% of the total recharge water lost from evaporation was obtained
under a field condition of an average soil moisture of 0.3 (cm3/cm3). This result indicates the
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vertical movement of soil water is a main factor controlling the nitrate leaching front in the layers
near the surface. The mean concentration of the fIrst peak decreased from 38 mglkg to 24 mglkg
between the fIrst sampling and the second sampling. This can possibly be explained by nitrate loss
from the continuous leaching and denitrification under a poor aeration condition. The stagnation of
the second nitrate peak at the depth between 1.0 and 1.1 m may have been due to the less
permeable horizons and low soil moisture below the root zone.

The ammonium distribution pattem at the second sampling was very similar to that at the first
sampling. Twelve days after the fertilization, there was no NH4-N accumulation in the soil profile.
In general, the losses of ammonium in soil are due to volatilization, plant uptake and nitrification.
The plant removal of ammonium is very low during the first month after planting and volatilization
is inhibited in the low pH soil, therefore nitrification is more likely responsible for the
disappearance of ammonium. Many studies have proposed that most of the ammonium is oxidized
to nitrate within two to four weeks dependent on the soil properties, temperature, and weather
conditions (Broadbent et al., 1958; Mansell et al., 1980; and Green, 1981).

The third sampling on Dec. 06, 1993, fIve days after the second fertilization, exhibited three
peaks of mean nitrate concentration (Figure 2.lOb). The fIrst peak at the depth between 0.15 and
0.3 m was a result of the latest fertilizer application. The second and the third peaks located at the
same depth as the previous sampling probably because little water was applied during this period.

There was a significant accumulation of ammonium in the soil profIle on Dec. 6th, which
was the result from the fertilization on Dec. 1st. Most of the applied ammonium and the product
from hydrolysis of applied urea had not nitrificated into nitrate. The concentration profIle showed a
very high NH!-N concentration up to 198 mglkg (on the oven-dry basis) in the top layers, while
only about 2 mglkg was found below a depth of 0.3 m. On the other hand, N03-N concentration
,profile constantly increased with the depth. The contrast between the distribution of two nitrogen
~;forms in the surface soil confirms the impact of adsorption on their mobility. The ammonium ion
has a positive charge so that it is readily absorbed by negatively charged soil colloids, and N03 is
more leachable largely due to its negative charge.

The fourth and fIfth sampling collections were made on Dec. 22, 1993 and Jan. 19, 1994,
respectively (Figure 2.lOb). Both profiles showed high concentrations near the surface and
relatively low concentrations below a depth of 0.3 m (Figure 2.lOb and Figure 2.1 Oc). The high
concentration in the fIrst 0.15 m of the soil profile was probably associated with two fertilizations
applied on Dec. 10, 1993 and Dec. 29, 1994, and small recharge of irrigation and rainfall. The
relative low concentration through the depths below 0.3 m indicated the impact of plant growth.
About 30 to 40 days after planting, the utilization rate of nitrogen by corn increased dramatically.
Low soil moisture at the soil surface may affect the efficiency of nutrient absorption by roots.

High accumulation of ammonium was found near the surface on the 12th day after a fertilizer
application at the fourth sampling. The great difference in NH;t-N concentration between two
sampling holes indicates the possibility of spatial variability in the soil physical-chemical properties
(Table 2.1). Such inherent variability affects nitrification volatilization, and cation exchange
process leading to non-uniformity of NH4-N distribution in the soil. There was very little NH4-N
measured at the fifth sampling, three weeks after a fertilization. The decrease of both ammonium
and nitrate concentration in the root zone was a result of plant uptake, nitrification, and downward
leaching.

There was no fertilization after Dec. 29, 1993. The later sampling results on Feb. 24 and on
Mar. 30, 1994 showed that the concentration increased with the depth (Figure 2.lOc). The soil
water downward movement may have played an important role in soil nitrate distribution during
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the later stages of plant growth. The amount of nitrate that was not removed by the crop continued
to migrate downward with recharge water, and the concentration peak at a depth of 1.0 m was the
result of heterogeneities of soil characteristics and hydraulic properties at the root zone boundary.
After harvest, ammonium was found absent within the sampling depth, however soil nitrate
accumulated to a mean concentration of 43 mg/kg below the root zone. This evidence suggests the
high potential for leaching of nitrate below the root zone in the ICI com field.

2.1.2.2. Com Field - Cycle II (May 23 - September 08, 1994)

The second crop cycle started on May 26th, 1994. The first sampling in Figure 2.11a
revealed the initial nitrate prof1le in the investigated field. The profile had a similar shape to the last
sampling (Mar. 30) of the previous sampling cycle presented in Figure 2.1Oc. The N03-N
concentration progressively increased with the depth, and accumulated to a level of 25 mg/kg at
depth 1.25 m. This pattern suggested the downward migration of nitrate between the cropping
seasons. Although the mean concentration below the root zone was reduced from 43 mg/kg to 25
mg/kg probably as a consequence of the continuous deep leaching, the concentration in the top
layers was slightly higher than the earlier sampling result after the harvest of the previous season.
A possible explanation is that the weather was very dry before the sampling in May. Evaporation
might lead to an upward flow and move the nitrate towards the surface. Mineralization of com
roots from a previous crop could be another contributor.

The second sampling (Figure 2.11a) was performed on Jun. 7th. There was no fertilization
before or right after the planting in order to reduce the high residue soil nitrate in the soil.
According to the growth pattern of com, the plant uptake rate is extremely low during the early
stage. If a high nitrate content in the soil exists during this stage, nitrate will escape from the root
zone easily with a large recharge of water. The profile after planting did not have the high
concentration bulge in the root zone as we found in the first sampling cycle. Instead, the N03-N
concentration increased successively with depth except for the slight higher value at the soil surface
which may have been due to the upward soil water movement by the evaporation. Compared with
the result of the first sampling on May 23, the N03-N concentration was lower throughout the
whole profile. The decline of concentration demonstrated that N03-N in soil had migrated deeper
between the first and second samplings.

High nitrate content was found near the surface at the third field measurement (Figure 2.11a),
which was on June 28th following two fertilizer applications on June 10 and June 23. The N03-N
concentration did not change much below the depth 0.6 m since last sampling. The irrigation and
rainfall between June 10 and June 28 applied a total of 1.3 cm water into the soil. According to the
equation (2-1), the maximum leaching depth is about 0.43 m. Therefore, the increase in nitrate
concentration in the top layers was likely due to the leaching of nitrogen from the two most recent
fertilizations through irrigation lines on the ground, and also to the transformation of urea and
ammonium in the soil.

There were only three fertilizer applications during the second planting season. The last
application was executed on July 7th. Twelve days later, the fourth sampling was done. An upper
peak of nitrate concentration was located at a depth of 0.6 m (Figure 2.11b). The total water
recharge to the soil was 0.9 cm, which provided a potential leaching depth 0.3 m based on
equation (2-1) and an average soil moisture of 0.3 (cm3/cm3). The downward leaching is
illustrated by the increase of nitrate concentration in the deeper layers and the downward migration
of the fronts of nitrate distribution. In addition to soil water movement, the decrease of nitrate
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concentration in the upper layers was attributed to the plant uptake during the root spreading and
embryonic organ development period. Although the com root can reach a depth 1.0 m, most roots
extend laterally in the shallow layers so that a larger quantity of ammonium and nitrate were
assimilated within the upper root zone.

The sampling on Aug. 18th showed the continuous nitrate leaching down below the root
zone as evident by the increase of concentration with depth (Figure 2.11b). The com was
harvested on September first. The weather was dry and there was no irrigation after the harvest.
The last sampling on Sept. 8, 1994 exhibited a soil mean nitrate concentration of 63 mg/kg at the
surface (Figure 2.11b). The concentration gradually decreased to a level of 10 mg/kg at a depth of
0.75 m, then slowly increased to 20 mg/kg below the root zone. This pattern resulted from the
accumulation of soil nitrate by the upward soil water movement near the surface under the
condition of bare soil and little rain after harvest. The residual nitrate content in the soil profile to
1.5 m depth was much lower in the second sampling cycle than in the first sampling cycle. The
difference in residual soil nitrate content demonstrates the effect of reduction of fertilization
application rates. However, the nitrate concentration was still high in the soil, compared its profile
before and after the growing season. Further reduction of fertilization is recommended.

The ammonium concentration in the soil was low during the second sampling cycle
(Table 2.2). This was largely because most sampling was performed more than two weeks after
fertilization. By this time nitrification had transformed most ammonium into nitrate. The highest
ammonium concentration in the soil profile was found at the third sampling on June 28, which was
executed five days after the fertilization.

2.1.2.3. Pineapple Field (September 30, 1993 - November 01, 1994)

." Overall, the concentrations of soil nitrate in pineapple field were lower that those in com
field. This is mostly because the lower fertilizer and irrigation rates that are applied in the pineapple
cultivation. The depths of nitrate concentration accumulation were around 0.5 to 0.6 m beneath the
surface, which coincided with the shallow distribution of pineapple roots.

The initial soil nitrate profile in Figure 2.12a is the result of pre-plant fertilization. The mean
concentration near the surface was about 5 mg/kg, and the depth of peak, with an average
concentration of 6 mg/kg, was 0.3 m. On Oct. 12 the peak, still at an mean concentration of
6 mg/kg, moved down to a depth of 0.5 m (Figure 2.12a). The concentration decreased to
3.3 mg/kg above 0.3 m and slight increased below that. This leaching process can also be seen in
the sampling results from Nov. 4th (Figure 2.12b). The surface concentration continued to
decrease in the first two top sampling layers and increase in deeper layers. The location of the peak
stayed at a depth of 0.5 m. Following the first fertilization, the sampling on Dec. 13 (Figure 2.12b)
showed an increase of nitrate concentration near the soil surface, and this trend became more
obvious in the later sampling profiles (Figures 2.12c and 2.12d). The high concentration
accumulation is the result of small irrigation application and low soil moisture near the surface.
After harvest, the residual nitrate concentration in the layers below the root zone was about 15
mg/kg. Compared with the initial value 2.2 mg/kg, the higher soil nitrate content suggests that the
nitrogen fertilizer applied to pineapple was more than the removal capacity of the plant.

Ammonium distribution in Table 2.3 had the same pattern as that shown in the ICI sampling
site (Tables 2.1 and 2.2). The accumulation of ammonium was only found in the top layer and little
ammonium appeared below depths of 0.5 m. Most ammonium disappeared in the soil about two to
three weeks after fertilization.
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2.1.2.4. Sugarcane Field (June 16 - December 20, 1994)

The initial sampling before planting showed a low residual nitrate concentration profile
(Figure 2.13a) from the previous planting season. After planting and sequential fertilization, the
nitrate concentration increased near the surface and decreased with the depth (Figure 2.13b). The
concentration below the root zone did not show significant change. The pattern of the nitrate profIle
was associated with evaporation at the surface, downward leaching in the subsoil, and possibly the
adsorption of the nitrate anion in the Wahiawa soil (Kanehiro, 1969). The low nitrate concentration
below the root zone may have also been due to the rapid absorption of nitrogen by sugarcane
during the early growth stage. Many studies have proposed that nutrient uptake of sugarcane is
most active between the ages of 3 and 6 months (Ayres, 1937; Yuen and Borden, 1937; Borden,
1945; Cornelison and Cooper, 1941; Humbert, 1968; Anders, 1988).

Low ammonium nitrogen concentration was found from the samplings within 0.5 m of the
surface (Table 2.4). Below a depth of 0.5 m, no ammonium was detectable, and this indicated that
a strong adsorption or rapid decomposition retarded the leaching of ammonium. Among four
measurements in the Waialua sugarcane field, the fourth sampling, taken within two weeks after
the fertilization, showed the highest concentration of ammonium in the upper layers. This may
suggest that most ammonium transforms into nitrate after two weeks.

2.1.3. Conclusions

The results of field study showed that several mechanisms are fundamental to the nitrate
leaching process, such as, fertilization application rate, net surface water applications and irrigation
methods, plant uptake, soil structures and properties, and Ntransformation processes. The high
concentration of soil nitrate in the ICI com field suggests a high nitrate leaching potential to the
groundwater. Reduction of fertilization should be considered. A concentration of soil nitrate was
found less than 20 mg/kg below the root zone during the whole sampling period in the Del Monte
pineapple field. When compared with sampling results in the ICI com site, a number of factors are
believed to reduce the leachable amount of nitrate in pineapple field. They include the low fertilizer
application rate, small irrigation quantities and the different fertilizer placement. Unlike the
irrigation lines in the ICI com field, nitrogen was applied to the pineapple fields by truck-mounted
boom sprayers. Fertilizer and water were sprinkled into the field so that the crop can absorb the
nutrients by both leaves and roots. The interception of fertilizer by the pineapple leaves may have
some positive impact in reducing nitrate leaching in the soil.

The pattern of plant uptake plays a very important role in reducing nitrate leaching beyond the
root zone. During the early stage of plant development, the utilization of nutrients is low. The soil
water movement and nitrogen transformation process dominate the leaching of nitrate from the root
zone. As the plant and its roots grow, the plant uptake rate increases rapidly. The rate of N uptake
depends on the type of plant, availability of N, and soil moisture during the critical growth period.
The plant uptake is not usually effective at the soil surface because soil moisture is close to the
wilting point during the dry period. As the soil water content falls below the wilting level, water is
attracted so strong to soil that plant root removal of solution nearly ceases.

The soil nitrate-N concentration profIles also reveal the positive correlation between crop root
length and the depth of the concentration peak. N03-N was observed to accumulate at a depth of
about 1.0 m in the com and sugarcane fields, and 0.5 m in the pineapple field. This observation is
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coincident with a shallow root distribution of pineapple and a deeper root length of com and
sugarcane. The location of nitrate accumulation at the boundary of the root zone mainly depends on
the soil structure and hydraulic properties. Although the soil water moves nitrate deeper to the sub
layers, the drainage rate of recharge water does not have a marked influence on the position of the
concentration peak at the bottom of root zone. It is believed that increase in the bulk density of the
subsoil impedes movement of the soil water (Miller and Gardner, 1962) and the reduction of the
flow rate contributes to the accumulation of nitrate at the bottom of the root zone.

Comparison of ammonium and nitrate concentration profiles confmned the strong retardation
effect of cation adsorption. However, the nitrate profile in the Wahiawa sugarcane field suggested
the possibility of anion adsorption in Wahiawa soil. Analysis of change in ammonium
concentration further indicates that most of the ammonium in the sampling profile disappears via
nitrification in less than two or three weeks, depending on the weather and soil properties. The
results of the field measurements in different crop fields will be used to calibrate numerical and
analytical models of nitrogen transport in the unsaturated zone.

2.2. Statistical Analysis of Sampling Data

2.2.1. Variation of Soil Samples

The purpose of sampling is to obtain information about a particular population. In this study,
the sampling procedure of soil nitrate-N was designed tQ monitor the change of soil nitrate
concentration profile during the plant growth season and to use the sample means of concentrations
to calibrate and validate one-dimensional models. Samples were collected by "simple random
S'ampling" (Snedecor and Cochran, 1980, ch. 21), that is, the soil samples at each depth of every
hole in a single field were selected only once. Each sample has an equal chance of being selected.

A major problem associated with sampling is evaluating the degree to which the field data
represent the true characteristics of the measured variable. Errors in soil sampling produce
uncertainties in results. Petersen and Calvin (1965) reviewed the three sources of error in soil
sampling. They are sampling error caused by disability of representing variation of the measured
population's properties, selection error arising from any tendency to select some units of the
population with a greater or lesser probability than was intended, and measurement error.

In general, soils are heterogeneous. They are characterized by many types of variation and
this variability extends to leaching characteristics. The core samples of this study show a wide
variation of soil nitrate-N in a single field. Several types of variation are well-recognized as
affecting nitrate leaching investigations, such as soil properties, history of fertilization, crop root
distribution and topography.

Selection error occurs when the results are biased by under-sampling of a local property or
over-sampling the border of a field. To minimize this kind of error, a two-step procedure is often
used to select the location of sampling. The first step is to divide randomly the area of interest into
a major grid. Two random numbers are drawn to represent the location of the approximate sample
site in major grid units. The major grid unit is then divided into sub-units related to the size of the
sampling tool. The second step is to draw two random numbers which locate the sampling point in
sub-units within major grids. This procedure provides every sampling unit an equal chance to be
selected. A detailed description is given by Petersen and Calvin (1965).
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Increasing a sample size will reduce both sampling error and measurement error. Petersen
and Calvin listed some evidence showing that sampling error is generally greater than measurement
error. The intensity of the sampling interval largely depends on the magnitude of the variation
within the soil population. The more heterogeneous the population, the more intense must be the
sampling interval to attain a given precision of the estimated characteristics.

To address the precision of soil samples in relation to spatial variations, the field
measurements were evaluated statistically by the density of samples required for the sample mean
of the nitrate concentration to fall within a defined limit of precision. The analysis is based on the
concept of confidence limits regarding the sample mean. This method has been applied by several
investigators for examining sampling schemes and the precision of soil sampling in relation to soil
heterogeneity (Rigney and Reed, 1946; Hammond et al., 1958; Petersen and Calvin, 1965; Pratt et
aI., 1976; Ribel et aI., 1976).

2.2.2. Confidence Limit

The central limits theorem states that the sample mean drawn from any distribution will be
normally distributed even if the data themselves are not normally distributed, and furthermore that
the sample mean is an unbiased estimator of true mean of the population (Snedecor and Cochran,
1980). We can then use the concept of normal distribution to evaluate the precision of the sample
mean. If the standard deviation of the population 0' is defined as:

(2-2)

where Jl is the population mean and the observations Xl, ... Xn are a random sample, the
probability that sample mean X is in error within a given range or interval can be determined by a
comparison between the difference in means and the standard error:

X-II
Z = =---.r:::

Se
(2-3)

where Se is called standard error. It is a function of both the standard deviation of the population
and the size of the sample:

cr
Se =~ (2-4)

Equation (2-3) is equivalent to that used to convert a variable to standardized form so that Z is
normally distributed with a mean of zero and a standard deviation of one. Unfortunately, the
assumption made in this equation regarding the sample size is seldom true in practical application.
The simple random sample size is usually much less than the population size. We rarely know the
parameters of a population, such as Jl and 0'. To avoid this difficulty, we use a sample-based
probability distribution, the Student's t distribution, to estimate the unknown statistical parameters
of true distribution (Davis, 1986). When the number of observations in the sample is infinite, the t
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distribution and the normal distribution are identical. Similar to equation (2-3), the probability that
Xis in error within a given range or interval can be determined by:

Here

- -
X - II 2L=....!!

t-~-
- Se - ~

~

(2-5)

0'=

are the mean of sample and standard deviation of observations, respectively; J..L = mean of
population; n = number of observations; and Se = standard error of mean.

When we know the sample mean X, J..L will lie within the confidence limits X± 1.96O'/n1/2, at
95% confidence level, as the number of observations in the sample tends to infinity. In other
words, 1.96O'/n1/2 is the confidence interval for J..L that includes 95% of the population. The
application of this method for sampling nitrate concentration in the unsaturated zone of irrigated
lands was described by Rible et al. (1976).

In this study, the sample means of soil nitrate-N at the different augering depths are
calculated from each depth of all the drilling holes for a site. If each depth is considered a unit, the
confidence limit for the sample mean within this unit can be written as:

CL = X± ta,m-l ~ var(X)
= X±L (2-6)

where
m = number of observations within the unit (i.e., the number of samples at each depth);

is the sample mean within the unit;
ta,m-l is the Student's t with (m-l) degrees of freedom at the l--a confidence level (a = 0.05 at
95% confidence level);

is the variance of the sample mean; and L is defined as confidence interval.
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When we consider the samples at different depths as a sub-population of the entire population
of the site, the confidence limit for the site mean is expressed as:

CL = X± ta,n-I~ Var (JC)

where
n =number of observations among the units (i.e., number of units in the site);

~n -
= .L..U=I (X)uX = ----"----'---

n

(2-7)

is the sample mean of the site;
ta.,n-l is the Student's t with (n-l) degrees of freedom at the l-a confidence level; and

~ = _ L~=I «X)U - XY
Var (X) - n(n _ 1)

is the variance of the site sample mean.

2.2.3. An Index of Uncertainty

The confidence limit indicates the allowable error in the sample mean at a certain confidence
level. Stated another way, the error in our estimates will exceed an amount ±ta,n-lcr/n I/2 only with
a risk of (100 • a)%. If the desired limit "DL" of precision is a given percentage of the sample
mean, the minimum number of samples required to estimate the true mean within ±DL with a
confidence level can be calculated as:

2
t cr 2

N . a.
mm = DL2 (2-8)

We can use this relation as an uncertainty index to rank the estimated mean in order of
reliability. Obviously, we can say that the sample mean is close to true population mean, ifNmin is
less than the actual number of samples. This index also characterizes the variability of samples,
although it is unable to identify the sources of the variations. The index does not give a guarantee
of precision of a particular estimate, it merely provides some indication about the magnitude of the
uncertainty.

2.2.4. Results and Discussion

The uncertainty indexes of different sampling sites are presented by the minimum number of
holes required at the 95% confidence level for true means falling within a specific limit of precision
which is defined as ±20% of the sample mean. Tables 2.5 and 2.6 show the uncertainty indexes of
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the ICI com field during two plant growth cycles, while Table 2.7 and Table 2.8 represent
uncertainty indexes of the Del Monte pineapple field and the Waialua sugarcane field, respectively.

Overall, the results of statistical calculation exhibit higher uncertainty in sample means within
the root zone than in those below the root zone. This is probably due to the uneven root
distribution and the highly heterogeneous soil properties within the root zone. Based on the
previous studies, Petersen and Calvin (1965) reached the same conclusion. They state that, for
most soil characteristics, the variation decreases with increasing depth in the profile. Adriano et al.
(1972) also provided the same inclination in their field study of nitrate leaching in the unsaturated
zone. Increasing the sample size will improve the reliability, but the cost will rise greatly. Since our
main interest is to estimate the amount of nitrate leaching below the effective root depth of crops,
the evaluations of uncertainty in sampling primarily focus on the measurements below the root
zone.

2.2.4.1. Com Field

The fust sampling cycle in the ICI com field included seven field measurements during the
growth season. The design of twelve holes per site gives a density of sampling of 12 holes per
hectare. Uncertainty indexes in Table 2-1 are generally low below the bottom of the root zone
which is approximately 0.9 to 1.0 m. The minimum number of holes required for reliability at each
depth below the root zone is mostly less than 7 except for the measurements of January 19th,
1994. The high uncertainty index on that date is clearly caused by the very high nitrate
concentrations of hole 9 at depths between 0.5 and 1.4 m. This may be attributed to a local lagging
ot the nitrate front around the depth of a dense layer. The relatively intensive rainfall and irrigation
'!.'pplications, 2.8 cm on each of Jan. 7th, Jan. 12th, and Jan. 14th, would move the nitrate front
qownwards, but the nitrate front might be locally retarded by temporary lateral flow. The numbers
i~ Table 2.5 indicates that using 12 holes/site can provide mean estimates with a precision of 20%
at the 95% confidence level below the root zone during the fust sampling cycle. The site sample
means calculated from all the samples of the site showed a good confidence level.

The second sampling in the ICI com field had six sample collections through the plant
growth season. The uncertainty indexes (Table 2.6) below the root zone display higher values than
those of the first sampling cycle. This might be due to heterogeneity of soil properties resulting in
the uneven distribution of residual nitrate from the second cropping season. The highest
uncertainty indexes after harvest (Sept. 8th, 1994) are probably due to the extremely low
concentration found in hole 11 compared with other holes. Overall, the site sample means give a
similar confidence level as the fust sampling cycle.

2.2.4.2. Pineapple Field

Twenty-four holes were drilled in the pineapple site. This provided a density of sampling of
8 holes per hectare. Pineapple has a shallow root distribution, with the bottom of root zone being at
about 0.5 to 0.6 m depth. The analysis of the sampling data (Table 2.7) showed a poor reliability
below the root zone for samples collected in 1993. This result is based on the mean estimates with
a precision of 20% at the 95% confidence level. The four sample sets in 1993 had relative low
sample means of around 3 mg/kg. According to the current confidence limit, the uncertainty index
represents the optimum number of holes at each depth required for the true means to fall within a
confidence interval of ±O.6 mg/kg with a 95% probability. If we increase the confidence limit
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slightly, the required number of holes decreases. For example, when we increase the confidence
limit from ±20% of sample means to ±30% of sample means, that is from ±0.6 mglkg to
±1.8 mglkg, the uncertainty index will decrease 44.44%. In this case 24 holes/site is acceptable to
estimate the true means within the 35% of the sample means at 95% confidence level below the
root zone. For samples collected in 1994, uncertainty indexes usually had these low values except
for two sampling sets. The poorest uncertainty result was from the sampling of Jan. 12th, 1994,
which was caused by the aberrant high concentration in hole 10. Similarly, the high uncertainty
index found on Aug. 02 was the result of the abnormal high concentration in hole 11. The
concentrations in those holes are about 15 to 20 times greater than sample means in the deep layers.
After removing the erratic values, the uncertainty indexes were reduced by 90% on Jan. 12 and
86% on Aug. 02. The errant values at certain depths could be outcomes of either local
accumulation of the solute or measurement errors. In addition, the high uncertainty index at depth
1.4-1.5 m on Nov. 1st, 1994 (Table 2.7) is clearly the consequence of a measurement error at
hole 3 (Figure 2.12d).

All in all, the 24 holes per a site can provide reliable sample means at different depths below
the root zone with the true means falling within sample means of ±2.5 mglkg at the 95%
confidence level.

For the last sampling, some deep core samples were collected from four holes (hole 4, 11,
16, 19) down to 2.7 m depth with 0.15 m intervals. Calculations of uncertainty indexes suggest
that 9 to 17 holes/site could be the optimum. The confidence level of 4 holes per site is about 80%.
This further confirms that variability of sample decreases as the depth increases.

2.2.4.3. Sugarcane Field

A low sampling density, 3 holes per hectare, was used in the large sugarcane site after the
first sampling. The uncertainty indexes reveal low confidence levels in the sampling means. Based
on the calculations shown in Table 2.8, the minimum number of holes required at the 95%
confidence level for true means to fall within 30% of sample mean below the root zone vary from
23 to 93, except the measurement at depth 1.2-1.4 m on Nov. 16, 1994. This range will give a
sampling density from 6 holes per hectare to 23 holes per hectare. The high confidence level of the
site mean was a result of the nitrate concentration not changing much with depth compared with the
lateral variability.

2.2.5. Correlation Between Soil Nitrate and Soil Moisture

The correlation coefficient is a measure of the degree of linear interrelation between two
variables in a manner independent of the measurement units. The correlation coefficient ranges
from +1 to -1. A correlation of +1 indicates a positive linear relationship between the two variables
and a correlation of -1 indicates that one variable changes inversely with relation to the other.

The correlation coefficient between soil nitrate concentration and soil moisture is the ratio of
their covariance to the product of their standard deviation:

COVN,a
fN.a = SN. Sa
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The results of the calculations in three sampling sites are given in Table 2.9. When surface soil
becomes very dry, the upward movement of soil water carries nitrate, which accumulates in the top
layers, and hence a negative correlation between nitrate concentration and soil moisture is expected.
In the Del Monte pineapple field, the strong negative correlation on May 20 and Aug. 02 agree with
the profiles of soil nitrate on those dates, which show high nitrate concentrations near the soil
surface (Figure 2.12d). In general, the poor correlation between soil nitrate concentration and soil
moisture can be understood in terms of the complicated nature of nitrate movement in the soil.
Many factors are inter-dependent and combine to affect the process of nitrate transport (Meisihger
and Randall, 1991; and Bandibas et al., 1994). For example,low soil moisture favors nitrification
and ammonia volatilization, but inhibits leaching, plant uptake, denitrification and urea hydrolysis.
Some other factors, such as boundary conditions and time of fertilization, irrigation, and rainfall
also add to the complexity of this subject.

2.2.6. Conclusions

The uncertainty index reveals the great variability in nitrate concentration within the root
zone. The confidence level in the nitrate sample mean increases largely below the root zone. The
designs of sampling in this study can provide mean estimates with a precision of 20% in the leI
com site and 35% in the Del Monte pineapple site at a 95% confidence level below the root zone.
The high uncertainty in mean estimates of nitrate concentration in the Waialua sugarcane field is
due to the low density of samples. The poor correlation between soil nitrate concentration and soil
moisture indicates the complex nature of nitrate leaching in the unsaturated zone. It is difficult to
determine and quantify the interactions between the associated processes which control the N
behttvior in the soil-plant systems only by field measurement. The computer modeling combined
with the field study is a very important tool for this purpose.
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the Waialua Sugarcane field is located in north central Oahu.)
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Figure 2.2 Locations of sampling holes in the leI com field
during the first sampling cycle.
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Figure 2.3 Locations of sampling holes in the leI com field
during the second sampling cycle.
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Figure 2.4 Locations of sampling holes in the Del Monte pineapple field.
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Figme 2.5 LecatieBs efsampling hQles in the Waialua sugarcane field.

2-18



• Sampling Date

• P/allting Dare

___ Irrigation / Heavy Rainfall

--- Fertilizer Applications: UAN·32

11/12/1993
11/12/1993
11/17/1993

11/20/1993

11/29/1993
12/01/1993

12/09/1993
12/10/1993

12/22/1993

12/28/1993

12/29/1993

01/07/1994

01/13/1994

.it
~ .. 01/14/1994

02/01/1994

02/11/1994

02/13/1994

02/16/1994

03/23/1994

03/24/1994

• 11/08/1993
.11/12/1993

4.7 em

2.8 em

.11/24/1993

.12/06/1993

.12/22/1993

• 01/19/1994

18 em

4.2 em

.02/24/1994 ,

Sem
7.7 em

• 03/30/1994

Figure 2.6 Schematic representation of fertilization, irrigation, and sampling date
in leI com field during the first sampling cycle (Nov. 1993'-Mar. 1994J.
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~ Planting & Harvest Date ............. Irrigation / Heavy Rain-Fall

• Sampling Date - Fertilizer Applications: UAN-32

OS/27/1994
06/01/1994

06/09/1994
06/10/1994

06/15/1994
06/23/1994
06/23/1994
06/25/1994

07/05/1994

07107/1994

07/19/1994

07/26/1994

08/03/1994

08/13/1994

• 05/2311994
~ OS/26/1994

3.3 em

- =- 2.8 e111

• 06/07/1994

-
• 06/28/1994

• 07/19/1994

< •• ., ...

• 08/18/1994

~ 09/01/1994

• 09/08/1994

Figure 2.7 Schematic representation of fertilization, irrigation, and sampling date
in leI corn field during the second sampling cycle (May-Sept. 1994).
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• Sampling Date

Planting Date - Fertilizer Applications: UAN·32

09/16/1993

12/03/1993

12115/1993
12/22/1993
12/2911993
01106/1994

01/27/1994

03/03/1994

03/10/1994

0312911994

04/0911994

04/14/1994

05/06/1994

05/14/1994

05/18/1994

OS/25/1994
06/06/1994
06/16/1994

06/23/1994

07/05/1994

07/2211994

08/10/1994

08/2211994

08130/1994

09/29/1994

• 09/30/1993

1(0)' 10/12/1993 • 10/12/1993

• 11/04/1993

• 12/13/1993

• 01/1211994

• 03/08/1994

• 04/15/1994

• OS/20/1994

• 08/02/1994

• 11/0111994

Figure 2.8 Schematic representation of fertilization and sampling date in
Del Monte pineapple field (Sept. 1993-Nov. 1994).
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~11 Planting Date • Sampling Date

• i" I

-- Fertilizer Applications: Urea46

e 06/16/1994

• 06116/1994

06/30/1994 1----------

. 07128119941-----------

09/01/19941-------------

• 09/21/1994

09129/19941-------------

11/10/19941-----.....-----------

• 11/16/1994

12/15/19941----------------

• 12/20/1994

01/19/19951----------------

Figure 2.9 Schematic representation of fertilization and sampling date
in Waialua sugarcane field (June-Dec. 1994).
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Sampling Date: Nov. 08, 1993
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Figure 2. lOa Soil nitrate profile in the leI corn site during the first sampling cycle.

0---0 The minimum and maximum concentration measured at each depth.

-- Profile of median of the measured concentrations.
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Sampling Date: Dec. 06, 1993
0.0 ~ I I I I I

"-
~

~
~

-0.5
~- ~ --;;-- ~ -

~
"....... ~

./E ---... ....
"--'" ~ ~

-1.0
~

"-
~

.c roo ~ -
+oJ

/~~a.
Q) /

~

0 ~
~

/-1.5 - -
~

-2.0 I I I I I I I

0 10 20 30 40 50 60 70 80

Sampling Date: Dec. 22, 1993
0.0

-0.5
".......

E
'-"

.c -1.0
+oJ
a.
Q)

0

-1.5

-2.0
0 50 100 150 200

N03-N Concentration (mg/kg)

Figure 2.1Ob Soil nitrate profile in the leI com site during the first sampling cycle.

0---0 The minimum and maximum concentration measured at each depth.

-- Profile of median of the measured concentrations.
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Figure 2.1 Dc Soil nitrate profile in the leI com site during the first sampling cycle.

0---0 The minimum and maximum concentration measured at each depth.

----- Profile of median of the measured concentrations.
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Sampling Date: May 23, 1994
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Figure 2.11a Soil nitrate profile in the leI corn site during the second sampling cycle.

D---O The minimum and maximum concentration measured at each depth.

-- Profile of median of the measured concentrations.
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Sampling Date: Aug. 18, 1994
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Figure 2.11b Soil nitrate profile in the leI corn site during the second sampling cycle.

0-0 The minimum and maximum concentration measured at each depth.

-- Profile of median of the measured concentrations.
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Figure 2.12a Soil nitrate profile in the Del Monte pineapple field.

D--O The minimum and maximum concentration measured at each depth.

-- Profile of median of the measured concentrations.
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Figure 2.12b Soil nitrate profile "in the Del Monte pineapple field.

D--O The minimum and maximum concentration measured at each depth.
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Figure 2.12c Soil nitrate profile in the Del Monte pineapple field.

0---0 The minimum and maximum concentration measured at each depth.

-- Profile of median of the measured concentrations.
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Sampling Date: May 20, 1994
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Figure 2.12d Soil nitrate profile in the Del Monte pineapple field.

D---O The minimum and maximum concentration measured at each depth.

-- Profile of median of the measured concentrations.
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Figure 2.13a Soil nitrate profile in theWaialua sugarcane field.

[)--{] The minimum and maximum concentration measured at each depth.

-- Profile of median of the measured concentrations.
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Figure 2.13b Soil nitrate profile in the Waialua sugarcane field.

D--O The minimum and maximum concentration measured at each depth.

-- Profile of median of the measured concentrations.
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Table 2. L Ammonium concentrations (mg/kg) in two selected holes in leI corn (first sampling season).

Hole 3 Hole 10
Depth 11/8/93 ,11124/93 1216/93 12/22/94 1/19194 2/24/94 3/30/94 11/8193 11/24/93 12/6193 12122/94 1/19/94 2/24/94 3/30/94

0.076 0.00 1.22 197.82 488.16 0.00 1.41 0.00 0.78 1.84 157.41 17.72 3.81 1.68 0.00

0.152 0.00 0.98 81.95 142.12 0.00 0.92 0.00 0.91 0.98 88~94 3.35 1.33 1.34 0.00

0.305 . 1.33 0.00 23.68 91.18 0.00 0.80 0.00 1.06 0.00 40.38 2.74 0.00 1.25 0.00

0.457 0.00 0.00 3.20 7.35 0.00 0.80 0.00 0.00 0.00 5.03 1.54 0.00 0.91 0.00

0.610 0.00 0.00 2.03 . 10.16 0.00 0.00 0.00 0.00 0.00 0.74 1.61 0.00 0.00 0.00
.

0.762 0.00 0.00 2.16 21.70 0.00 0.00 0.00 0.00 0.00 0.60 1.23 0.00 0.00 0.00

0.914 0.00 0.00 1.28 14.43 0.00 0.00 0.00 0.00 0.00 .0.50 1.26 0.00 0.00 0.00

1.067 0.00 0.00 1.35 0.00 0.00 0.00 0.00 0.00 0.00 0.50 1.22 0.00 0.00 0.00

1.219 0.00 0.84 1.23 150.94 0.00 0.00 0.00 0.00 0.00 0.50 1.07 0.00 0.00 0.00

1.372 0.00 1.40 0.87 0.00 0.00 0.00 0.00 0.00 0.00 0.50 1.10 0.00 0.00 0.00

1.524 0.00 1.37 0.82 17.80 0.00 0.00 0.00 0.00 0.00 0.05 1.02 0.00 0.00 0.00
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Table 2.2 Ammonium concentrations (mg/kg) in two selected holes in leI corn (second sampling season).

Hole 3 Hole 10
Depth 5/23/94 1 617/94 6/28/94 7/19/94 8/18/94 9/8/94 8/23/94 6/7/94 6/28/94 7/19/94 8/18/94 9/8/94

0.076 1.00 0.00 18.21 9.26 2.52 2.25 0.00 1.01 1.97 0.87 0.00 0.69

0.152 1.48 0.69 2.34 2.46 0.86 0.00 0.00 0.00 8.86 1.22 4.73 16.19

0.305 0.00 0.00 2.04 0.00 0.00 0.00 0.00 0.00 0.98 1.11 0.00 13.13

0.457 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.87 2.89 13.79

0.610 0.00 0.00 0.00 0.00 0.00 2.57 0.00 0.00 0.00 0.00 0.00 0.00

0.762 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.87

0.~14 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.83

1.067 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

1.219 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

1.372 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

1.524 0.00 0.00 0.00 0.00 .. 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
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Table 2.3 Ammonium concentrations (mg/kg) in two selected holes in pineapple.

Hole 13 Hole 20

7.04 1 15.58 1 43.06 191.311 125.721111.981160.051 0.00

0.30511 9.1201 16.41 I 2.03

1.06711 0.0001 0.00 Ii 0.00

0.07611 8.9101 5.62

0.152 8.090 8.45

0.00

0.00

0.00

0.00

0.00

0.00

. 0.00

0.00

0.00

0.00

1.31 1·0.00 I' 0.00

0.80

1.06

0.80

0.00

0.00

29.11 1146.20 121.28 116.17 43.19 3.86

9.61 /12.71 34.72 8.21 48.33 1.31

2.65 27.18 3.07 14.16 14.53 1.14

1.01 11.53 2.56 13.50 6.58 0.00

2.99 2.92 1.34 4.96 0.00 0.00

1.81 1.60 0.00 1.87 0.00 0.00

1.87 I2.54 0.00 0.00 0.00 0.00

0.00 5.48 0.00 0.00 0.00 0.00

0.00

0.00

0.84

0.77

5.51

4.10

1.57

0.00

0.00

0.00

0.00

0.00 I 0.00

0.00 I 1.18

1.57

1.82

0.00

0.00

0.00

0.000

0.000

0.000

0.000 0.00

0.000 0.76

0.000 0.89

2.3701 0.00 I 5.27/ 0.00

0.000 0.00 0.00· 0.00

3.8301 5.02

3.460 3.92

8.5701 10.49 I 4.59

0.00

0.00

0.00

0.00

0.00

0.000.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

2.74 3.34 0.00 4.95 30.32 0.00

1.02 0.00 0.84 3.11 12.99 0.00

1.31 2.37 0.00 1.35 13.77 0.00

0.05 0.00 0.00 0.72 2.78 0.00

0.00 0.00 0.00 0.77 0.00 0.00

2.98 113.21 /3.37126.31 119.25 /40.021 0.00

1.29. 1.99 3.77 3.28 10.58 31.77 0.00

1.33

0.00

0.00

0.00

0.00

0.00

0.00

0.00

1.20

0.00

0.00

0.00

2.14

0.00

0.00

I 0.00

0.00

0.00

0.00

0.000

0.000

0.000

0.457 1.940 3.79

0.610 0.000 1.34

0.762 0.000 0.69

0.914 0.000 0.00

.1.219

1.372

1.524

N
I

W
0\
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Table 2.4 Ammonium concentrations (mg/kg) in two selected holes in sugar.

Hole 2 Hole 8
Depth 6/16/94 9/21/94 1lI16194 12/20/94 6/16/94 9121/94 11/16/94 12/20/94

0.076 1.02 1.45 2.73 2.69 5.13 2.18 3.19 9.50

0.152 0.00 0.00 0.00 0.00 0.98 0.52 1.08 3.57

0.305 0.00 0.00 0.00 2.28 0.83 0.00 2.22 1.10

0.457 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.13

0.610 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

0.762 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

0.914 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

1.067 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

1.219 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

1.372 0.00 0.00 2.11 0.00 0.00 0.00 0.00 0.00

1.524 3.63 0.00 0.00 0.00 0.00 0.00 0.00 0.00
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Table 2.5 The optimum number of holes at each depth required for a mean estimate with a precision of 20%.
(ICI Corn field: Nov. 1993 to Mar. 1994)

Sampling Date

11/8/1993 11/24/1993 12/6/1993 12/22/1993 1/19/1994 2/24/1994 3/30/1994

Depth AM* Nmill ** AM Nmill AM Nmill AM Nmill AM Nmifl AM Nmill AM Nmifl

0-3" 7.57 12 2.14 19 10.61 10 102.03 22 63.30 42 2.23 26 2.40 3

3-6" 26.41 14 1.55 24 30.82 9 51.20 36 14.36 95 2.01 26 3.03 49

6-12" 38.71 4 3.86 138 33.96 23 31.23 5 11.81 65 4.07 55 4.46 51

12-18" 27.35 7 24.82 22 10.04 38 22.98 20 27.60 6 6.80 54 14.82 77

18-24" 24.32 18 24.73 4 29.38 II 24.26 7 30.89 16 13.44 44 25.84 75

24-30" 31.lD 16 31.34 15 26.18 9 26.06 4 34.82 38 26.13 12 33.33 27

30-36" 36.65 8 28.00 12 34.68 10 27.83 5 37.93 51 29.22 7 40.84 10

36-42" 35.64 5 33.99 4 38.14 2 33.45 2 40.79 38 31.07 3 38.89 4

42-48" 62.13 3 33.05 1 36.14 I 35.52 2 40.04 16 34.46 2 42.48 3

48-54" 29.~4 2 30.78 2 34.65 1 33.79 I 35.16 7 34.32 1 44.98 3

54-60" 27.45 4 30.06 2 32.48 I 32.51 1 31.98 5 35.10 2 43.53 I

Site Af\;1 C. L.t AM c.L. AM c.L. AM c.L. AM C.L. AM c.L. AM c.L.

28.~J 98% 21.3 85% 28.83 96% 38.26 85% 33.52 93% 19.9 81% 26.78 83%

* Arithmetic Mean of nitrate concentration (mg/kg).

** The JIlinuJIluJIl nUJIlber of samples is calculateLitu give an estimate of plus or minus 20% of the sample mean.

t Confidence le,vel
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Table 2.:6 The optimum number of holes at each depth required for a mean estimate with a precision of 20%.
(ICI Corn field: May to Sept. 1994)

Sampling Date

OS/23/1994 06/07/1994 06/28/1994 0719/1994 08/18/1994 09/08/1994

Depth AM* Nmin ** AM Nl7lin AM Nl7lin AM Nl7lin AM Nmin AM Nmi/l

0-3" 10.62 15 6.84 67 65.58 6 15.39 39 9 249 68.90 15

3··6" 11.28 II 2.68 10 49.79 8 4.18 25 3.99 28 22.97 24

6-12" 10.91 9 2.84 29 31.66 38 8.96 43 2.21 33 11.48 25

12··18" 11.4 14 4.87 60 19.64 37 17.85 20 5.35 51 8.90 29

18··24" 12.96 21 8.2 17 13.84 12 20.43 23 14.59 14 10.56 29

24-30" 15.21 37 9.95 20 12.46 42 18 19 15.71 15 13.76 27

30--36" 18.93 32 14.68 61 16.73 26 16.33 40 15.63 58 17.50 36

36-42" 22.28 19 19.73 17 21.14 18 20.87 27 19.69 23 23.48 34

42-48" 26.1 7 22.96 8 22.37 12 22.87 15 20.07 17 27.06 29

48-54" 26.68 5 21.95 9 21.2 7 24.2 12 22.96 II 26.79 23

54-60" 23.66 7 20.62 II 20.31 7 24.23 14 21.99 9 25.04 18

Site AM. C. L.t AM C.L. AM C.L. AM C. L. AM C. L. AM c.L.

17.28 95% 12.3 83% 26.79 84% 17.58 95% 13.75 87% 23.31 81%

* Arithmetic Mean of nitrate concentration (mglkg).

**The minumum number of samples is calculated to give an estimate of plus or minus 20% of the sample mean.

t Confidence level
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Table 2.7 The optimum number of holes at each depth required for a mean estimate with a precision of 20%.
(Del Monte Pineapple field: Sept. 1993 to Nov. 1994)

Sampling Date

09/30/f993 1011211993 11I0411993 1211311993 01112/1994 03/08/1994 411511994 0512011994 08/02/1994 I1I0 III 994

Depth AM* 'Nmin** AM Nmin AM Nmin AM Nmin AM Nmin AM Nmin AM Nmin AM Nmin AM Nmin AM Nmin

0-3" 5.25 11 3.58 16 1.83 10 6.7 8 26.66 22 27.01 8 34.4 24 58.16 5 128.7 11 55.38 35

3-6" 6.22 15 4.06 28 3.18 13 6.29 11 II.l 18 8.57 83 11.83 65 20.61 34 49.57 26 40.08 32

6-12" 6.67 13 5.91 2"' 5.26 10 7.42 12 10.29 11 6.61 49 6.8 41 12.97 15 36.72 154 39.7 19<.

12-18" 6.25 26 6.99 16 7.61 12 9.17 8 11.73 9 7.88 12 7.63 15 11.64 6 36.68 118 37.4 10

18-24" 4.45 31 5.12 20 6.39 12 7.49 8 8.88 35 10.93 10 9.63 20 11.59 8 25.22 133 24.3 12

24-30" 2.96 49 3.09 32 3.79 20 4.41 20 6.62 171 11.85 18 11.06' 21 11.43 5 14.85 10 18.79 10

30-3.6" 2.88 53 2.7 40 2.83 41 3.02 36 5.47 352 8.59 13 10.72 8 10.52 3 12.63 2 16.81 6

36-42" 3.4 49 2.93 3" 2.89 47 2.67 66 5.05 391 6.41 21 10.78 33 8.41 4 10.64 3 15.57 5.,
42-48" 3.63 45 3.32 34 3.06 56 2.97 74 4.87 341 5.44 39 8.59 18 7.67 6 12.86 176 14.11 4

48-54" 3.62 46 3.45 38 3.19 58 3.12 74 5.25 294 5.36 41 8.04 22 6.99 4 9.09 49 12.6 5

54-60" 4.09 62 3.71 44 3.48 58 3.35 79 4.88 237 5.62 43 7.93 39 6.21 7 8.52 71 13.53 89

Site AM C.L.t AM c.L. AM C.L. AM C.L. AM C.L. AM C.L. AM C.L. AM C.L. AM C.L. AM c.L.

4.49 98% 4.07 96% 3.95 92% 5.15 92% 9.16 82% 9.48 85% 11.58 83% 15.11 74% 31.1 77% 26.2 85%

* Arithmetic Mean of nitrate concentration (mg/kg).

** The minumum number of samples is calculated to give an estimate of plus or minus 20% of the sample mean.

t Confidence level
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Table 2.8 The optimum number of holes at each depth required for a mean estimate with a precision of 20% or 30%.
(,Waialua Sugarcane field: Jun. to Dec. 1994)

Sampling Date

6/16/1994 9/21/1994 11/16/1994 12120/1994

Depth AM* Nmin** N11lin AM N11lill Nmin AM N11lin Nlilin AM Nmin Nmin

20% 30% 20% 30% 20% 30% 20% 30%

0-3" 1.69 31 14 15.23 10 4 24.77 10 4 25.78 2 I

3-6" 1.84 23 10 13.24 7 3 18.5 6 3 19.99 3 I

6-12" 1.78 30 13 8.4 6 3 14.78 14 6 15.04 10 5

12-18" 1.66 94 41 5.52 23 10 10.91 19 8 9.73 12 5

18-24" 1.118 106 47 3.23 52 23 8.22 53 24 8.64 230 102

24-30" 1.87 188 83 1.88 56 25 5.15 37 17 2.3 41 18

30-36" 1.62 188 83 2.01 144 64 4.93 251 III 1.53 30 13

36-42" 2.48 210 93 2.21 193 86 1.79 36 16 1.21 25 II

42-4W' 2.64 138 61 2.44 192 85 2.06 106 47 1.21 37 17

48-54" 2.87 103 46 2.67 181 81 3.47 316 140 1.28 62 27

54-60" 3.~2 109 48 3.07 152 67 1.76 81 35 1.35 52 23

Site AM C. L.t AM c.L. AM C.L. AM C.L.

2.01 98% 5.45 85% 8.76 96% 8 85%

* Arithmetic Mean of nitrate concentration (mg/kg).

** The minumum number of samples is calculated to give an estimate of plus or minus 20% of the sample mean.

t Confidence level



Table 2.9 Correlation coefficients between nitrate concentration and soil moisture.

ICI Corn Field (Cycle I) ICI Corn Field (Cycle II)

Sampling Date

11/08/93

11124/93

12/06/93

12/22/93

01119/94

02/24/94

03/30/94

Correlation
Coefficient

0.03

-0.049

-0.204

-0.755

-0.273

-0.005

-0.147

Sampling Date

OS/23/94

06/07/94

06/28/94

07/19/94

08/18/94

09/08/94

Correlation
Coefficient

0.063

-0.077

-0.197

-0.213

-0.237

-0.374

Del Monte Pineapple Field Waialua Sugarcane Field

Sampling Date

09/30/93

10/12/93

11/04/93

12/13/93

01/12/94

03/08/94

04/15/94

OS/20/94

08/02/94

11101194

Correlation
Coefficient

0.02

0.127

0.062

-0.478

-0.48

-0.575

-0.759

-0.755

-0.449

2-42

Sampling Date

06/16/94

09/21/94

11/16/94

12/20/94

Correlation
Coefficient

0.166

0.115

-0.642

-0.714



Chapter 3
DETAILED MODELING APPROACH

FOR NITRATE LEACHING

The movement of various nitrogen compounds in the root zone plays an important role in
determining the availability of nitrogen for plant growth, and the potential for nitrate leaching
downward to the groundwater table. Factors associated with nitrate leaching are discussed in this
chapter. The application of a detailed numerical model for predicting the movement of nitrate in the
soil-plant system is described. The model is calibrated and validated by the results of a field study
in central Oahu.

3.1. An Overview of Numerical Models for Nitrate Leaching

Two categories of chemical leaching models have been recogniz~d: stochastic models and
deterministic models (Addiscott and Wagenet, 1985); Stochastic models consider the-spatial and
temporal variabilities of the system. The structure and output of the models can represent the
uncertainty due to such variabilities. Yeh (1995) reviewed several recently developed stochastic
approaches, including geostatistics, the effective parameter approach, the Monte Carlo approach,
and conditional simulation. Although these approaches can estimate uncertainties in the prediction,
they are often not validated under the field conditions. In addition, the stochastic models have not
been developed as field management tools so that they are generally limited to theoretical research.
On the other hand, deterministic models assume that all parameters are known and specified in the
solution domain. They are more widely applied in agricultural practices and environmental
management.

Frissel et al. (1981) and Tanji (1982) have compared many deterministic models for nitrogen
cycle processes in the soil-plant system. A brief description of those models was provided in these
reviews. Their discussion included the soil N processes which the models described, the
techniques used by the models, and the input, output, and main objectives of the models. Two
principal approaches have been widely adopted in the development of deterministic models. The
first approach applies the numerical solution of the convection-dispersion equation (CDE) to
simulate the leaching process (e.g. Tanji et al., 1981; Hutson and Wagenet, 1992). The transport
process is described by partial differential equations containing sink or source terms, and nitrogen
transformations and solute movement are calculated simultaneously. The primary interest in this
type of models is to evaluate or predict the N leaching losses from the root zone. The output of the
model does not include information about crop productivity. In terms of regional groundwater
quality management, the CDE models are more feasible than agricultural management models. The
distribution of various nitrogen forms in the unsaturated zone can be estimated with limited
knowlerlgeoLthecrop. With_the_assistance_ofaGeographic_Information_s.y-stem ~GIS~,-oneis-able

to evaluate the effect of agricultural practices on the contamination of groundwater aquifers by
inputting the leaching rate or amount of nitrate losses from the different crop lands to a regional
groundwater transport model.

The second approach to developing deterministic models divides the soil-plant system into
several reservoirs or pools. Each pool represents a particular soil N process. The change of N with
time within the system is a linear combination of the pools based on the concept of mass balance.
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These types of model need to be calibrated by the historical record of input and output, therefore
they are often limited to a specific site or case. Some of these models include microbial degradation
of organic matter components and the growth and yield of the crop in response to the nitrogen
supply and soil conditions. Examples of this type of model are CERES-Maize (Jones and Kiniry,
1986), Simulations of Nitrogen Behavior in Soil-Plant Systems (Frissel and van Veen, 1981),
NTRM (Shaffer, 1985), and VT-CROPS (Johnson et aI., 1993). Difficulty in applying those
models often arises due to a lack of detailed genetic information on crops and crop growth.

3.2. N Transformation Processes

The nitrogen cycle is an endless process that controls nitrogen circulation in the earth's soil
and in the atmosphere. Nitrogen species are constantly transformed through the N cycle. Some of
the transformations are very important in determining the fate of nitrogen in fertilized agricultural
lands. The main transformation processes which significantly control the N budget in a soil are
mineralization-immobilization, urea hydrolysis, nitrification, and denitrification. Nitrogen fixation
adds only a very small amount of nitrogen to the soil compared to the application of fertilizer, so
that it can be ignored for the purposes of this study.

3.2.1. Mineralization-Immobilization

A dynamic equilibrium exists between the organic and inorganic forms of N in soils. The
equilibrium level is affected by the net amount of N mineralization-immobilization. Mineralization
refers to the transformation of N from the organic state into the inorganic forms NH4 or NH3. The
process is performed by heterotrophic soil organisms that utilize nitrogenous organic substances as
an energy source. Immobilization refers to the transformation of inorganic N compounds (NH4,
NH3, N03, NOi) into the organic state (Jansson and Persson, 1982). Although mineralization
immobilization plays a fundamental role in the N cycle, its contribution to fertilizer management is
very limited unless manures are applied. Based on many previous studies, Bartholomew (1965)
stated that nitrogen, which is immobilized in the decomposition of crop residues is slow to undergo
biological mineralization. Only small recoveries of immobilized tagged nitrogen were found in the
crop lands (Jansson, 1963; Broadbent and Tyler, 1962; Fribourg and Bartholomew, 1956;

.Schmidt et al., 1959). The mineralization of decomposed crop residues has little influence on the
nitrogen supply in the soil dudng the subsequent cropping season.

3.2.2. Urea Hydrolysis

The hydrolysis of urea is an enzymatic process involved in N transformation in soils. Under
favorable c-om::litiun-s, applied-urea-iertilizer-is-hydrolyzed-into ammonium-by-the -feUewing reaetiefl
in a matter of hours to weeks:
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The activity of enzymes in the above reaction, namely urease activity, is mainly dependent on
organic carbon content, the rate of urea application, pH value, temperature, and soil moisture
(Bremner and Mulvaney, 1978). Based on the laboratory experiments in six different soils, Vlek
and Carter (1983) reported that the hydrolysis rate decreased linearly with decreasing temperature.
They also noted that decreasing soil moisture rapidly reduced the hydrolysis rate near the
permanent wilting point (PWP). When soil moisture declines to PWP, the lack of free water in the
soil may prevent diffusion of applied urea through the soil, therefore limiting the contact between
urea and soil urease. At higher soil water content, urea hydrolysis is found less dependent on soil
moisture.

The relationship between urease activity and soil properties has been studied in various soils.
McGarity and Myers (1967) found that the urease activity in 100 Australian surface soils was
highly correlated with organic carbon and weakly correlated with soil pH. Fifteen Trinidad surface
soils were investigated by Dalar in 1974. His study prdvided a significant correlation coefficient '
(r =0.915) between urease activity and organic matter content, but correlation was very poor
(r =0.214) between urease activity and soil pH. High corrections were also found between urease
activity and oxalate extractable Fe and AI in his study.

Beri and Brar (1978) executed an experimental study in 7 different soils of India. They found
that urease activity was correlated significantly with organic carbon (r = 0.8), but was not
significantly correlated with pH (r = -0.54). Their study showed that urea (200 mg urea-N/g soil)
was completely hydrolyzed within 20 to 56 hours in alkaline subtropical soils.

Similarly, Zantua et al. (1977) concluded that organic carbon had a strong impact on the
hydrolysis of urea from the field samples of 21 diverse Iowa soils. Their results also provide a
strong correlation (r =0.72) between urease activity and organic carbon, but a very poorly
cprrelated relationship (r =-0.01) between urease activity and pH by a simple correlation analysis.
Upwever the multiple regression analysis suggested that pH has an important effect on the level of
urease activity in different soils through interactions with organic matter. Roberge and Knowles
(1968) reported that soil pH values between 7 and 8 are optimum for highest urease activity.

Broadbent et al. (1958) reported that rapid urea hydrolysis occurred in five slightly acid
California soils under the favorable temperature condition. The rate of urea hydrolysis were tested
under two temperature conditions and at three application levels. The pH value of soil ranged 4.44
to 6.99. At 25°e (45°F), and application level of 200 and 400 mg/L, urea was completely
hydrolyzed after 7 days. When experimental temperature increased to 41.7°e (75°F), no urea was
found after 2 days at 400 mglL application rate.

Limited studies on the hydrolysis ofurea have been executed for Hawaiian soils. Tamimi and
Kanehiro (1962) examined three Hawaiian soils on the island of Oahu. At an application rate of
560 kglha, 92% of urea was converted to ammonium in one day in Paaloa silty clay (pH: 4.5-5.5,
elN: 21) and Lualualei clay (pH: 5.6-7.3, CIN: 8.1), but four days were required for 92% of urea
to be hydrolyzed in Wahiawa silty clay (pH: 5.6-7.3, CIN: 8.4). When the application rate
doubled, the hydrolysis of urea took two days in Paaloa soil, one day in Lualualei soil, and six
dayB in Wahiawa soil (Figur.eJ.J)~ The experimental results of urea hydrolysis showed that
organic carbon content had a significant impact on the hydrolysis rate in these three Hawaiian soils.
Despite its low pH value, Paaloa soil exhIbited active urea hydrolysis.
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3.2.3. Nitrification

Nitrification refers to the oxidation of ammonium to nitrate. It is the most important process
contributing N03 to the soil. Owing to the leaching potential of N03, this process has received
much attention in the development of N transport models. Nitrification is a two-step process.
Inorganic ammonium is first oxided to nitrite by the bacteria Nitrosomonas:

Nitrite is a very reactive ion so it does not accumulate during nitrification. It is almost
immediately converted to nitrate:

Factors greatly affecting the nitrification rate are soil moisture, temperature, and pH (Focht
and Verstraete, 1977). The water content of the soil is one of the principal factors regulating the
diffusion of oxygen into the soil. Depletion of 02 at high moisture levels may limit nitrification and
favor denitrification. Bandibas et al. (1994) compared the NzO emission from and consumption by
18 Belgian soils at three different soil moisture levels. They suggested that the highest nitrification
rate is expected to occur under field capacity conditions and the highest denitrification rate under
waterlogged conditions.

The optimum temperature for nitrification is reported to vary greatly in different soils. A
range of 2D-25°C was found for maximum nitrification rates in soils of the northwestern United
States, and 30-40°C in soils of the southwestern United States by Mahendrappa et al. (1966).
Keeney and Bremner (1967) suggested a maximum temperature of 40°C for nitrification in the
midwestern United States soils. Myers (1975) reported that nitrification occurs at temperatures up
to 60°C in a tropical Australian soil.

Normally alkaline soil favors nitrification and the optimum range of pH for maximum
nitrification is 7 to 9. Although the rate of nitrification is believed to be closely and directly
correlated with the pH, the correlation between pH of the bulk soil and nitrification rate is not well
defined under field conditions. Some factors including urea hydrolysis, non-biological reaction of
nitrite, and microecological sites complicate the relationship between pH and nitrification rate.

Although most Hawaiian soils have a slightly acid or neutral nature, the experiment in
Tamimi and Kanehiro's study (1962) showed the rapid nitrification in Lualualei soil (Figure 3.2).
Following one-day urea hydrolysis, the conversion of total ammonium to nitrate was completed in
five days at an application rate of 560 kg/ha, and about 60% of total ammonium transformed to
nitrate within five days at an application rate of 1120 kglha. In fact, this nitrification rate may be
higher than usual for tropical soil. Khan et al. (1981) found that most of the ammonium
hydrolyzed from applied urea was oxidized to nitrate within two to three weeks after fertilization in
a Wahiawa irrigated sugarcane field. Likewise, the sampling results preseiltea in the p-resem study
indicated that the conversion of ammonium to nitrate was completed in two to three weeks in the
soil of Kunia com and pineapple fields (see Chapter 2).
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3.2.4. Denitrification

Denitrification is the biological reduction process that converts nitrate and nitrite to volatile
gaseous nitrogen. The primary requirements for promoting denitrification are the absence of
oxygen and the presence of bacteria processing the metabolic capacity. Other factors affecting
denitrification rate include available organic C compounds, pH, and temperature (Focht and
Verstraete, 1977). The rate of denitrification is strongly limited in acid soil, and very rapid in soils
of high pH. Denitrification rarely occurs below pH 7 because the nitrite toxicity appears to limit
denitrification in acid soil. Compared with other biological processes, denitrification exhibits a
temperature dependence, with optimum denitrification occurring in the range 6O--65°C.

High organic matter and the humid tropical climate of Hawaii are favorable to denitrification.
An experimental study of denitrification was executed in six Hawaiian soils by Balasubramanian
(1974). The results exhibited the variation of denitrification rate with soil type. About 70% of the
initial nitrate was lost through denitrification in 25 days in the Waimea soil. During the same testing
period denitrification converted 40% and 50% of the available nitrate into gaseous nitrogen in the
Lualualei and Hilo soils, but only 10% of the initial nitrate was reduced to gaseous nitrogen
products in Molokai and Paaloa soil. A number of factors were examined for their influence on
denitrification. The low denitrification in Molokai soil was mainly due to the lack of energy
materials which are various biodegradable organic carbons. High acidity likely inhibited the
denitrification in Paaloa soil which had high organic carbon content. A high level of water soluble
organic carbon and neutral soil pH appeared to be the main favorable factors favoring
denitrification.

Comparison between the magnitude of nitrate disappearance and the total gaseous N loss
s~owed that they are closely related. Thus, the change in the content of soil N03-N can be used as
a~ indicator of the degree of denitrification. Balasubramanian (1974) also confirmed that initial
mtrate concentration did not affect the denitrification rate.

3.2.5. Simulation of N Transformation Processes

A first-order kinetic model is usually used in simulating the nitrogen transformation by urea
hydrolysis, nitrification, and denitrification, for example:

~ = -ley
()[

(3-1)

Where y is the reactant and the rate constant k is a lumped parameter that depends on field soil
conditions. A number of studies suggested that a first-order kinetic model is a good approximation
in many soils under field. conditions (McLaren, 1970; Misra et al., 1974; Starr-et al., 1974;
Wagenet, 1975; Wagenet et al., 1976, 1977; Khan et al., 1981, 1986), although some laboratory
experiments found evidence of a lag phase in N-transformations (Vlek and Carter, 1983; Khan
et al., 1986).

The kinetic rate constants were determined by laboratory experiment and regression analysis
in several studies. Vlek and Carter (1983) tested the hydrolysis rate constant in six soils. They
found, at a temperature of 35°C and soil moisture 20%, that the rate constants (llhr) of hydrolysis
were 0.023 in Uvalde soil, 0.039 in Vernon soil, 0.066 in Houston soil, 0.101 in Crowley soil,
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0.071 in ICR VERT soil, and 0.128 in ICR ALF soil. MaLaren (1970) suggested that the
maximum rate of urea hydrolysis ranged from 0.02 to 0.15 (1/hr) in a number of soils. Wagenet
et al. (1977) defined the hydrolysis rate constant with an average numerical value of 0.016 (l/hr)
based on experimental results and numerical simulation. They also reported a nitrification rate
constant of 0.0I (I/hr) and a denitrification rate constant of 0.00 I (I/hr). In two experiments with
Hanford sandy loam, Starr et al. (1974) obtained nitrification rate constants of 0.031 and 0.046
(1/hr) and denitrification rate constants of 0.0031 and 0.0017 (l/hr). The higher nitrification rate
and lower denitrification rate in the second experiment was attributed to the addition of dolomitic
limestone and a change in biomass between two experiments. Misra et al. (1974) using a Columbia
silty loam, found a nitrification rate constant of 0.01 (1/hr) and denitrification rate constant of
0.002 (1/hr). Under 20% and 5% oxygen treatment, the rate constants changed to 0.03(1/hr) and
0.001 (1/hr), respectively.

To specify the N-transfonnation rate constant in Hawaiian soils, Khan et al. (1986)
perfonned a laboratory experiment using Wahiawa soil. The soil samples were taken from a drip
irrigated sugarcane field. Urea-N was applied to the soil at 235 mglL and 935 mgIL. For the case'
exhibiting a delayed nitrification, Khan et al. assumed that the first order reaction took place in two
stages. The results of their experiment at two urea application levels were as shown in Table 3.1.

Using one-stage regression analysis, the hydrolysis rate constants in Tamimi and Kanehiro's
(1962) experiment are presented in Table 3.2. The studies by Tamimi and Kanehiro, and Khan et
al. provide the important data to the present modeling study. Balasubramanian (1974) measured
nitrate loss from denitrification in six Hawaiian soils, three of which were collected from the island
of Oahu. In the present work, the denitrification rate constants are calculated by the first order
kinetic equation based on Balasubramanian's study for Molokaisoil, Paaloa soil, and Lualualei
soil. The Molokai soil is the closest analog to the low-humic Oxisols in our study area for which
data are available. The estimates of the denitrification rate are shown in Figures 3.3 to 3.5. The rate
constant for Molokai soil is 0.00623 (day-I).

3.3. Ammonium Volatilization

Volatilization takes account of the disappearance of ammonium in the soil, especially when
urea is applied as a fertilizer in the agricultural land. The loss of gaseous NH3 to the atmosphere
follows the rapid hydrolysis of urea. It occurs from soil surface layers (0-0.05 m). The processes
leading to ammonia volatilization from applied urea are complex, involving various biochemical
and physical-chemical steps. Ammonia volatilization is largely governed by the soil pH value, soil
temperature, and soil moisture content. High pH value and evaporation conditions favor
vola$ation. As pH decreases, the effects of volatilization diminish greatly.

Investigation has confirmed the considerable N loss through ammonia volatilization in
various agricultural soils. Martin and Chapman (1951), using several California soils, found that
from 14 to 36% of total added N as urea was lost by NH3 volatilization. The soils used ranged in
pH from 6:T fo 7:7, ancf were weUea at 75% muisture- capacity, thenallowed-to- dry.

Some laboratory experiments also have demonstrated the high potential for volatile NH3
losses from manure (Stewart, 1970; Mathers and Stewart, 1970; Adriano et al., 1971). However,
few studies have quantitatively documented NH3 loss from manure under field conditions. Lauer
et al. (1976) measured ammonia volatilization in a two-year field study. The soil pH ranged from
5.69 to 6.78. The mean loss of NH3 was 85% of the total dairy manure-N at spreading.
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The volatilization process in soil can be simulated using Fick's diffusion equation or Henry's
Law (Jury et al., 1983). The major difficulty of modeling is to detennine the diffusion coefficient
or Henry's Law constant. Very limited field data or measurements of ammonia volatilization from
agricultural soils are available in Hawaii. Ayres (1955) found that loss of nitrogen by volatilization
is very small in the acid and neutral Hawaii soils. In a low humic latosol, Ayres reported that only
8.9% of applied aqua ammonia was lost through volatilization during his experiment under a field
moisture capacity conditions. It is difficult to simulate the loss of N in specific soils of agricultural
land by volatilization without any related field measurements.

3.4. Adsorption of Nitrate and Ammonium

Adsorption refers to the processes by which a solute adheres to a solid surface. Cations in the
solute are attracted to negatively charged clay mineral surfaces and held by an electrostatic force.
Anion adsorption can occur at positively charged sites on soil colloids or iron and aluminum
oxides. In general,; soil colloids carry a negative charge so that adsorption of ammonium is often
found in field studies. Nitrate, on the other hand, moves readily with soil water without
retardation. However in the higWy aggregated Hawaiian soil the physical sorption by rme pores in
the soil colloid may retard nitrate transport, although this kind of sorption tends to be temporary. In
addition, adsorption of nitrate may appear under soil conditions that a net positive surface charge is
developed.

Several authors have proposed adsorption of nitrate in tropical acidic soils. Wong et al.
(1987) observed that leaching of nitrate was delayed in lysimeters in Ultisols with pH 4.5 at Onne,
Nigeria. N03-N adsorption was also reported in tropical acid soils by Kinjo and Pratt (1971),
Espinoza et al. (1975), Black and Waring (1979), and Gillman and Sinclair (1987).

Gebhardt and Coleman (1974) examined anion adsorption by allophanic tropical soils. They
stated that inorganic colloids of allophanic soils derived from volcanic ash exhibited uncertain
charges. They found that the electrical charges of soil colloids were influenced by pH and might be
positive or negative. Under strongly acidic conditions, such soil may develop a positive charge and
adsorb anions. Balasubramanian (1974) observed the adsorption of nitrate in Hydrandept soils on
the island of Hawaii. Similarly, Singh and Kanehiro (1969), compared adsorption of nitrate in
Akaka Hydrandept soil and Wahiawa Oxisol soil. They found that the adsorption of nitrate
strongly depends on pH and concentration. Their experiment also indicated that the magnitude of
adsorbed N03 was greater in the Akaka soil than in the Wahiawa soil due to differences in the
mineralogy of the two soils. Although kaolin minerals in the Wahiawa soil are reported to develop
net positive charge under acidic conditions, the amorphous Akaka soil containing large amounts of
hydrated iron and aluminum oxides, organic matter, and allophane has more positive sites so that it
is more likely to enhance anion adsorption than is Wahiawa soil.

In the present study, field measurement of ammonium concentration profJ.les showed a strong
retardation-of-Nffl~N-in-thelCI-com,-Bel-MeDte-pineapple-andWaialua-sugareane-fields-. AfteF-the
fertilizer application, high NH4-N concentrations were found in the top layers, but very little was
seen in the subsoil layers. There was no apparent evidence of retardation of NO:i-N. In the Del
Monte pineapple field there was little NH4 found below a depth of 0.46 m, and no NH4 was found
below a depth of 0.3 m in the ICI com field. In the Waialua sugarcane field, accumulation of NH4
was also located in the surface layers during the sampling period. Meanwhile N03 was seen
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through the whole sampling profile in the three sampling sites, which indicated the downward
leaching of NO).

Similar observations on Oahu were described in the early laboratory studies. An experiment
was executed by Kanehiro et al. (1960) in the Paaloa silty clay, a highly weathered Hawaiian soil.
After application of 51 cm of water immediately following urea-ammonia-nitrate fertilizer
application, the distribution of nitrogen indicated that irrigation or rainfall can readily move NO)
and urea downward to the deep soil, but NH4 is retained near the surface by adsorption. Similar
results were obtained by Ayres (1955) in the slightly acid soil of the Molokai family.

Some early laboratory evidence suggested the physical retention of nitrate by the fme particles
of the soil colloids in aggregated Hawaiian soils (Peck, 1911; Stewart, 1922). A field experiment
conducted by Stewart and Hansson (1928) in several sugarcane fields on Oahu also showed a
faster increase of nitrate content in the top 30 cm layer than the lower layers during a cropping
season. Although many factors may cause this kind of distribution, such as soil moisture, root
distribution, and evaporation, Stewart and Hansson considered the retention of nitrate to be an
important contributor. In the present study, the soil samples showed an accumulation of nitrate
concentration near the soil surface in the Waialua sugarcane field during the s'ampling period
(Figure 2.16 in Chapter 2). This result suggested the possibility of the nitrate adsorption of
Wahiawa soil.

A linear adsorption isotherm is used in this study to describe adsorption of NH4. The
concentration of an adsorbed substance is assumed to be proportional to the concentration of that in
solution:

S = K.<i. CL • (3-2)

where S is the concentration of ammonium in the adsorbed phase (MIM),CL is concentration in
solution (Mil)) and Cd is distribution coefficient (L3/M). This assumption is acceptable for a field
soil where high solute concentrations are very rare. Unpublished data of Asghar (Khan et al.,
1981) for Molokai, Hilo, and Akaka soils suggested that for solution concentrations up to
200 J.1g1cc, NH4 adsorption was described reasonably well by a linear isotherm. The ~ depends
on the soil properties, the type of chemical, and the concentration of the chemical. Wagenet et al.
(1977) found that the distribution coefficient ofNH4 had a value of 3.3 (cm3-soil solution/g-soil)
in the Tyndall silty clay loam under a continuous leaching condition. In Asghar's experiment,~
values of 3.5, 1.0, and 1.0 (cm3-soil solutionlg-soil) for ammonium were obtained for Molokai,
Hilo, and Akaka soils, respectively, at applied solution concentrations up to 200 J.1g/cc.

3.5. Plant Development and Plant N Uptake

Nitrogen is one of the most important nutrients required for plant growth and reproduction.
The mechanism of nitrogen uptake by plants is of primary significance to agriculture and the
environment, and-e0nsiclerable-resear-eh-e-ffert-has-eeen-de-veteQ-te-this-subjeGt-ovel" -many-deGades.
Generally, most plants can absorb the inorganic N forms NH4 and NO). or urea and simple
organic N molecules from soils via their roots. Under the favorable field conditions, urea is readily
hydrolyzed, and NH4 rapidly nitrified. As a result, NO) is the predominant form of available N in
most soils soon after fertilization with urea or NH4 containing fertilizers.
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Many investigators have compared NH4 with NO"} sources applied to soil and no
generalization can be made as to which is superior, unless the crop and all environmental factors
are specified. Schrader et al. (1972) reported that when both nitrate-N and ammonium-N were
supplied, the two N-fonns were absorbed by com at comparable uptake rates. Stewart et al. (1925)
stated that pineapple could assimilate nitrogen in both the nitrate and the ammonium fonn without
waiting for nitrification under field conditions. Similar experimental results were reported by
Sideris et al. (1939). They concluded that both ammonium and nitrate ions were probably
assi~lated by pineapple plants simultaneously from the non-sterilized soil. Humbert (1955)
examined the results of nitrogen experiments in Hawaii. His studies showed that sugarcane was
not sensitive or partial to one fonn of nitrogen over the others. Based on the previous studies, the
same rate of the utilization of a.mnionium and nitrate is applied for com, pineapple and sugarcane in
the present work.

The rate of nitrogen uptake by plants is dominated by the rooting development, which is
profoundly influenced by morphological characteristics of soil, soil water movement, and nutrient
supplies. In this study, three different crop fields are investigated regarding nitrate leaching, as
described below.

3.5.1. Development of Corn

The root system of com starts to develop one week after planting. It rapidly extends laterally
and downward. By the time the plant is two month old, lateral extension usually has a radius of
1.2 m (4 feet), and the root depth is about 0.9 to 1.2 m (3 to 4 feet.). The number of roots
Q,@ntinues to increase until the plant is mature. The depth of maize root was measured in an leI
Gprn field after harvest. The root depth reached to about 0.9 m (3 feet), and 85% of the root was
distributed in the upper 0.7 m of the soil. The limitation of root growth may result from the
combination of low macroporosity in the subsoil horizon and the development of tillage hardpans.
Under certain conditions, some roots may penetrate as deep as 5 m (16 feet).

The growth of com may be divided into three distinct phases:
1. The early growth period, in which the rudiments of new organs are formed;
2. Elongation of the already formed embryonal organs;
3 . Period of internal development.

The first period covers about the first three weeks of growth. From this time on, growth consists
principally of the elongation. At the third phase, the plant starts to deposit starch in the ears and to
strengthen fibrous tissues.

At the early stage of root and plant development, the total amount of plant N uptake appears
to be very low. Many studies (Hanway, 1971; Watts and Hanks, 1978; Bowen et al., 1993; Black,
1993) show that the uptake rate increases rapidly about 30 to 40 days after planting. The rate of
uptake continues to increase until the plant is mature.

3.5.2. Pineapple

Pineapple is a ratoon crop. The growth period of two ratoon-pineapple is about three years.
A fundamental characteristic of the pineapple plant which differentiates it from most other plants is
the development of root buds in the leaf axil. The root spread is not very extensive. The average
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depth of pineapple root ranges from 0.3 to 0.4 m (Schneider et al., 1992). Commonly, pineapple
derives most of its nourishment from the soil within a distance of 0.3 m from its base. According
to measurements by Stewart et al. (1931), the absorption of nitrogen is low in the first three
months of the pineapple growth. The rate of uptake increases as the plant grows, and the maximum
assimilation of nutrients occurs at the time the plant starts to fruit.

3.5.3. Sugarcane

Sugarcane is also a ratoon crop. One ratoon crop of sugarcane usually covers one and half
years. In general, the root growth of sugarcane is often restricted to the upper 0.6 to 0.9 m. Trouse
and Humbert (1961) reported the limitation of sugarcane root extension was due to the high bulk
density of the subsoil horizon and the existence of a hard pan. Lee (1927) studied the distribution
of sugarcane root in Hawaiian soils and concluded that regardless of cane variety, soil type, or
fertilization treatment, more than 85% of the root mass was found in the upper 0.6 m of soil,
although some roots may penetrate as deep as 1.0 to 5.0 m depending on the soil and the depth of
tillage. The uptake of nitrogen fertilizer by sugarcane in Hawaii has been studied by many
investigators (Ayres, 1937; Yuen and Borden, 1937; Corelison and Cooper, 1941; Humbert,
1968; Anders, 1988). Their results revealed that the rapid rate of nitrogen uptake occurs in the first
year of sugarcane age. The adsorption and crop requirement of nitrogen are at their maximum
between the ages of 4 to 8 months. Nitrogen uptake usually levels off at the age of 12 months
because the two-year crop is only fertilized during the first year. The reason is to deplete the tissue
level of N in the sugarcane so sucrose can accumulate in the second year.

3.5.4. Approaches for Estimating Nitrogen Uptake by Plants

The mechanisms of nutrient uptake are complex. The amount of nitrogen uptake by a crop is
related to many factors, such as diffusive and mass transport, deficiency of nitrogen, crop growth,
and root development and nutrient requirements (Nye and Tinker, 1977). Many techniques have
been developed to simulate nutrient acquisition by plants. Some nutrient uptake models were
reviewed by Rendig and Taylor (1989), who focused on the processes involved in the movement
of nutrients in soil system.

In LEACHM-N of Hutson and Wagenet (1992), two options are provided to simulate the
uptake of nitrogen by pla.'1ts. One approach is based upon that of Watts and Hanks (1978) and the
other is based upon a combination of the Nye and Tinker (1977) and Warncke and Barber (1973)
methods.

3.6. Detailed Dynamic N Leaching Modeling

The hydrological profile of the unsaturated zone in central Oahu is very complex. Miller et al.
(1988) suggested that transient perched water bodies likely exist within the layer of saprolite during
periods of high recharge. However, a one-dimensional model is still useful for the simulation of
nitrate transport within the root zone for two reasons. First, considering Oahu's soil types and
structure, the perched water layer is very unlikely to exist in the topsoil layer. Field measurements
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(Green et al., 1982) indicated that the top soil maintains cracks or by-pass paths which may create
macropore flow. The aggregate structure of Hawaiian soil can also create rapid leaching through
the root zone. Second, although some horizontal flow could occur in the subsoils, it is likely to be
minor and vertical flow probably predominates water movement because the basaltic lava flows are
generally not laterally continuous over long distances. Based on the availability of models and the
limitations of data and budget, the Leaching Estimation and Chemistry Model for Nitrogen
(LEACHM-N) (Hutson and Wagenet, 1992) was chosen to simulate the vertical leaching profile of
nitrate in the unsaturated zone.

LEACHM is one-dimensional finite difference model that was developed to predict long-term
nitrogen leaching from agricultural lands. The governing equation is a convection and dispersion
equation containing sinks and sources which represent plant uptake, nitrogen transformations and
other processes. The upper boundary condition is determined by the hydraulic head or flux, which
can change with time depending on irrigation, evaporation, or ponded surface. The lower
boundary condition may be set to represent a fixed depth water table, free-draining, or zero flux. In
this study, a free-draining boundary is chosen.

3.6.1. Input Data of the Model

In contrast to some agricultural management models, LEACHM focuses on the leaching
process of a given chemical, hence it does not require much detailed information about the genesis

,.and growth of the crop. The model mainly requires the hydraulic characteristics of soil and
chemical properties of the solute. The input data are summarized in the following list.

1. D<lily rainfall and irrigation events, weekly temperature and evapotranspiration from the
specific crop field.

2. Fertilizer applications.
3 . Soil profile: profile depth, bottom boundary condition, water table depth.
4. Crop data: wilting point, minimum root water potential, root flow resistance, root

distribution, dates of planting, emergence, maturity and harvest, crop cover fraction.
5. Chemical properties: dispersivity, distribution coefficient 1<d, transformation rates.
6. The water retention function: h(S).
In this study, weather, fertilization, and crop planting data were provided by leI Seed, Del

Monte, and Waialua Sugar companies. The urea hydrolysis rate constant was adapted from Tarnimi
and Kanehiro's (1962) experiments in Wahiawa soil, a nitrification rate constant of 0.2 (l/day)
was chosen, which falls within the range of experimental data in Wahiawa soil (Tamimi and
Kanehiro, 1962; Khan et al., 1986), and the denitrification rate constant was determined from
Balasubramanian's (1974) study in Molokai soil. The distribution coefficient of ammonium uses
Asghar's (Khan et al., 1981) value of 3.5 (cm3-soil solution/g-soil) in Molokai soil, and a small
distribution coefficient of nitrate, 1.0 (cm3-soil solution/g-soil) is used in the Wahiawa soil of the
Waialua sugarcane field. The water I'etentionpaLametersaLe ohtainedb¥fitting the retention
functions (Hutson and Cass, 1987) to data obtained in field experiments in central Oahu by Green
et al. (1982).
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3.6.2. The Output of the Model

The output file of the LEACHM-N model consists of the following information at specified
times.

I. A table of profile water retentivity and hydraulic conductivity data.
2. A cumulative mass balance summary for the whole profile.
3. Profiles of chemical contents, water contents, potentials and fluxes.
4. Plant growth, chemical uptake and transpiration details.

3.6.3. Calibration and Validation of LEACHM-N

Calibration and validation of a model is a necessary step in modeling. The procedure for the
validation of solute transport models is reviewed and described by Loague et al. (1988). As a first
step, which is known as calibration, field measurements are used to adjust the parameters of the
model until an acceptable simulation is obtained. After the model is calibrated, it is validated against
all collected field data sets. The calibrated parameters of the model are not adjusted during the
validation process.

Although LEACHM has been used to simulate pesticide and nitrate transport in field soils
(Trillotson and Wagenet, 1982; Wagenet and Rao, 1983; Wagenet and Hutson, 1986; Wagenet et
aI., 1989) and is applied by many investigators in the United States and other countries (Hutson
and Wagenet, 1992), it has not been calibrated and validated in Hawaiian soils. To calibrate and
validate the LEACHM-N model for predicting nitrate leaching from Hawaiian agricultural lands,
field measured nitrate concentration profiles from com, pineapple, and sugarcane fields in the
central Oahu were used (see Chapter Two). The simulations of the nitrate concentration profiles in
the root zone were tested against field measurements during the planting season.

The procedure of calibration and valjdation includes:
1. Calibration of parameters ofLEACHM-N,
2. Evaluation of the ability the model to describe nitrate transport within the root zone

through the whole simulation period.

3.6.3.1. Calibration of Parameters of LEACHM-N

Most parameters listed in the section 3.6.1. have an important influence on the distribution of
nitrate. Some parameters of the model depend strongly on soil, plant, and environmental
conditions. These parameters include: dispersivity, plant uptake, hydraulic characteristics, nitrogen
transformation rates, and adsorption coefficients of ammonium and nitrate.

Calibration is based on a trial and error method. The initial parameters are chosen based on
historical information or specific experiments. The parameter are adjusted within a reasonable
range. Model is run with different value of each parameters and the simulation result is compared
with-field-measurement--aftel'e-aeh-mn. F0fe-x-ample,-dispel"si¥ity -is-calil:)l"ated-within-a-r-ange Qf Q-tQ

1500 mm. The value of 150 mm is chosen for the best fit of simulations to the field data. Other
parameters were then updated one by one. This iterative calibration process is illustrated by a flow
chart (Figure 3.6).

The values of some parameters, such as hydraulic properties and dispersivity, are more likely
to dominate the shape of nitrate concentration distribution, and others may mainly affect the
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magnitude of concentrations. The impact of the parameters on the simulation result is evaluated by
a sensitivity analysis. The result is shown in Chapter 5. The calibrated parameter values in the three
cropped fields are presented in Table 3.3.

3.6.3.2. Evaluation of Simulations

The accuracy of the simulation is evaluated by the Root Mean Square (RMS) error. The ideal
value of RMS error is zero. The RMS error is defined as:

RMS =

n

L (Xi - iD2

;=1

n
(3-3)

Where
Xi is the calculated concentrations at the depth i, at a given time;
Xi is the geometric mean of measured concentration at the depth i, at a given time;
n is the total number of sampling depths.

The usual estimate of sample mean is the arithmetic mean. When sampling errors and
measurement error exist, the arithmetic mean of the data set will include these extraneous values
and give a less-accurate estimate of the true mean of the sample. For this reason, a better estimate is
the 'sample median, which is the value in the middle of the frequency distribution. First, the data is
s§rted into ascending order. The median then can be expressed as:

_ { (Xol2+1) , n is odd
x = O.5(Xo/2+1 + Xol2) ,n is even. (3-4)

The advantage of using the median is to avoid deciding whether a sampling error is present. It has
been demonstrated (Dixon, 1953) that the median is better that the arithmetic mean if as many as 3
to 5% of the observations are displaced by as much as 3 or 4 standard deviation from the mean.
Therefore, the median was chosen for the calculation of RMS.

3.6.4. Results and Discussion

Figures 3.7 to 3.10 show the comparisons of simulations of LEACHM-N with field data in
three different crop lands. The first measured nitrate concentration profIle before the planting is
used for the initial condition of the model in each sampling site.

In the ICI com field, two cycles of sampling were conducted over two planting seasons. The
parameters of the model were calibrated by the field data from the first cycle of sampling. The
simulatiun of-Nuv. 2zt(Figur~ :.l.;-a) wa~tweNe days after toe -frrstfemIlZatioil. The concentration
simulated by the model near the surface was higher than the initial concentration owing to the
fertilization and N transfonnations which had converted urea and ammonium into nitrate. The
disagreement between the simulated and measured data is possibly due to soil heterogeneity and
preferential flow in the highly aggregated Hawaiian soil. The model correctly represented the
positions of concentration peaks and the downward movement of nitrate by the recharge water.
There were three peaks of concentration in both the simulation and field measurements on Dec. 6
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(Figure 3.7b). The first peak was due to the latest fertilization on Dec. 1. The model also
represented the change in shape of the distribution profiles in response to various factors, such as
fertilization, N transformations, crop uptake, and soil water movement. In the fInal three months of
the planting season, no fertilizer was applied and the plant uptake began to decrease as the roots
and plants became mature. Water movement dominated the nitrate transport. The continuous deep
leaching produced a profile with low concentration in the upper layers and higher concentration in
the deeper layers (Figure 3.7c). The model provided reasonable estimates during the second cycle
of sampling (Figure 3.8a-b). Many factors affect the accuracy of the simulations. Obviously, the
one dimensional approach is the major limitation of the model. The RMS error is greatest when
large sampling variability exits. For example, the RMS error was 17 (mg/kg) on Sept. 8
(Figure 3.8b), while the range of sampling variability was 105 (mg/kg).

In the Del Monte pineapple field, the total simulation period covers more than one year
(Figure 3.9a-d). Ten runs were made to compare the model and fIeld data. The model provides
good agreement with the sampling measurements. All simulations fall within the range of the
sample data. The model best fits the field data below the root zone, because the soil conditions in
the root zone are very complicated, especially near the surface. Many parameters are not constant,
depending on weather, plant growth and the micro-environment. The greatest RMS error,
28 (mg/kg) on Aug. 2 (Figure 3.9d), results from the difference between the simulation and field
data in the top layer, where the measured concentration ranges from 45 to 265 (mg/kg).

In the Waialua sugarcane field, the nitrate profile displays a high concentration near the
surface (Figure 3. lOa-b). The concentration below the root zone did not change signifIcantly
during the sampling period. This is possibly due to the high uptake rate during the early growth
stage of sugarcane and the slight nitrate adsorption of the Wahiawa soil at this location.
Considering those factors, we used a small nitrate adsorption coeffIcient and higher adsorption of
ammonium in the simulation. The simulation results agree well with the field data.

3.6.5. Conclusions

The modeling results show that LEACHM-N can reasonably describe the nitrate leaching
from agricultural lands in response to fertilization, N transformation, climate, and plant growth.
This one dimensional model can provide reasonable estimates of profiles of mean nitrate
concentration in the unsaturated zone, although it has limited ability to represent the accurate
concentration profIle in the upper root zone, probably due to the complicated nature of the
governing processes. Theoretically, three dimensional models are better equipped to account for
the heterogeneities and spatial variabilities of soil. However, the diffIculties in obtaining the large
amount of input data required by these models often make them less useful in practice. In addition,
uncertainties in input data or parameters and numerical diffIculties of the complicated models may
even cause larger errors than one dimensional models.

3-14



600,....---------~--------~---~--------__,

___ ._1_'*-,_.-'
.... ,..... .... ,.

'*
,., .~., .........

)IE' .... ,
,. ,

,. ,
,. )IE ... ...... ... ~ .... ....

....

76

....

5

....
........

....

Case 1: 560 kg N/ha

- Paaloa Soil
Lualualei Soil
Wahiawa Soil

3 4
Days of Incubation

2o

500

100

co
~400

Z
~ 300
;:,
'2
o
~ 200
<:

"' 1000 ,.
'':',.'.

,.,.
co .... ,.

800 ... ,.
..r::: .... *. ,.
C> ~,.e. ....
z .....<.

I 600 ~ .... .... ....
E ~ ...
;:, ,. ... ...'2 ,. ... ......0 ~,. ...E 400 ... ~
E

,.
<: ,.

Case 2: 1120 kg N/ha
~:"

200 ; - Paaloa Soil
; Lualualei Soil

Wahiawa Soil
rJ( I

0 2 3 ·4 5 6 7
Days of Incubation

Figure 3.1 Comparison of the rate of urea hydrolysis at different application rates
in three Hawaiian soils. ('famimi and Kanehlro, 1962)

3-15



900r-------------~--------~---~---____,

800
)¥.

okg N/ha
~

700 ~

560 kg N/ha ~

~

1120 kg N/ha ~ .)IE
600 ~

;"
;"

~ ;"
;"

til ~ ;"
;"-a, 500 ~;"

::- r';"
Z

I L'III
~.7~ 400

Z I.'
~I

II
300 ~ ,

)/IE.'
;" ;" :;iI.

;" ,;"

200
;" .;"

*. ;"

;",~*'
"",;"

)l(;";"
)l( )1( )I(

100 ~:

0
0 2 3 4 5 6 7

Days of Incubation

Figure 3.2 Comparison of the rate of nitrification at different application rates
in Lualualei soil. (Tamimi and Kanehiro, 1962)

3-16



20

Molokai Soil
18 k=O.OO623 (l/day)

16

,.-..
Z 14

I

('<"j

0 •Z
~ 12....
:5
'+-<
0

~
10--

ell
CIl

.2 8
Z •ell
~
0
0 6ellro •0

4

• Reg~ession analysis of the 1st-order kinetics
2

• Measured (Balasubramanian 1974)

0
0 5 10 15 20 25 30

Incubation Time (day)

Figure 3.3 Denitrification rate in the Molokai soil.

3-17



30252015

Regression analysis of the 1st-order kinetics

10

•

• Measured (Balasubramanian 1974)

5o

2

4

o..---...,-----r----.,.....,r------'T---"""T"-----l

20

18
Paaloa Soil
k=O.OO518 (llday)

16

----Z
I 14r.-.

0
Z
3

12.....
:5.....
0

~
10--en •en

0-Z
en 8
::s
0
0en
Cd
0 6

Incubation Time (day)

Figure 3.4 Denitrification rate in the Paaloa soil.

3-18



Lualualei Soil
k=O.02265 (l/day)

Meassured (Balasubramanian 1974)

Regression analysis of the Ist-order kinetics

302510 15 20

Incubation Time (day)

•

•
5

60

55

50

45

----Z 40I

M

0
Z
Ci:l 35.-......
:5
.......

300

~
'-'
Vl
Vl 250-Z
Vl
::s 200
Q)
Vl
<:':l
d

15

10

5

0

0

Figure 3.5 Denitrification rate in the Lualualei soil.

3-19



Define the initial parameters:
AI, A2, ...... An

Compare simulated nitrate .
concentration profile with
measured profiles during the
testing period

No

Update AI, A2, An

Figure 3.6 The flow chart of the procedure of calibrating the model LEACHM-N.

3-20



Initia'i Profile: Nov. 08, 1993
0.0 ~ I I I I I I

.~

~ -::--- -"
~ :...---

-0.5 ,- / -
~

,--...., ~

..............E ~

"--"' --.......... ~

-1.0 /
~

-..c - ~

-+-' ~

~o
0- 0Q)

0 0

-1.5 - 0
L 0 -

-2.0 I r 'j I ' I I I

0 10 20 30 40 50 60 70 80

Simulation Date: Nov. 24, 1993

807060

RMS= 1.3..37

504030

01--_+_--0

20

.-
ol-----:->lt__

........

10

0.0

-0.5
,--....,

E
"--"'

..c -1.0......
0-
Q)

0

-1.5

-2.0
0

N03-N Concentration (mg/kg)

Figure 3.7a Simulation of soil nitrate profile in the leI corn site during
the first sampling cycle.

D-O The minimum and maximum concentration measured at each depth.

_..•.. - Profile of median of the measured concentrations.

Simulation result.

3-21



Simulation Date: Dec. 22, 1993
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Initial Profile: May 23, 1994
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Simulation Date: Nov. 04, 1993
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Simulation Date: Jan. 12, 1994
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0--0 The minimum and maximum concentration measured at each depth.

. ..•... Profile of median of the measured concentrations.

-- Simulation result.
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Initial Profile: June 16, 1994
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Figure 3.lOa Simulation of soil nitrate profile in the Waialua sugarcane field.

o---a The minimum and maximum concentration measured at each depth.
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Table 3.1 Hydrolysis and nitrification rate constants in Wahiawa soil (Khan et aI., 1986).

Urea Hydrolysis rate: kl Nitrification rate: k2
Experimental (l/dav) (l/dav) Lag Time

conditions Sta2e 1 Sta2e 2 Sta2e 1 Sta2e 2 (davs)
:Wahiawa soil

urea added 235 mgIL 1.4861 not applied 0.1032 not applied 0

Wahiawa soil

urea added 235 mgIL 1.5598 0.0704 1.0244 0.172 7

Wahiawa soil

urea added 935 mgIL 0.4049 not applied 0.0322 not applied 0

Wahiawa soil
urea added 935 mg/L 0.3405 3.00E-04 1.00E-04 0.0501 10.4
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Tab,le 3.2 Hydrolysis rate constant in Wahiawa soil (Tamirni and Kanehiro, 1962).

Hydrolysis Rate·Constant: kl (llday)

Urea Appllication rate Wahiawa Soil Paaloa Soil Lualualei Soil

500mgIL 0.559 2.448 3.096

1000 mgfl 0.36 1.272 2.736
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Table 3.3 The parameters used in the LEACHM-N model.

Corn Field Corn field Pineapple field Sugarcane Field

Nov., 1993 - Mar., 1994 May, - Sept., 1994 Sept., 1993 - Nov., 1994 June, -Dec., 1994

Dispersivity (mm) 150 "150 150 150

Total Plant Uptake (kg/ha) 100 100 100 100

Hydraulic Characteristics* (Layer I: 0 - 533, Layer II: 533 -838, Layer III: 838 - 1295, Layer IV: 1295 - 1524 mm.)

I: -2.34 I: -2.34 I: -2.34 to -2.65 I: -0.541 to -0.892

a II: -2.24 II: -2.24 II: -2.23 II & III: -1.51

III: -4.89, IV: -2.23 III: -4.89, IV: -2.23 III & IV: -4.89 IV: -4.84

I: 6.577 I: 6.577 I: 6.577 to 6.777 I: 6.178 to 7.205

b II: 7.685 II: 7.685 II: 7.685 II & III: 12.0

III: 12.0, IV: 7.685 III: 12.0, IV: 7.685 III & IV: 12.0 IV: 12.0

I: 1630.0 I: 1630.0 I: 860.0 - 1800.0 I: 1656.0 to 1108.0

Ks (mm/day) II: 60.5 II: 60.5 II: 60.5 II & III: 380.0

III: 178.6, IV: 60.5 III: 178.6, IV: 60.5 III & IV: 178.6 IV: 52.0

Hydrolysis Rate (l/day) 0.36 0.38 0.56 0.56

Nitrification Rate O/day) 0.15 0.25 0.2 0.2

Dentrification Rate O/day) 0.07 0.07 0.07 0.07

Adsorption Coefficient (dm3/kg)

Ammonium 3.5 3.5 3.5 3.5

Nitrate 0 0 0 0.55

* Soil-water retention function is described by Hutson and Cass's model (1987). a and b are fitting coefficients, Ks is saturated conductivity.



The continuity equation of soil water movement in the vertical direction is:

ae _ <lq
at - - dz '

(4-7)

(4-8)

where both q and z are positive in the downward direction.
By integrating both sides of equation (4-8) from the soil surface to the depth of the root zone

4, the water balance equation is expressed as:

SOLr ~~ dz = -SoLr~ dz

Lr a~te] = ql z=O - ql z=Lr = P + I - R - qt - ET (4-9)

where P, I, R, and ET represent the precipitation, irrigation, runoff, and evapotranspiration rates
(em/day).

Inserting (4-9) and (4-7) into (4-6), the solute conservation equation can then be written as:

," ,~'Io ,':'

dE[c]
(LeE[e)) dt + (P + I - R - ET) E[c] + (Ct - E[c)) qt = Cin qin ± q> (4-10)

If we assume that the average concentration in the root zone is equal to the concentration at the
bottom of root zone at a given time, equation (4-10) can be further simplified as:

- dCt
(Lee) dt + (P + I - R - ET) Ct = Cin qin ± q>

in which,

e = E[e],

the expected value of e.

(4-11)

4.3. A Lumped-Parameter Model for Nitrogen Leaching

The nitrogen cycle in the unsaturated root zone is very complex. Many factors may affect the
amount of nitrate leaching down to the groundwater table, including the form of nitrogen in the
applied fertilizer (Green, 1981).

In recent years, a liquid fertilizer UAN-32 (containing both urea and ammonium nitrate) has
been applied on agricultural lands in Hawaii. It is important to understand the interrelated physical
and bio-chemical processes affecting nitrate leaching. Under field conditions, the main processes
that affect the amount of N03 leaching below the root zone are water movement, nitrogen
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transformations, plant root uptake, and adsorption. The diagram in Figure 4.2 shows the major
fate pathways of nitrogen in the root zone.

The transformations of nitrogen species are described by the first order kinetics, which is
used widely in many modeling studies as an acceptable approach. The ion adsorption is assumed to
follow the linear adsorption isotherm. Although a non-linear adsorption relationship has been
observed under high concentration conditions, it is found that the linear isotherm approach can
realistically describe solute adsorption in a field soil where a dilute fertilizer solution is commonly
applied.

Plant uptake is a very complicated process involving factors of crop, environment and
cultivation. In this study, the modified Nye's equation (1966) is adopted to describe the
relationship between the solution concentration of a given nutrient and its uptake by plant roots.
The rate of uptake Jup (mgldm3/day) can be written in terms of a quantity over the entire root zone
per unit time:

(4-12)

where m is a lumped root demand coefficient (l/day).
Although the undecomposed urea molecule may be absorbed in its native state by plant roots

or leaves, the ionic species of nitrogen are more important in plant nutrition because of the rapidity
of urea hydrolysis and nitrification in moist warm soils. As a result, the influence of plant uptake is
only considered in the form of ammonium and nitrate in this study. Substituting equation (4-12)
into equation (4-11) and defining qo (cm/day) as qo =R + 1- R - ET, the mass conservative
equations for urea, ammonium and nitrate are expressed as:

- Qilll -
(L~) + qo U = qin Uin - kl (LeaD)

dt

- ~ -
(L~)' dt + qo N = qin Nin + k2 (LeaA)

c1ili1 -
- (Lr Ph KiN) <k - (k3 + 112) (L~N)

(4-13)

(4-14)

(4-15)

Here U, A and N are concentrations of urea, ammonium and nitrate in solution (mg/dm3), kl, k2
and k3 are the first-order transformation rate constants (l/day), J.11 and J.12 are the lumped root
demand coefficients, or uptake rate constants of ammonium and nitrate (l/day). After the crop
reaches maturity, J.11 and J..L2 can be considered as zero. Ph is soil bulk density (kg/dm3), I<dA and
I<dN are the distribution coefficients regarding ammonium and nitrate adsorption (dm3/kg), KH is
the Henry's Law constant, and E is the gas filled soil porosity (E =as - a).

Non-continuous fertilizer applications through a plant growth season are described by a step
loading function: fx(t). If X represents urea, ammonium, and nitrate, then

{
Ii Xi, when ti < t < ti + tpi , i = I, 2, ... , n

fx(t) = 0, elsewhere

4-4

(4-16)



with I represeneting the infIltration coefficient:

I . - ..9in..
I - -Lee

In equation (4.16) i is the number of application events, ti is the beginning time of each
fertilization; tp is the period length of an application and n is the total number of fertilizer
applications (Figure 4.3). If dry fertilizer is applied, ti is the time of frrst rainfall or irrigation after
the ith fertilization, and tp is the period length of the rainfall or irrigation.

If we defme attenuation rates for the transport of urea, ammonium and nitrate as AI, A2' and
A3 in the following forms:

this allows equation (4-13), (4-14) and (4-15) to be written in a simpler form as:

~+ ~l U = fu(t)

(4-17)

(4-18)

(4-19)

(4-20)

(4-21)

(4-22)

Where RFA and RFN are the retardation coefficients of ammonium and nitrate (dimensionless).

<

RFA = 1+ Pb ~A + E ~H
9 9

RFN = 1 + Pb ~N
9

The initial conditions are:

I Us Pb
U ~ = U(O) = -

9

I As Pb
A tSO = A(O) = -

9
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(4-24)
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I Ns Pb
N tSO = N(O) = 9 (4-27)

where U(O), A(O), and N(O) are initial concentration in the soil profile; Us, As, and Ns are average
initial concentration in the soil profile in mg/kg of dry soil.

In order to simplify the integra derivation, we introduce a new independent variable T and
restate equations (4-20), (4-21), and (4-22) as:

~+ A.I U = fu(T)

Qilil '\ N - fN(T) ..!L A
df + 1\,3 - RFN + RFN

(4-28)

(4-29)

(4-30)

where T =t - ti, I =1, 2, ..., n , so that before each fertilizer application, the residual component
of nitrogen fertilizer can be expressed as:

(4-31)

(4-32)

(4-33)

Equations of (4-28), (4-29) and (4-30) may be integrated through a Laplace transfonn:

(4-34)

(4-35)

(4-36)

Solving the equations above, the [mal solution for estimating concentration of nitrate as N at the
depth below the root zone can be written as Equation (4-37). The equation accounts for all the
major factors that affect nitrate leaching. It is called the lumped parameter model (LPM).

where

- CNi
NOi = N(ti) + RFN - CNAi - CNUi ,

4-6

t> lj, i =1, 2, ... , n (4-37)

(4-38)



U(ti) = [U(ti-I) + CUi-tl e-Jq(IHi-I> ,

The fertilization term is defmed as:

(4-39)

(4-40)

(4-41)

(4-42)

when t :5: to

when t > to .
(4-43)

In equation (4-43), we use: X =U, j = 1; X =A, j =2; and X =N, j =3. In the above
equations, JlI and Jl2 are zero before the date of planting and after harvest. The concentration of
N03-N in soil (mglkg) is:

Ns(t) =N(t) e
Pb

4.4. Input and Output of the Model

(4-44)

Because the objective of the LPM is not to provide a detailed concentration profIle, it is
developed from simplifIed conservation of mass and the input data of this model does not include
velocity parameters (e.g. hydraulic conductivity, dispersivity and soil-water flux) which are
required by most solute transport models. Usually the velocity parameters have a non-normal
distribution. Therefore extensive in situ sampling is needed to determine such parameters with
acceptable precision. It is often diffIcult to apply most solute transport models owing to the lack of
input data. The LPM provides an .alternative approach to estimate nitrate leaching based on limited
information. The input data of the LPM is listed as follows:

1. Monthly rainfall, irrigation and evapotranspiration, (inch)
2. Fertilizer applications, (lblA)
3. Soil parameters: soil-water content at fIeld capacity, bulk density, ~,
4. Crop data: dates of planting and maturity, root depth, rate constant of nitrogen uptake by

plants,
5. Transformation rates, (l/day)
The uptake rate constants can be determined by the available plant uptake curves. The uptake

rate of a given crop varies during the growing period. By comparing the uptake curves of com in
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different soils and locations (Figure 4.4.), it is found that the shape of the uptake curves is
determined by the stage of plant development. All the measurements are plotted by days after
planting, except the curve in Iowa, which is plotted by days after emergence. The uptake rate is
low during the fust month after planting. It increases rapidly during the second month of crop age.
During the last development stage, the uptake stops rising or starts to falloff. To simplify this
complex process, it is possible to use a lumped coefficient which accounts for many factors
affecting the nutrient absorption process. This lumped coefficient has a different value in each of
the different growing stages. The length of the growing stage is about 30 to 40 days for com. The
uptake rate constants of com are defined by fitting equation (4-9) to linear segments of the uptake
curves in Figure 4.4 to represent each growth stage. Similarly, the uptake of N by pineapple and
sugarcane is a function of the plant development stage. Because pineapple and sugarcane are ratoon
crops, the length of the development stage is about three months, which is longer than common
plant crops. The selected uptake curves of pineapple and sugarcane under different experimental
conditions are presented in Figures 4.5 through 4.8. The influence of the applied N on the total N
uptake rate is illustrated in Figures 4.9 and 4.10. These plots further confirm that uptake rate
depends on the stage of crop development. The uptake rate steadily increases in the early growing
stage and levels off after six months of age of sugarcane. A recent study of the relationship
between nitrogen fertilization and sugarcane growth (Anders, 1988) also reported results similar to
the investigators above.

The irrigation, fertilization and rainfall data were provided by the ICI Seed, Del Monte
Pineapple and Waialua Sugar companies. The N transformation rate constants and adsorption
coefficients Kd are the calibrated values ofLEACHM-N (Chapter Three), which are adapted from
the selected experimental studies in Hawaii.

The output of the LPM is the mean nitrate-N concentration as a function of time at the bottom
of the root zone. This result can provide reference information for fertilizer management. It also
can be used as the outflux of nitrate from the unsaturated zone for further modeling in the
groundwater aquifer. It is important to note that some caution should be taken in using the results
in this way because of the complicated nature of the unsaturated zone between the bottom of the
root zone and the very deep groundwater table (Figure 1.5). In central Oahu the nitrate escaping
from the root zone commonly will have to travel more than 100 meters to reach the groundwater
table. Deenik and Uehara's (1996) examination of core samples discovered that much nitrate is
retained in the deep subsoil in pineapple fields of central Oahu. A recent modeling study of
groundwater contamination in the Pearl Harbor aquifer also suggested a smaller nitrate
concentration at the bottom of the unsaturated zone than at the bottom of the root zone (EI-Kadi,
1996), although the recharge flow of the Schofield to the Pearl Harbor aquifer has a diluting effect
on the concentration.

4.5. Results and Discussion

Simulations of the LPM have been compared with two well-developed numerical models and
field data. Figures 4.8 and 4.9 show the comparison of LPM with the CERES-Maize model.
CERES-Maize is a well-developed one-dimensional numerical model. It has been validated by
many investigators (Otter-Nacke et al., 1985; Singh, 1985; Liu et al., 1989; Carberry et al., 1989;
Bowen et al., 1993). The model was designed to predict and evaluate the development of maize in
response to fertilization and other environmental factors. The soil profile in the simulation is
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divided into discrete layers and mass balance is applied to each layer. Instead of using a CDE
approach, the CERES-Maize integrated the simple displacement including various N
transformations in each layer to describe the nitrate transport.

The prediction of total nitrate in the soil profile by the LPM is compared with simulation
results of the CERES-Maize (Singh,' 1985) in a Waipio com (Figure 4.8). The three nitrate
concentration peaks of the simulation are the result of three urea fertilizer applications during the
planting season. The lag in the occurrence of peaks calculated by the LPM in response to
fertilization is more realistic because it takes about 10 days to convert urea to nitrate by hydrolysis
and nitrification under favorable field conditions. The accumulation of nitrate in the soil profile
during the early stage of com development is attributed to the low uptake ability of the young
plants. The comparison indicates that the LPM can represent the change of nitrate concentration in
the root zone in response to plant growth, N transformations, climate, and fertilizer applications.
Similarly, the comparison of the two models in Brazil shows a good agreement (Figure 4.9). The
field data has been used in the validation of the CERES-Maize model by Bowen et al (1993). One
fertilization of urea was applied during the experiment, at the beginning of the planting season. The
LPM provides a better fit to the field data than the CERES-Maize model.

The LPM is also compared with the LEACHM model and field data for three cropped fields
on Oahu (Figures 4.10 through 4.13). The parameters obtained from calibration and validation of
LEACHM-N are used in the LPM. Soil nitrate concentration (on the basis of dry soil) at the depth
below the root zone changed with time depending on fertilization, plant growth, climate and other
factors. Figures 4.10 and 4.11 show a comparison of the two models with field data over two
planting cycles in the ICI com field. Overall the simulation results of both models fall within the
range of the field data, however the LPM provided a better fit to the median of the field data than
LEACHM. Similarly for pineapple, the LPM also shows a better agreement with field data than
LEACHM during the 13 months of the simulation (Figure 4.12). Because the crop uptake
submodel (Watts and Hanks, 1978) that the LEACHM used was developed for com, its uptake
curve may not be suitable for ratoon plants which have a long growing period. The increase of
nitrate concentration at the depth of the root zone before the plant crop harvest is partly due to the
decreased uptake rate of pineapple during the ripening period (Figure 4.5). The efficiency of
nutrient assimilation is inhibited by the decline in requirement by plants. In a Waialua sugarcane
field, hydro-urea fertilizer was applied during the first six months after planting. The nitrate
concentration measured in the soil was the result of a series of fertilizations, N transformations,
plant assimilation and other processes. Figure 4.13 shows that the LPM also performs very well in
the case of the Waialua sugarcane field.

4.6. Limitations of LPM

The LPM is an analytical model developed from a simplified mass continuity equation. The
mean concentration over the root zone is introduced and the change of this concentration with time
is only affected by solute influx and outflux as well as the sinks and sources. The model is not
designed for prediction of the concentration profIle a.'1d can not be used for tracer test simulation in
a laboratory experiment.

The model cannot address the spatial variation of soil properties and hydraulic properties, and
diffusion and dispersion flux are ignored in the development of the model. Although the nitrate
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leaching simulated by the model is responsive to plant growth, the model does not provide any
infonnation regarding crop yields.

4.7. Conclusions

Although many sophisticated leaching models can provide detailed infonnation about the
nitrate leaching process and concentration profile, the input data requirements of those models
often hinder their application. Because spatial variability is associated with the velocity parameters
(hydraulic conductivity, dispersivity) required by those models, incorrect input data may cause
large errors in the simulations. A simple analytical model developed here, LPM, using soil capacity
coefficients (mean water content under drainage conditions, soil bulk density) and limited input
infonnation, provides an alternative approach for the estimation of nitrate leaching from agricultural
lands. The model has been tested against field soil samples and the numerical models CERES
Maize and LEACHM-N. The accuracy of the simulation results is appropriate for management
purposes.
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ICI corn field: May - Sept., 1994
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Del Monte pineapple field: Sept., 1993 - Nov., 1994
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Waialua sugarcane field: June - Dec., 1994
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Chapter 5
UNCERTAINTY ANALYSIS

The methodology developed in this study is to estimate nitrate leaching from agricultural
lands needed for analysis of groundwater contamination. Two modeling approaches are evaluated
and applied for simulating the nitrate outflow from the root zone. In order to apply these
approaches for predictions or use the result of those simulations for further modeling studies of the
saturated zone, various uncertainties involved in the development of the methodology should be
recognized. In this chapter, the sources of uncertainties are identified and the impact of these
uncertainties on the results of the simulations of nitrate leaching is discussed. The major
uncertainties are classified in Table 5.1.

5.1. Uncertainty Due to Spatial Variation

Uncertainty caused by spatial variability of a geologic medium.has been long recognized. The
heterogeneous nature of solute transport in the unsaturated zone can be described by a three
dimensional CDE model, within a deterministic approach. Parameters of the model are assumed as
values known that vary spatially in the simulation domain. Therefore, a great quantity of field
measurements are needed to estimate each of the parameters or coefficients used in the model with
an acceptable accuracy. Owing to difficulties in obtaining required data on a field scale, the 3-D
deterministic models are seldom applied for predicting solute transport in the unsaturated zone
under field conditions. Alternatively, stochastic transport models, which represent spatial
variability statistically, can predict solute transport in a large-scale unsaturated zone using data
obtained from small-scale field tests. The spatial variation in a parameter or coefficient is described
by its mean, standard deviation, and probability distribution. The recently developed stochastic
approaches, including geostatistics, the effective parameter approach, the Monte Carlo approach,
and conditional simulation were evaluated by Yeh (1995). The stochastic models can quantify
uncertainties in the prediction, however they are often not validated under field conditions. In
contrast to one dimensional deterministic approaches which are widely used in agricultural practice
and environmental management, the stochastic models have not been developed as field
management tool. Thus they are generally limited to theoretical research. In addition, Yeh (1995)
pointed out in his review that the uncertainties estimated by the stochastic models are themselves
uncertain, although the estimates of uncertainties in the simulation or prediction may benefit a
decision-making purpose. '

A one-dimensional deterministic approach has been widely used for simulating pesticide and
fertilizer leaching beneath agricultural lands. Many I-D transpOrt models have been improved for
use as management tools. The drawback of this approach is its limitation in addressing spatial
variation in parameters. However for the purpose of a large-scale regional groundwater study, a
specific agricultural area only comprises a small portion of the entire watershed. For example, in
groundwater modeling, the aquifer is usually divided into meshes. An individual area of crop land
or land used for other purpose may only occupy one mesh segment. In this case, a I-D model is an
appropriate approach for estimating mean leaching fluxes of chemicals from the different land-use
areas to the aquifer.
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5.2. Uncertainty Due to Various Input Data

The uncertainties in the input data of climate and agricultural practice affect the accuracy of
prediction by nitrate transport models. Data on rainfall, evapotranspiration (ET), and runoff is very
important for modeling soil water movement and nitrate transport. The convection of nitrogen
species and N transformation are greatly affected by soil moisture and soil water movement. Heavy
rainfall after an application of fertilizer leads to downward leaching of nitrate. On the other hand,
small rainfall and a high ET may result in the accumulation of nitrate near the soil surface. ET is a
quantity that represents the total water escaping from the soil through the processes of evaporation
and transpiration. Practically, ET can not be measured directly under field conditions owing to
variations in environmental factors, such as net radiation, wind, humidity, and vegetation. It may
contribute larger uncertainty than rainfalls which can be measured directly in the field. Uncertainty
rises in rainfall input when only average monthly or weekly rainfall data is available. The finite
difference approximation of Richards' equation in the CDE models often uses small time intervals,
so that daily rainfall data are required for simulating soil water flux. When the daily rainfall is
substituted by average monthly or weekly rainfall data, error will be produced in simulating soil
water movement. Runoff does not pose a problem in this study because the slope of the
agricultural lands in the investigated area is very small (0-3°) (USDA, 1972) and average annual
rainfall is relative low (127 cm) (Taliafero, 1959).

Fertilizer application methods may lead to some uncertainty in the actual rate of fertilizer
infiltrating the soil. Nitrogen fertilizer is applied through a drip irrigation system in com and
sugarcane fields. The spatial variation of the application is <;lifficult to simulate using a I-D model.
In pineapple fields, foliage spray is applied because non-ionized urea is absorbed directly through
pineapple leaves. Interception of fertilizer increases as pineapple grows. This will affect the amount
of fertilizer that enters the soil.

5.3. Uncertainty Due to Simplifications
in the Development of Models

Modeling of water and solute movement in the unsaturated zone has to rely on a number of
assumptions due to constraints of database, time, and budget. The major assumptions of the
physically-based models (LEACHM-N and LPM) in this study include the first-order kinetics for
nitrogen transformations and a linear adsorption isotherm relationship for both models, a
hydrodynamic dispersion approach in LEACHM-N, and introduction of "complete mixing"
assumption within the root zone in the LPM.

Adsorption describes the retarding effect on the transport of a solute in a medium. This term
can be derived from a batch test. The mathematical equations of adsorption isotherms are
developed by fitting the experimental data to a model. Although it is expected that a linear
adsorption isotherm will overestimate sorption ofammonium for high solute concentrations, field
experiments suggest that the linear relationship is acceptable for a field soil (Khan et al., 1981).

The dispersion process describes mixing caused by diffusion and by random variations of the
local velocities from their mean value. The COE approach defines the dispersion component by
assuming the dispersive mass flux to be proportional to the concentration gradient, similar to
Fick's law of molecular diffusion. The calibration of the dispersion term is still limited to a
laboratory scale. It is very difficult to evaluate the accuracy of the approach due to the impracticality
of field experiments on a large scale.
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Uncertainty associated with the assumption of first-order kinetics is difficult to assess due to
the complexity of nitrogen transformation processes. The major uncertainty in first-order kinetics is
that the reaction rate constant does not change with time, which may not be valid because many
environmental factors involving in nitrogen transformations are not constants with time. A more
sophisticated approach, biomass-based kinetics, can provide a better description of the bio- .
chemical reactions between nitrogen species and soil over the entire time course of change. The rate
of N transformations in this type of model is limited by the biological conditions. However, the
parameters required by this type of model are very difficult to obtain, and as a result, uncertainty is
produced by the unknown nature of biomass and the related parameters under field conditions. To
date, first-order kinetics has been most widely applied in the solute transport models. Many
modeling and experimental studies have reported that the assumption of first-order kinetics is
acceptable for low solute concentrations case (McLaren, 1970; Misra et aI., 1974; Starr et al.,
1974; Wagenet, 1975; Wagenet et al., 1976, 1977; Khan et al., 1981, 1986).

It is difficult to assess the uncertainty due to the introduction of a depth-independent mean
concentration over the root zone in the LPM. It is expected that this approach is reasonable
approximation under the following conditions:

1. depth of the root zone (unsaturated zone) is small compare to the saturated thickness,
2. the simulation is performed for a long-term period.
Although the model is not able to predict the concentration profile, it would provide

reasonable estimates of nitrate leaching in response to N transformations, plant uptake, and
fertilizer applications using only limited input data. The accuracy may be adequate for the purposes
of field management and a further modeling study in groundwater contamination.

5.4. Uncertainty Due to Modeling Parameters

In general, the structure of the unsaturated root zone is very complex and data on soil profIle
properties is usually limited and highly uncertain. For example, owing to the difficulties in
obtaining parameters on a field-scale, most of modeling studies use a trial and error method to fit a
value for the dispersion coefficient in the CDE by comparison between model output and field
measurements. The dispersion coefficient as measured in a laboratory experiment is of little use for
the simulation in a large-scale. This leads to an uncertainty of prediction for different boundary or
other conditions in the future. Green et al. (1988) listed hydrological and soil-property parameters
needed for the CDE models. They concluded that most parameters are poorly defmed by soil
surveys. In this section, uncertainties due to various parameters in the CDE models and their
impact on the simulation results are evaluated by a sensitivity analysis.

The variation in the LEACHM-N simulation results caused by uncertainty of one parameter is
defmed as:

Variation = Nitratemax (XI, X2, ... , Xn) - Nitratemin (XI, X2, ... , Xn) (5-1)

where Xl, x2, .... ,xn are selected values of one parameter within the plausible range reported in
the literature. Nitratemax and Nitratemin are the maximum and minimum of the simulation outputs
of the model (N03-N concentration in the basis of oven-dry soil in mg/kg or cumulative nitrate loss
in drainage in kglha). Each simulation run over the entire crop season has a series of outputs on the
sampling dates which illustrate the effects of uncertainty in each parameter.
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The impact of uncertainty in denitrification is not evaluated in the sensitivity analysis. The
LEACHM-N model allows denitrification'to occur only when organic carbon materials are present
as an energy source. There is no manure applied in the investigated sites, and data on litter-N,
humus-N and feces-N were not available for this study, therefore the initial contents of biomass
were set to zero. As a result, denitrification was not included in the simulation.

Tables 5.2, 5.4, 5.6, and 5.8 show the results of the sensitivity analysis of various
parameters in the simulation of N03-N concentration distribution over a growth season in different
cropped fields. Tables 5.3, 5.5, 5.7, and 5.9 represent the variation in nitrate loss in drainage
caused by the uncertainty in the parameters. Uncertainty in the dispersivity and hydraulic
characteristics exhibit a strong impact on both the distribution of nitrate concentration and the
cumulative nitrate loss in drainage because these parameters directly control the simulation of water
movement. The reliability of hydraulic properties affects the accuracy of simulation results to a
considerable degree. It is recommended that a field experiment to measure hydraulic conductivity
and water retention relationships be conducted before the use of the LEACHM-N model. A greater
magnitude of variation in simulation results due to uncertainty in the dispersivity and hydraulic
characteristics was found in the ICI com field than in the pineapple and sugarcane fields - probably
because of higher nitrate content in the soil and greater irrigation in the ICI com field. Although the
influence of dispersivity on the nitrate proftle can be observed through the entire planting season in
these three cropped fields (Tables 5.2, 5.4, 5.6, and 5.8), this effect did not become visible on the
cumulative nitrate leaching until the late stage of the plant development (Tables 5.3, 5.5, 5.7, and
5.9). This might be due to the interaction among plant uptake, nitrogen transformation, and nitrate
distribution during the period of plant growth. After the plant became mature, the nitrate content
present in the root zone mainly depends on the leaching process.

Similarly, the influence of uncertainty in the plant uptake rate on nitrate transport is associated
with various factors and the infiltration rate. For example, no variation in the cumulative nitrate
loss in drainage due to uncertainty in the plant uptake rate was observed during the first six months
of the crop season in the sugarcane field (Table5.9). Although the different uptake rates changed
the amount of nitrate in the soil proftle (Table 5.8), a low inftltration rate and other factors (such as
adsorption) might limit the amount of nitrate that escapes from the root zone. The cumulative nitrate
content in the soil will leach out of the root zone under conditions of high inftltration. The nitrate
leaching is prone to increase during the late stage of plant development when water movement
becomes the dominant process. This can be observed in Table 5.3.

Uncertainty in adsorption coefficients of nitrate showed a significant impact on the simulation
results. In general, nitrate is very leachable in the root zone. The plausible range of adsorption
coefficients for nitrate is smaller than the range of values used in the sensitivity analysis in this
study. The variation in the simulation caused by uncertainty in the adsorption coefficient will
decrease when a narrower range of values ,is used in the model.

Variations in the nitrate leaching caused by uncertainty in the hydrolysis and nitrification rate
constants are not significant. It is expected that nitrate loss in drainage will increase when
hydrolysis and nitrification rates increase (Khan and Green, 1980). However the influence of
transformation processes on nitrate transport does not follow a linear relationship. The magnitude
of the variations in nitrate leaching due to different values of transformation rates depends on
inftltration rate, plant uptake, and adsorption. The interaction of these various processes may
weaken sensitivity of the system to the different transformation rates. For example, at a high
hydrolysis rate urea is rapidly converted into ammonium. This result may not necessarily lead to
higher nitrate leaching because more ammonium may be retained in the soil by adsorption or
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assimilated by the plant. In addition, small values of transfonnation rates may not produce an
apparent difference in the nitrate leaching simulation results.

Although uncertainties in modeling parameters affect the reliability of the simulation or
prediction results, this drawback can be compensated by performing sensitivity analysis which can
provide infonnation on the uncertainty range in the modeling results. Quantification of uncertainty
in the simulation results can be useful for purposes of decision making. The accuracy of modeling
results can be improved by studying historical data and making field measurements of some
parameters, such as plant uptake relationships and soil and hydraulic properties.

5.5. Uncertainty Due to Complexity of Unsaturated Zone in Hawaii

The conventional approach is to treat nitrate as a conservative salt after it passes the root
zone. The amount of nitrate leaching out of the root zone is often considered to enter the
groundwater aquifer without decay and retardation. Owing to the great depth of most basal aquifers
in Hawaii, complications in the large distance between the bottom of the root and the top of the
saturated zone lead to uncertainty in the actual leaching potential of nitrate to the aquifer. It is .
believed that a considerable amount of nitrate is retained in the subsoil and the saprolite layer. This
hypothesis has been continned by Deenik and Uehara's (1996) laboratory analysis of soil samples
and the modeling of the Pearl Harbor aquifer that is done by this study (see Chapter 6). Deenik and
Uehara discovered a great quantity of nitrate in the subsoil of four pineapple fields in central Oahu.
Comparing modeling results with well data in the Pearl Harbor aquifer, the results in Chapter6
suggests that the concentrations of nitrate above the water table is a small fraction of those right
below the root zones of the ICI com fields and the Del Monte pineapple fields in Kunia.

;:, Very limited geological infonnation about this gap zone is available. Deenik and Uehara
:(1996) suggested the adsorption of nitrate by positively charged iron and aluminum oxides is the
;tnain factor that retards the migration of negatively charged nitrate below the root zone. They
believe that the net positive surface charge of oxide minerals is developed when the soil pH is
lower than the zero charge point, which is defined as the pH where the net surface charge of
colloids is zero. They conclude that nitrate is leachable in the root zone, but less mobile in the
subsoil where the zero point of net charge is generally high due to the extensive hydration of
abundant iron and aluminum oxides and little organic content. A low zero point of net charge in the
root zone is attributed to relative high content of organic matter, thus soil colloids mostly carry net
negative surface charge.

Another explanation was proposed by Miller et al. (1988). They suggested that micropores
and the presence of the clay minerals kaolinite or halloysite are contributors to the retardation of
chemical leaching in the subsoil and saprolite layers. They reported that the hydrogeologic
conditions of the unsaturated zone in central Oahu are extremely heterogeneous. Saturated
hydraulic conductivities were found ranging over six orders of magnitude 00-3-10-8 m1sec) in
their investigation. Their results showed that over half of the population of pores consists of
micropores which hold "immobile" water. They also found a close correlation between the
presence of the clay minerals kaolinite or halloysite and pesticide residues in the subsoil and
saprolite layers via mineralogical analysis. They concluded that these clay minerals may have
entrapped chemical solutes within their hollow mineral structure.

The crystal structure of minerals also affects ion exchange between the solute and a solid
surface. Clay minerals with a high surface area carry a net negative charge and expel negatively
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charged solute. Some clay minerals have a low surface area, the broken edges of those mineral
usually develop net positively charged sites which favor anion exchange. Mineralogical evidence
indicates that kaolinite and halloysite are dominant minerals in the saprolite layer (Miller et al.,
1988). Kaolinite and halloysite have a low surface area. Their anion-exchange capacity can lead to
the adsorption of nitrate to the positively charged sites on the edges of the minerals.

In the formation of unweathered basalt beneath the saprolite layer (Figure 1.5), the
permeability is very high. The retardation effect on nitrate transport can be considered to be small.
Therefore uncertainty in adsorption of this layer may not have a significantly effect on the
simulation of nitrate leaching.

5.6. Conclusions

The accuracy of modeling results depends on (1) the ability of the model to represent the
system, and (2) the sensitivity of the system to different processes that vary spatially and
temporally. It is necessary to quantify uncertainties involved in the modeling approach and to
interpret the modeling results correctly for the purposes of decision making and further modeling
study of groundwater contamination. The sensitivity analysis performed in this chapter showed
that hydraulic properties, plant uptake, and dispersivity are very important to achieve reliable
simulation or prediction by LEACHM-N. It is recommended to measure hydraulic conductivity and
water retention relationships under field conditions before the use of the model. A historical record
of a specific plant growth and nutrient assimilation of the plant can provide reasonable data for
modeling plant uptake process. Dispersivity can be obtained by calibration of model in a specific
soil. Although a considerable effect of uncertainty in nitrate adsorption exhibit on nitrate transport
in the sensitivity analysis, many investigators (Ayres, 1955; Kanehiro et aI., 1960; Green, 1981;
Deenik and Uehara, 1996) and the sampling results in the present study suggest that anion
adsorption is not a principal factor that affects nitrate leaching in the root zone in central Oahu. The
relatively high content of organic matter in the root zone may favor a net negative surface charge on
soil colloids, which contributes to the leachability of negatively charged nitrate. In contrast
however, retardation of nitrate plays a dominant role in nitrate leaching below the root zone in
central Oahu. Only a small fraction of the nitrate leaching from the root zone finally reaches the
groundwater (El-Kadi, 1996; Deenik and Uehara, 1996). Although different explanations (Miller
et al., 1988; Deenik and Uehara, 1996) have been presented for the sorption process in the thick
unsaturated zone in central Oahu, a retardation factor should be considered for applying the results
of nitrate outflow from the root zone simulated by LEACHM-N and LPM to modeling studies in
the satUrated zone.
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Table 5.1 Sources of uncertainties in modeling nitrate leaching.

Uncertainty due to spatial variation:

1. Heterogeneity of hydrologic properties

2. Variation in pore size distribution

3. Non-uniformity of plant root distribution and space-time uptake details

Uncertainty due to various input data:

1. Rainfall data

2. Irrigation data

3. Potential evapotranspiration

4. Fertilization (quantities, timing, spatial variation)

Uncertainty due to simplifications in the development of models:

LEACHM-N

,,;~

1. The first-order kinetics for N transformation

2. Linear adsorption isotherm relationship

3. Hydrodynamic dispersion approach

Uncertainty due to modeling parameters:

1. Dispersivity

2. Plant uptake relationship

3. Hydraulic Characteristics

4. Rate constants of N transformations

5. Adsorption coefficients

Same

Same

Depth-independent mean
concentration over the root zone

Uncertainty due to complexity of unsaturated zone in Hawaii:

1. Soil and hydrogeological properties of subsoil

2. Soil and hydrogeological properties of the saprolite layer

3. Hydrogeological properties of unweathered basalt layer
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Table 5.2 Variation in nitrate distribution in soil (mg/kg) caused by uncertainty
in the parameterst. (ICI Com field: Nov., 1993 - Mar., 1994)

11/24/93 1216193 12/22/93 1/19/94 2/24/94 3/30/94
Dispersivity

Depth (0 to 1500 mmlday)

38mm 17.54 3.6 22.2 14.47 16.38 14.53

500mm 4.9 5.5 6.1 12.3 14.18 13.67

l100mm 0.7 7.5 lO.6 14.9 4.1 1.8

1400mm 0.2 0.2 4.2 I lO.7 11.5 6.9

Uptake Rate
Depth (80 to 200 k Uha)

38mm 0 0.2 2.8 5.94 1.56 1.22

500mm 0 0.5 6.2 12.7 4.2 2.97

l100mm 0 0 0 0.3 7.6 7.1

1400mm 0 0 0 O~1 5.9 6.5

Hydraulic Characteristics*
Depth (Four different water retention curves)

38mm 4 6.6 5.2 2.92 2.04 1.6

500mm 5.6 6.2 8.4 5.7 6.95 5.1

llOOmm 7 13.2 12.3 18.2 16.3 14.4

1400mm 7.1 9 7.5 11.3 18.3 16.8

Hydrolysis Rate
Depth (0.36 to 3.6 I/day)

38mm 0.6 1.1 0.2 0.1 0.04 0.04

500mm 0.2 0.3 0.3 0.1 0.1 0.1

1100mm 0 0 0.1 0.1 0 0

1400mm 0 0 0 0 0.1 0.1

Nitrification Rate
Depth (0.15 to 1.5 lIday)

38mm 0.5 2.6 1.9 0.4 0.11 0.05

500mm 0.4 0.4 0.5 0.6 0.13 0.01

lloomm 0 0 0.1 0.2 0.3 0.3
1400mm 0 0 0 0 0.3 0.3
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Table 5.2 (cont.)

11/24/93 1'lJ6/93 1'lJ2'lJ93 1/19/94 2/24/94 3/30/94

Ammonium Adsorption Coefficient
Depth ( 0 to 6.5 dm3/kg)

38rnm 3.3 6.1 15.3 5.36 1.33 0.97

500 rnm 0.3 1 1.2 5.5 2.66 2.02

1100 rnrn 0 0 0 0.3 3.8 3.8

1400 mm 0 0 0 0.1 2.9 3.3

Nitrate Adsorption Coefficient
Depth (0 to 3.5 dm3/kg)

38 rnm 8.7 32.3 48.5 63.8 32.17 28.71

500 rnrn 7.1 3.9 3.4 4.4 19.3 21.72

1100 rnm 3 12.7 16 18.3 5.3 10.5

1400 rnrn 0.1 0.4 5.6 17.4 3.1 8.6

t The values in this table are variation in N03-N concentration, Le. (N03)max - (N03)min.

* Hydraulic Characteristics as described by Hutson and Cass's model (1987).

runl: (Homogeneous) a=-2.23; b=7.69; Ks=60.5 rrun/day

run2: (Homogeneous) a=-4.89; b=12.0; Ks=2oo rrun/day

run3: (Homogeneous) a=-2.34; b=6.58; Ks=15oo rrun/day

run4: (Heterogeneous) a, b, and Ks change with depth (see Table 3.3)
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Table 5.3 Variation in nitrate leaching (kglha) caused by uncertainty in the parameterst.
(ICI Corn field: Nov., 1993 - Mar., 1994)

11/24/93 12/6/93 12/22/93 1/19/94 2/24/94 3/30/94

Dispersivity

(0 to 1500 mm/day) 0 0 0.001 2.062 135.99 164.07

Uptake Rate

(80 to 200 k~/ha) 0 0 0 0.001 20.59 167.77

Hydraulic Characteristics*

I(Four different water retention curves' 4.42 25.28 72.15 157.47 198.06 167.77

Hydrolysis Rate

(0.36 to 3.6 Ilday) 0 0 0 0 0.6 0.77

Nitrification Rate

(0.15 to 1.5 1/day) 0 0 0 0.001 1.57 2.273

Ammonium Adsorption

(KdA: 0 to 6.5 dm31k~) 0 0 0 0.001 9.11 16.13

Nitrate Adsorption

(KdN: 0 to 3.5 dm31k~) 0.006 0.01 0.023 10.26 290.7 351.34

t The values in this table are the variation in the cumulative nitrate loss in drainage (kglha),

i.e. (N03 leaching)max - (N03 leaching)min.

* Hydraulic Characteristics as described by Hutson and Cass's model (1987).

runl: (Homogeneous) a=-2.23; b=7.69; Ks=60.5 mm1day

run2: (Homogeneous) a=-4.89; b=12.0; Ks=200 mm/day

run3: (Homogeneous) a=-2.34; b=6.58; Ks=1500 mm1day

run4: (Heterogeneous) a, b, and Ks change with depth (see Table 3.3)
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Table 5.4 Variation in nitrate distribution in soil (mglkg) caused by uncertainty
in the parameterst. (ICI Com field: May - Sept., 1994)

6nl94 6128/94 7/19194 8/18/94 9/8194
Dispersivity

Depth (0 to 1500 mmldav)

38mm 7.69 1.1 12.2 9.32 10.38

500mm 0.9 6.8 11.08 7.05 3.74

lloomm 0.5 10.6 9 7.9 7.2

1400mm 1.2 4 10.2 13.6 13.6

Uptake Rate
Depth (80 to 200 kg/ha)

38mm 0 1.2 8.3 5.75 6.188
500mm 0 1.1 8.6 12.38 11.95

lloomm 0 0 0 0.3 0.6
1400mm 0 0 0 0 0.1

Hydraulic Characteristics*
Depth (Four different water retention curves)

38mm 0.68 2 2.3 1.16 1.15
500mm 2.4 2.6 4.23 1.5 1.98

lIoomm 2.3 8 12.1 14.1 14
(

1400mm 6.2 6.1 9.1 14 14.6

Hydrolysis Rate
Depth (0.36 to 3.6 I/da\ )

38mm 0 2.9 0.8 0.14 0.13
500mm 0 0.3 0.19 0.1 0.1

Iloomm 0 0 0 0 0.1
1400mm 0 0 0 0 0

Nitrification Rate
Depth (0.15 to 1.5 l/da'l)

38mm 0.03 2.1 0.6 0.31 0.22

500mm 0 0.9 1 0.6 0.3

lloomm 0 0 0 0.1 0.2

1400mm 0 0 0 0 0
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Table 5.4 (cont.)

11/24/93 12/6/93 12/22/93 1/19/94 2/24/94

Ammonium Adsorption Coefficient
Depth (0 to 6.5 dm3lkg)

38mm 0.07 6.7 10 2.94 2.92

500 inm 0.2 0.2 0.08 3.36 3.8

1100mm 1.9 0 0 0 0

1400mm 0 0 0 0 0

Nitrate Adsorption Coefficient
Depth (0 to 3.5 dm31k~)

38mm 1.87 27.2 44.8 33.57 28.37

500mm 0.3 1.4 3.31 6.98 6.83

1100mm 22 6.1 5.1 3.9 2.8

1400mm 0.9 0.9 7.3 7.9 5.9

t The values in this table are variation in N03-N concentration, i.e. (N03)max - (N03)min.

* Hydraulic Characteristics as described by Hutson and Cass's model (1987).

run1: (Homogeneous) a=-2.23; b=7.69; Ks=60.5 mm1day

run2: (Homogeneous) a=-4.89; b=12.0; Ks=2oo mm1day

run3: (Homogeneous) a=-2.34; b=6.58; Ks=15oo mm1day

run4: (Heterogeneous) a, b, and Ks change with depth (see Table 3.3)
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Table 5.5 Variation in nitrate leaching (kg/ha) caused by uncertainty in the parameterst.
(ICI Com field: May - Sept., 1994)

6/7/94 6/28/94 7/19/94 8/18/94 9/8/94

Dispersivity

1(0 to 1500 mm/day) 0 0 0.2 5.33 11.54

Uptake Rate
1(80 to 200 kg/ha) 0 0 0 0.001 0.007

Hydraulic Characteristics*
(Four different water retention curves) 3.54 33.92 79.54 107.84 111.3

Hydrolysis Rate
(0.36 to 3.6 lIday) 0 0 0 0 0.001

Nitrification Rate
(0.15 to 1.5 lIday) 0 0 0 0.003 0.003

Ammonium Adsorption
(KdA: 0 to 6.5 dm31k~) 0 0 0 0 0.001

Nitrate Adsorption
(KdN: 0 to 3.5 dm31k~) 0.007 0.014 0.73 14.52 28.31

t The values in this table are the variation in the cumulative nitrate loss in drainage (kglha),

Le. (N03 leaching)max - (N03 leaching)min.

* Hydraulic Characteristics as described by Hutson and Cass's model (1987).

runl: (Homogeneous) a=-2.23; b=7.69; Ks=60.5 mm/day
run2: (Homogeneous) a=-4.89; b=12.0; Ks=200 mm/daY
run3: (Homogeneous) a=-2.34; b=6.58; Ks=1500 mm/day

run4: (Heterogeneous) a, b, and Ks change with depth (see Table 3.3)



Table 5.6 Variation in distribution of nitrate in soil (mglkg) caused by uncertainty
in the parameterst. (Pineapple field: Sept., 1993 - Nov., 1994)

10/12193 11/4/93 12/13/93 1/12194 3/8/94 4/15194 5120194 8/2194 11/1/94
Dispersivity

Depth (0 to 1500 mm/day)

38 rom 0.8 2.42 2.76 32.5 2.18 10.1 22.1 7.5 13.24

500 rom 0.63 2.8 2.69 3.08 4.07 2.13 5.12 9.93 20.5

1100 rom 0.27 0.28 1.01 1.09 1.26 2.87 2.77 2.21 4.8

1400 rom 0.1 0.12 0.6 0.69 2.48 0.91 0.94 1.12 5.86

Uptake Rate
Depth (l00 to 300 kg/ha)

38 rom 0 0.07 0.83 3 3.24 5 9.1 11.1 8.02

500 rom 0 0 0.05 0.1 4.89 3.75 5.62 11.87 14.1

1100 rom 0 0 0 0 1.12 2.97 3.83 3.99 6.3

1400 rom 0 0 0 o ' 0.53 2.11 2.57 2.94 3.86

Hydraulic Characteristics*
Depth (Four different water retention curves)

38 rom 0.56 0.14 0.79 3.7 1.98 2.4 7.1 8.1 5.9

500 rom 1.39 1.17 1.23 1.18 1.73 1.63 0.66 2.7 4.8

1100 rom 0.52 0.63 0.32 0.49 0.68 0.96 1.42 1.57 3.5

1400 rom 0.42 0.56 0.76 0.79 0.4 0.73 0.99 1.22 1.2

Hydrolysis Rate
Depth (0.56 to 5.6 1/day)

38 rom 0 0 0.36 I 0.7 1.8 2.8 0.2 0.2

500 rom 0 0 0 0.01 0.01 om 0.12 0.2 0.1

1100 nun 0 0 0 0 0.02 0.03 0.03 0.03 0.06
1400mm 0 0 0 0 0 0.03 0.03 0.03 0.03

Nitrification Rate
Depth (0.2 to 2.5 1/day)

38 rom 0.09 0.04 0.35 2.5 1.8 5.8 7.9 0.5 0.6

500 rom 0.2 0.01 0.02 0.04 0.27 0.27 0.65 1.5 1.5

1100 rom 0 0.01 0.01 0.01 0.15 0.26 0.26 0.26 0.5

1400 rom 0.02 0.02 0.01 0 0.07 0.2 0.21 0.22 0.28
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Table 5.6 (cont.)

10/12193 11/4/93 12113/93 1/12194 3/8/94 4/15/94 5120/94 8/2194 11/1/94

Ammonium Adsorption Coefficient
Depth (0 to 6.5 dm3/kg)

38mm 0.02 0.11 1.74 10 3.19 5.8 to.8 15 8.9

500mm 0.03 0.3 0.28 0.27 2.01 1.9 2.52 5.71 10.3

1100 mm 0.04 0.02 0.04 0.01 0.85 1.64 1.7 1.68 3.06

1400mm 0.01 0.06 0.01 0.02 0.41 1.26 1.37 1.4 1.78

Nitrate Adsorption Coefficient
Depth (0 to 3.5 dm3/kg)

38mm 0.47 0.86 2.59 12.5 18.62 31.3 48.8 75.9 57.9

500mm 1.52 1.28 U5 1.84 2.22 4.22 2.99 9.61 17.06

ll00mm 0.04 0.03 0.09 0.11 2.74 3.6 3.45 3.18 5.93

1400mm 0.13 0.13 0.1 0.01 1.39 3.01 3 2.83 3.48

t The values in this table are variation in N03-N concentration, i.e. (N03)max - (N03)min.

* Hydraulic Characteristics as described by Hutson and Cass's model (1987).

runl: (Homogeneous) a=-2.23; b=7.69; Ks=60.5 mm1day

run2: (Homogeneous) a=-4.89; b=12.0; Ks=200 mm1day

run3: (Homogeneous) a=-2.34; b=6.58; Ks=1500 mm1day

run4: (Heterogeneous) a, b, and Ks change with depth (see Table 3.3)
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Table 5.7 Variation in nitrate leaching (kg/ha) caused by uncertainty in the parameterst.
(Pineapple field: Sept., 1993 - Nov., 1994)

10/12/93 11/4/93 12/13/93 1/12/94 3/8/94 4/15/94 5/20/94 8/2/94 11/1/94

Dispersivity

(0 to 1500 mm/day) 0.001 0.016 0.27 0.461 6.93 13.69 13.59 13.38 15.6

Uptake Rate
(80 to 200 kg/ha) 0 0 0 0 0.49 4.98 6.78 8.45 10.22

Hydraulic Characteristics*

(Four different water retention curves 3.81 6.38 9.83 10.35 12.73 20.6 22.4 23.01 26.38

Hydrolysis Rate

;(0.36 to 3.6 l/day) 0 0 0 0 0.011 0.078 0.1 0.12 0.13

Nitrification Rate

1(0.15 to 1.5 l/day) 0.002 0.005 0.023 0.026 O.ll 0.62 0.79 0.92 1.06

Ammonium Adsorption

I(KdA: 0 to 6.5 dm3/kg) 0.001 0.003 0.014 0.01 0.47 3.51 4.58 5.45 6.29

Nitrate Adsorption

!(KdN: 0 to 3.5 dm3/kg) 0.074 0.43 3.05 4.03 15.06 32.66 37.2 40.6 43.65

t The values in this table are the variation in the cumulative nitrate loss in drainage (kg/ha),

Le. (N03 leaching)max - (N03 leaching)min.

* Hydraulic Characteristics as described by Hutson and Cass's model (1987).

runt: (Homogeneous) a=-2.23; b=7.69; Ks=60.5 mm/day

run2: (Homogeneous) a=-4.89; b=12.0; Ks=2oo mm1day

run3: (Homogeneous) a=-2.34; b=6.58; Ks=15oo mm1day

run4: (Heterogeneous) a, b, and Ks change with depth (see Table 3.3)
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Table 5.8 Variation in distribution of nitrate in, soil (mglkg) caused by uncertainty
in the parameterst. (Sugarcane field: June - Dec., 1994)

10/12193 11/4/93 12/13/93
Dispersivity

Depth (0 to 1500 mm/day)

38mm 18.7 15.9 14.02
500mm 2.02 4.17 4.2
l100mm 0.02 1.09 1.52
1400mm 0.15 0.41 0.62

Uptake Rate
Depth (loo to 200 kg/ha)

38mm 1.7 5.2 8.51
500mm 0 2.94 4.2
1100 mm 0 0.05 0.65
1400mm 0 0 0.02

Hydraulic Characteristics*
Depth (Four different water retention curves)

38mm 4.3 1.2 1.2
500mm 0.185 1.09 1.23
1I00mm 0.1 0.17 0.19
1400 mm 0.16 0.31 0.33

Hydrolysis Rate
Depth (0.56 to 5.6 l/day)
38mm 0.5 5.7 5

500mm 0 0.18 0.16
l100mm 0 0 0
1400mm 0 0 0

Nitrification Rate
Depth (0.2 to 2.5 l/day)

38mm 0.7 7.7 ILl
500mm 0 0.71 0.76

lIOOmm 0 0 0.01
1400mm 0 0 0
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Table 5.8 (cont.)

10112193 11/4/93 12113/93

Ammonium Adsorption Coefficient
Depth (0 to 6.5 dm3/kg)

38mm 12.6 12.4 10.48

500mm 0 0.48 1.43

llOOmm 0 0 0.03

1400mm 0 0 0

Nitrate Adsorption Coefficient
Depth (0 to 3.5 dm3/kJ!;)

38mm 24 21.6 28.68

500mm 1.06 5.41 6.7

llOOmm 0.01 0.44 0.87
]400mm 0.0] 0.36 0.46

t The values in this table are variation in N03-N concentration, i.e. (N03)max - (N03)min.

* Hydraulic Characteristics as described by Hutson and Cass's model (1987).

runt: (Homogeneous) a=-2.23; b=7.69; Ks=60.5 mm1day

mn2: (Homogeneous) a=-4.89; b=]2.0; Ks=200 mm1day

run3: (Homogeneous) a=-2.34; b=6.58; Ks=1500 mm1day

run4: (Heterogeneous) a, b, and Ks change with depth (see Table 3.3)
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Table 5.9 Variation in nitrate leaching (kglha) caused by uncertainty in the parameterst.
(Sugarcane field: June - Dec., 1994)

9121/1994 11/16/94 12120/94

Dispersivity

(0 to 1500 mm/day) 0 0.01 0.05

Uptake Rate
(80 to 200 kJVha) 0 0 0

Hydraulic Characteristics'"
(Four different water retention curves) 0.46 1.49 1.12

Hydrolysis Rate

1(0.36 to 3.6 lIday) 0 0 0

Nitrification Rate

1(0.15 to 1.5 l/day) 0 0 0

Ammonium Adsorption

I(KdA: 0 to 6.5 dm3lkg) 0- 0 0

Nitrate Adsorption

I(KdN: 0 to 3.5 dm3lkg) 0 0.6 1.33

t The values in this table are the variation in the cumulative nitrate loss in drainage (kg/ha),

i.e. (N03 leaching)max - (N03 leaching)min.

* Hydraulic Characteristics as described by Hutson and Cass's model (1987).

runl: (Homogeneous) a=-2.23; b=7.69; Ks=60.5 nunlday

run2: (Homogeneous) a=-4.89; b=12.0; Ks=2oo nunlday

run3: (Homogeneous) a=-2.34; b=6.58; Ks=15oo nunlday

run4: (Heterogeneous) a, b, and Ks change with depth (see Table 3.3)





Chapter 6
ANALYSIS OF NITRATE CONTAMINATION

IN THE PEARL HARBOR AQUIFER

6.1. Introduction

The Pearl Harbor aquifer is a major source of water supply for the island of Oahu. Water
exists in a basal lens of fresh water that floats on the top of sea water, due to density difference.
The interface is not sharp however due to mixing effects. Applying the Ghyben-Hertzberg relation,
which assumes an equilibrium condition, is acceptable sometimes, to estimate a 40-1 ratio between
the thickness of the lens below the sea level to that above the sea level. The actual thickness of the
fresh water lens, however, is controlled by aquifer recharge and the availability of the caprock
aquifer overlying the basal formation. Such a layer restricts the inland motion of sea water causing
a thicker lens in comparison to other situations where no caprock exists.

The caprock consists of weathered basalt overlain by terrestrial and marine sediments and
reef deposits. When compared with the basal aquifer, the overall permeability of the caprock is
low, although can be significant due to the existence of limestone deposits. For example,
developments in the Ewa caprock zone have been considered as an important source of irrigation
water (Lau et al., 1986). ,

Description of hydrogeology of the Pearl harbor aquifer can be found in Oki et al. (1990),
Mink and Lau (1987), Mink et al. (1988), Mink (1964), and Visher and Mink (1964). The
following description is based on these references.

The Pearl Harbor aquifer is the largest and most important unit in the southern Oahu basal
aquifer, which consists of basaltic lava flows of high permeability. The aquifer location and
geometry are shown is Figure 1.2 (Chapter 1). The aquifer is bounded by the dike zone of the
Koolau range to the east and by the Waianae Range to the west. The northern boundary coincides
with the southern extent of the Wahiawa high-level water body while the southern boundary
coincides with the caprock zone. The aquifer is also characterized by the unconfonnity between the
Koolau and the Waianae Volcanic Series, which is a low permeable zone causing a discontinuity in
water levels on the two sides.

The Pearl Harbor aquifer is recharged from deep percolation from rainfall, and from inflow
from dike compartments in the eastern, northern, and 'Western boundaries. Other sources of
recharge are the seepage through streambeds, seepage from the Honolulu aquifer at the
southeastern boundary, and irrigation return flow. Natural discharge from the aquifer occurs at
springs and diffuse seeps at the margins of the caprock, from leaks to the caprock, and from
streams cut through the basal water level. The general direction of water flow in the aquifer is from
high recharge areas toward discharge points near the coast.

Groundwater withdrawal by pumping occurs throughout the aquifer but is concentrated along
its downgradient portion. The water level has declined over the years due to the increase number of
wells for agricultural, urban, and military uses. Soroos and Ewart (1979) estimated an average
decline of the head decline of 0.03 m1year between 1910 and 1977.

Voss and Wood (1994) used geochemical and isotopic analysis to describe the flow patterns
in the Pearl Harbor. They identified three layers, which was also suggested by Mink (1964), the
uppermost is of a thickness of 75 to 125 m. It consists of water recharged from local rainfall and
irrigation return water over the past few decades. The core of the fresh water occupies the second
layer which is 100 to 150 m thick. The lower layer is a mixing zone grading from fresh to salt
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water. Dating techniques suggest a residence time of water within the fresh water lens of no more
than a few tens of years.

Modeling efforts for the flow and transport in the Pearl Harbor aquifer include the cross
sectional modeling by Souza and Voss (1987) and Voss and Souza (1993). These studies dealt
with the vertical distribution of regional flow in the aquifer. Although can be of value in assessing
the extend of the fresh and salt water layers and the transition zone, such cross-sectional models
cannot account for the spatial variations of land use and the expected three-dimensional extent of
the contamination. Liu et al. (1981) applied a two-dimensional model for flow in the aquifer. The
model assumes strictly horizontal flow and did not address quality issues in the aquifer. Orr and
Lau (1987, 1988) simulated pesticide contamination in parts of the Pearl Harbor aquifer. Two
dimensional models were used in the analysis that predicted the fate of chemicals in the basalt
aquifer. Recent studies include those by Eyre and Nichols (1996), Evans et al. (1995), and Oki
(1996). These modeling efforts studied the water budget of the systems under consideration. The
latter study included the Pearl harbor aquifer in the central part of the island of Oahu. It predicted
the flow patterns in the entire system. The model solves the coupled systems of fresh water and
saltwater by assuming a sharp water interface.

6.2. Modeling Nitrate Contamination

Ideally, a watershed model that includes both a surface and subsurface water component
should be used for this study. However, such models do not include a detailed account of
processes in the subsurface zone and generally treat the groundwater recharge as a loss in the water
budget of the system (EI-Kadi, 1989). Although there exist many streams in the area, a detailed
modeling of surface water flow will not be studied due to the flashy nature of flow in these streams
and their unsuitability as a good source of water use. This study emphasizes water flow and quality
in the saturated and unsaturated zone.

Modeling water flow and nitrate transport in the Pearl Harbor aquifer should be three
dimensional in nature. Nitrogen transformation processes occur in the unsaturated root zone which
is shallow in nature with chance of deep leaching of various components, especially nitrate. The
fresh water lens floats on the salty layer with a transition mixing zone and the flow is density and
temperature dependent. A fully three-dimensional model that includes flow and transport processes
in the unsaturated and saturated zones is practically impossible to use, due to the large size of the
aquifer and the deep nature of the unsaturated zone. Recent studies (e.g., EI-Kadi and Ling, 1993)
have shown the high sensitivity of accuracy of unsaturated zone models to the size of the grid used
in numerical solutions. A grid about a few centimeters put a serious limitation on utility of such,
due to the limitations of hardware and software.

A simplified approach is adopted here by using quasi-three-dimensional saturated flow and
transport models calibrated to match available field measurements. The area of interest is divided
into several blocks (cells) of differing land-use characteristics. Groundwater recharge and chemical
concentration are calibrated for each land use. The results from calibrations are compared with the
field measured rates below the root zone. This approach assumes a strictly one-dimensional vertical
flow in the unsaturated zone, which is a reasonable assumption provided cells are of small size
compared with the scale of spatial changes in soil and vadose zone media. Other inaccuracies are
introduced by ignoring the mixing zone separating the freshwater and saltwater lenses. The
thickness of the fresh water lens is estimated based on the Ghyben-Hertzberg relation. The errors
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introduced might not be severe due to the nature of the contaminant distribution which should be
confmed at shallower depths.

6.2.1. Models MODFLOW and MT3D

For water flow in the saturated zone, the study employs the USGS modular three
dimensional finite difference groundwater flow model known as MODFLOW (McDonald et al.,
1988), which is widely used in analyzing field problems. To assess water quality, MODFLOW is
linked to MT3D, developed by Zheng (1990), which is based on the method of characteristics and
the finite difference technique. The models are quasi three-dimensional in that they treat the aquifer
as a series of layers, with flow in each as assumed horizontal in nature. Vertical interaction
between layers is preserved through vertical flow at the boundaries between them. The governing
equations are the water flow equation and the convection/dispersion equation. Hydraulic/aquifer
data needed for the models include transmissivities, dispersivities, porosity, storage coefficient,
recharge rates, boundary conditions, initial condition for hydraulic head, pumping rates, hydraulic
head from monitoring wells. Chemical data include initial concentrations, leaching rates,
concentrations of nitrate from monitoring wells.

6.2.2. Modeling Data

The aquifer was simulated as five layers and was divided into a 58x60 grid. The cell size was
1750 ft in the x-direction and 1533 ft in the y-direction. Data for hydraulic conductivity and
~ransmissivity were mainly obtained from Liu et al. (1981). The first layer extended to 100 ft
~flow sea level and was treated as unconfined with conductivities of 20 ft/day for the caprock and
L300 ftlday for basalt. Layers 2 through 4 extended to 1000 ft below the first layer and were
treated as confined with transmissivities of 4,000 ft2/day and 260,000 ft2/day, for the caprock and
basalt, respectively. The fifth layer formed the rest of the fresh water lens and was treated as
confined with transmissivities that ranged between 65,000 ft2/day and 260,000 ft2/day.
Unconformity was treated as a low conductivity zone and was assumed to fall in the lowest layer
(below 1,000 ft). The transmissivity of this zone was taken as 20,000 ft2/day. Vertical hydraulic
conductivity was taken from Uu et al. (1981), namely, 10-6 ftldayand one ftlday, for the caprock
and basalt, respectively. Recharge rates were obtained from Giambelluca (1983). Eleven zones
were assigned recharge rates ranging from zero (for the caprock) to 170 in/year. Recharge rate for
sugarcane and pineapple was taken as 85 in/year and 30 in/year, respectively. The recharge rate
from sugarcane was reduced by 50% starting in the 1980's following the introduction of drip
irrigation. Land use data were allowed to change in ten year increments, i.e., 1950-1960, 1960
1970, 1970-1980, and 1980-1990.

The calibrated total recharge from the neighboring aquifers, natural recharge, and irrigation at
the aquifer boundaries ranged between 300 and 340 mgd. Rainfall springs were treated as five
discharge wells in Pearl Harbor area with equal flow for all five. The total flux rate was taken as
100, 75, 70, and 70 mgd, for the 1950's, 1960's, 1970's, and 1980's, respectively. Well
pumping was simulated as 18 pumping centers, similar to that proposed by Uu et al. (1981).
Values were allowed to change between each simulation period. The leachate concentration at the
water table was estimated by trial and error, and the calibrated values are listed in Table 6.1.
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6.2.3 Results and Discussions

The models were calibrated by adjusting various parameters to obtain a reasonable match
with the results of Uu et al. (1981) and with available field measurements. Steady water flow was
assumed for each simulation period. Unsteady nitrate transport was simulated for each period, with
the final concentrations for a period equal to the initial concentrations for the next one. A zero
concentration was assumed as the initial condition for 1950's.

Figures 6.1 illustrates the simulated hydraulic head for 1960. The head pattern and values
roughly match available records from the Board of Water Supply and others. Uu et al. (1981) used
a two-dimensional model to simulate the flow in the Pearl Harbor aquifer, and showed a similar
pattern to the results shown here.

Figure 6.2 illustrates the simulated and field measured concentrations of nitrate in the aquifer
in 1960. Reasonable match can be seen between measured and simulated values. Figure 6.3, 6.4,
and 6.5 show the simulated respective concentrations in layer 1 for 1970, 1980, and 1990. The
concentrations in 1990 agree reasonably well with available records (Figure 6.5). Figures 6.6 and
6.7 illustrate the concentrations in layers 2 and 3, for 1990.

During the calibration process, it was noted that the concentrations of nitrate reaching the
water table, as given in Table 6.1, are fractions of the values leaving the root zone. These values,
which were field measured and were discussed in Chapter 4, are illustrated in Figures 4.12 and
4.13 for com, Figure 4.14 for pineapple, and Figure 4.15 for sugarcane. For pineapple, the
median ranged between 10 and 50 ppm over the growing season. For com, the median ranged
between 125 and 210 ppm over two growing seasons. The discrepancy was less with sugarcane
where the median ranged between 5 and 10. Such discrepancy can be explained by the fact that
nitrate is highly absorbed by the soil and saprolite in the unsaturated zone above the water table.
This conclusion was confmned by the recent work of Deenik and Uehara (1996) at the Department
of Agronomy and Soil Science. Their study analyzed deep core samples from pineapple fields in
the same area. Nitrate is absorbed on positively charged iron and aluminum oxide particles. They
also showed that saprolite above the water table can accommodate more nitrate. A need exists to
assess future fate of nitrate and potential effects of land use changes.

6.2.4. Future Predictions

Two scenarios were examined for future predictions. In the first, land use was assumed to be
similar to that in the 1980's, except with diversified agriculture replacing sugarcane. Pumping and
recharge rates were assumed the same, but concentration in these areas was assumed at a higher
value of 12 ppm. The hydraulic head map for the year 2000 is shown in Figure 6.8. The nitrate
concentrations are shown in Figure 6.9 and 6.10, for layer 1, for the years 2000 and 2010,
respectively. The concentrations exceed the MCL of 10 ppm for the year 2010 in parts of the
aquifer, with a maximum concentration of 10.4 ppm. In the second scenario, land use was
assumed the same as for the fIrst scenario, but higher pumping rates and concentration values were
used. A 5% increase in the pumping rates was assumed. The leachate concentration was assumed
at 14 ppm. The results for the years 2000 and 2010 are shown in Figures 6.11 and 6.12,
respectively. The concentrations exceed the MCL of 10 ppm, with maximum concentrations of
11.9 and 13.4 ppm, respectively.
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6.3. Conclusions

The models MODFLOW and MT3D were successfully calibrated for flow and transport in
the Pearl Harbor aquifer. The models were able to simulate the flow patterns in the aquifer and the
1960'sand 1990's nitrate concentrations. The results of nitrate simulations show that agricultural
practices are most likely responsible for the trends in nitrate concentration increases over the years.
The only exception is the higher than expected concentration at the Kunia Del Monte well, where
concentrations exceed those predicted by the model. That specific location was the site of a
pesticide spill in 1977 and the site has been recently put in the superfund list, a U.S. federal
cleanup program. There is no clear evidence of nitrogen contamination at the site. The planned
clean up effort might shed some light on this problem.

The study suggested that nitrate is highly absorbed by the soil and saprolite in the unsaturated
zone above the water table, which has been confirmed by the independent study by Deenik and
Uehara (1996). A need exists to assess future fate of nitrate and potential effects of future land use
changes. Future predictions show the potential of a nitrate contamination problem. Assumed
conservative nitrate concentrations at the water table and a very mild increase in water use caused
concentrations that exceed the MeL for nitrate. Nitrate concentrations below the root zone are
likely to increase with planned land use changes that may require additional fertilizer use. The
possibility of changes in the physical or chemical ability of the unsaturated deep formations to store
nitrate may also lead to increased leaching rates. A need exists for a better management of fertilizer
use, especially on the seed com fields. The approaches developed in this study can help in this
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Figure 6.1 Simulated and measured hydraulic heads, layer 1, in 1960.
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Figure 6.2 Simulated and measured nitrate concentrations, layer 1, in 1960.
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Figure 6.3 Simulated nitrate concentrations, layer 1, in 1970.
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Figure 6.4 Simulated nitrate concentrations, layer 1, in 1980.
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Figure 6.6 Simulated nitrate concentrations, layer 2, in 1990.
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Figure 6.7 Simulated nitrate concentrations, layer 3, in 1990.
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Figure 6.8 Simulated hydraulic heads, layer 1, in 2000.
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Figure 6.9 Simulated nitrate concentrations, layer 1, in 2000 (scenario 1).
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Figure 6.10 Simulated nitrate concentrations, layer 1, in 2010 (scenario 1).
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Figure 6.11 Simulated nitrate concentrations, layer 1, in 2000 (scenario 2).
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Table 6.1 Calibrated Concentrations (in ppm) of Nitrate Reaching the Water Table

Period Sugarcane Fields Pineapple Fields Seed Corn Fields

1950's 1.5 1.0 --

1960's 2.25 1.5 --
1970's 4.0 3.0 --

1980's 7.0 3.0 9.0
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Chapter 7
SUMMARY AND CONCLUSIONS

This study carried out an elaborated field analysis of nitrogen leaching, developed a
methodology to estimate nitrogen fertilizer leaching from agricultural lands, and assessed nitrate
contamination in the Pearl Harbor aquifer. Modeling nitrogen transport and transformation under
field conditions depends on the accurate representation of physical, biological and chemical
processes. The computer modeling combined with a field study presented in this study provides a
practical approach for estimating and predicting nitrate leaching in the unsaturated root zone above
the Pearl Harbor aquifer. The following conclusions result~d from this research.

A field study is necessary for investigating the transport process of a particular solute under a
given set of field conditions, such as a specific crop in a specific soil. A total of 5,048 soil samples
was collected and analyzed for nitrate concentration in the ICI corn field and the Del Monte
pineapple field in Kunia and the Waialua sugarcane field in north-central Oahu. The samples
provide nitrate concentration profiles within a depth of 1.5 m during the planting season. The
densities of samples are 12 holes per hectare, 8 holes per hectare, and 3 holes per hectare in the ICI
corn field, the Del Monte pineapple field and the Waialua sugarcane field respectively. The
sampling plan was evaluated by an uncertainty index described in Chapter 2 of this study. The
analysis reveals a great variability in nitrate concentrations within the root zone. However, this
variability decreased greatly below the root zone. The sampling conducted in this study gives the
mean estimate with acceptable precision in the ICI corn site and the Del Monte pineapple site at a
95% confidence level below the root zone. This evaluation result provides confidence in the
calibration and validation of 1-D leaching models with average nitrate concentration profiles from
field measurements. The high uncertainty in the mean estimates of nitrate concentration in the
Waialua sugarcane field is due to the low density of samples. At all three sites, a poor correlation
was found between soil nitrate concentration and soil moisture, which suggests the complex nature
of nitrate leaching in the unsaturated zone.

Analysis of soil samples confirmed that fertilizer application rate is the most important factor
contributing to nitrate leaching below the root zone. In the ICI corn field the nitrate concentration in
solution below the root zone was as high as 146 mglL after harvest. This shows a high nitrate
leaching potential to the groundwater due to over fertilization. The average nitrate concentrations
below the root zone were 50% lower in the Del Monte pineapple and 97% lower in the Waialua
sugarcane field than those in the ICI corn field. This is possibly due to the low fertilizer application
rate, small irrigation quantities and the different fertilizer placement.

Both modeling and the field work showed that hydraulic characteristics of the soil, the
sorption factor, and plant development are fundamental to the nitrate leaching process. The nitrate
concentration profiles exhibited an accumulation of nitrate at the depth of a hard pan. This is
probably a consequence of the reduction in the infiltration rate. Layered soil experiments (Miller
and Gardner, 1962) showed that the infiltration rate is immediately reduced and continues to
decrease when the wetting front reaches a layer with lower permeability.

Comparison of ammonium and nitrate concentration profiles suggests a retardation effect
caused by cation adsorption. Ammonium concentration is near zero below the root zone, while
concentrations of nitrate were present throughout the sampling profIle.

Plant development plays a very important role in reducing nitrate leaching beyond the root
zone. Both simulation results and sampling analysis suggest that the highest plant uptake occurs
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during two to three months of age for com, three to nine months of age for pineapple, and three to
six months of age for sugarcane. During low use of nutrients by the plant, soil water movement
dominates the leaching of nitrate from the root zone.

In the modeling study, a detailed one dimension model, LEACHM-N, was applied to
simulate the nitrate concentration distribution in the root zone. The parameters of the model are
calibrated with field data measured in the field study. The modeling results show that LEACHM-N
can reasonably describe the nitrate transport process under the field conditions.

In practice, the lack of readily available input data often becomes an obstacle to modeling
studies. In order to overcome the difficulties in obtaining the extensive input data required by many
sophisticated models, a simple analytical model, the Lumped Parameter Model (LPM), was
developed in this study. The model provides an alternative tool for estimating of nitrate leaching
from agricultural lands. The model is based on the mass balance principle and uses soil capacity
coefficients (mean water content under drainage conditions, soil bulk density) along with a lesser
amount of input information. It can reasonably describe nitrate leaching from the root zone in
response to the fertilization rate, plant uptake and nitrogen transformations. The model has been
tested against field soil samples and the numerical models CERES-Maize and LEACHM-N. The
accuracy of the simulation results is appropriate for management purposes. The results of the LPM
applications were presented in Chapter 4. The validation and application of LPM in this study also
show the possibility of developing a similar analytical model to estimate nitrate leaching in the
subsoil and saprolite layers in central Oahu.

The complicated nature of nitrogen behavior in the root zone makes it very difficult to
accurately simulate all of the processes associated with nitrate leaching. Quantifying uncertainties
involved in the modeling approach is necessary to interpret the modeling results correctly for the
purposes of decision-making. Five major sources of uncertainty were identified, including (1)
uncertainty due to spatial variation, (2) uncertainty related to the accuracy of the input data, (3)
uncertainty due to simplifications in the development of the models, (4) uncertainty due to
modeling parameters, and (5) uncertainty due to the complexity of the unsaturated zone in Hawaii.
The impact of these uncertainties on the simulations of nitrate leaching is evaluated in Chapter 5. A
sensitivity analysis was done to quantify the uncertainty due to the modeling parameters in
LEACHM-N. The result showed that hydraulic properties, plant uptake, and dispersivity are very
important in achieving reliable simulation or prediction by LEACHM-N. It is recommended that
hydraulic conductivity and water retention relationships be measured under field conditions before
the use of the model. A historical record of specific plant growth and nutrient assimilation by the
plant can provide reasonable data for modeling the plant uptake process. Dispersivity can be
obtained by calibration of the model in a specific soil. Although the sensitivity analysis suggests
that uncertainty in nitrate adsorption exerts a considerable effect on nitrate transport results, many
investigators (Ayres, 1955; Kanehiro et al., 1960; Green, 1981; Deenik and Uehara, 1996) and the
sampling results in the present study suggest that anion adsorption is not a principal factor that
affects nitrate leaching in the root zone. The relatively high content of organic matter in the root
zone may favor a net negative surface charge on soil colloids, which contributes to the leachability
of negatively charged nitrate. In contrast however, retardation of nitrate plays a dominant role in
nitrate leaching below the root zone in central Oahu. Only a small fraction of the nitrate leaching
reaches the groundwater (Deenik and Uehara, 1996; see also Chapter 6). Although different
explanations (Miller et al., 1988; Deenik and Uehara, 1996) have been proposed for the sorption
process in the thick unsaturated zone in central Oahu, a retardation factor should be considered for
interpreting the results of the outflow from the root zone simulated by LEACHM-N and LPM.
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Nitrate contamination in the Pearl Harbor aquifer was assessed in Chapter 6. Quasi three
dimensional models were used to simulate water flow and nitrate transport in the aquifer. The
models were calibrated by using available records and used for predictions based on assumed
scenarios for water and land use. Future predictions show the likelihood of a nitrate contamination
problem. Assumed conservative nitrate concentrations at the water table and a very mild increase in
water use resulted in concentrations that exceed the MCL for nitrate of 10 ppm. Nitrate
concentration below the agricultural lands is likely to increase with planned land use changes that
may require additional fertilizer use. The possibility of changes in the physical or chemical ability
of the unsaturated deep formations to store nitrate may also lead to increased leaching rates. A need
exists for a better management of fertilizer use, a process that should be possible without
sacrificing agricultural productivity. The approaches developed in this study can help in such an
endeavor.

Future studies are needed to improve the methodology for assessing nitrate leaching in the
unsaturated zone. Among the studies that should be undertaken are:

1. Analysis ofdeep soil samples and geological information to understand nitrate behavior in
this gap zone.

2. Development of a model for estimating nitrate transport in the gap zone between the
bottom of the root zone and the water table. Some previous modeling studies were performed for
pesticide transport in the unsaturated zone in central Oahu (Or, 1987; Khan and Green, 1988; Oki
et aI., 1990). However, the differing chemical properties of pesticide and nitrate will cause a
significant difference in the various processes associated with solute transport. Decay,
volatilization, and sorption are examples of processes where pesticide and nitrate exhibit
contrasting behavior. The simulation results of these studies were not satisfactory for analysis of
groundwater contamination. The prediction made by Or's multiple cell model suggested that the
Maximum concentration of DBCP would reach 45 nglL in Mililani Well I during 1990, and
decrease afterwards. BWS records show that the concentration of DBCP in this well was
110-130 nglL in 1994 and 120-200 nglL in 1996. Many factors may lead to such an
underestimation of the contaminant level, including calibration and validation of the model within a
short period, and uncertainties in the various chemical processes and preferential flow. Further
modeling efforts are needed for simulating nitrate transport in the different geological layers
comprising the unsaturated zone to link the leaching flux from the root zone with the final amount
of nitrate that reaches the groundwater table.

3. Development ofa database and an expert system for modeling the transport ofnitrate or
other chemicals in different soils and crop fields. This is especially important considering the
expected expansion of diversified agriculture on Oahu in the future.

4. Application ofa 3-D detailed model to the study ofnitrate transport in the root zone at the
leI com and Del Monte pineapple sites. The effect of spatial variation on the distribution of nitrate
concentration can be further analyzed by comparison of the results of 3-D detailed modeling with
field data.
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Appendix 1
USER'S GUIDE TO THE LUMPED PARAMETER MODEL

The Lumped Parameter Model is written in FORTRAN 77. An IBM-compatible disk
containing the program code, the executable file, and example data files can be obtained from
Dr. A. EI-Kadi of the University of Hawaii's Department of Geology and Geophysics. Example
input and output files are given in Appendixes 2 and 3, respectively.

In order to use the program, the example input data file should be edited to suit the problem
of interest. The file should be saved under another name with a name that should consist of six
characters. All values are read by the program in free-format mode, so spacing is not critical. Once
modification of the input data file is complete, the program is run by typing, LPM.EXE from DOS.
The output file created by the program will have a name consisting of the six-characters of input
file name, with the extension OUT.
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Appendix 2
EXAMPLE OF INPUT DATA FILE FOR

THE LUMPED PARAMETER MODEL

Starting Date: MonthlDaylYear
11/08/1993

Plant Data
Plant Narne Index: com= 1, pineapp1e=2, sugarcane=3
1
Number of events:
3
Planting date, emergence date, and plant maturity date
11/12/1993
11/25/1993
02/20/1994

Fertilizer
Number of events:
7
Date of fertilization. MONTIIIDAY!YEAR
(After the last fertilizer, input 0 on the 1st day of every month
until the harvest)
11/12/1993
12/01/1993
12/10/1993
12/29/1993
01/01/1994
02/01/1994
03/01/1994
Application of irrigation with Nitrogen fertilizer (kg/ha)
No. Urea NH4 N03 water(inch) time-period(hr)
1 20.000 8.82 8.82 1.84 4.0
2 29.036 12.81 12.81 0.528 4.0
3 29.036 12.81 12.81 0.528 4.0
4 29.036 12.81 12.81 0.528 4.0
5 0.0000 0.000 0.000 0.000 0.0
6 0.0000 0.000 0.000 0.000 0.0
7 0.0000 0.000 0.000 0.000 0.0

Soil Permeability Class (USDA SCS) (em/min)
l=slow/moderately slow (0.0021-0.034),2=moderate(0.034 -0.106)
3=moderate1y rapid/rapid(O.l06 -0.432)
4=very rapid(>0.432)

2
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Rainfall and irrigation except irri. with ferti.
Pan Factor:
0.85
Number of events:
5
Rainfall data:
No. Month Yearl rain(in.) Pan ET(in.)
1 11 1993 5.515 4.83
2 12 1993 4.383 6.58
3 01 1994 4.57 5.16
4 02 1994 12.04 4.79
5 03 1994 6.06 7.0

Transforrnation- Rate (Here is·the reference value in lIday)
k1 k2 k3

0.384 0.2 0.006

Uptake rate (l/day):u1 for NH4 and u2 for No3 ----
dup1 & dup2 are increments of up 1 & up2 after the early stage (day)
of growing season which has a very low uptake rate:
Recommendation of stage-length: corn=20-40; pineapple=90; sugar=l00

u1 u2
0.002 0.002

dup1
0.020

dup2 stage-length rate eoeff.(0-1.0)
0.020 30 0.85

root-zone depth (em) Soil profIle depth (em)
100. 150.

Soil parameters
(theta)fc Bulk-densi.
(cm3/cm3) (gmlcm3)
0.43 1.107

Parti.-densi.
(gmlcm3)
3.005

Kda
(cm3/g)
3.5

Kdn
(em3/gm)
o

Initial Condition: cone. Of Nitrogen in soil
Urea Ammonia Nitrate (mglkg dry-soil)
0.0 0.1 38.0.

Output File
Number of output:
7
Sampling or output date:
1110811993
1112411993
12/0611993
12/2211993
01119/1994
02/2411994
03/30/1994
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Appendix 3
EXAMPLE OF OUTPUT DATA FILE FOR

THE LUMPED PARAMETER MODEL

OUTPUTFILE: kunc01.out
--------------------------------------------------------------------------------------------------------------------------
Day Date

rn/d1y
N03-N in soil solution

(ppm, or mg/l)
N03-N in soil
(Mg N/kg soil)

Total N03-N
(Kglha)

0 11/8/1993 0.9783E+02 0.3800E+02 0.6310E+03
16 11/24/1993 0.9524E+02 0.3700E+02 0.6143E+03
28 12/6/1993 0.9995E+02 0.3883E+02 0.6447E+03
44 12/22/1993 0.8836E+02 0.3432E+02 0.5699E+03
72 1/19/1994 0.8299E+02 0.3223E+02 0.5353E+03

108 2/24/1994 0.6766E+02 0.2628E+02 OA364E+03
142 3/30/1994 0.6415E+02 0.2492E+02 OA138E+03

"
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