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ABSTRACT
ESTIMATING SEASONAL AGRICULTURAL IRRIGATION WATER USE IN
MICHIGAN: FIELD-LEVEL EVALUATION OF THE MICHIGAN WATER USE
REPORTER
By

Colin R. Nugent

The Michigan Water Use Reporter (MWUR) model is a simulation designed to
estimate water use from irrigated agriculture in the state of Michigan. The model was
developed by Moen (1999) but had never been evaluated against actual grower reported
irrigation amounts. The evaluation of this model took place with data from the 2002 and
2003 growing season. Twenty-one fields across central and southern lower Michigan
were used as study sites. Volumetric soil moisture and seasonal irrigation water depths
were recorded from each site and used to test the simulation. Validation of the simulation
was conducted in two stages. First, seasonal irrigation water volumes were compared,
using descriptive statistics, to simulated season irrigation output. Second, simulated
volumetric soil moisture were validated using field measurements from a capacitance
probe. A sensitivity analysis of managerial and crop physiological parameters was
conducted after validation. Depth per irrigation, irrigation trigger level, planting date, and
root growth rate were analyzed. The simulation tended to overestimate both seasonal
irrigation water depth and volumetric soil moisture across all crops. The sensitivity
analysis found depth per irrigation and trigger level were by far the most sensitive
parameters. These tests indicate the model, while demonstrating sound hydrology, does
not properly characterize the methods grower use to decide when to irrigate. Better

parameterization of these methods will result in a more robust simulation.
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Statement of Problem

Water use in the state of Michigan has not been of great concern until recently.
The visibility of the Great Lakes and abundant groundwater supply has, in the past, given
citizens of the state a sense of security regarding the availability of fresh water. In recent
years, though, pressures for water use have been increasing from industry, residents and
agriculture. Concerns over the export of Michigan water and legal disputes between
irrigators and residents have put the issue of water availability in the limelight and the
state legislature is ready to act on regulating water use within the state.

Agriculture has historically benefited from legislation that exempts the industry
from many state regulations. Also, much of the agricultural water use in the state goes
toward irrigation of crops during the growing season. Moen (1999) developed the
Michigan Water Use Reporter (MWUR) model that estimates the amount of water
applied for irrigation, at a 4 km resolution but reported at a county level, across the state
on an annual basis. While the MWUR model has been written, it has not yet been
validated against field reported or measured results.

This study proposes to address the outputs of the model by statistically comparing
the modeled total seasonal water volume and seasonal soil volumetric water content to
similar data collected at cooperator sites across the state. If a positive correlation is found,
these comparisons will allow legislators to put their trust in the scientifically validated
model output when making policy decisions. This model will eventually allow both the
state government to monitor water use in a non-intrusive fashion and the growers to

justify their reasonable water use for irrigation under current practices.



Objectives

The MWUR model, while potentially very powerful, has yet to have its output
compared with data collected from actual study sites across the state. The model output
includes both the total volume of water applied and volumetric soil moisture per day for a
growing season at a 4 km resolution. The objectives for this study are therefore as
follows:
1) Collect volumetric soil moisture and amount of water applied in irrigation for study
sites across the state.
2) Run the model for the étudy site locations.
3) Compare the model output for volumetric soil moisture trends and total seasonal water
use.
4) If the model output significantly deviates from any of the data collected from the study
sites, perform a sensitivity analysis to explain why these deviations occurred and suggest

possible ways they may be resolved.



Background and Literature Review

Introduction
Irmigation of agricultural crops is a vital component of food production worldwide,

allowing growers to reduce production risk associated with crop water shortages and to
improve commodity quality. Land under irrigation comprised approximately 22 Mha in
the United States in 1997 and Michigan accounted for approximately 0.15 Mha of the
total (NASS 1999). Overall, the seasonal average irrigation depth per season in the U.S.
has decreased from 650 mm in the 1970's to 500 mm by 1996, indicating improved water
efficiency. At the same time, the use of center pivot irrigation systems has increased to
over 30 percent of all irrigation systems (Howell 2001).

In recent years, water use has moved to the forefront of public awareness in the
state of Michigan. Highly publicized lawsuits involving groundwater rights have been
brought against water bottlers, mining companies, and agricultural irrigators. With all of
this publicity, state lawmakers have begun to take notice and are looking closely at water
use issues. They have passed two pieces of legislation regulating large consumptive users
of Great Lakes Basin water. PA 148 is a reporting and regulation bill and PA 177 is a
conflict resolution bill.

The Council of Great Lakes Governors adopted the Great Lakes Charter in
February 1985 in an agreement to outline ways to protect the water of the Great Lakes
from environmental degradation and exportation of water outside the basin. The Great
Lakes Basin is defined to include all bodies of water, rivers, stream, connecting channels,

and groundwater within the watershed of the Great Lakes and St. Lawrence River.



Michigan is the only Charter member state of the nine U.S. states and two Canadian
provinces that lies completely within the Great Lakes Basin.

The original Charter calls for, among many things, a common database of
information on water withdrawals within the Basin. This database includes data such as
the volume and uses of the withdrawn water. Another agreement was signed in August
2001, known as Annex 2001, to reaffirm many of the ideals of the original charter. Six
directives were added to the Charter at this time. One directive calls for the establishment
of a new decision-making standard for the approval process of new user withdrawals,
such as large scale irrigation pumping wells. The second directive calls for the
development of a decision support system to ensure the best data are available regarding
the state and uses of the Basin water (COGLG 1985; COGLG 2001)

The Michigan Water Use Reporter (MWUR) model estimates the seasonal
volume of irrigation water demand in the state of Michigan. The MWUR simulation
upholds many of the ideals of the Charter and the directives in Annex 2001. It is designed
to provide regulators with detailed information regarding water use for irrigated
agriculture in Michigan and to provide quality data for the common database of
knowledge called for in the Charter. It can provide science-based information for
decision supports systems, as well (COGLG 2001).

While the Charter is a semi-binding agreement between the Great Lakes states
and provinces, it is not a legally binding document because the federal governments of
the United States or Canada have not ratified it. Therefore, the Michigan state legislature

recently passed two documents, signed by Gov. Jennifer Granholm in November 2003,



relating to water withdrawal reporting and regulation, and conflict resolution of water use
disputes.

The reporting and regulation bill passed is PA 148, from the original Senate Bill
289. This act calls for the reporting of well data for large scale agricultural users, among
others. Agricultural users must comply with reporting regulations if their well pumping
capacity exceeds 100,000 gallons of water per day for a 30-day period. If the grower falls
into this category, they must report the source, volume, and use of the water withdrawn.
Part (2) of Section 32708 states: “The Department (of Environmental Quality) and the
Department of Agriculture, in consultation with Michigan State University, shall validate
and use a formula or model to estimate the consumptive use of withdrawals made for
agricultural purposes consistent with the objectives of Section 32707.” The MWUR
model from Michigan State University is the system referred to in the bill. This
simulation estimates the volume of water consumed by irrigated agriculture in Michigan,
reporting at the county level.

Let us first consider the definition of beneficial use of water. Burt et al. (1997),
writing for the American Society of Civil Engineers (ASCE), defines beneficial water use
in agriculture as water which “supports the production of crops: food, fiber, oil,
landscape, turf, ornamentals, or forage.” This includes water use for crop
evapotranspiration (ET), maintaining or improving soil quality (removal of salts), climate
control (frost protection), and plant emergence among others. He does qualify that the top
priority of water is human consumption but that agriculture is still considered a beneficial

use of water to society.



Another important definition to this argument is that of consumptive use of water.
Agricultural water use for irrigation fits the definition of consumptive use. Burt et al.
(1997) define consumptive use as “irrigation water that ends up in the atmosphere
(evaporation or ET) or in the harvested plant tissues (either as molecular water, notably in
watermelon or tomatoes, or in organic compounds and is considered irrecoverable, that
is, it is consumed”. It is assumed by the Michigan Department of Environmental Quality
(MDEQ) that if the water reaches the atmosphere through evapotranspiration, 90 percent
of the original amount will be transported out of the basin, in this case the Great Lakes
Basin, and is lost from the hydrologic system of the Great Lakes (R. van Til, MDEQ,
personal communication).

The agriculture industry in Michigan has relied on farmer surveys in the past to
estimate the amount of irrigation water used by the industry. Michigan Agricultural
Statistics Service (MASS) and the National Agricultural Statistics Service (NASS)
conduct these surveys and publish results once every four years. With the advent of new
weather and climate monitoring technologies, a computer model was developed to
provide government agencies a way of estimating irrigation water use in a less intrusive
way (Moen 1999). While these estimates are not official, they do give these agencies
some idea of the annual water use by irrigators.

The MWUR water use simulation employs the well-tested method of a soil water
balance (Ritchie 1985; Knox et al. 1996; Ejieji and Gowing 2000; George et al. 2000).
While other simulations have estimated water use across regional areas (Knox et al.
1996), none have been developed or tested for an entire state in the Great Lakes region of

the United States. Estimates from initial simulation runs were found to be in agreement



with state-level government estimates, although the Michigan Water Use Reporting
(MWUR) model has yet to be validated with in-field data (Moen 1999). The model
cannot be considered reliable until this validation takes place.

The model uses commonly measured weather data, more specifically temperature,
solar radiation, and precipitation, in conjunction with available soil texture maps to
estimate crop water demands through the growing season across a large area of thousands
of square kilometers. The technological breakthrough making this model possible is the
implementation and improvement of National Weather Service WSR-88 radar rainfall
estimates, also known as the Next Generation Radar (NEXRAD). This product provides
hourly growing season precipitation estimates, a key input variable, at a 4 km resolution
across a continuous grid for the entire state and region.

Next Generation Radar

The National Weather Service first released its WSR-88 (NEXRAD) product in
1988. The radar beam scans the atmosphere at a small angle above horizontal and
measures the reflectivity of the return beam, Z (mm®m®). Algorithms then relate the
reflectivity to a rainfall amount, R (mm) (Fulton et al. 1998). This relationship is
dependent upon the intensity of precipitation, size of the hydrometeors, and form of
precipitation (rain, sleet, snow, etc.). Biases do occur when precipitation intensities
increase, when the size of the hydrometeors increase, or when the precipitation is
partially or totally frozen. Atmospheric particulates also can have adverse affects on these
estimations (Krajewski and Smith 2002).

Operational post-processing is utilized by the National Weather Service to aide in

the reduction of errors of the precipitation estimates. Krajewski and Smith (2002) found a



reduction in errors when the original estimates were corrected using rain gauge network
data. The output of the second stage of processing is referred to as Stage Il NEXRAD
data. Unfortunately, there are errors associated with rain gauge networks as well, and care
must be taken when using these products. Both Steiner et al. (1999) and Krajewski and
(2002) reported poor data quality in historical rain gauge data. When high quality data
were used, Steiner et al. (1999) were able to obtain a root mean square error for the radar
rainfall estimation of about 10 percent.

The final post-processing stage involves overlaying Stage II estimations from
nearby radar stations over one another. The possibility for error increases the further the
particle is from the radar station (Fulton et al. 1998). Also, errors occur as the angle from
horizontal increases (Borga 2002; Sharif et al. 2002). The mosaicing process helps to
reduce both of these sources of error (Borga, 2002). The Stage III data product used in
the MWUR model comes from the NWS and the Michigan Climatological Resources
Program (MCRP). The NEXRAD Stage III product is only available during the warm
season, as it has yet to correctly estimate frozen precipitation events. This limitation does
not necessarily affect the MWUR model because it simulates crop water use during the
growing season. The MCRP found the frequency in which the NEXRAD correctly
sensed precipitation was on the order of 95.6 percent when using the Michigan
Automated Weather Network (MAWN) as a baseline (Andresen and Aichele 2003).
Mean differences between radar estimated and ground measured (MAWN) hourly
precipitation was 0.01 mm, with a mean absolute difference of 0.11 mm. When these

statistics are calculated using National Oceanographic and Atmospheric Administration



(NOAA) first order weather stations, the mean difference in precipitation was -0.1 mm
and had a mean absolute difference of 0.61 mm.

While there are errors related with this new rainfall data product, there are also
great advantages. Chief among them is a spatially continuous dataset with a resolution of
4 km (Figure 2). This allows for larger scale study areas where rain gauges may be
limited. Koren et al. (1999) found these data to be useful for lumped hydrological
modeling, the soil-water balance being one method tested, for the Arkansas-Red River
basin. A finer resolution was preferred because of grid overlaying, but evapotranspiration
was positively correlated with scale. Carpenter et al. (2001) also found the Stage III
NEXRAD to be applicable and useful for hydrologic modeling of larger scale
catchments.

Irrigation Scheduling and Crop Modeling

The soil water balance model used in the MWUR scheme is a well tested method
that has become a standard in physical modeling of crop systems (Jensen et al. 1970;
Wright and Bergsrud 1991; Knox et al. 1996; Prajamwong et al. 1997; Ejieji and Gowing
2000; Panigrahi and Panda 2003). A soil-water balance method is utilized to calculate
plant available soil water, based on the work of Joe Ritchie (Ritchie 1972; Richardson
and Ritchie 1973; Ritchie 1985; Ritchie 1998). A soil water balance sums water inputs
and outputs from the system for a specific area:

AS =Pe + IRR + GW-DP - ET - RO - ASS
where the change in soil water storage, AS, is the sum of the effective precipitation, Pe;

irrigation, IRR; ground water upward flux, GW; deep percolation, DP;



evapotranspiration, ET; surface runoff, RO; and change in surface storage, ASS
(Prajamwong et al. 1997; Moen 1999).

The method requires commonly measured meteorological data on a daily basis
and knowledge of physical soil characteristics. Meteorological data, in this model
includes precipitation, maximum and minimum temperatures, and solar radiation.
Temperature and radiation are used directly to calculate crop potential
evapotranspiration, which will be discussed later. Soil water holding capacity, including
the drained upper and lower limits, is necessary for the calculation of the net plant
available water stored in the soil profile.

The profile is often broken into distinct horizontal layers and the soil water
balance is calculated for each. These layers may have different characteristics based upon
location and the depth of each may change with root development during the growing
season (Burt et al. 1997; Prajamwong et al. 1997). Also, soil types may change through
the profile, with different properties such as plant available water capacities (Mahmood
and Hubbard 2003; Panigrahi and Panda 2003; Starks et al. 2003).

Within the soil profile, water may move in many directions. The greatest
depletion in the rooting zone occurs as a result of evapotranspiration (ET) (Jensen et al.
1971). This is the combination of evaporation from the soil surface and transpiration of
water through plants. ET may be directly measured through the use of a lysimeter or
estimated indirectly from the calculation of potential evapotranspiration (ET,) using one
of many commonly-used equations. Over the years, many different methods for
estimating ET}, have been developed. There are a handful of well-tested methods, each

useful depending upon the regional climate and climate data available. In most cases, a
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reference ET is calculated for a standard well-watered canopy, usually grass or alfalfa.
The estimated crop ET, is a product of the reference ET and an empirical crop coefficient
(Kc) (Jensen et al. 1990; Allen et al. 1998). The K. value is based upon the specific crop
of interest and its growth stage. A drawback to the estimation of crop ETj, is the
requirement of a relatively large amount of detailed meteorological and agronomic data.

When meteorological data are limited, a number of estimation approaches are
available. For monthly temperature based estimates of potential evapotranspiration (ET),
the Thornthwaite method is reasonable. Thornthwaite (1948) developed a model based
upon mean monthly temperature, day length, days per month, and a heat index derived
from the sum of a 12-month index. This method has obvious shortcomings if a sub-
monthly time period is used. Short-term mean temperature does not relate well with
incoming radiation, and therefore leads to serious errors using this method (Rosenberg et
al. 1983)

The Jensen-Haise method uses mean daily air temperature and the daily solar
radiation equivalent of evaporated water to estimate ET,. Jensen and Haise (1963)
evaluated this method with lysimetric measurements in arid regions of the western United
States. They found a good correlation, but only under non-advective conditions
(Rosenberg et al. 1983).

Probably the most widely used method to estimate ET,, are the Penman and
modified Penman-Monteith methods (Rosenberg et al. 1983; Allen et al. 1998). The
Penman method is a combination of an energy component, solar radiation, wind speed
and duration. No temperature component is used. The method was developed using a

linear regression of evaporation rate over vapor pressure deficit versus wind speed.
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Evaporation was measured from a evaporation pan, surrounded by a grass canopy, at Fort
Collins, CO (Jensen et al. 1990). Monteith (1981) later modified the Penmen equation to
accommodate aecrodynamic and crop canopy resistance (Hatfield 1990).

For well-watered or humid conditions, the Priestly-Taylor method is a simplified
and very useful form of the Penman-Monteith method (Jensen et al. 1990). It takes the
form:

ET, = afs/(s +7)] * (Ra + S)
where ET), is the potential evapotranspiration, s is the slope of the saturation vapor
pressure at the mean wet bulb temperature, y is the psychrometric constant, R, is the flux
density of net radiation, and S is the soil heat flux. The a term is considered the ratio
ET,/ETeq and is an empirically derived constant. ET,, is the equilibrium
evapotranspiration. Stewart and Rouse (1977) found values of a varied slightly around
the value 1.26 for temperature ranges of 15 to 30°C (Rosenberg ei al. 1983). The equation
is used in the Ritchie water balance and the MWUR simulation because of its utility
under humid conditions, which best describes the growing season climate in Michigan.
Also, meteorological data are more readily available for this ET;, calculation. Within
MWUR, ET is calculated from the ET, by multiplication of a crop-specific coefficient.
Other calculations in MWUR

Calculation of ET is the first major step of the soil water balance model within
MWUR, followed by root growth and development. New root growth is a function of
daily solar radiation and existing leaf area or days after planting, depending upon crop.

Vertical root growth distribution is later used to calculate potential plant water uptake for
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each soil layer. Water is extracted from any layer with a root length distribution value of
0.05 or greater (Moen, 1999).

Next, volumetric soil water values are calculated. Ponding values are determined
based upon hourly NEXRAD rainfall rates, irrigation events, and soil hydraulic
conductivity. When rainfall intensity and volume are greater than soil infiltration rate,
ponding occurs. This routine calculates the daily infiltration, runoff, and changes to depth
of ponded water. Downward water movement through each layer is calculated when
water is in excess of the soil drained upper limit. The potential drainage calculation
relates the layer’s drained upper limit (DUL), saturation level (SAT), hydraulic
conductivity (K;), and infiltration from the layer above. Finally, soil evaporation is
calculated. This routine calculates upward movement of water by capillary action as well
as evaporation. Evaporation is a function of leaf area index and potential
evapotranspiration (Ritchie 1972; Moen 1999).

The determination of irrigation events is then based upon the ratio of extractable
soil water (EWS) to the potential extractable soil water (PEWS) in the rooting zone of the
soil profile. The extractable soil water and potential soil water equations take the form:

ESW =Z(SWi-LLi)*DI fori=1...n
PESW =Z(DULi - LLi)*DI fori=1...n

DI = ESW/PESW
Where

SWi = Current volumetric soil water content in layer i
LLi = Lower limit of volumetric soil water in layer i

DULI = Drained upper limit of volumetric soil water in layer i

DI = Drought index
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n = Number of layers
The default drought index, which effectively triggers an irrigation event, is set at a value
of less than or equal to 0.5, but can be altered by the user to reflect differing water
management strategies (Moen 1999).

Use of GIS in Crop Modeling

A geographic information system (GIS) is a tool to store, analyze, and display
spatially referenced data. It allows the user to link information stored in a database to a
location in space and compute new data for that location (Maracchi et al. 2000) It also
has the capability to incorporate remotely sensed data for analysis and display purposes.
These data can include satellite land cover data, satellite-derived soil moisture estimates,
or radar precipitation estimates. The use of GIS in hydrologic modeling has increased in
recent years because of the spatial analysis capabilities of these programs (Engel et al.
1997; Knox et al. 1997; Sousa and Pereira 1999; Ogden et al. 2001; Heinemann et al.
2002; Ines et al. 2002; McKinney and Cai 2002; Martin de Santa Olalla et al. 2003;
Rowshon et al. 2003; Rowshon et al. 2003). Figure 1 is a visualization of the input-
layering taking place within the MWUR model.

Ogden et al. (2001) describe a number of different GIS interfaces for hydrologic
watershed modeling. In his review, he notes the importance of temporal variability. Not
only is there a need for spatial consistency within inputs and outputs, but also temporal
consistency such as daily or annual averages of variables. He also states the need for
spatially continuous data, such as the NWS NEXRAD radar precipitation estimates. The
NEXRAD product is useful because the data are available in a raster grid network

covering the entire state and relatively short temporal resolution (hourly). As the quality
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Figure 1: A visualization of the layering taking place within the MWUR simulation (courtesy of
Tracy Aichele, 2002).



and availability of products such as NEXRAD precipitation estimates increase, use of
hydrologic models will continue to increase within the GIS platform.

A GIS is also very capable of analyzing the water needs for agriculture. Knox et
al. (1997) wrote a computer model that estimates irrigation water requirements for
potatoes in England and Wales, which is very similar to the MWUR program. They were
able to create maps of water use at a 5 km resolution for analysis at county and river
basin scales. All necessary datasets were available in digital form from government
agencies. These included regional soils maps, weather data, and land use maps. This
program provided water use maps for catchment managers and planners, as well as
providing politicians with a tool to more effectively litigate their water resource. Inputs
and calculation methods were very similar to those used by Moen (1999), except for the
precipitation data. Knox et al. used data from 11 automated weather stations instead of
remotely sensed precipitation and solar radiation data. To avoid modeling many soil
textures, they used three representative soils, high, medium, and low available water
capacities, for the entire region instead of the numerous soils used in MWUR. Total water
demand for maincrop potatoes in 1990 was determined and compared with the
governmental survey estimation at a county level. The simulated water depth applied was
greater than reported governmental values by about 16 percent.

Engel et al. (1997) developed a program, AEGIS/WIN, that linked the Decision
Support System for Agrotechnology Transfer (DSSAT) with a GIS interface. This
allowed for the creation of thematic maps of field management practices, such as final
yields, irrigation requirements, and nitrogen leaching for an entire farmsted, which can be

used by growers as part of a precision agriculture practice or by planners as part of a
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regional resource management program. Heinemann et al. (2002) had a newer version of
this program, assumed it was calibrated for their region, and used it to estimate the spatial
water requirements for counties in the Brazilian state of Parana. Thematic maps were
developed for annual irrigation withdrawal and runoff. The authors were very satisfied
with the results when such limited input data were available.

Other investigators have developed irrigation monitoring systems with GIS
platforms. Martin de Santa Olalla et al. (2003) and Rowshon et al. (2003a) both
developed reliable programs for system managers to better monitor and distribute
irrigation water. Rowshon et al. monitored furrow irrigation in Malaysia, outputting
weekly water needs for rice production in maps, graphs, and tables. While their irrigation
scheduler underestimated water needs, they were satisfied with the weekly monitoring
and map development for water use. de Santa Olalla et al. used LANDSAT satellite
imagery to delineate irrigation areas and crop types in southeastern Spain. The GIS was
able to link these locations, crop types, and field areas with government estimations of
water use for individual crops to monitor groundwater withdrawal for irrigation in the
aquifer. The system passed beta testing after successfully outputting reasonable water
volume estimates compared to an exhaustive field study and is now fully operational for
estimating irrigation withdrawals in the Mancha Oriental aquifer of southeastern Spain.
He (1999) performed an analysis of irrigation water needs for the Saginaw Bay basin in
lower Michigan. He used a GIS in conjunction with four crop growth models to overlay
soil series maps, multi-station climate data, and multi-season management strategies
(planting date, harvest date, etc.) to calculate the average irrigation demand for the Cass

River watershed.
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Sousa and Pereira (1999) validated a regional irrigation water requirement model
for maincrop potatoes in northeast Portugal by first validating the simulation under local
conditions, running a 19 year time series of historical weather data, and finally creating
spatial water requirement maps using kriging techniques within a GIS interface. They
chose the geostatistical method of kriging to overcome spatial heterogeneity problems.
Soil moisture was monitored in 2 ha plots using a neutron probe, gravimetric samples,
and tensiometers. Monitoring of soil moisture was utilized in the validation of their
model to local conditions. The subsequent 19-year irrigation water estimation, for 106
locations, resulted in a mean depth of 290 mm of water per year. Surface maps of
irrigation requirements for the entire region were later created from these 106 locations
using kriging techniques.

Soil Moisture Monitoring and Calibration

Some of the above irrigation scheduling and monitoring programs were validated
with measured volumes of water flowing through a monitored system (Rowshon et al.
2003) or from governmental survey estimates (Fanning et al. 2001). These methods are
not common, though. The majority of irrigation models based upon the soil water balance
were validated through a combination of soil moisture probes and gravimetric field
samples.

One of the many methods for measuring soil moisture in the field is the time
domain reflectometry (TDR) method. This method is based upon the relationship
between the soil water capacitance, dependent upon water content, and the time shift of a
1 MHz signal sent by two metallic probes in the soil (Lane and Mackenzie 2001). The

technology is useful because it provides a continuous output signal and can be automated
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with a datalogger. The academic community has until recently, mainly utilized it. Once
calibrated, it can be a reliable method for continuous, in situ measurement of soil
moisture (Jackson 2003). Many times this technique is used as a comparison for the
validation of models (Starks et al. 2003), remote sensing of soil water content (Wilson et
al. 2003), or comparison for other field-based measurement technologies (Tomer and
Anderson 1995; Lane and MacKenzie 2001; Wilson et al. 2003). Chief among the
limitations of this method is the high costs for installation to achieve the desired spatial
coverage. Also, TDR probes are not portable and each must be buried to the desired
depth. Finally, the sphere of influence that the TDR measures is based upon the length of
metallic probe, which can vary between units (Starks et al. 2003).

The neutron scattering probe was used to validate models of Knox et al. (1996),
Sousa and Pereira (1999), George et al. (2000), and Panigrahi et al (2003). Eachsetup a
sampling scheme for their respective studies and sampled soil moisture on a routine basis.
The neutron probe requires aluminum access tubes installed within the field. Readings
are taken at a soil depth as to give an average of soil moisture for each soil layer, usually
about 15-cm in depth. Measurement frequency ranged from twice per day (George et al.
2000), to daily (Panigrahi and Panda 2003), and finally weekly (Sousa and Pereira 1999).
These soil moisture values were used to compare soil water balance output from their
respective irrigation models to physically measured root zone water content.

Portability and depth of measurement are two of the main reasons to use this
technology. Measurements can also be taken relatively quickly. There are limitations to
the neutron scattering method of measuring soil moisture, though. First, the neutron

probe does use radioactive material and requires special licensing and safety equipment
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to use. Second, the resolution of soil moisture is coarser for this method than some others
due to averaging of a greater soil area.

Gaze et al. (2002) performed a study to assess the accuracy and utility of the
neutron probe for measuring changes in soil moisture in a potato field. They placed
aluminum access tubes on the ridge, side, and furrow of a potato field to a depth of 100-
cm. The probe was calibrated against gravimetric soil samples for each reading depth of
each tube under bare soil conditions. Sample readings were taken prior to and 2-4 hours
after an irrigation event. There were a total of nine irrigation events spread over three
plots. Another test was set up in the laboratory in which an access tube was placed in a
vat of soil, with measurements taken prior to and after watering events. In both the field
and lab studies, they found the neutron probe underestimated soil moisture immediately
after a wetting event, but was reasonable during soil drying from field capacity. They also
applied equal amounts of water to dry and wet soils in the field and the probe could
account for more of the applied water when soil was initially drier. There was also no
difference in general trends between tube locations. They concluded that the neutron
probe has difficulty measuring water present near the soil-atmosphere interface and that
the device is inconsistent in its measurement of soil water storage under large water input
settings. Therefore, its reliability and utility for the measurement of soil water deficits
with large irrigation amounts must be questioned.

While there are both positive and negative studies regarding the utility of the
neutron probe, other technologies are available. In particular, capacitance-type probes use
similar construction and principals of soil water content measurement to the neutron

probe and TDR, respectively. An electrical field signal is generated between 2 annular
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electrodes placed in the soil profile (Lane and Mackenzie 2001). This signal penetrates
the surrounding soil profile, which returns a signal at a similar frequency. Some of the
energy is trapped in the water present and the probe then measures the shift in return
frequency (Tomer and Anderson 1995).

Tomer and Anderson (1995) conducted a field evaluation of a capacitance type
soil moisture probe against neutron and TDR technologies in sandy textured soils. They
chose the Troxler Sentry 200-AP frequency domain reflectometer, the same probe used
for the validation of the MWUR model. Soil cores were taken for calibration purposes of
the neutron, capacitance, and TDR probes. A linear regression equation was fit to the
frequency shift values vs. calculated volumetric water content. The calibration resulted in
a good correlation, particularly at depths greater than 1.0-m. The capacitance probe
tended to sense water near the surface, which the neutron probe could not. But they also
reported the capacitance probe had difficulty detecting frequency shifts in dry, coarse
soil. They believe this bias is accentuated when air pockets result from poor soil-to-tube
interface occurs. These air pockets are important because of the large difference between
the dielectric constant of water (80) and air (1). The authors concluded the probe was
satisfactory for relative measurements of soil moisture, but cautioned the user about the
need to be deliberate in tube installation. In a similar experiment, Ould Mohamed et al.
(1997) and Khosla and Persaud (1997) were in agreement with Tomer and Anderson
(1995) and found the calibration and use of a capacitance probe suitable for in situ soil
moisture measurement. The soils tested were different textural classes, silt clay loam
(Ould Mohamed et al. 1997) and loamy sand (Khosla and Persaud 1997), but similar

conclusions were found. Both agreed with the utility of this method but report the probe
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has difficulty properly measuring soil moisture under dry soil moisture conditions and
cautioned users about tube installation. Khosla and Persaud (1997) used a Marquard
family of equations to find a regression equation for each site tested.

Work has continued in testing of the capacitance method for measuring and
monitoring in situ soil moisture. Wu (1998) calibrated a probe for heterogeneous soil
profiles in Nepal and demonstrated a single regression curve could be calculated for each
field. By far the most reported problem with this technology is the need for deliberate
installation of the access tube. de Rosny et al. (2001) and Lane and MacKenzie (2001)
both reported the introduction of errors in frequency shifts due to air gaps between the
soil and access tube. Lane and MacKenzie concluded the utility of capacitance probe
technology was questionable because of these installation problems. Also, errors in probe
measurements increased as volumetric soil moisture rose above 35 percent. Chanzy et al.
(1998) concluded soil moisture could be accurately monitored, after calibration, in a field
using one to three access tubes. This method was chosen to validate the MWUR because
of its consistent volume of aggregation, safety, and speed of measurement.

Regional Modeling and Consideration of Scale

The scale of inputs and outputs must be considered whenever modeling any plant-
soil-atmosphere system, as errors can be introduced when aggregating or disaggregating
variables or inputs to fit the desired scale. Hansen and Jones (2000) and Anderson et al.
(2003) both discuss the problems and common pitfalls of upscaling or downscaling crop
and crop/climate models. Errors are often introduced when trying to aggregate or weigh
heterogeneity within an input pixel. Using linear areal averages can be problematic if the

inputs are related in a nonlinear fashion. Also, the model-driving inputs may change as
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the scale of the model increases. Anderson et al. (2003) reports an example of this for the
calculation of ET. As the model scale moves from canopy to landscape, ET becomes
more dependent on feedbacks from the atmospheric boundary layer than net radiation
receipt. Hansen and Jones (2000) describe the phenomena as a shift from high-frequency
disturbance sensitivity to low frequency disturbance sensitivity.

Hansen and Jones also suggest input sampling when aggregating data. This
involves "repeatedly using different sets of inputs sampled in a manner that captures
enough heterogeneity to reduce aggregation errors to an acceptable level”. This is
currently being done for the MWUR NEXRAD Stage III precipitation estimates at the
Michigan Climatological Resources Program at Michigan State University. A GIS is a
suitable tool for this sort of task because of the ability to analyze data in different input
layers and at various scales. Raster data are already in evenly sectioned grid cells, while
vector data can take the form of odd shaped and sized polygons. These layers can be
overlayed and aggregation algorithms calculate outputs (Figure 1). Hansen and Jones
note a GIS is also a good tool for the data processing stage for similar reasons. The
meteorological and soil data available for the MUWR model are at similar scales and
extents. Figure 2 is the statewide NEXRAD grid network spatial distribution, which is the
same as the MWUR output. All have sub-county resolution and regional extent (Figure
3). In the validation phase of this study, soil moisture and water use reports are at a much
smaller scale. The area of a NEXRAD grid is 16 km?, while a typical study field is 0.32
to 0.64 km? (Figure 4). Plus, soil heterogeneity within a single field can be large (Basso

et al. 2001).
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Figure 2: The NEXRAD 4 km grid network across lower Michigan with point locations of study sites.

Figure 3: The NEXRAD 4 km grid network at the county size, with field sizes delineated.
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Figure 4: Four NEXRAD 4 km grid cells and three study fields (in black).
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Soil moisture is probably the most highly variable parameter for a model such as
MWUR, and one of the most important to characterize. It is highly variable both spatially
and temporally and has non-linear influences on many environmental processes (Western
et al. 2002). Western et al. review many works regarding the scaling techniques of soil
moisture. Soil texture, topography, and vegetation all have effects on the spatial
distribution of soil moisture at the local scale, while variations in rainfall or even climate
may affect moisture at the regional scale (Paz et al. 2001; Batchelor et al. 2002).
Therefore, it is not necessarily desirable to quantify the spatial pattern of soil moisture,
but rather to quantify the spatial statistical structure. Western and Bloschl (1999) were
able to capture the switch in process as scale was increased from vertical water
movement at smaller scales to lateral movement at larger scales by representing the
overall effects of soil moisture processes through spatial continuity.

Western et al. (2002) give two examples of interpretation of soil moisture
measurements with small support, or area of aggregation, and large spacing. The first
method relies on a dense sampling structure with a high resolution of data points. The
second method is the development of a relationship between point measurements and
areal soil moisture. The limitation to this method is the need for a time-stable relationship
between point measured soil moisture and the spatial mean.

One must be keep in mind the different environmental variables that drive
physical processes at different scales when validating soil moisture. The processes most
influential at the field scale are not necessarily the same at larger ones. In the MWUR
simulation, variability lies in larger processes such as precipitation and crop water

demands over a multi-field area. The point measurements used to validate this simulation
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can quantify variability within a single field. The upscaling of the measurements to that
of the model is necessary and still has relevance. Field scale measurements have been
used previously to validate regional models (Knox et al. 1996; Sousa and Pereira 1999).

Two schools of thought dominate in the argument of the complexity of models as
scale is increased. One argues for simpler models, hence reducing the number of inputs
and the potential for effects of bias in the data. The second group believes larger scale
models are built upon the smaller scale models, just with more complexity. While input
data can become arduous, more real world functions are taken into account (Hansen and
Jones 2000). However, input data may also be error prone. Soil maps at a regional scale,
such as STATSGO, are aggregated to a map unit that may lose individual, field level soil
characteristics. Hansen and Jones report the median CV of plant available water within
soil associations in the STATSGO data set range from 40-60%. This can have dramatic
effects on potential ET and plant water uptake, with reports of a 16% underprediction of
ET and a 17% underprediction of mean production (yield) in the Hansen and Jones
simulation. It must be noted, though, that increasing the detail in datasets does not
necessarily mean perfect data. The SSURGO data set, a newer and more detailed soil
survey, is not available for all areas and can still result in limited detail at the field level
(Hansen and Jones 2000).

Weather data can be problematic as well. Interpolation between rain gauges may
not describe the variability of amount or intensity over short distances (Hansen and Jones
2000). The NEXRAD Stage III radar precipitation estimates, with a spatial resolution of
4 km (Fulton et al. 1998), are better suited to sense differences in rainfall amount over

smaller distances than a rain gauge network of typical density within the United States.
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The MWUR simulation requires a daily precipitation estimate, which is the sum of hourly
NEXRAD estimates, reducing the effect of rainfall intensity on the landscape.

Management decisions are also difficult variables to parameterize. Decisions like
crop cultivar and planting date may have impacts on model outputs (Hansen and Jones
2000). Crop cultivar is not considered at all in the MWUR simulation, but planting date is
set for a single date across the state for each crop. Distribution of crop acreages across the
state is also necessary.

The issue of scale is a difficult aspect of modeling and model validation. It is
important to characterize the level of detail required to adequately describe the desired
process. Data availability, processing capabilities, and spatial and temporal extent all
must be considered when making the modeling decisions. Weather data (particularly
precipitation), soils data, and crop physiology are inputs of the greatest concern for
MWUR. Characterizing the sensitivity of the model to these inputs is of great interest
because it describes the driving parameters at the regional scale and the level of
aggregation for output optimization.

Conclusion and Summary

The simulation of environmental physical processes is continuing to better
characterize the ‘real world’ for growers, regulators, and decision makers. This thesis on
modeling crop water use from irrigation is concerned with just one of the many important
physical processes in agricultural production. While it does not take many cultural or
societal issues into account, the model does have the potential to complement a suite of

models that do better characterize this social aspect.

28



Bland (1999) discusses the need for agricultural modelers to begin working on
integrated assessment, and specifically the integrated assessment models. The goal of
integrated assessment is to produce scientifically-based information for environmental
debates introduced in public and governmental forums, while respecting the human
value. He proposes this modeling work focus on creating a system of diverse models
interacting with one another so interaction between systems not usually considered
together can be assessed. Specifically, models with a predictive capability are needed.
System models, composed of small physical models describing farm-level functions, can
be aggregated to describe and predict farming operations, and the broader agricultural
system, depending upon various social choices. Bland calls this new paradigm “Agrarian
Systems Modeling”. This term describes the construction of ISMs for food-production
systems. His example of the SIVI model for the potato and vegetable industry in central
Wisconsin links agronomic practices, spatial distribution of fields, groundwater flow,
crop yield and value, income derived from that yield, and linkages between the industry
and public infrastructure. The goal of this model is to inform the public about the
environmental and economic impacts the industry has on the region.

I believe, with further work, the MWUR model could become an integral part of a
similar simulation for the state of Michigan, and perhaps the Upper Great Lakes Region.
When integrated with a suite of models, MWUR could give important contextual

information on the volume and distribution of irrigation water use.
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Methods
Overview

The validity and sensitivity of the Michigan Water Use Reporting model,
developed at Michigan State University (Moen 1999) was tested. The model estimates
seasonal water use at a 4 km resolution for irrigated agriculture across the state. Farm
locations and crop acreages are the necessary inputs into the simulation. While the
resolution of the model is 4 km, the results must be aggregated to county level because of
privacy issues.

Validation involved calculation of mean differences and mean absolute
differences between simulated results and data collected from cooperating growers across
lower Michigan. Data collection included recording volumetric soil moisture and grower
reports of irrigation volume applied to each crop during the 2002 and 2003 growing
seasons. The crops studied are the largest irrigated crops by acreage and volume of water
applied. They include corn, potatoes, and soybeans, along with specialty crops. The farm
locations were located in counties with large acreages under center pivot irrigation. This
type of irrigation sprinkles water from above the crop canopy through a boom fixed at
one end and free at the other, giving it the ability to rotate across the field. This was the
most widespread irrigation delivery system in the state in 1997 (MASS 1998).

Monitoring soil moisture involved contacting potential cooperators, choosing
field locations, installing observation tubes, and taking bi-weekly measurements of
volumetric soil moisture values with a capacitance probe. Potentially willing growers
were contacted regarding cooperation with the study. Of those willing, field level sites

were chosen based upon location within the state, crop type, and distribution of crops in
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the area (Figure 3). An effort was made to be as comprehensive as possible in the
selection of crop type and distribution in the major irrigated areas of the state. Field level
spatial resolution was chosen because of data availability from the growers and the soil
moisture measurement device. Attempts were made to monitor the same fields in both
seasons of the study (years 2002 and 2003), but some compromises had to be made to
ensure a more representative crop distribution.

Field sampling involved physically carrying the FDR unit to each access tube,
lowering the probe to the proper depth, and taking a reading with the aid of a datalogger.
A number of considerations were taken into account before final field selections were
made. First, a number of irrigation delivery systems are utilized in Michigan. Center
pivot systems are associated with the greatest irrigated area and volume of water applied
in the state in 1997 (NASS 1999). Therefore, these systems were the focus of this study.
Drip, furrow, and subsurface irrigation, among others, account for a small percentage of
the total volume of irrigation water.

General farm locations were considered based upon the amount of center pivot
irrigation taking place in their region. Two of the counties chosen, St. Joseph and
Montcalm, were the largest irrigating counties in the state by acreage in 1997. These
counties account for approximately 19 percent of the irrigated acreage of the state.
Saginaw County, in eastern Lower Peninsula, has been the location of past residents vs.
grower disputes. The three counties mentioned, plus Mecosta County, account for
roughly 21.3 percent of the irrigated acreage in the state in 1997 (MASS 1998). St.
Joseph County is located in the southwest portion of the Lower Peninsula of Michigan,

while Montcalm and Mecosta Counties are all located in the west-central part of the
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Lower Peninsula. Figure 2 shows the relative location within the state of the study sites.
Agricultural soils in all three counties tend to be loamy sand to sandy and have high
inﬁltration rates. Saginaw County soils tend to be higher in clay content with poor to very
poor infiltration and drainage (Survey 1960; Survey 1983; Survey 1984; Survey 1994).

Simulation runs occurred after all the seasonal weather data was made available.
Temperature, solar radiation, and radar precipitation estimates were the meteorological
data used to drive the model. These variables are available as raster data sets.
Temperature and solar radiation data are at a 20 km resolution, while radar rainfall
estimates are at 4 km resolution. The model calculates water use at the 4 km resolution.
Figure 2, Figure 3, and Figure 4 show the relative size of the fields at the state, county,
and local scales, repectively, to the NEXRAD grid network. Other inputs include a
statewide soil texture data set, the STATSGO data set, crop acreages, and farm locations.
Measurement of Soil Moisture

Soil moisture was monitored in the field using a Troxler Sentry 200-AP
capacitance probe (Irrigation Scheduling Methods, Inc. (ISM), Malaga, WA). This probe
relates oscillation frequency to soil water content, based upon the capacitance, in relation
to the dielectric constant, of the surrounding material (Robinson et al. 1998). Water has a
much greater dielectric constant air (Wu 1998). The probe requires calibration for each
soil type being measured (Tomer and Anderson 1995; Khosla and Persaud 1997; Ould
Mohamed et al. 1997; Chanzy et al. 1998; Wu 1998; Lane and Mackenzie 2001; Mandal
et al. 2002) because soil is not a perfect dielectric. The soil and material surrounding a

tube is an electrical conductor (Robinson et al. 1998). The probe readings are an
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integration of a cylinder of soil 30 cm high and 10 cm radius from the wall of the tube
(Wu 1998; de Rosny et al. 2001).

Calibration of the capacitance probe began with the installation of access tubes in
the field. These tubes are 5 cm Schedule 40 polyvinyl chloride (PVC) pipe. Installation
began when the 1.7 m tubes were pounded vertically into the ground using a sand filled
mallet. Soil was then augered out of the middle of the tube. Care must be taken to ensure
a tight soil-tube interface. The tubes were driven to a maximum depth of 1.5 m, but many
times obstacles in the soil profile, like stones, prevented installation to the maximum
depth. A minimum depth of 0.9 m was achieved in all fields. This depth is satisfactory
because it encompasses most of the rooting zone for all crops considered in this study.
The excess PVC above ground was clipped to a height 0of 0.15 m. Sample probe readings
were taken at 0.3 m intervals when installation was complete (ISM1996). Three access
tubes were placed in transect across each field, about 75 m apart. The three tubes were
installed per field (Chanzy et al. 1998), totaling 39 tubes per season for the entire study.
Care was taken to try and line the access tubes with the irrigation pivot in a radial line to
reduce the delay in the time between which individual tubes saw irrigation events.

Immediately after installation, bulk density cores were taken near the access tube
at the median depth of the probe readings in the soil profile because the probe integrates
an entire 0.3 m section. These samples were placed in tins and sealed in plastic bags to
minimize evaporative loss. The procedure was repeated for each tube installed.
Approximately once every two weeks, bulk density samples were again taken for each
depth, near one tube. As many samples were taken as time permitted for each field

through the season.
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Once in the lab, bulk density cores were weighed, dried in a 105-degree C oven,
for 24 hours, and re-weighed. Volumetric soil moisture and bulk density were calculated
and recorded. A regression curve was fitted to find an equation relating the oscillation
frequency shift probe values, or “raw values”, to the volumetric soil moisture values.
Marquard’s non-linear least squares algorithm was used in statistical software to calculate
the equation values (Khosla et al. 1997). They calibrated the same Troxler 200-AP probe
and found favorable results with this type of equation. The equation takes the form of:

D = x;eM™+x3 €))
Where D is the frequency shift reading from the probe, M is the volumetric soil moisture,
and x,, X2, and x; are constants (Khosla and Persaud 1997; ISM 1999). For calibration
purposes, the volumetric soil samples from bulk density cores were used as the
independent variable, M. The probe readings taken immediately after a bulk density
sample were the dependent variable, D. The statistical program calculated constants x;,
X2, and x3. These constants were then used to calculate volumetric soil moisture for each
field observation through the season by rearranging equation 1 and solving for M.

M= (Ln {})/x (2)

Tomer and Anderson (1995) attempted to use a linear regression equation to
calibrate a Troxler 200-AP. The volumetric soil samples provide a second method of
calculating soil moisture and were meant for the development of field level soil moisture
equations for use with the capacitance probe. This method resulted in very poor 7 values
for fields in which convergence could not be attained using the Marquard family

equation.

34



The results of the curve fitting exercise were not positive. In some cases,
convergence requirements were not met after 100 iterations of the regression. Even in
cases where convergence requirements were met, the equations would result in unfeasible
soil moisture values for bi-weekly field observations. Table 2 is an example of erroneous
field observed soil moisture. Some values are negative (volumetric soil moisture) and
some result in numbers approaching infinity. Table 1 is an example of reasonable results
from the calibration process for another field observed soil moisture. Unfortunately, this
was only successful for 5 out of 13 fields, three in Saginaw County and two in Mecosta
County. This trouble in the development of some field equations altered the use of the
oven dried volumetric soil sample data. The large amounts of soil texture heterogeneity
and lack of data points, too few bulk density samples per field, are most likely to blame
for these problems. Instead, the data were utilized as a check of the capacitance probe
data calibrated using the manufacturer’s pre-developed equations.

Basso et al. (2001) reported soil moisture is a function of both soil depth and
texture. They also found that soil texture was highly variable in a 7 ha field near Durand,
MI, within the study area of this research. Sand content was reported to vary from 40 to
80 percent and clay content 8 to 25 percent across the field. Soil water was reported in
terms of potential extractable soil water and the range of values was 140mm, in low
areas, to 70 mm, in high areas. A correlation was found between topography and soil
texture. Clay content was highest in lower elevations, and sand content greater in higher
elevations.

ISM offers calibration software as part of the probe package. The software

requires an initial soil textural classification (i.e. sand, loamy sand, etc.) and initial water
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content as a percent of field capacity. The initial water content was determined with
litmus paper and color chart provided with the installation package. With soil texture,
initial water content, and initial frequency shift, or “raw value” from the capacitance
probe, the software determines the calibration equation for each layer. Each calibration
equation has an associated letter code, which the software outputs for each layer of each
tube. The letter output by the software was programmed into the datalogger for the
associated tube and soil profile depth. Each letter has its corresponding equation pre-
programmed in the datalogger. These pre-determined “equations” are nothing more than
equation 1 with each letter code having been solved for the set of constants, x;, x2, and x3.
See Table 3.

Mean differences between the factory calibration and volumetric calibration show
an increase in soil moisture using the volumetric calibration method (Table 3). The
increase in mean difference of water content also increases by depth and was greatest at
the third layer (60-90 cm). The factory calibration method gives each layer a
predetermined equation, based upon soil texture and antecedent water content. In Table 4,
the mean differences between probe measured and volumetrically determined soil
moisture is small through the profile. With this evidence, along with the lack of data
points to determine equations for individual fields, it was decided to use the
manufacturer’s calibration methods and codes.

Observation tube installation began in early June for 2002 and early May for

2003. The late start in 2002 was due to shipping delays from the soil moisture monitoring
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equipment distributor. Installations in 2003 began shortly after planting. Work started in
the southern most county, St. Joseph, and was concluded in Mecosta County to the north
three weeks later. Installation of the tubes was completed in early July for 2002 and early
June for 2003. Afterwards, each field was visited twice per week for sampling. Fields in
Montcalm, Mecosta, and Saginaw counties were visited on the same days (Monday and
Thursday) while sites in St. Joseph County were visited separately (Tuesday and Friday).
Observations continued through the growing season until either the crop was harvested,
in the case of some potato fields, or irrigation was stopped for grain dry-down just prior
to harvest. The tubes were removed from each field immediately prior to harvest so no
damage would be caused to any harvest equipment.

Probe readings are an integration of the volumetric soil moisture for a 0.3 m
depth of soil (Tomer and Anderson 1995; ISM 1996, Khosla and Persaud 1997). Soil
moisture data were analyzed for depths to 0.9 m because all tubes were driven to a
minimum of this depth and for consistency across all study areas. The 0.9 m tube depths
resulted in three 0.3 m volumetric soil moisture values for each tube. The capacitance
probe was lowered to the proper depth, a measurement was taken, the reading was saved
to a file, and the probe was lowered to the next depth until all depths had been measured.
Each of these depth measurements were made at all three tubes in an individual field and
each field was visited twice per week. Before a field was re-visited, data was downloaded
to a PC in the laboratory. While all the individual fields could fit in the memory, only one
visit per field could be stored on the datalogger. A RS-232 connection linked the
datalogger to a PC running the download program (ISM). Data was later compiled and

analyzed using spreadsheet software. The volumetric soil moisture observations were
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taken to validate the MWUR simulation volumetric soil moisture results and were also
saved in the spreadsheets. MWUR model runs began when the temperature/solar
radiation data grids and NEXRAD radar precipitation estimates for the year were made
available from NWS and the Michigan State Climatological Resources Program.
Model Validation

The goal of this portion of the study was to assess the validity of soil moisture and
irrigation water volume applications of the MWUR model when compared to field level
data. The model was validated in two parts. First, the simulated volumetric soil moisture
output was compared to volumetric soil moisture measured in test fields around the state
of Michigan. Second, growers supplied the values of irrigation water volume applied on
test fields. The reported volumes were compared to the irrigation water volume output by
the model for the grid cells encompassing each test field.

The robustness of the model was evaluated through calculation of mean
differences between MWUR irrigation water volume application estimates and values of
irrigation water for individual study fields from cooperators. Descriptive statistics, such
and mean difference and mean absolute difference, averaged by crop and by grower,
were used to describe the relationships because of the desire to find the degree to which
the two datasets are different and to find any bias between them (Ould Mohamed et al.
1997; Chanzy et al. 1998; Sousa and Pereira 1999; Basso et al. 2001). Given the limited
number of data points available, a maximum of 26 fields for the two years, descriptive
statistics best describe the relationships than other tests. Unfortunately, some cooperators
failed to provide seasonal irrigation records for certain fields. These fields were not

included in any part of the statistical analysis. Records submitted left 21 of the 26 fields
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with complete records. Paired t-tests were utilized to test the null hypothesis that states
the simulated and observed volumetric soil moisture and irrigation depths have the same
mean. Biases due to within field and regional soil heterogeneity were overcome by
plotting simulated values as a percent of observed over time. Discrepancies between
model irrigation amounts and observed irrigation amounts applied were described by
plotting the difference between the irrigation amounts against potential drainage.

To begin, model outputs were compared to both field measured and grower
supplied data. Calibrated probe volumetric soil moisture data for each field were first
entered into a spreadsheet program. Measured soil moisture values for each depth on each
date were averaged to lessen the effects of within-field heterogeneity. The model was run
for each field based upon field location in relation to the NEXRAD grid network for
years 2002 and 2003. Model parameters were initially set to default values (Moen 1999).
The results for seasonal irrigation depth, irrigation dates, and daily volumetric soil
moisture were written to a database and, after simulation executions, individual locations
were queried and the resultant outputs saved in a spreadsheet. Queries by crop were also
saved. Simulated soil moisture is calculated in layers through the soil profile to a depth of
160 cm. There are 10 layers, consisting of 2, 5, 8, 11, 14, 20, 23, 25, 25, and 25 cm
depths below the surface, respectively (Figure 5). These values for each layer must be
aggregated to layers of 30.48-cm in size, corresponding to the layer depth of the
capacitance probe measurements. A weighted average of these values was taken to
convert to layer depths of the capacitance probe.

After the daily values of soil moisture were calculated at each depth for the

growing season, another filter was applied to match dates of measurement with calculated
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Figure §: Visualization of model layer depths (left) and capacitance probe measurement layer depths

(right) with tube placement in soil profile.
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dates. Mean differences and mean absolute differences were calculated for each crop, by
layer and for years 2002, 2003, and the two years combined. Paired t-tests were run by
crop for the two years combined. Similar tests were performed when data were grouped
by grower.

The grower supplied daily irrigation volumes for individual crops were entered
into a spreadsheet. Model output of the daily irrigation and irrigation events were queried
and saved into the spreadsheet. Timelines of depth accumulation were plotted for
modeled and reported values. Seasonal irrigation volumes are calculated by summing
daily amounts and the mean difference and absolute mean difference were calculated for
each crop and each county on a yearly basis. Mean difference and mean absolute
differences were calculated for each crop for 2002 and 2003 combined. Finally, paired t-
tests were conducted by crop on the irrigation volume amounts and soil moisture for 2002
and 2003 together.

Model Sensitivity Analysis

Four grower managerial and crop physiological parameters were adjusted to test
model reaction. These tests are meant to compliment the previous sensitivity analysis of
Moen (1999). He tested the sensitivity of the model to changes in soil map units of the
STATSGO data set. His results indicate fewer total map units may be used across the
state and more aggregation of soil texture classes within 4 km grid cells can occur. He
also tested propagation of errors in the NEXRAD data set. The results indicate cells
further from radar stations have greater errors. Neither of these model parameters was

tested here because of the results from the previous study.
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Instead, four crop and managerial model parameters were tested. Choice of these
parameters was based upon results of the validation portion of the study. Daily irrigation
accumulation led to questions regarding timing, amount per irrigation, and season length.
Analysis of volumetric soil moistures at depths led to questions of root growth and
development. The altered parameters include root growth rate, planting date, amount of
water per irrigation event, and soil moisture irrigation trigger (®.). As roots grow faster
and deeper, there is more potential for plant water extraction at different depths. Planting
date changes may affect annual soil moisture cycles and when the irrigation season
begins and ends. Amount per irrigation and O, changes affect the frequency and duration
of irrigation cycles. Results can be seen with larger or smaller and more or less frequent
irrigations.

Rooting growth rate was adjusted for each crop, and similar methods were used
for analysis as with the validation portion. Mean and mean absolute differences, as well
as paired t-tests were calculated for each parameter change. Similar methods were used to
test soil moisture irrigation trigger (®.), irrigation amounts, and planting date parameters.
These parameter changes were run for all the study fields in 2002 and 2003. These
statistics were calculated upon the differences between changed parameter and default
simulated volumetric soil moisture and irrigation depths.

The variable O, is the fraction of water withdrawn from plant available soil water
that triggers an irrigation event. The variable was changed within the range of 0.40 to
0.60 of plant available water in increments of 0.05. The default value is 0.50. The output
values of soil moisture and irrigation events were exported to a sp<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>