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ABSTRACT

ASSESSMENT OF A MODELING APPROACH FOR THE ESTIMATION OF
AGRICULTURAL IRRIGATION WATER USE IN MICHIGAN

By

Thomas N. Moen

Monitoring the use of critical natural resources such as water is an important component of
effective resource management. In Michigan, water use data are collected for four sectors;
industrial, municipal, electrical power generation plants, and agriculture. In terms of
agricultural use, Michigan’s water use reporting law requires water users who have the
capacity to withdraw over 100,000 gallons per day averaged over any 30-day period during
a year to report their water use to the Department of Environmental Quality. From 1993 to
1995, agricultural water use data were collected using a direct reporting method. The survey
method was time-consuming and prone to errors and biases in reporting. With the
availability of high-resolution precipitation data from the National Weather Service in 1996,
a modeling approach based on remotely-sensed weather data, a state-wide soil database, and
a soil water balance model was developed. The soil water balance method (SWBM) offers
many potential benefits compared to the survey approach; non-invasive data collection,
detailed estimates of water use over time and space during the course of a growing season,
and a defensible and scientific methodology for estimating water use. The SWBM method
is dependent on the availability of spatially and temporally accurate data inputs for soil and
weather data. In this research, the potential for the use of simplified soil data inputs was

examined using 30 year simulation runs that test for irrigation differences between soil map



units. Precipitation data from the NEXRAD radar system of the National Weather Service
was compared to rain gauge observations as a partial validation of the NEXRAD data.
Range-dependent biases were found in the NEXRAD data for all three years of the study
(1996 — 1998). The correlation of weekly precipitation totals between rain gauge sites was
calculated to assess the potential for the use of rain gauge data as a precipitation source for
the model. Low spatial correlation was found between rain gauge sites. It was concluded
that NEXRAD precipitation data is the best source for detailed estimates at the sub-county
level, although a dense rain gauge network could potentially be used for precipitation inputs
at a county or watershed level. Large discrepancies between NEXRAD estimated
precipitation and ground measured (gauge) precipitation were found for some sites, with
NEXRAD precipitation levels generally lower than gauge observations. Further research
must be conducted to more accurately assess the reliability and validity of the NEXRAD
precipitation estimates. This research describes the successful integration of a biophysical
model in a geographic information system (GIS) environment to provide estimates of
agricultural water use in an operational setting. With continued advancements in data
accuracy and resolution in the future, the SWBM approach is expected to become a valuable

tool for the effective monitoring, management, and analysis of water resources.
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CHAPTER1

INTRODUCTION

1.1 Introduction

The waters of the Great Lakes Basin are a resource of enormous ecological and economic
value. A 1985 study conducted by the International Joint Commission projected significant
increases in industrial, power generation, agricultural, public supply, and other water uses in
the Basin beyond 2000 (IJC, 1985). During the past twenty years, several proposals have
been made to divert Great Lakes water outside of the Great Lakes Basin to alleviate water
shortages. The need to meet current and future water needs within the Great Lakes Basin
and to oppose unwarranted water diversions to other regions of the country prompted the
eight Great Lakes states and two Canadian provinces to adopt the Great Lakes Charter in
1985 (Great Lakes Governors Task Force, 1985). The Charter is a vital cooperative
agreement intended to guide the protection and management of the water resources of the
Great Lakes Basin. While the Charter serves as a basic framework for preserving Great
Lakes waters for use within the basin, long-term and effective Great Lakes protection will
require cooperative efforts by the states and provinces to manage this internationally

significant resource.



Following formal adoption of the Great Lakes Charter, the seven Great Lakes states passed
laws requiring water use reporting. In Michigan, Public Acts 326 and 327 of 1990 were
enacted (now Part 327, Great Lakes Preservation, Michigan Natural Resources and
Environmental Protection Act, 1994 PA 451, as amended) to authorize the Michigan Water
Use Reporting Program. The overall goal of the program is to establish an inventory of
major irrigation, industrial, power generation, and public water supply uses of water on a
statewide basis. The program helps Michigan establish the strongest possible legal defense
against Great Lakes water diversions to other areas of the country, while providing essential

water use information for state and regional water resources planning and management.

Michigan’s water u;e reporting law requires water users who have the capacity to withdraw
over 100,000 gallons per day averaged over any 30-day period during a year to report their
water use to the Department of Environmental Quality (MDEQ). The law includes a special
provision for agricultural irrigation reporting that authorizes the Department of
Environmental Quality and the Department of Agriculture (MDA) to work jointly with
county soil conservation districts to collect water use information. Under the law, farmers

are required to report their irrigated crops, acreage, and water sources on an annual basis.

From 1993 to 1995, data for the Water Use Reporting Program were collected using a direct
reporting method. At the end of each growing season, a form was sent to irrigators for
reporting crops grown, acreage, and water use estimates for the year. MDEQ project staff
estimated that about 2/3 of the total irrigated crop acreage in the state was reported using the

direct reporting method; many irrigators did not return the form. In addition, the process of



data collection and verification was time consuming both from the standpoint of project
staff and for irrigators filling out the lengthy form. Biases in water use estimates were also
a concern of project administrators. It was felt that irrigators might tend to underestimate

water use in anticipation of potential regulatory actions.

In 1996 the MDEQ contracted with the Department of Crop and Soil Sciences at Michigan
State University to develop an alternative approach for estimating agricultural irrigation
water use. The recently available precipitation data from the Next Generation Weather
Radar System (NEXRAD) of the National Weather Service provided spatially referenced,
hourly estimates of precipitation at a resolution of four kilometers. It was hypothesized that
NEXRAD precipitation data, combined with other spatially referenced input data, could be
used to run a physically-based soil water balance model (Ritchie, 1985) to simulate soil
water conditions and irrigation requirements over the course of a growing season. Using the
new method, irrigators would be required to report only the crops grown and the acreage of
each crop for each year. Geographic Information System (GIS) and relational database
technology would be used to integrate spatial and temporal data with the soil water balance

model to provide simulated estimates of irrigation water requirements.

The soil water balance model (SWBM) method was developed during 1996 and 1997. This
development involved the programming of a data entry application for acquiring and storing
irrigator information, acquisition and conversion of soil and meteorological data layers, and
conversion of the soil water balance model (Ritchie, 1985) to run in an integrated modeling

environment (IME) designed for the Microsoft Windows operating environment. The IME



was designed to incorporate the input data, model, and GIS data layers into a single
application for efficient access, execution, and analysis. Results for the 1997 growing
season were reported to MDA and MDEQ in October of 1998, using the irrigator records
provided by MDA, which was a sample of the total population of irrigators. An advantage
of the SWBM method is that data collection from irrigators is greatly simplified. Recent
discussions at MDEQ and MDA have suggested use of the U.S. Department of Agriculture
census data to identify irrigated acreage, which would eliminate the need for any direct data
collection. In addition to county level reporting, the SWBM method also allows for results
to be aggregated and analyzed on a watershed basis, consistent with the recent emphasis on

watershed-based water quality management (Grant, 1997).

1.2 Problem Statement

The SWBM method provides the potential for a more efficient and more accurate reporting
process for agricultural irrigation water use. The completion of the 1997 irrigation
estimation demonstrated the ability of the SWBM method to simulate levels of irrigation
water use in the range of expected values. Further analysis and validation is necessary
before adoption and use on a wider scale is considered, however. The future adoption and
use of the SWBM method by Michigan and other Great Lakes states could be negatively
affected by the dependence of the SWBM on detailed input data requirements. Detailed
precipitation data (both temporally and spatially) and detailed soil parameters are required

by the SWBM. In addition, the location and acreage of irrigators must be known to a



resolution of 4 km. in order to associate NEXRAD precipitation data with irrigated acreage.
These data are often not readily available to government agencies in the format required for
running the model. In some cases, the data may be obtainable, but the government agency
may not have the technical expertise available or funding available to prepare and maintain

data for use in the SWBM.

The SWBM currently uses hourly precipitation data during the course of the growing season
at a spatial scale of 4 km. Most government agencies will have ready access only to daily
estimates of precipitation at a larger spatial scale (county or larger area). The adaptation of
the SWBM to use currently existing (but coarser resolution) soil and weather data would
make implementation and adoption in other states and regions more likely. It is not known,
however, if the use of coarser resolution input data would provide water use estimates
within an acceptable level of precision and accuracy as compared to the use of fine-scale
resolution input data. The accuracy of the NEXRAD precipitation data relative to rain
gauge measured precipitation is also not known and is the subject of chapter V of this

dissertation.

1.3 Objectives and Methodology

The overall goal of this research is to provide a thorough assessment of various factors
affecting the use and accuracy of the SWBM method for the estimation of agricultural

irrigation water use. The research focuses on the sensitivity of the irrigation estimates to



soil data and precipitation data. The main objective of the analysis is to assess the potential
for the use of coarse-scale input data and it’s potential impact on the accuracy of results, as
compared to the use of fine-scale data. A secondary, but no less important, objective is to
compare NEXRAD precipitation estimates with precipitation levels reported from a

network of rain gauges throughout the state.

For this project, the SWBM uses the STATSGO soil data (NRCS, 1994) to provide
estimates of local soil parameters. The STATSGO database defines 190 soil map units for
Michigan, each consisting of 2 to 21 soil series or soil phases. A more detailed description
of the STATSGO database can be found in chapter III. The variability of irrigation
requirements between different soil map units is not known. To determine the variability of
irrigation requirements by soil map units a historical database of daily weather for central
Michigan will be used to represent the range of climatic conditions expected. For each year
simulated, climate will be assumed to be the same across the entire state, so the only
difference in results will be due to differences in soil characteristics of the STATSGO soil
map units. Simulations will be run for four crops for each map unit-year combination. For
each soil map unit, the result of the simulations will be a record of total irrigation amount
(cm.) applied for the year. A paired t-test will be used to determine if the difference in
irrigation amount between any pair of soil map units was different than zero over the 30
year simulation period. Non-different soil map units will be grouped by crop type and the
results analyzed. Results of this analysis will provide information on the potential to create
major groups of soils from the 190 Map Units. The use of major soil groupings would

greatly simplify the data inputs for soil, if the results show that this can be done without a



loss in estimate accuracy.

Meteorological data inputs to the SWBM are precipitation, daily minimum temperature,
maximum temperature, and daily solar radiation. Of these variables, precipitation plays a
major role in determining the soil water balance, and is the most variable over space and
time. For these reasons, the weather data analysis will focus on the NEXRAD precipitation

data. Analysis of NEXRAD data will consist of the following:

1. Detection of outliers.
2. Detection/assessment of systematic bias.

3. Comparison and correlation with gauge measured weather station data.

Given the highly variable and somewhat random distribution of precipitation over space
and time, it could be hypothesized that as the time period of analysis is increased, the
values of cumulative precipitation for adjacent cells or cells in close proximity will
converge to similar values. That is, distinct differences for adjacent cells are expected on
a daily basis, but summed over the 4 month summer period, one would expect
convergence to similar values for adjacent or nearby cells. Outlier cells, those that differ
significantly from the regional mean, could be a result of consistent bias (ground clutter)
or random errors in the radar estimation of precipitation. The relative occurrence and
spatial and temporal variation of outlier cells for Michigan NEXRAD data is currently not
known. Analysis to identify outliers will be performed for each of the three years of

weather data. Qutliers will be identified as those cells that have irrigation amounts



greater than 1.96 standard deviations from the mean irrigation amount for the analysis
period. Some researchers have shown changes in mean values for cells conditional upon
distance from the radar site (Smith et. al., 1996). In this study, systematic range-
dependent bias of the NEXRAD data will assessed by visual analysis of the monthly and

seasonal precipitation values.

To determine the correlation between NEXRAD data and rain gauge measured data, daily
precipitation data will be obtained from all reporting weather stations in the Michigan
Agricultural Cooperative reporting network for the 3 year period 1996 — 1998. Linkage
analysis of daily rainfall using the correlation coefficient will be performed to assess the
degree of correlation (spatially and temporally) between the 64 stations. This information
will be used to gain a better understanding of variation in rainfall over the state and
potentially identify regions of strong correlation within the state. Significant differences,
if any, between the NEXRAD precipitation data and the rain gauge data will be identified

and discussed.

Results of the soil and precipitation analysis will be used to assess the potential for use of a
coarse-resolution input data set consisting of aggregated soils and weather station data. The
results will allow for an estimation of the magnitude of the difference in irrigation estimates
obtained using fine-scale versus coarse-scale data. In addition to the soil and precipitation
data analysis described above, the sensitivity of the SWBM to changes in management
parameters will be assessed. There are two management parameters that can be

manipulated by the operator of the SWBM that correspond to management decisions made



by irrigators. The first management parameter is the decision of when to irrigate, as a
function of soil moisture. The second management parameter is the amount of water to
apply during each irrigation event. Simulations will be run to determine the sensitivity of
model results to the range of reasonable and customary values for these two management

parameters.

1.4 Research Assumptions and Limitations

A key assumption of this research is that irrigators use some logical method to determine
when and how much to irrigate a crop, based on some desired objective. This method can
be a computerized soil water budget, monitoring/measurement of actual soil water,
observation of plant indicators, or some combination of these (Hill, 1991). It is assumed
in this research that the desired objective is to maintain the soil water balance for optimal
development of the crop. No constraints on water use, either physical or economic, are

considered.

A limitation of this research is the lack of available data for which to validate the SWBM
method results. Because of this, comparison of the SWBM method results to actual
irrigator records will not be undertaken as part of this research. A partial validation of the
SWBM method will be done by comparing SWBM results to those previously reported in
other Michigan irrigation studies. Due to data, time and logistical constraints, it is not

possible to comprehensively validate the SWBM method for all irrigated crops, all



management strategies, and all possible climate and soil conditions that exist in

Michigan.

The judgement of ‘accuracy’ is compounded by the differences in scale between the
model and potential records used to validate the results. The finest resolution of the
model is 4 km., while irrigator records pertain to the field level. Strict validation of the
SWBM model over a wide range of climatic conditions and crops would require detailed
data at the field level over many growing seasons and many crop types. Such validation
will only be possible after the SWBM is implemented in an operational setting, with
volunteered records used for validation on an on-going basis, as such data becomes
available. Validation of the soil water balance model in a research setting is discussed in

Chapter II.

The direct reporting method was conducted for the years 1993 to 1995, prior to the
availability of NEXRAD precipitation data. The direct reporting method was suspended
in 1996, with the SWBM method planned to be implemented in 1997. Because there is
not a single year in which the Survey method and the SWBM method are used
simultaneously, it is not possible to compare results of each method directly. Because of
this, it will not be possible to analyze differences in water use estimates obtained using

the two methods.
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1.5 Water Resources in a Global Context

It is important to consider, in any research setting, the context of the research and it’s
objectives in relation to a global perspective. The basic goal of this research is to
improve our ability to estimate and monitor agricultural irrigation water use. In this case,
the monitoring function is performed by a government agency, the Michigan Department
of Environmental Quality (MDEQ). MDEQ will use these results, in addition to
information on water use by other sectors to analyze and monitor water use levels

throughout the state.

While the results of this research will be directly used by MDEQ), there are a number of
other potential beneficiaries. The water use reporting program is national in scope. If the
SWBM method is shown to be reliable, accurate, and efficient, the potential exists for
other states or regions to use this method in their water use reporting programs. Our
understanding of irrigation water use impacts and potential for irrigation throughout the
study area should be greatly enhanced. A by-product of the analysis will be the
generation of model-simulated irrigation requirements that can be compared to actual
water use by irrigators. Implementation of the SWBM at the field level could assist
irrigators in determining optimal irrigation amounts. The efficient use of water in
agriculture is critical. Deficiencies in water use result in failed or lowered crop yields,
leading to inconsistent production levels and unstable economic returns for the irrigator.
Over-use of water can result in excessive infiltration, and corresponding problems such as

increased nitrogen leaching. Researchers, resource managers, and producers should all
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learn from this project.

The earth’s population continues to expand and requires more and more water for
municipal, industrial, agricultural, environmental, recreational, and other needs (Bouwer,
1994). In addition to more direct consumption of water, more water will be needed for
irrigation of crops to produce food for the expanding population. In water-scarce areas,
competition for water will become increasingly intense, and regulation of water use will
become greater. As an example of this, in 1980 the state of Arizona passed the
Groundwater Management Act (Coupal and Wilson, 1990). Under this regulatory
legislation, the Department of Water Resources is empowered to reduce farm-level water
use by imposing higher irrigation efficiencies on farmers. In less developed countries,
where much of the projected population expansion is expected (U.N. Population Fund,
1993), the problems of water quantity and quality are more acute. It is currently
estimated that half of the population of the Third World does not have access to safe
drinking water, that one billion get sick each year from water-borne diseases, and that 12
million die, 80% of which are children (Bouwer, 1994). Water resource management
must be implemented on a local or regional scale, with different solutions to different
problems in different areas. We should all be driven by a common goal however:

promotion of the conservation, protection, and efficient use of water resources.

1.6 Summary

This chapter has discussed the historical development of this research project and the use of



its results in a management setting. Objectives of the research have been discussed, and

methodology introduced. The context of the research in a global setting has been discussed.

While this research is driven by an applied problem, in a more general sense it pertains to
the application of advanced information technology for resource management. Most, if not
all, resource management problems involve time and spatial components, encompassed and
interrelated within a complex system. Better decisions can be made if one has timely access
to pertinent information, and information technology can provide this information. This
research offers the opportunity to bridge the gap between theory and practice that often
exists between the research institution and managers of resources. This research will
demonstrate that results of basic science (theory) can be used in a management setting

(practice) to assist in our understanding and management of natural resources.

The remainder of this study is organized as follows. In Chapter II, a discussion of literature
related to this research is presented. Chapter III discusses the soil water balance model, data
conversions, and source of all data used in the research. Chapter IV presents and discusses
the results of the soil data analysis. Chapter V presents and discusses the results of the
precipitation data analysis. Chapter VI summarizes and discusses the results and provides

recommendations for future research.
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CHAPTER 11

LITERATURE REVIEW

This chapter presents a review of literature related to this study. The literature review
has been categorized according to the disciplines or fields of study represented in the
study. Studies pertaining to soil water balance modeling are discussed in section 2.1,
followed by a discussion of the use of Geographic Information Systems (GIS) for
regional scale modeling in section 2.2. Studies on precipitation measurement using
rain gauges and radar are discussed in sections 2.3 and 2.4. Section 2.5 presents issues
relating to spatial scale and regional modeling. Section 2.6 summarizes the literature

review.

2.1. Soil Water Balance Modeling

An understanding of the soil water storage profile is important for many hydrological
problems, including irrigation management. Accordingly, factors affecting the soil water
balance have been the focus of many researchers. In an agricultural setting, precipitation
and irrigation provide the major water inputs to the hydrological system. Evaporation,

transpiration, surface runoff, and drainage by percolation are the major water losses.



The Soil Water Balance Model (SWBM) used in this research is the current version of
the Ritchie model as reported by Ritchie (1972), Richardson and Ritchie (1973), Ritchie
(1985), and Ritchie (1998). Ritchie (1972) presented a model for calculating the daily
evaporation rate from a crop surface. In this article, evaporation from the soil surface and
evaporation from the plant surface are considered separately. Test of the model showed
very good agreement between model estimated evaporation and measured evaporation

using a weighing lysimeter for a 37 day period on a grain sorghum test plot.

Richardson and Ritchie (1973) evaluated the SWBM on a watershed basis. This work
recognized the effect of soil water content on runoff, as discussed in Knisel and Baird
(1969). In the 1973 study, Richardson and Ritchie used three years of data from a 20
acre watershed to test the model. Rainfall was measured with a rain gauge, and runoff
measured at the watershed outlet. Effective rainfall was calculated as precipitation —
runoff, and used as a model input. By removing an unknown from the equation (runoff)
and replacing it with measured runoff, the SWBM predicted total soil water content with
high accuracy (correlation coefficient = .99). The SWBM is a critical component of the
CERES (Crop Estimation through Resource and Environmental Synthesis) family of
crop-soil-atmosphere models, which are used in the Decision Support System for
Agrotechnology Transfer (DSSAT), a product of the International Benchmark Sites
Network for Agrotechnology Transfer (IBSNAT, 1986). Gerakis and Ritchie (1998)
used the SWBM in the simulation of atrazine leaching and showed good agreement
between simulated results and observed soil water content at three depths (13 cm., 26

cm., and 67 cm.).
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The soil water balance approach has been applied in a number of different research areas
at different scales. Yates (1996) presented a water balance model (WatBal) that was used
to assess the potential impact of climate change on a river basin. This study used the
Priestly-Taylor (1972) method for estimating potential evapotranspiration. Two case
studies were used to test the model, with historical data used to calibrate and validate the
model for each. Hypothetical scenarios of climate change were then used to estimate the
river basin discharge response to changes in temperature and precipitation levels. This
study is an example of modeling at the watershed basin scale. Parameters for the water
balance model such as catchment holding capacity (Syax) are given as basin-scale
estimates. Changes to the soil water are also calculated at a basin scale. While this
empirical approach is useful for understanding general rainfall/runoff/temperature
relationships within a particular basin, it is necessary to calibrate the model for the basin
being analyzed. The need to calibrate for specific locations renders the model less

suitable for use in locales other than the study site.

To assess the impact of tillage practices on soil water, Shanhoultz and Younos (1994)
also used a water balance model approach. Their model used an empirical formula to
estimate evaporation that was derived from field measurements of pan evaporation, soil
water content, precipitation, and runoff. In this formula, evaporation was estimated as a
function of the plant available water in the top 30 cm. of soil, the average time since the
soil was at field capacity, and an estimate of pan evaporation for the day. As in the Yates

(1996) study, a number of parameters required calibration using the test data. These



parameters included potential plant interception, an infiltration parameter, an evaporation
recession constant, a stress factor, and potential depression storage. As in most reported
studies, the simulated soil water content had reasonable agreement with the measured
plant available soil water. Results were only reported for years for which the model was

calibrated, there was no attempt to verify the model for other years.

Water balance calculations are often a critical sub-component of many agriculturally
related studies. For example, studies that examine pesticide contamination of
groundwater often use a soil water balance approach to estimate the amount of water
percolating to groundwater. Peralta et al. (1994), as an example, present a
simulation/optimization model for preventing pesticide contamination of groundwater
while maximizing irrigated crop yield. A fundamental assumption of this model is that
chemical moves only in the liquid phase in response to soil water movement. A similar
study concerning the modeling of water transport and nitrogen dynamics is presented by
Lafolie et al. (1997). In studies such as these, the accurate modeling of soil water

content and soil water flow is a necessary condition for accurate model results.

Models such as those presented by Yates (1996) and Shanhoultz and Younos (1994)
required calibration using test data sets. Interpretation of the results, therefore, should
only be done within the context of the test sites and test years. Models that are more
physically-based, such as that of Black et al. (1969) and Ritchie (1972) should be more
adaptable to a GIS-based modeling environment. Physically-based models require less

calibration for individual sites or regions, which is an important consideration for detailed



modeling in a GIS environment. As detailed GIS data becomes available, the potential
for incorporating physical' models and analyzing larger spatial areas will become greater,
but the models must use available and measurable independent variables in order to be

easily integrated in a GIS environment.

The development and validation of soil water balance models has led to their use as sub-
models in other modeling efforts. As an example Dierckx et. al (1988) used a soil water
balance model (SWATRE) developed by Feddes et al. (1978) in conjunction with the
SUCROS crop model (van Keulen et. al., 1982) to evaluate the ability of the combined
models to estimate soil water levels (by depth) and crop yield under different irrigation
strategies. Parameters for the model parameters were derived from published literature,
including the work of Black et al. (1969) and Ritchie (1972). In this study, good
agreement was obtained between simulated and measured soil water for fully irrigated
and zero-irrigated corn. Predicted and measured grain yield under both conditions also
showed good agreement. As suggested by the authors, these results indicate that such a
modeling system might have the capability of predicting corn yield in response to a given
irrigation sequence so that economic criteria can be used to schedule irrigation. Ina
similar study related to irrigation planning in India, Singh and Singh (1996) used
simulation modeling to estimate the optimum irrigation schedule for cotton resulting in
minimum percolation losses. They found the calibrated model to be an effective tool in

evaluating the performance of different on-farm irrigation management scenarios.



Most, but not all, of the water balance models discussed in the literature run on a daily
time-step. Victor et al. (1988) present the results of a study that used a simplified soil
water balance model developed by Frere and Popov (1979), to estimate pearl millet yields
in India. In this study, the soil water balance was computed on a weekly basis. A Water
Requirement Satisfaction Index (WRSI) was used to indicate the extent to which the
water requirements of the crop have been satisfied. Yield was found to be exponentially
related to WRSI, with a high correlation (R2 = .88) between estimated and observed
yields. In this study the WRSI is a cumulative index, and is designed to be an easily
calculated index value that can be used to estimate final yield during as the growing
season progresses. Researchers have shown that moisture stress at a certain critical
periods in crop development is more highly correlated with yields than stress at other
times (Baier and Robertson, 1968, Mack and Ferguson, 1968). This work highlights the
need for the dynamic and accurate modeling of soil water content in order to accurately
estimate crop yields. Studies that involve the use of a water balance model to estimate
other variables (such as crop yield, irrigation requirements, or runoff) are dependent upon

accurate results of the soil water balance model.

The Dierckx et al. (1988) study is a good example of an integrated model, based partly on
prior studies, used to reasonably estimate soil water and crop yield for a field test plot.
Due to time and other constraints, such studies are often limited by space (one field) and
time (one to five growing seasons). Further validation for many growing seasons,
different soil types, and different irrigation strategies would be necessary before models

such as these can be implemented in a management setting. As Lafolie et al. (1997) point



out, it is essential to test models against various experimental conditions in order to
improve them so that they can be applied to a broad range of soil and climatic conditions.
Very few data sets are available for this purpose however. With the increased use of
Geographic Information Systems (GIS) for modeling purposes, the potential to model
over a broad range of soil and climatic conditions has increased. With this ability comes
the enhanced ability to ‘validate’ models over a broader range of soil and climatic
conditions, a necessary step in the integration of physical models in a GIS. In the next
section, studies that have used GIS technology and data in a modeling context are

discussed.

2.2 GIS and Regional Scale Studies

A number of studies have been conducted to map soil water balance or irrigation
requirements on a regional or country scale. Madsen and Holst (1990) divided Denmark
into four climatic zones and derived relationships between the root zone water holding
capacities and the mean irrigation need for grass and barley in each zone. Maps for each
crop showed the mean irrigation need for 36,000 soil profiles. These were further
mapped as areas of low, medium, and high irrigation need for barley. These maps did not
take into account current land use, they were based solely on soil properties. Kerkides et
al. (1996) used measurements from 31 stations throughout Greece to define soil moisture

deficit isolines for the country. Long term average monthly precipitation,
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evapotranspiraton, and combined soil and vegetation characteristics were used to estimate

the soil water balance using the method of Thornthwaite and Mather (1955).

Knox et al. (1996) mapped the spatial irrigation water requirements for potatoes in
England and Wales. In this study, an irrigation scheduler computer model was used to
calculate the irrigation needs at 11 sites chosen to represent the typical range of climatic
conditions experienced across England and Wales. A regression model within a GIS was
then used to correlate the model results with existing soils, land use, and climate
databases. A series of irrigation need maps at resolution of 5 km. were generated. This
study was conducted in part to provide insights for potential policies for water
conservation in England and Wales. In a follow-up study, Knox et al. (1997) mapped the
total volumetric irrigation water requirements in England and Wales at a resolution of 2
km. using 1994 cropping data. In terms of output, these studies are similar to the outputs
that are the objective of this study; irrigation water requirements on an annual basis for a
region (State/Country). Knox et al., however, did not use actual precipitation when
modeling and mapping irrigation water requirements, instead a ‘design’ dry year was
used, based on simulations using 20 years of rainfall data. Comparison of the model
estimates (adjusted for 1990 cropping patterns) to government reported results for 1990
showed no significant differences. As pointed out by the authors, a number of
simplifying assumptions were made in these studies that are a potential source of error.
These include the classification of soils into 3 categories, the assumption that all the crop
is grown on the dominant soil within each 1 km pixel, and inaccuracies in the exact

location of some farms due to the need for data confidentiality.



Thomas (1992) mapped the agricultural water balance for rice and maize in Yunnan
Province, PR China using a monthly water balance model and GIS data for soils and
elevation. The result of this study was a province-level map showing areas that are fully
suitable, suitable, moderately suitable, and unsuitable for rice and maize. The use of 1:5
million scale soils maps and 600 M contour intervals in this study, however, leads to only
generalized conclusions. Lal et al. (1993) reported on the use of crop simulation models
and GIS for regional productivity analysis in a study that simulated bean cultivation in
western Puerto Rico. Studies such as these are important in developing and
demonstrating technological capabilities. However, higher resolution input data is often

necessary before the results are useful for agricultural planners beyond a general sense.

The use of coarse-scale spatial data is currently necessary because, for many areas of the
world, high-resolution digitized data sets are not yet available. Remote sensing of
climatic data and soil characteristics should provide more detailed data in the future for
many areas of the world, however. As an example, Stewart et al. (1999) report on the use
of satellite data to estimate radiation and evaporation for northwest Mexico. This area
has only a sparse network of instruments measuring climatic variables. Estimates of solar
radiation from satellite data closely matched measured hourly solar radiation. The
maximum spatial resolution of the satellite data was .8 km. The authors indicate that
both radiation and rainfall data were available from the satellite, but only report on
radiation estimates. Validation of rainfall estimates would require a much denser

network of ground-based weather stations (only three were used in the study).
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To summarize the current literature regarding the use of GIS and remotely-sensed data
for detailed spatially explicit modeling, it is fair to say that this is a field of research and
technology in early developmental stages. Current research is often hampered by the lack
of high-resolution data. Because of this, assumptions must be made and results are
general, based somewhat on the researcher’s assumptions. In the case of remotely-sensed
data, data may be available at high resolutions, but dense networks of ground-based data
stations do not exist for the validation of the remotely-sensed data. In this study this is
the situation for precipitation data. Rainfall is reported at a resolution of 4 km on an
hourly basis to the nearest 1/1 00™ mm. The network of weather stations, located many
kilometers apart, report precipitation on a daily basis to the nearest 1/ 100" inch. The
relatively sparse network of rain gauges makes comprehensive validation of the
NEXRAD data a difficult task. Validation of the NEXRAD precipitation data used in

this study, to the extent possible, is discussed in Chapter V.

2.3 Rain Gauge Measurement of Precipitation

Precipitation is an important variable affecting the soil water balance. Because of its
affect on agriculture and other human activities, the measurement and spatial variation of
precipitation (and other weather variables) is also a topic of importance to climate
researchers. Many studies have been conducted concerning the accuracy of

measurement. Other researchers are concerned with the optimum density of sensors (rain
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gauges) in a network with the goal of identifying the minimum network necessary to
provide sufficient information on rainfall amounts for a given area. Other researchers
focus on the spatial and temporal variability of precipitation and the movement of storms.
Each of these areas of study are relevant to this research effort. It should be recognized
that precipitation patterns are variable by region or smaller scales and therefore results of

studies reported below are not in all cases directly applicable to Michigan.

As discussed by Neff (1977), early studies (late 1800°s and early 1900°s) of rain gauge
accuracy demonstrated that wind influenced rain-gauge catch, and catch decreased as
wind velocity increased with height. Neff (1977) conducted a study to determine the
difference in rainfall measurement between standard U.S. Weather Bureau rain gauges
normally exposed (1 M above ground) and rainfall measured in control gauges at the
ground surface. The study was conducted at four locations; Pullman, Washington,
Reynolds Creek, Idaho, Sidney, Montana, and Ekalaka, Montana. The average error for
all locations combined was found to be —10%. That is, rain gauges 1 M above the ground
caught 10% less rain than the control gauges. The range was 5 — 15%. As Neff points
out, whether this difference is important depends upon the intended use of the rain gauge
data. The difference may be important in a network whose purpose is to provide
quantitative estimates of precipitation for detailed hydrological modeling. It is not
possible to use a simple adjustment (10%) to correct rain gauge records because of the
relationship of error to wind velocity. Errors were zero for storms with little or now

wind, but as much as 75% for storms with high wind. Other factors besides wind
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velocity influence wind effects on rain gauge catch. The effect is related to drop size

distribution and the relative timing of wind activity and rainfall intensity (Neff, 1977).

In terms of validation of the NEXRAD precipitation data, results of the Neff study
discussed above should be kept in mind. Rain gauge estimates are point estimates, with
some degree of measurement inaccuracies. Radar-estimated rainfall is generalized over a
continuous surface and has other sources of inaccuracy, as discussed later in this chapter.
Because of potential inaccuracies and differences in spatial and temporal resolution of the
measurements, a direct comparison and comprehensive validation is not possible.
However, we should expect some degree of correlation between gauge-measured and

NEXRAD-estimated precipitation.

Hubbard (1994) points out that confidence in network measurements are more than a
question of sensor accuracy. Measurements represent conditions at a station but are also
often used to infer conditions between sites, in order to report basin or regional level data.
Many studies have been performed to investigate the correlation of meteorological data
between stations. Hendrick and Comer (1970) reported on space variations of
precipitation and implications for rain gauge network design. In this study, 23 rain
gauges in a 43 square mile watershed were used to examine the correlation of daily
precipitation. They concluded that a 9-gauge network would be necessary for correlation
of 90% or more for them more variable summer storms. This roughly translates to a
distance of 2 miles (3.2 km) between stations. Note that this distance is slightly less than

the resolution of NEXRAD data (4 km.) used in this research. Hendrick and Comer
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(1970) also point out that, because of the spatial variability of storms, substantial errors
will occasionally occur when a rain gauge is used to estimate rainfall at a nearby
ungauged point regardless of the high correlation that may exist between rainfall at the
two points. The time period of interest is an important factor to consider when assessing
the accuracy and need for rain gauges. For long term (annual) estimation of rainfall data,
Eagleson (1967) concluded that only two stations were necessary in a 1250 square mile
watershed located in Australia. Long-term averages have little relevance to the subject of
this dissertation, except to indicate ranges of precipitation totals that one might expect.

Of more relevance are daily and weekly variations in rainfall.

In order to quantify the spatial variability for a number of daily meteorological variables
from automated weather stations, Hubbard (1994) examined 5 years of data from 24
stations in the High Plains Automated Weather Data Network. The coefficient of
determination (r’) was used as the statistical measure to quantify spatial variability.
Analyses were centered on Ord, Nebraska, with correlation calculated between the Ord
station and all other stations. These results were then used to create contour maps of
correlation fields (using a kriging technique). Variograms were prepared by plotting the
r* between station pairs and their separation distance. When plotted by month, the annual
variograms show the degree of separation (km) needed to achieve a certain level of
correlation (r?). The results show the seasonal variation in spatial variability for each
weather variable. Generally, higher correlation was observed in spring and fall and lower
correlation in middle summer and middle winter. Hubbard found that in order to achieve

a correlation of 90% for maximum temperature, a station separation of 60 km or less
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would be required. For minimum temperature, relative humidity, solar radiation, and
evapotranspiration, the separation distance for 90% correlation was found to be 30 km.
For precipitation, a separation distance of 5 km or less would be required for a 90%
correlation (10 km for 75% correlation). These results are indirectly applicable to this
study, if summer precipitation patterns are somewhat similar between the High Plains
area and Michigan. The NEXRAD resolution of 4 km. is slightly less than the separation

distance of 5 km for 90% correlation found by Hubbard.

Huff and Shipp (1969) investigated the spatial correlation of different storm types in
three Illinois rain gauge networks. Similar to other studies, they found that a greater
density of rain gauges is needed in the warm season (May to September) than in the
colder months of the year to achieve the same level of correlation. For all storms in May
— September, a distance of 2 miles (3.2 km) or less was found to be necessary for an r? of
.90. Stol (1972) also reported monthly differences in correlation coefficients between
rain gauges in a study conducted in the Netherlands. A distance of roughly 4 km. was

necessary to achieve a correlation of .90 in the summer months.

In a Texas study, Lyons (1990) examined monthly precipitation at 46 stations throughout
the state over a continuous period from 1923 — 1984. As in the Hubbard (1994) study,
higher correlation between gauge sites was found for winter and spring, and lower
correlation in summer months. Large positive and negative anomalies were seen, and it
was concluded that monthly precipitation anomalies could not be predicted or anticipated

based on time-series or spectral analysis. Results of this study are not directly applicable
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to Michigan because of differences in location and climate regimes between Texas and
Michigan. The lower correlation of summer rainfall between stations is again
substantiated by this study, however. The study points out the spatial and temporal
variability in monthly precipitation estimates over a large region. Berndtsson (1988)
found that correlation fields defined as the area within a .7 correlation isoline were
usually less than 8 km?in a study in Tunisia. Less than 50% correlation was found at

distances of 50 km or more.

The use of rain gauge data to reconstruct the movement and spatial distribution of a storm
was investigated by Niemczynowicz (1987). In this study, a network of 12 rain gauges
in Lund, Sweden was used to assess the use of cross-correlation techniques to determine
storm movement. Niemczynowicz concluded that an objective and reliable storm
tracking method does not yet exist. Objective methods failed to accurately track storms if
more than one rainfall cell existed over the network. Radar or other remote sensing

technologies offer the best long-term solution to this problem.

Most of the studies reviewed used daily or monthly data in their evaluation of
precipitation patterns. Using daily data, the general conclusion for rain gauge spacing is
that the distance should be 4 km or less to achieve high correlation between sites.
Experience suggests that convective rainfall (thunderstorms) often deposit rainfall in
localized areas much smaller than 4 km. This has been confirmed by researchers using a
dense rain gauge network in Spain (Lorente and Redano, 1990). If the pattern of rainfall

deposited by thunderstorms is somewhat random in time and space, however, then it
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should be the case that as the time period of analysis is lengthened, the values of
precipitation amounts should be more closely aligned. In this study, correlation of
weekly precipitation data is likely more important than correlation of daily data. That is,
irrigation decisions are likely based more on a weekly or greater time frame, not on the
presence or absence of rain on a particular day. Chapter V present results of a correlation

analysis of precipitation data for Michigan using weekly totals of precipitation.

2.4 Radar Measurement of Precipitation Data

The precipitation data used in this study was obtained from the National Weather Service
NEXRAD (Next Generation Weather Radar) system of WSR-88D (Weather Surveillance
Radar — 1988 Doppler) radar. This system is expected to provide high-quality, high-
resolution precipitation data for the United States that meet a wide range of hydrologic
applications (Smith et al., 1996). Because of the importance of precipitation in the
SWBM, the scale of NEXRAD precipitation data (4 km) is the scale at which the model

is run, with other data inputs aggregated or disaggregated to this scale.

In a study done prior to the introduction of the NEXRAD system, Austin (1987)
discussed the complexity of the relation between measured radar reflectivity and surface
rainfall. In the 1987 study, Austin compared rain gauge and radar measured data for
twenty storms in New England. Results varied by storm, in seven of the twenty storms,

the radar total precipitation was more than 20% below the gauge-measured precipitation.
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In four storms the radar precipitation exceeded the gauge by 20%. For frontal storms, the
radar measurements were consistently low compared to the gauge measurements. For
convective stroms, radar measurements were generally higher. Austin (1987) points out
that for highly convective storms, radar may be the only reliable data source for
precipitation estimates. Austin (1987) also suggests that a scientist should use all
available data (from both radar and gauges) if estimates of areal rainfall amounts or
small-scale distribution of rain are needed. Austin found large and apparently random
discrepancies between the amounts of rain collected by individual gauges and the radar-

indicated amounts for the same area (at a resolution of 2 km.).

Smith et al. (1996) compared one year of NEXRAD data with rain gauge data in
Oklahoma. Biases were examined for range dependent sampling, systematic differences
between two radar sites observing the same area, and differences between radar and rain
gauge estimates of rainfall. Range dependent biases were found. Mean rainfall increased
from the radar out to a range of 100 km. and decreased from the 100 to 230 km. range.
Kitchen and Jackson (1993) also found degradation of radar rainfall estimates at far
range. To examine radar-radar biases, paired analysis of NEXRAD rainfall estimates
from two stations with overlapping coverage was examined. Systematic differences were
found, with one station showing a consistently larger rain area and amount than the other.
Smith et al. (1996) indicate that the radar-radar differences are consistent with differences
that could occur due to differences in radar calibration. When comparing rain gauge
precipitation to NEXRAD, Smith et al. found rain gauge observation to be 48% larger in

the range of 0 — 40 km., 18% in the 40 — 160 km. range, and 40% higher in ranges greater
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than 160 km. NEXRAD data was found to be much more capable for delineating areas
of heavy rainfall during convective storms, however. Numerous storms producing hourly
rainfall accumulation of S0 mm. were completely missed by the rain gauge network.
Smith et al. suggest that the spatial analysis of heavy rainfall illustrate the fundamental

advantage of NEXRAD estimates over rain gauge estimates.

It is clear from the studies reviewed that biases or inaccuracies in measurement are
unavoidable in both rain gauge and radar measurements. Despite the potential
inaccuracies, the use of NEXRAD estimates of precipitation would appear to be
preferable to rain gauge estimates, given the highly variable spatial patterns of summer
precipitation in the study area. Accuracy of radar estimates of precipitation can be
improved by calibration with rain gauge data, as discussed by Collier (1986). For this
reason, the scientist should make use of all available data, both radar and gauge
measurements, when assessing precipitation levels for a region. With continued
improvement in NEXRAD calibration and measurement capabilities, accuracy of
estimates should continue to improve. Accuracy of a radar-based estimate is partially
dependent on the features of the precipitation, with frontal storms more easily measured,
and convective storms much less reliably measured. The scale of analysis should be
considered when considering precipitation data. At the field or farm scale, (smaller than
the 4 km. resolution of NEXRAD data), a network of rain gauges would undoubtedly
provide more accurate estimates of precipitation than NEXRAD. This is impractical for
large-scale implementation however, for obvious reasons. At the regional or statewide

level, as in this study, NEXRAD estimates calibrated to rain gauge data should provide
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the best estimate of precipitation levels. Any assessment of the accuracy of a modeling
effort should consider the difficulty and potential inaccuracies in measuring precipitation

levels, given their high spatial and temporal variability.

Looking to the future, satellite measurement of precipitation may provide estimates of
environmental variables on a much larger scale. As an example of the use of remote
sensing of climatic variables, Hsu et al. (1996) report on precipitation estimation from
remotely-sensed information using artificial neural networks. They state that with the
current rapid growth in remote-sensing technology, we will soon be able to monitor the
global distribution of rainfall. The system reported by Hsu, et al. however, currently
requires ground-based measurements for system calibration. In two case studies, they
found that it is much more difficult to produce accurate estimates of hourly rainfall than
of monthly accumulated rainfall, due to random estimation errors. They present some
positive results for monthly estimation, but admit that a great deal of work is still required
to develop and strengthen the methods they propose. The spatial scale of rainfall
estimates was .25° latitude by .25° longitude, (approximately 30 km. resolution). Remote
sensing of rainfall from satellites could potentially provide accurate data at larger scales
(30 km.), but this seems to be a technology very much in development and experimental

stages at this time.

Future developments in remote sensing capabilities may also provide direct estimates of

soil moisture that could be used to derive irrigation needs. Ulaby et al. (1996) show good

agreement between estimated soil moisture and measured soil moisture using data
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collected from both a DC-8 aircraft (AIRSAR instrument) and the space shuttle’s Shuttle
Imaging Radar C (SIR-C) instrument. Data were collected for a watershed in
southwestern Oklahoma. Ulaby et al. (1996) state that it is conceptually possible to
image the terrain with a 30 m spatial resolution using SIR-C. SIR-C is currently an
experimental system, however, so it will likely be many years before technology such as

this could be used in an operational setting.

2.5 Spatial Scale and Regional Modeling

Easterling et al.(1998) examined the relationship between modeled and observed crop
yields as a function of the spatial scale of input data. In this study, the EPIC model
(Williams et al., 1990) was used to simulate crop yields in Missouri, lowa, Nebraska, and
Kansas using different scales of input weather data. The largest scale used corresponded
to the scale typically used by global circulation models (GCMs). This is a 3 degree or
larger grid cell (approximately 250 km x 350 km). The climate variables were calculated
as averages of all stations within a cell, at the spatial resolution being modeled. County
level yields from the National Agricultural Statistical Service were used to test the model
results. EPIC simulations were performed for various levels of disaggregation of soils

and climate data in order to examine scale effects on modeled and observed yields.

Easterling et al. (1998) found that at the GCM (250 km x 350 km) level, observed yields

explained only 43% of the variation in simulated crop yields over the 1984 — 1992 period.
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The r* was improved to .658 when a resolution of 79 km x 104 km was used for input
data. No improvement in goodness of fit was found at higher resolutions (the finest
resolution tested was 47 km. x 62 km.). Their results suggested that the disaggregation
of climate data, not soils data, was the only factor that improved agreement between
simulated and observed yields. This study points out the potential errors in using very
coarse scale input data for modeling purposes. Results of such modeling can certainly be

within reasonable ranges, but correlation with ‘reality’ is potentially low.

Klemes (1983) discussed the issue of conceptualization and scale in hydrology. He
points out that we cannot impose scales on nature, but rather must search for those that
exist and try to understand their interrelationships and patterns. Klemes contends that in
nature, scales of things are not arbitrary, they arise as a function of their material
substance and of the balance between the interacting forces. Scale, in this case, should be
considered both in a spatial and temporal sense. The points made by Klemes (1983) are
important to consider. What is the appropriate scale to model precipitation, variability in
soil moisture, or cropping patterns? Currently, scale is constrained and imposed by the
technology available. For example, the 4 km. resolution of NEXRAD data is the most
detailed available, yet research and experience has shown that summer rainfall especially
can occur at much smaller scales. The time dimension must be considered as well. Four
km. may be a more appropriate scale if the time scale is measured in days or weeks, but
not in hours. Theoretically, spatial correlation should be increased as the time dimension
for measurement is increased. The modeling scale is also restricted by the resolution of

digitized soil data (1:250,000 scale). In this study, scale is dictated by current technology
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and data availability, but we should always keep in mind the search for appropriate scales
and the implications of our decisions in regards to the choice of scale used in a modeling

environment.

Bergstrom and Graham (1998) discuss the issue of scale in hydrological modeling. They
generally classify hydrological models as either physically or conceptually (empirically)
based. The physically-based model is generally oriented towards detailed, small-scale
modeling of processes, requiring high resolution input data. Expansion to a larger (basin)
scale would require detailed information on the variability in the basin. Bergstrom and
Graham point out that conceptual models generally have more straightforward water

balance or runoff modeling as a goal, and treat a large basin as a sum of smaller ones.

The SWBM used in this study was developed as a functional model with both empirical
and mechanistic elements. The goal of this approach is to provide the most detailed
estimated possible for irrigation water use estimates using generally available data. As
finer resolution input data becomes available, it will be possible to incorporate greater
detail in the modeling effort. Variability and appropriateness of scale over space and time
must be considered as the modeling approach used in this study is further developed or as

new fine-scale data becomes available.
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2.6 Summary

In multi-disciplinary studies such as this it is not possible to comprehensively review all
literature related to the many components of the study. There is, for example, a vast
amount of literature on each component of the general water balance equation;
precipitation, evaporation, transpiration, and infiltration. An attempt has been made to
review the literature most pertinent to this research project as it applies to the assessment
of the use of different data sources, scales, and interpretation of model results. For the
modeling of a soil water balance, the literature reviewed was directly related to the
SWBM used in this study or provided examples of uses of the SWBM approach in other
settings. The studies by Knox et al. (1996) that mapped the irrigation need for England
and Wales are most closely related to this study in terms of objective and approach. The
literature reviewed pertaining to meteorological variables focused on precipitation and
it’s variability over time and space. This was done because of the importance of
precipitation as a driving variable in the SWBM. Most studies supported the need for
high-resolution data (4 km. or less) to accurately represent precipitation patterns over

space on a daily basis.

A basic premise in modeling should be that the more detailed the model inputs, the more
realistic are the results. Review of the literature relating to spatial scale and model
accuracy (Easterling et al., 1998) supports this premise. The increasing capabilities and
development of GIS and remote sensing technology should only increase our ability to

effectively model or monitor environmental processes. Many of the studies currently
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using GIS to for large-scale modeling or simulation use correspondingly large-scale
(coarse-resolution) data inputs. This is largely a function of current data availability and
computing capabilities. In the future, data availability and computing capabilities will
increase, and spatially distributed models and simulations will be run using high-
resolution data inputs. This study is a step towards the future, as are many of the current

studies integrating GIS technology and biophysical models.
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CHAPTER 111

MODEL AND DATA DESCRIPTION

This chapter contains 7 sections. Section 3.1 discusses the Soil Water Balance Model
(SWBM) used in this research. Section 3.2 discusses the source and derivation of soil
data used by the SWBM. Section 3.3 discusses the temperature data used in the study.
Section 3.4 discusses the solar radiation data used. Section 3.5 discusses the
NEXRAD precipitation data. Section 3.6 discusses the database of historical weather

data used in the soil simulation runs. Section 3.7 summarizes this chapter.

3.1. The Soil Water Balance Model

The core of the irrigation modeling component of this research is the soil water balance
model (SWBM). References pertaining to the development and validation of the SWBM
were cited in chapter II (Ritchie, 1972, Richardson and Ritchie, 1973, Ritchie, 1985, and
Ritchie, 1998). This section contains a summary of the SWBM. A more detailed
summary of the SWBM components is given in Appendix A. Additional details of the

SWBM are given in Ritchie (1972), Ritchie (1985), and Gerakis and Ritchie (1998).
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The basic soil water balance equation, without respect to changes in vertical distribution

of water, can be written as:

where

dS/dt=P+1-R-E;-E-D 3.1)

dS/dt = the change in water storage (S) in time period t

P = precipitation

I = irrigation

R = runoff

E, = evaporation from the bare soil surface
E, = transpiration by plants

D = drainage to the sub-surface soil layers.

Precipitation and irrigation provide the water input to the system. In this research,

precipitation is a direct input (source described below) and irrigation is a model output.

That is, the variable ‘I’ in equation 3.1 is solved for based on a management strategy to

maintain sufficient levels of soil water. Management options for controlling irrigation

amount and frequency are described below. The SWBM is a multiple layer model that

allows calculation of the vertical distribution of soil water as well as the total soil water

content. In this research, 11 soil layers are defined. The depth of each of these layers is

shown in Table 3.1. The change in volumetric soil water content for each layer is

calculated on a daily basis. The routines involved in the soil water balance simulation are

summarized below, with more detail given in Appendix A.
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Potential evaporation (EO) is calculated as a function of the air temperature during
daylight hours and solar radiation levels. Air temperature during daylight hours (TD) is
approximated by a weighted mean of daily minimum (Twmiq) and maximum (Tuay) air
temperatures (°C) . Solar radiation (SR) is a direct input (source described below), in
units of MJ m™ day™'. Potential soil evaporation (EOs) is a function of the potential
evaporation (E<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>