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Improved water use efficiencies in irrigated agriculture are necessary to assist in coping with

the accelerating demand and economic competition for the world's fresh water supply and

increasing ecological concerns. This will likely rely in part on optimum irrigation, which

implies regulated deficit irrigation. While conventional irrigation management is intended to

maximize crop yield, optimum irrigation takes an economic approach, focusing on irrigation

plans that maximize total benefits. Optimum irrigation management is inherently more

complex than conventional irrigation management, requiring advanced analytical tools for

identifying the best irrigation design and management strategies. As part of a larger project to

initiate an optimum irrigation advisory service in Oregon, an irrigation efficiency model

(IEM) was developed to evaluate the effects of spatially variable field properties, non-uniform

irrigation applications, random weather and crop factors in combination with alternative

irrigation strategies. IEM integrates all of these elements to represent the relationship between

water use and crop yield.

The logic of deficit irrigation is predicated on the curvilinear shape of the relationship between

applied water and crop yield. The shape of a crop production function derives from a complex

of interacting factors, including: (i) spatial variability of soil properties, (ii) timing, rate and

uniformity of irrigation water applications, (iii) evaporative rates, transpiration and the

relationship between transpiration and crop water stress, and (iv) yield response to water stress

or excess water at various growth stages. The basic premise of this thesis is that these factors

must be considered in totality if we are to develop a realistic crop production function. That is
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the primary objective of IEM. Additional objectives for IBM are to minimize the complexity

of user inputs and maximize computational efficiency to make the model a viable tool for

practical applications.

A central assumption of the IEM modeling approach is that it is particularly important to

explicitly account for spatial variability, using empirical relationships or judgment if necessary

to approximate physical processes, rather than to acknowledge that spatial variability exists

and then ignore its impact on irrigation management. JEM utilizes Monte Carlo techniques to

simulate the variability of available water holding capacities and soil depths, the uneven

application of irrigation water and surface water runoff/redistribution for multiple monitoring

points within a field. These spatially variable factors are combined with algorithms for

estimation of spray loss, ET, infiltration and percolation to estimate field-wide patterns of

plant available water. Crop yields at different locations in a field are currently calculated

using the FAO 33 method, based on crop evapotranspiration as calculated using the FAO 56

dual crop coefficient method.

IEM was evaluated for the purpose of judging whether the model representations of field-scale

patterns of crop available water are reasonable. IEM outputs were compared (subjectively) to

field data from other research work including: measured soil drainage rates, ET reduction

under low soil moisture conditions, soil moisture depletion in fully irrigated and partially

irrigated test plots, and previously observed spatial variability of soil moisture in irrigated

fields. These comparisons indicated that model performance can be judged to reasonably

represent on-farm conditions.

JEM was then used to evaluate the implications of this comprehensive approach to modeling

the relationship between applied water and crop yields. One important conclusion was that

explicit modeling of spatial variability can affect estimates of crop yields and determinations

of optimal levels of water use. The analysis contrasted two IBM crop production functions for

one case study representative of eastern Oregon. One function explicitly considered spatial

variability, the other used a lumped parameter approach. The lumped parameter model

apparently overestimates crop yield, particularly in the economically critical range where

applied water approaches the level of maximum yield. Estimates of optimal levels of water



use, crop yields and farm profits can be decidedly different from those derived by the

distributed-parameter model.

The analysis also produced useful insights about the natural form of crop production

functions. It was demonstrated that a crop production function cannot be assumed to be a

continuous mathematical function. Rather, a crop production function derived for a single set

of circumstances (a specific field, crop, irrigation system, weather year, etc.) will be

discontinuous (some levels of irrigation being impractical) and variable (varying levels of crop

yield produced by a given level of irrigation). The relationship is more accurately described

as an envelope of discrete points. Furthermore the envelope tends to approach the yield

maximizing point asymptotically, which is inconsistent with the quadratic functional form

commonly assumed in deriving production functions. With regard to irrigation scheduling,

IEM simulations showed that the choice of soil moisture monitoring location is a critical

consideration in developing an optimal irrigation scheduling strategy.
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An Irrigation Efficiency Model for
Optimum Irrigation Management

CHAPTER I: INTRODUCTION

Problem Statement

Improved water use efficiencies in irrigated agriculture are necessary to cope with accelerating

demand and economic competition for the world's fresh water supply and increasing

ecological concerns. Increasing the water use efficiency of irrigated agriculture will

potentially result in great returns because it accounts for approximately 80% of the total fresh

water consumptive use in the western United States. Since the early 1970's, average annual

irrigation applications have declined from 650 mm of applied water to about 500 mm around

year 2000 (Howell, 2001). Increasing water use efficiencies still further will require strategies

for irrigation management based on maximizing total benefits rather than only maximizing

yields. This irrigation optimization will rely in part on deficit irrigation strategies.

Deficit irrigation is the deliberate under-irrigation of at least part of a field (or all of a field)

for at least part of the growing season. As a result, consumptive water use for deficit irrigation

is less than that for full irrigation over a growing season. Deficit irrigation is inherently more

complex than conventional irrigation management. Several reasons for this include, (i)

irrigation adequacy is predetermined for conventional irrigation while it becomes a decision

variable in deficit irrigation; (ii) timing of irrigation events becomes more critical with deficit

irrigation because there is less soil moisture storage buffering capacity; (iii) the relationship of

crop- yields to applied water must be determined (as well as the relative water productivity at

different growth stages); and (iv) the soil moisture monitoring location becomes more critical.

In order to optimize the use of irrigation water, first a means of predicting crop response to

various irrigation strategies under different growing conditions is required, followed by an

efficient search procedure to identi1r groups of successful strategies; and finally by translating

computational results into guidelines and procedures for practical, advanced irrigation

management.
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Water Resources Management

Conscientious irrigation management is required for successful optimum irrigation

management and it also is required to cope with the fresh water supply predicament. Good

irrigation management requires proper design and maintenance of irrigation equipment, as

well as scientific irrigation scheduling. In addition to optimum irrigation management,

modernization of water delivery systems, maintaining good water quality, and sustained

efforts to improve on-farm distribution uniformities and implement basic irrigation scheduling

programs remain important.

This project and a fundamental part of this thesis concerns a higher-level of irrigation

management optimum irrigation management. The challenge is to find the point of

economically optimum water use: where marginal costs of production just equal marginal

revenues. If costs increase faster than revenues the optimum point will be lower levels of

water use.

Optimum irrigation management for maximum net economic returns depends upon the total

water supply available, the economic value of the crops grown, productions costs, and the

economic value of fresh water for other uses (the opportunity cost of irrigation water). Where

the opportunity cost of water is very low, optimum irrigation may correspond to conventional

irrigation for maximum yields because irrigation optimization requires a higher-level of

irrigation management, in turn requiring more resources. But, where opportunity costs of

irrigation water are high, the potential economical benefits of optimal irrigation are very real.

Consider the following factors that are increasing the opportunity cost of fresh water:

increasing prices of purchased water by volume ($/m3)

escalating power prices ($/kW-hr)

limited and/or reduced water supplies compounded by increased competition

water transfer (or market) availability and need

These trends are forecast to continue the economic competition for fresh water supplies is

increasing. In short, optimal deficit irrigation is seen as a key component in the master plan

that should be devised to cope with increasing competition for high-quality fresh water.
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An Irrigation Efficiency Model

The main focus of this thesis is the development of an irrigation efficiency model, known by

the acronym IEM, to meet the need of defining the relationship between applied water and

crop evapotranspiration (ETa), and ultimately crop yield. IBM is an upgraded version of an

earlier model developed by English et al. (1992). IEM simulates spatially variable soil

moisture conditions that result from non-uniform irrigation water application, heterogeneous

soil properties, temporal variability of weather and crop phenology, and irrigation

management practices as specified by the user. The model explicitly simulates the random

nature of soil parameters, accounts for the effects of weather on spray loss and irrigation

uniformity at the time of each irrigation event, and simulates redistribution of surface water

when application rates exceed infiltration rates. Additionally, the model explicitly accounts

for strategies that manage irrigation timing. IEM is meant to be both a long-term planning

tool (analysis completed months before the growing season to help generate cropping patterns

and general irrigation strategies) and as a short-term decision making tool (irrigation

scheduling that complies with a selected farm-wide seasonal irrigation management strategy,

yet utilizes measured soil moisture contents and short-term weather forecasts to make

adjustments).

Optimum Irrigation Advisory Service

IEM is a stand-alone tool, yet it is part of a larger project to initiate pilot optimum irrigation

advisory services in the state of Oregon (Figure 1). The development of this advisory service,

which has been funded by a USDA-NRI grant, aims to bridge the gap between thirty plus

years of research on irrigation optimization and practical on-farm irrigation management.
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Irrigation System Performance: Croo Yield Modeling:

Model irrigation efficiency and crop Model biomass accumulation based on
transpiration in relation to irrigation crop transpiration and canopy
intensity considering spatially variable development, and use a harvest index to
field properties [irnate marketable crop yield

Optimum lrrigation

[EcOnorTCAnaIySi

Account for production costs and
opportunity costs of water, and evaluate
uncertainty of returns and risk tolerance
to find marains and assess utility

ComDutational Search Procedures:

Use search algorithms to find quasi-
optimal irrigation management strategies

Figure 1 Main components of the project on developing an advisory service for optimum
irrigation management

An informal survey was conducted by English (2003) to assess the world status of organized

groups or advisory services practicing optimum irrigation management. Though respondents

showed great interest in the topic, English (2003) found no operational advisory services in

any form that use a systematic, scientific approach to develop optimal irrigation strategies.

Since that time, however, a similar project on deficit irrigation management has been initiated

in Europe. Additionally, a number of individual farms, especially in water-short areas, are

experimenting with optimum irrigation using intuitive strategies based on previous experience

and general rules-of-thumb to guide their management. For example, Keller and Bliesner

(1990) have suggested reducing application amounts by 20% on certain crops when water

supplies are limited. This informal survey and interest in deficit irrigation expressed by

irrigation managers both underscore the need for a set of analytical tools and systematic

procedures for optimum irrigation management.

A related project, sponsored by the Oregon Natural Resource Conservation Service (NRCS),

is an on-line irrigation scheduling program. The program will included three different



interfaces for three different levels of irrigation scheduling, including, (i) standard irrigation

scheduling offering the application amounts to fully meet crop water requirements assuming

typical application efficiency, typical irrigation frequency, and typical phenology, requiring a

minimum number of user inputs; (ii) irrigation scheduling that adjusts ET for management

practices, requiring a moderate quantity of user inputs; and (iii) an irrigation optimization

option including components listed in Figure 1, requiring the most user inputs. IEM is going

to provide computational support for this on-line irrigation scheduling service.



CHAPTER II: IRRIGATION OPTIMIzATIoN THEORY

General Irrigation Scheduling Strategies

Conventional Theory

Crop water requirement is defined as the amount of water needed to achieve full production

potential (FAO, 1992). Conventional irrigation scheduling theory aims to fully satisfy the

crop water requirement in the driest part of a field. Typically, the "driest part" is defined by

the average soil moisture condition in the driest quarter of the field. In other words, most of

the field (roughly 88% using this definition) never becomes moisture-stressed over the

duration of a growing season and has a significant amount of deep percolation. Similarly, the

SCS (now NRCS) National Engineering Handbook (1993) states, "soil water should be

maintained above the level at which crops are stressed." These definitions are classified as

conventional irrigation scheduling theory, which is based on a physiological objective of

maximizing crop yield.

Regulated Deficit Irrigation

Regulated deficit irrigation (RDI) is the intentional under-irrigation of a crop. Regulated

deficit irrigation focuses on the timing and frequency of irrigation events to (i) minimize

losses, such as deep percolation and excessive evaporation and (ii) maximize the productivity

of water by concentrating water use at critical stages of crop development. Regulated deficit

irrigation results in applying less irrigation water than conventional irrigation scheduling.

However, it is possible to have a "deficit" situation in part of a field while the crop water

requirement has been fully satisfied for a significant percentage (5 0%, for example) of the rest

of the field area. Similarly, during critical stages of crop development when the crop is more

sensitive to water stress the overall deficit irrigation management plan may call for full

irrigation.

Optimum Irrigation

Deficit irrigation implies less than full crop production per unit of land, but managed properly

it can lead to increased farm profits. For example, optimum irrigation management can be

defined as irrigating at the deficit level at which profits will be maximized. This type of

irrigation management that focuses on maximizing total benefit is needed to cope with the



increasing demand and competition for fresh water. The objective becomes maximization of

utility, involving a tradeoff between expected profit and the uncertainty of profit.

Crop Production Functions

Crop production functions quantify the relationship between applied water and crop yield.

General crop production functions for various crops are presented in Figure 2. Such functions

are commonly divided into two zones. Zone I is applied water up to maximum yield, and

Zone II is yield reduction caused by excess water. Zone I can be defined by having two

segments: a linear segment and a non-linear segment. At low levels of applied water, up to

about 50 percent of full irrigation, yields increase approximately linearly with applied water

because there is little or no deep percolation. At higher levels of applied water approaching

full irrigation the relationship becomes curvilinear, a consequence of accelerating losses from

excess surface evaporation, runoff and deep percolation.
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NC-Northern Cob., after Hem hill
SV-Snake Valley, Utah after Cyde

Th___
11/ Sugar beets.Th5 'NC) - ______ ______ -

/

1 2 3 5 6 7 8

Applied water, ft

Figure 2 General crop production function shapes that include excess water yield reduction
for different crops (from Linsley and Frauzini, 1979)

A single, simplified crop production function is shown in Figure 3. For illustration purposes,

the Transpiration- or ET-yield relationship is often added to the crop production function, as



illustrated in Figure 3. This is significant because the horizontal difference between the

transpiration line and applied water curve represents losses from the system, mainly deep

percolation and runoff. Experimental evidence suggests a linear relationship between T or ET

and crop yield (Vaux and Pruitt, 1983). The slope depends on the crop species and the stage

of growth. Consequently, water use at strategic times may produce greater marketable yield

(or higher quality) than at less critical stages of crop development.
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Figure 3 Non-linear relationship between irrigation water applied and crop yield

The principles of deficit irrigation are based on the non-linear relationship between applied

irrigation water and crop yield and/or strategic timing of applications. For example, to obtain

the last 10% of crop yield often requires an extra 15% to 25% of water.

Yield Modeling

In order to develop crop production functions, the applied water-yield relationship must be

defined. Historically there have been three main categories of modeling yield in response to

crop water use: empirically derived algorithms, physiological models, and empirical functions

where a direct relationship is made between applied water and yield without directly



calculating T or ET. For this discussion, empirically derived yield models have been divided

into two sub-categories: transpiration based and evapotranspiration based methods.

Empirically Derived ET Algorithms

The simplest yield model is the ET model where crop yield is related to ET by a linear

function (Hanks and Hill, 1980). Evaporation and transpiration are often summed into one

term because these two processes occur simultaneously and there is no easy way of

distinguishing between the two. Equation (1)(1 is a form of the ET model presented in FAO

33.

Il--')=k 11_
L Ym)

Y\
ETm

where:

Ya actual harvested yield

Ym maximum harvested yield

k yield response factor

ETa actual evapotranspiration

ETm maximum evapotranspiration

(1)

The yield response factor, k, relates relative yield decrease to relative ET deficit. For most

crops k values are derived on the assumption that the relationship between relative yield and

relative evapotranspiration is linear. The magnitude and duration of water deficit expressed as

relative evapotranspiration deficits are made to correspond closely to four individual crop

growth periods: vegetative period, flowering period, yield formation, and ripening. Refer to

FAO 33 for a complete description of the ET model including calculation procedures and

examples.

Empirically Derived Transpiration Algorithms

Some researchers have used cumulative growing season crop transpiration to predict crop

yield, which assumes a linear relationship between crop transpiration and yield. The point of

maximum yield corresponds to the point of maximum transpiration. When cumulative

transpiration for a growing season is less than the potential amount for that period, crop yield

is less than maximum crop yield. The daily of transpiration is less than the potential rate when
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the plant is stressed (due to moisture deficits in this context). Models relating yield to

transpiration provide a more fundamentally sound approach to yield modeling compared to ET

models because they account for water that passes through the plant (Hanks and Hill, 1980).

However, transpiration can be difficult to determine or measure. The transpiration model of

Hanks (1974), which is largely based on the research of de Wit (1958), is based on a linear

relationship between seasonal transpiration and crop yield.

y=yIZ-
m

Tm

where:

Y crop yield
Ym maximum yield (T non-limiting)
T transpiration
Tm transpiration at maximum yield

(2)

Other researchers, such as Kanemasu et al. (1976), have developed similar models of crop

yield based on crop transpiration (Banks and Hill, 1980).

Physiological Models

Physiological models oftentimes use first principals to estimate the partitioning and

accumulation of biomass over a growing season. These models are typically based on

physical processes such as an energy balance using solar radiation as the main driving force

for plant phenology and evaporative flux through plant stomata, plant water uptake using root

density functions, soil-water dynamics using soil-water tension curves, and nutrient

availability accounting for solute transport. In this category, some models have a strong

physical basis for modeling the preceding processes that define biomass accumulation while

others utilize empirical relationships for at least some processes. Even though the

understanding of crop development and growth has reached the stage that the potential yield

of a crop, limited by temperature and solar radiation alone, can be estimated with reasonable

confidence using physiological models (Kabat et al., 1995), they have several disadvantages

that are listed in Table 1.
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Table 1 Disadvantages of physiological yield models for use in this irrigation optimization
project

Item Disadvantage

Input parameters input parameters required to achieve high levels of model
accuracy are often neither familiar nor routinely available;
understanding and calibrating those models can be a very time
consuming process

Multiple models simulation of multiple crop species may require locating, studying,
calibrating and testing several different models

Spatial variability the physiological models currently available do not handle spatial
variability satisfactorily; but spatial variability must be simulated
to adequately account for irrigation efficiency and analytical
uncertainty

Run-time simulation run-times for some physiological models may be too
long for practical applications

Two physiologically-based yield models were studied at the onset of this project to help

determine which category of yield model best suited irrigation optimization: Sirius Wheat

Calculator and MODWht3. Sirius Wheat Calculator was developed by Jamieson and co-

workers and is considered a relatively simple physiological model that contains empirical

relationships to define many processes (Jamieson et al., 1998; Brooks et al., 2001).

MODWht3, developed at the USDA-ARS Columbia Plateau Conservation Research Center,

was originally developed for dry-land wheat applications and has a focus on plant phenology

and carbohydrate partitioning for biomass accumulation. The CERES family of models was

also considered. Even though these models seemed to be powerful analytical tools, each

having their own strengths, the factors listed in Table 1 and resource constraints placed on this

project preclude use of physiologically-based yield models.

Empirical Functions

Some researchers have used empirical functions to quantify the relationship between applied

water and crop yield without directly calculating T or ET. Two key deficiencies of this

approach for optimum irrigation applications are (i) it does not directly account for application

efficiency and it does not consider the timing effects of irrigation and plant stress; and (ii)

such models are not transferable, requiring local calibration.
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Advances in Yield Modeling

Original research on developing empirical functions for crop response to irrigation was based

on transpiration: Briggs and Shantz (1913); de Wit (1958); Hanks (1974). Subsequently, the

research focus shifted towards combining transpiration and evaporation into ET and defining

the crop ET versus crop yield relationship. This would include Stewart's approach that is

presented in FAO 33 (Stewart and Hagen, 1973; Stewart et al., 1974, Stewart et al., 1975).

Recently, another shift in development of a general yield model has begun to focus again on

crop transpiration. The Food and Agriculture Organization, in cooperation with a consortium

of seven countries in the Mediterranean region involved in an irrigation optimization project*

similar to this one, is currently developing a general yield model that uses crop transpiration to

estimate above-ground biomass accumulation and then applies a harvest index to determine

the marketable crop yield. This model is intended to be included in a revised FAO 33

publication. This more complex crop transpiration approach to yield modeling will be

adopted and incorporated into the TEM model in 2006.

Strategic Timing and Crop Yields

Unfortunately, an accurate estimate of crop yield cannot be based only on total seasonal

applied water (irrigation and precipitation). Timing of irrigations and timing of plant stress

can influence yields and quality of the marketable product. Scheierling et al. (1997) studied

the impact of irrigation timing on corn grain and dry beans in northeastern Colorado using a

computer model and found that, given a certain number of irrigations, crop yields varied by

over 50% for many irrigation treatments depending on the number and timing of irrigations, as

shown in Figure 4.

*

funded by the European Union and referred to by the acronym DIMAS (Deficit Irrigation for
Mediterranean Agricultural Systems), (English et al., 2005)
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Figure 4 Variation in computed corn grain yield as impacted by the number and timing of
irrigations (from Scheierling et al., 1997)

English and Nakamura (1989) and English et al. (1984) studied the effects of irrigation

frequency and deficit irrigation on winter wheat yields (Stephens variety). They concluded

that "higher irrigation frequencies did not improve wheat yields under deficit irrigation." The

highest total yield was produced by one treatment that was only irrigated every other week but

at strategic times. A crop production curve, represented in Figure 5, generated from this study

shows that a 20% reduction in applied irrigation water only reduced winter wheat yields by

approximately 4%.



E
'I)

C,

12'

0 ----
0 10 20 30 40 50 60 70

apptied water (em)

14

Figure 5 Wheat yields from a deficit irrigation study conducted by English and Nakamura
(1989) at Hermiston, OR

Goldhamer and Beede (2004) studied regulated deficit irrigation on pistachios and found that

deficit irrigating at strategic times resulted in 23% reduction in water applied without reducing

yields, while maintaining high quality fruit. A similar study by Goidhamer and Salinas (2000)

showed that deficit irrigation of navel oranges at non-critical growth stages can result in

higher gross revenue than full irrigation as illustrated in Figure 6.
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Figure 6 Gross revenue with deficit irrigation of navel oranges (adapted from Goidhamer
and Salinas, 2000)

Stewart and Hagen (1969) reported that alfalfa response to water with respect to crop yield is

highest early in the season and diminishes with each cutting, as shown in Figure 7. This

suggests irrigating alfalfa early in the season if the water supply is limited would result in the

highest yield. The economic analysis component of determining optimum irrigation

management would be required, however, because the commodity price is strongly influenced

by crop quality.



SEASON

3rd + 4th Cutslst Cut /'
/ /5.0- /4

/ 2ndCut / t'
/ / //0/ /

/ U, /
/Q/ 0Vo /

£
c1 ;:(

AY'

33.0.

/ /
0

000 0
6th C

2.0

Nir E.uh ro*n b.gt. wut f..& p,,..g

i.e-rn,---..
iOO 200 300 400 460

EVAPORATO4ClJTTING GROWTH PERIOD
mm from USWB Cos A Pan or equivalent)

Figure 7 Alfalfa response to irrigation is highest early in season (adapted from Stewart and
Hagen, 1969)

As a result of these studies, it can be concluded that the timing of irrigation applications and

the variable irrigation adequacy of each irrigation event are as crucial as the total applied

irrigation water over the growing season when determining an optimum irrigation schedule.

Excess Water

When water is applied in excess of the amount required for maximum production, yields may

decrease due to water logging and reduced soil aeration (Solomon, 1985). Also, over-

watering can leach away nutrients, resulting in decreased yield (Solomon, 1985). This was

illustrated in Figure 3 by the negative slope of the crop production curve for application

amounts beyond the point of maximum yield. Solomon (1985) reviewed water production

function information for 37 agricultural crops, from which he derived polynomial production

functions for crop response to available water. These polynomials can be used to estimate the

adverse effects of excess water.
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The Optimum Irrigation Zone

Optimum irrigation is predicated on the non-linear relationship between applied irrigation

water and yield. As the applied water decreases from the full irrigation amount application

efficiency may increase and production costs are reduced, potentially leading to greater on-

farm profit. English Ct al. (2002) mathematically proved that the profit maximizing point is to

the left of the yield maximizing point on a crop production function. That is, a profit-

maximizing strategy will use less water per unit of land than a conventional, yield-maximizing

strategy. This proof assumed a non-limiting water supply and a linear relationship between

applied irrigation water and costs. When water supplies are limited, implying opportunity

costs of water, the optimum irrigation level will be associated with even greater deficits of

applied water. That is, for most crops, when water supply is limited it is more profitable to

deficit irrigate more acreage than to fully irrigate less acreage (English and Raja, 1996).

Alvarez et al. (2004) used a computer model that utilized a genetic algorithm search procedure

to study optimal production plans and irrigation water management strategies in Spain. They

also discussed the difference between the irrigation depth corresponding to the maximum

gross margin and the irrigation depth for maximum economic efficiency. The results usually

showed that the applied irrigation water for maximum benefits is less than that required to

obtain maximum production.

Like other limited resources, irrigation water has a point of diminishing return a point

beyond which the application of additional resources produces less than proportional increases

in economic benefits. The optimum point of deficit irrigation depends largely on the

opportunity cost of water. Opportunity cost is defined as the difference between the value

added by the current use of the resource and the potential added value of the next best use of

that resource.

Regardless of the quantity of water available to a farm during a growing season, the

theoretical optimal point of irrigation water applied is less than the conventional, full irrigation

amount that results in maximum yield. However, if the opportunity cost of irrigation water is

low (or zero) the optimal irrigation strategy might be located close to the point of maximum

yield on the crop production curve. The intensive irrigation management that would be
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needed for this strategy might require more management resources, potentially higher labor

costs, and greater capital costs for water supply flexibility. Collectively, these costs could

result in an applied water-cost relationship that may not be linear. As a result of these factors,

optimal deficit irrigation may not apply to all irrigated farms.

Uncertainty and Risk

Growing conditions vary from year to year depending on the weather, water supply

availability and other factors. Crop yield predictions for a given irrigation amount have

uncertainties as indicated in Figure 8. Due to these unpredictable factors and inaccuracies

associated with 'predictable' factors, optimum irrigation entails an increased level of

uncertainty (English, 1981). This uncertainty implies risk. Risk can be defined as the degree

of probability of a loss. The loss in this case can be a result of many factors including lower

than expected yields, lower than expected commodity prices, and/or higher than expected

production costs. In many cases, however, the greater the risk taken the greater the potential

for financial gain, or financial loss.
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Figure 8 Uncertainty of crop yields with deficit irrigation is a key consideration when
determining the optimal point of irrigation (adapted from English et al., 1992)

The principles of optimization still apply even when risk is a concern. Since risk is a personal

choice, it simply becomes another decision variable when formulating optimal irrigation

management plans. Risk increases when water supplies leveraged by deficit irrigation (timing

and amount) of increased acreage.
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English (1981) studied the uncertainty of bean yields by simulating both potentially attainable

yields in response to applied water and yield losses associated with adverse weather, poor

management practices, disease, pest infestations, and other hazards. The model was calibrated

with observed bean yields from 53 fields in southern Idaho over a five-year period. For the

same amount of applied water, there was a wide range of estimated yields, as shown in the

histogram in Figure 9.
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Figure 9 Simulated statistical distribution of bean yields grown in southern Idaho with 300

mm applied water (adapted from English et al., 2002)

Even though this discussion has focused on risk associated with deficit irrigation, there is

another relevant aspect of risk in irrigation management. Some risk averse managers tend to

use excess caution, oftentimes resulting in over-irrigation. Over-irrigation can lead to yield

reduction and leaching of nitrogen and other nutrients from the crop root zone. Leaching is

not only economically costly but can potentially cause non-point source pollution water

quality problems.
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Spatial Variation

Nielsen et al. (1973) conducted a study to evaluate the type and magnitude of soil property

spatial variability over a generally uniform 1 50-hectare field. The steady-state infiltration rate

varied considerably, ranging from 0.5 to 45.7 cm/day for the 20 plots studied. The range of

saturated hydraulic conductivities was even larger from about 0.1 to approximately 100

cm/day. The spatial variability of hydraulic conductivity increases with decreased percent

saturation. The variation in soil water content during steady-state infiltration is shown in

Figure 10.
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Figure 10 Soil water content frequency distribution during steady-state infiltration (from
Nielsen et al., 1973)

In other situations there exist fields with several different soil types within a field, each

comprising a significant portion of the field area yet having drastically different soil

properties, as illustrated in Figure 11 for a field near Echo, Oregon. Similarly, variations in

soil depth across a field impact the amount of readily extractable water when the soil depth is

less than the maximum effective root depth. Referring to Figure 11, soil 87B has an average

soil depth greater than 150 cm and an average AWHC of 0.19 cm3/cm3, while soil 95B has an

average soil depth of 66 cm and an average AWHC of 0.14 cm3/cm3.
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958

Figure 11 Different soil classes within the same field

Spatial variation is a real occurrence and it has a greater influence on irrigation management

decisions as the strategy shifts from full irrigation to deficit irrigation.

Computer Model Need

The relationship between applied water and crop yield depends not only on geographic

location but also on the type of irrigation system and management practices. Irrigation system

application uniformity, irrigation system properties, spatial variability of soil properties, soil

infiltration characteristics, canopy cover, cover crops and irrigation management can all

influence the relationship between crop ET and maximum yield.

A comprehensive crop production function must evaluate multiple irrigation strategies using

various irrigation scheduling indicators while considering spatially variable properties, and

also account for variable crop response to water for specific growth stages. This entails

quantifiing following processes:

spray loss and runoff throughout the growing season

deep percolation and how it varies throughout the field
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. the influence of surface water redistribution on spatially variable soil moisture

content; and the application rate must be compared to the infiltration rate to assess

redistribution

. crop ET for different irrigation frequencies

partition crop ET into evaporation and transpiration

yield response to water as a function of crop growth stage

In addition to these processes that must be quantified, there is a need to account for a broad

range of irrigation management strategies. Alternative strategies may involve a wide range of

allowable depletion levels, irrigation timing and different soil moisture monitoring locations

within a field. It is crucial to estimate how proposed irrigation strategies will influence the

total amount of irrigation water applied for a growing season. Similarly, there is a need to

keep the irrigation strategies within the bounds of what is physically possible by considering

the basic irrigation system hydraulics, and by potentially limiting the water delivery. There is

a need to find if and how crop production functions differ depending on the irrigation system

type and design. Furthermore, it is necessary to determine the combined consumptive water

use demand for multiple fields and how this can and cannot be altered.

Defining the crop production function becomes a requirement of optimum irrigation

management and it is evident that a computer model is required to (i) consider the spatial

variability of soil and irrigation system properties, and (ii) handle the computationally

intensive process of generating numerous points (applied water vs. yield) corresponding to

different irrigation strategies.
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CHAPTER III: AN UPGRADED IRRIGATION EFFICIENCY MODEL

The underlying assumption of this thesis is that in order to generate an accurate crop

production function for the purpose of irrigation optimization, irrigation water-use efficiency

must be modeled. That implies modeling multiple processes that influence irrigation

efficiency, including: spray losses, application uniformity, irrigation system application rates,

variable infiltration characteristics, surface water redistribution, deep percolation, and crop

yield response to water; and furthermore, that these processes are influenced by spatial

variation of soil properties. Therefore, JEM was designed to generate crop production

functions for use in on-farm optimum irrigation management by modeling irrigation efficiency

while accounting for spatial variability.

The Original Model

English et aT. (1992) developed an irrigation efficiency model (IEM) to explicitly simulate the

effects of soil heterogeneity and uneven distribution of applied water on irrigation system

performance. This was accomplished by dividing a field into sub-units and using a Monte

Carlo procedure. The original IEM was coded in FORTRAN and utilized a fixed time step

computation procedure.

JEM was used to model storage efficiency (essentially application efficiency) and water-use

efficiency for alternative irrigation management strategies under conditions of variability and

uncertainty discussed earlier (English et al., 1986).

At the start of the current project an assessment of the original model revealed some

limitations. First, there were software shortcomings. The model was no longer compatible

with modern desktop computers and there was an anticipated need for web-based applications.

Additionally, it did not have a user friendly interface or visual displays of simulation results.

Secondly, there were theoretical shortcomings; the model did not deal with:

. separation of ET into its components, evaporation and transpiration

comprehensive treatment of infiltration and deep percolation

. realistic temporal treatment of surface water redistribution

explicit treatment of irrigation system capacities

object-oriented programming design
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As a result of these factors, an upgraded model was developed in a modem computer

language, with a different design structure. The ftindamental modeling concept and some

algorithms went unaltered in the new model, but improvements were made.

Upgraded IEM

Model Overview

The function of IBM is to model the relationship between applied water and crop yield. This

is done by (i) modeling application efficiency as a function of irrigation intensity and spatial

and temporal variability of key factors; and (ii) estimating crop yield in response to soil water

availability.

Considering the objective of IBM, a balance between complexity, practicality, physical

representation, and simulation run time had to be established during model design and

development. Table 2 lists the factors that influenced the structure and development of IEM.

The last four items in Table 2 are not currently modeled in IBM, but were considered during

design and development and may potentially be incorporated into the model in the future.
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Table 2 Factors that influenced the structure and development of IBM

System Factors Description and/or Importance

Simulation time The program must run in several minutes on a standard
desktop computer
Influences irrigation management constraints: soil

Soil heterogeneity depths, water holding capacities, infiltration
characteristics

Adequacy and timing of applied water
Irrigation management Irrigation system characteristics (uniformity, capacity)

Crop conditioning and sensitive growth stages

Variable weather conditions Influences the maximum attainable crop yield

Irrigation Efficiency Uneven distribution of applied water including spray
losses and distnbution losses

Nitrogen and fertilizers Impacts the maximum attainable crop yield

Salini Plant stress during one growing season
Salinity accumulation over numerous growing seasons

Risk Probabilities of crop failure, plant disease, pest
invasion, and irrigation system breakdown

Uncertainty The innate uncertainty of model predictions

Similar to the original model, the upgraded IBM is a deterministic model that uses a stochastic

approach of quantifying the spatial variability of soil properties and irrigation uniformity,

utilizing empirical relationships to estimate field-variable crop evapotranspiration. A

schematic of the modeling approach and general function of IEM is presented in Figure 12.
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Figure 12 A schematic of the main processes that influence spatially variable crop ET in
JEM

Finding crop ET (and ultimately marketable crop yield) for different frequencies and amounts

of irrigation applications is one requirement towards finding optimal irrigation strategies.

JEM is meant to be both a long-term planning tool (simulations completed months before the

growing season begins to help generate cropping patterns and general irrigation plans) and as

short-term decision making tool (irrigation scheduling that complies with a selected farm-wide

seasonal irrigation management strategy, yet makes adjustments based on measured soil

moisture contents and short-term weather forecasts). IEM handles only solid set sprinklers,

wheel-line/hand-move sprinklers and center pivot irrigation systems at the time of this writing,

but has been designed so that surface and drip/micro irrigation systems can be added. IEM

relies on statistical distributions and empirical relationships to generate variability that is

common in irrigated agriculture while minimizing the quantity and complexity of user inputs.

The main components, or objects, of IEM are described in Table 3. The main methods or

processes of IEM are outlined in Table 4. Intricacies of these methods are provided in Chapter

Iv.
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Table 3 Objects that are used to define an IEM simulation

Object Description

Farm The most basic object in IEM which contains all of the other objects
and integration variables

Water management Contains one or more fields and can limit the seasonal water
unit allocation

Field Stores information that defines general field properties

Field sectors This object contains randomly selected sample locations in a field that
are assigned variable soil characteristics -- soil moisture content, crop
ET, and yield are modeled at each field sector

Irrigation system Contains values that define the irrigation system and how water is
applied.

Crops Defines crop properties

Soils Defines soil properties

Weather Stores weather data, which can imported using the "Load AgriMet
Data" function

Table 4 Main methods in JEM

Method Approach in IEM

Spray loss SCS sprinkler spray loss method

Application Uniformity empirically derived UC vs. wind performance curves based on user inputs

Application Rate with center pivot: ellipse
respect to time sprinklers: constant

Infiltration Phillips infiltration equation with variable infiltration characteristics
. . . . .

depending on initial soil moisture content at time of wetting

Redistribution quantity = application amount (infiltration capacity + surface retention)
destination = stochastic

percolation as a function of soil moisture content derived from quasi-
Percolation theoretical relationships from Nielsen (1973) and empirical data collected

by Jensen (English et al., 1980).

ETC
FAD 56, dual crop coefficient method that adjusts for wet soil surface and
dry soil profile

ETr user input, alfalfa reference

Transpiration reduction linear transpiration reduction based on weather dependent critical soil
.

moisture depletion and crop type

Yield calculation empirical algorithm with yield response factor presented in FAD 33



The Monte Carlo procedure allows the simulation of a relatively small sample population of

field sectors to represent the whole entity (a field) by superimposing variable characteristics

generated from statistical distributions that describe each variable. This approach is designed

to minimize computation time. Properties in IBM that vary between field sectors include:

Irrigation system

Soil

uniformity of applied water as a function of daily wind speed

depth of water applied (and infiltrated)

redistribution of excess applied water

available water holding capacity

soil depth

infiltration characteristics

Many other processes vary temporally, but the algorithms that describe these processes are the

same for each field sector.

irrigation simulation on a rotation basis, as opposed to irrigating the entire field

instantaneously, so that daily weather influences on crop response are more

realistically simulated and delivery system capacities can be accounted for

an irrigation management module that allows for either stipulated schedules or a

management allowable depletion (MAD) option that automatically initiates

irrigation events to meet the crop water requirement of a specified percentage of

the field area

redistribution of free surface water if application rate exceeds infiltration rate

This model does not:

consider such items as pressure differences down a lateral and different nozzle

sizes to simulate application uniformity: the model does use weather data and

uniformity coefficients supplied by the user to model the disposition of applied

irrigation water

simulate nitrogen uptake nor leaching of nitrogen: at this point it is assumed that

nitrogen is non-limiting

consider the effects of salinity: neither salinity buildup nor plant stress associated

with salinity

account for upward flux of water from a high water table



Computer Proqrammin

JEM utilizes a 4thorder Runge-Kutta variable time step integrator and features a user-friendly,

windows-based interface. It was written in C# using an object-oriented design based on the

MODCOM simulation framework, all of which contribute to encapsulating the simulation

code from the interface code (Hillyer et al., 2002). This makes the program portable.

Additionally, IEM is database driven, which makes the program flexible. These two features

(portability and flexibility) provide the framework for web-based applications.

Considerable effort was made to develop efficient algorithms for the most computationally

intensive processes. The following qualities help to minimize simulation run-time:

. the continuous integrator uses partial differential equations to track water

movement as opposed to finite difference methods, which would require much

finer vertical spatial resolution

a variable time step allows the time step to increase when processes are relatively

steady

the soil profile is divided into only three layers

infiltration from irrigation occurs instantaneously: real-time infiltration changes

on a time scale on the order of minutes, especially for center pivot irrigation

An empirical percolation equation was implemented (which also kept the quantity

and complexity of user inputs to a minimum)

One output report option offers a detailed summary of the simulation with

numerous time-series and histogram plots, while the second option collects

limited output data, reducing the run-time by up to 50%

The IEM user interface is designed using a tree-structure, which appears on the left side of all

windows in JEM (Figure 13). Clicking on a + symbol will reveal the objects in the next

lowest level.
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Figure 13 Tree-structure interface design in IEM
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CHAPTER IV: INTRICACIES OF IEM

This chapter provides details of the internal algorithms used in IEM, and in doing so presents

the assumptions about the processes modeled. First, descriptions of field representation,

including root growth, and how the soil profile is divided into layers are presented. Next are

sections on the five weather data inputs and a description of precipitation as applied water. A

description of irrigation management within IBM is then provided. Subsequently, all of the

processes related to irrigation water application in JEM are defined, including: spray losses,

application uniformity, irrigation application rates, infiltration, redistribution, and percolation.

The last two sections crop water use calculation and yield modeling in IEM

Field Representation

This section contains three components that define the field representation in IBM. The first

explains how the soil profile is divided in IBM and provides a general description of water

movement. Next, a general root growth equation is presented. Thirdly, details on how the

field is divided into smaller sub-units are summarized.

Soil Profile

The soil profile in TEM is divided into three layers, (i) the surface layer, which has a fixed

depth typically 10 cm to 15 cm deep, for modeling surface evaporation; (ii) the current root

zone for calculating the transpiration component of ET, which has a time-variable depth as a

function of root growth; and (iii) the potential root zone for monitoring soil-water that will

become available for root uptake as the roots expand downward. This is a somewhat unique

representation of the soil profile that has the advantage of computational efficiency. At the

same time, dividing the soil profile into more layers and applying a root density function

would probably provide a more accurate crop water use calculation.

IBM water movement in the soil profile is summarized in Figure 14. If there is surface

redistribution, part of it will infiltrate at another location in the field and part of it will be lost

to runoff. Percolation beyond the potential root zone is deep percolation and is considered to

be lost from the system. IEM does not account for a high-water table.
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Root Growth

The root growth equation in IEM is a modified version of one suggested by Borg and Grimes

(1986). The modification includes the initial root depth, which was absent from the original.

They concluded that the increase in rooting depth with time can be approximated with a

sigmoidal curve for a wide variety of crops and growing conditions. This conclusion was

based on the review of 135 field observations for 48 crop species.

Z = (Z Z0)[O.5 + 0.5 sin3.03 1 .47J] + Z0 (3)

where:

Z root depth, cm

Z, maximum root depth, cm

Zo initial root depth, cm

DAP days after planting

DTM days to maturity (effective full cover)
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Figure 15 Corn root growth; adapted from a root growth equation originally presented by
Borg and Grimes (1986)

The root growth example in Figure 15 is for field corn grown in north eastern Oregon with the

following characteristics:
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Planting date: April 12, 2004

Effective full cover date: June 23, 2004

Initial root depth, Z0: 4 cm

Maximum root depth: 91 cm

In the initial growth stage, research by Clothier (1992) showed that the water extraction front

lags behind (shallower) the root front depth until approximately 50 days after sowing. In this

experiment where sorghum was grown, the downward movement of the extraction front was 3

to 4 cm/day from 15 days after sowing until just after flowering. Roots were unable to extract

water from soil deeper than the current rooting depth. Therefore, in IEM the estimated current

root depth is used for calculating soil moisture content for purposes of irrigation scheduling

based on management allowable depletion.

Field Sectors

In order to implement Monte Carlo simulation and capture the effects of spatial variability on

crop evapotranspiration, IEM divides a field into subunits designated as field sectors. A field

sector is a location in a field that has been randomly selected for monitoring, with no specific

surface area dimensions, but on the order of magnitude of 1 m x 1 m. This is illustrated in

Figure 16. A field sector can be considered a representative elementary area on a field scale,

where multiple field sectors formulate a field. This is the foundation for Monte-Carlo

simulation, which provides a means of combining numerous components that have variability

into a representative total using a relatively small number of samples. Field sectors are not

spatially correlated in IEM.
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Figure 16 Sample random field sector locations (small squares) for a field with center pivot
irrigation

Specifics of soil water characteristic variables, IBM inputs, and IEM calculations relating to

spatially variable soil properties are listed in Table 5. Refer to Table 14 for the typical range

of field capacity values, or refer to a sequence of equations in Dingman's Physical Hydrology,

second edition (2002) for approximating field capacity based on other soil characteristics.
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Table 5 Soil properties that vary in IEM

Soil Depth

user inputs

average soil depth (a soil property)

soil depth standard deviation

maximum effective root depth (a crop property)

IEM calculations

a variable soil depth is generated for each field sector from a statistical distribution
using the mean and standard deviation

if the generated soil depth > maximum effective root depth, then the maximum
effective root depth is used as the lower soil boundary

if the generated soil depth < maximum effective root depth, then the soil depth
becomes the lower soil boundary

Available Water Holding Capacity (AWHC)

user inputs

8s, soil moisture content at saturation

0FC, soil moisture content at field capacity

OR , residual soil moisture content: the driest soil moisture content in the surface
layer for normal field conditions where surface evaporation is zero

mean AWHC

standard deviation of AWHC

IBM calculations

a variable AWHC is statistically generated for each field sector from a statistical
distribution using the mean and standard deviation

Opwp, soil moisture content at permanent wilting point, is equal to OFC - AWHC

there is a check in IEM to ensure that O <

Infiltration Rates
user inputs

saturated hydraulic conductivity

pore size distribution index

air entry pressure

IEM calculations

variable infiltration rate depending on soil moisture content at the start of an
irrigation event

Figure 17 is a histogram showing an example of soil depth variation in a field. A soil depth

less than the maximum effective root depth can limit the amount of plant available water, For



example if the maximum effective root zone depth was 100 cm, five of the twenty field sectors

would limit the plant available water for a particular available water holding capacity.
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Figure 17 Sample soil depth variation based on a normal statistical distribution (mean = 110
cm, standard deviation = 12 cm)

Weather Data

The five daily weather values that are required user inputs in JEM are listed in Table 6. The

units are also listed; note that if loading the files directly from the AgriMet website IEM will

automatically convert the units.

Table 6 IEM weather data

IEM daily weather data Units

mean air temperature

reference ET (alfalfa) mmld

average relative humidity %
wind run kmld

precipitation mmld

Weather data that is required in IBM can be loaded into IEM from the AgriMet website using

the following procedure:



Select the appropriate weather station and dates from Historical Weather Data Access

at the AgriMet website (http://www.usbr.gov/pn/agrimet/)

Kimberly-Penman ET, mean daily air temperature, daily precipitation, mean daily

humidity, and the daily wind run are required meteorological inputs in IEM

Select/highlight all data and save as a text file

This text file can then be imported into IEM using an active button in the IEM

weather window

IEM will automatically convert units as needed for these weather data

Irrigation Management

Irrigation Scheduling

Three irrigation scheduling options are available in IEM: specified calendar dates and

amounts, fixed irrigation intervals, and management allowable depletion. These allow the

user flexibility while maintaining both a realistic representation of physical irrigation systems

and the framework necessary for optimization search procedures.

The calendar method allows the user to select the dates and amounts of irrigation events. The

average gross depth of water applied can be different for various events by adjusting the set

duration for sprinkler systems or the center pivot rotation duration.

The fixed interval irrigation scheduling method initiates irrigation events on a specified

interval (every 10 days for example). The average gross depth of water applied does not

change between irrigation events when using the interval scheduling method.

The MAD method automatically schedules irrigation events when soil moisture depletion

reaches a specified depletion level. Two additional user inputs for this method include the

upper soil moisture target level and the application efficiency. Management allowable

depletion is the lower limit of soil moisture storage, the allowable percentage depletion of the

available water holding capacity. An irrigation event is scheduled when the soil moisture

depletion reaches management allowable depletion. The program will attempt to keep the soil

moisture above this level unless limited by the irrigation system.
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The net water requirement is determined from the difference between the depletion and the

upper soil moisture target level. Field capacity represents an upper soil moisture target level

of 100%. The net water requirement is divided by a user-specified 'nominal' application

efficiency to find the gross water requirement and the resulting rotation speed or set duration

for the MAD irrigation scheduling method.

Available Watei
Holding Capaci

Figure 18 Soil moisture terms in IEM

Field Capacity

Table 7 Irrigation scheduling methods in IEM

Upper soil moisture target level

Net Irrigation Requirement

Management Allowable Depletion

Threshold where plant moisture
stress begins (which varies
depending on crop type and
weather conditions)

Permanent Wilting Point

Irrigation Scheduling Method

Irrigation System

Calendar Interval MAD

Start date Irrigation frequency Allowable depletion
Center Pivot

Rotation duration Rotation duration Rotation duration
limits

HandlWheel line Start dates Irrigation frequency
Allowable depletionSet times Set time

Note: Other inputs are required but do not depend on the irrigation scheduling method.
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Irriaation Reauirement

When the management allowable depletion irrigation scheduling option is selected, the

irrigation requirement must be calculated. Irrigation scheduling and determination of net

irrigation requirement is complicated by the fact that the soil moisture depletion varies

between field sectors depending on uniformity of applied water, soil depth, and available

water holding capacity. Two alternatives are provided in IEM for determining the soil

moisture depletion for purposes of (i) deciding when to irrigate, and (ii) calculating the net

irrigation requirement:

1. Average soil moisture condition for a certain percentage of the field area

2. AWHC percentile

1. Average soil moisture condition over a certain percentage of the field area. The user inputs

the percentage of the area of the field to be included in the calculation of the average soil

moisture. For each field sector included in the driest areas of the field, the soil moisture

depletion is evaluated. The average soil moisture depletion of these sectors is then used as the

representative depletion. For example, if the field is divided into 20 sectors with the desired

soil moisture monitoring option based on the driest 25% of the field area, the average soil

moisture depletion of the 5 driest sectors would be compared to the allowable depletion (the 5

sectors that are used for soil moisture monitoring do not necessarily remain constant

throughout the season).

2. A WHC percentile. The AWHC for each field sector varies based on a user-specified

statistical distribution. This soil moisture monitoring option uses the AWHC to determine

which field sector to use for irrigation scheduling. The user specifies a percentage of AWHC

to use. The individual field sectors are ranked by AWHC, and the field sector AWHC closest

to the specified percentile becomes the field sector used for irrigation scheduling for the entire

growing season. The net irrigation requirement is calculated using the same procedure. The

field sector with the smallest AWHC is considered to be the 1st percentile. The user specifies

the AWHC percentile that will be used for soil moisture monitoring.
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Precipitation

Applied water comes from two sources. One of those is daily precipitation, which is input to

the IEM weather file. All field sectors are assumed to receive equal precipitation depths

applied at a constant rate over a 24-hour period.

Irrigation Water

The second source of applied water is irrigation water. Multiple irrigation system factors that

influence the disposition of applied water in IBM are presented in this section, including:

spray losses, application uniformity, application rates, variable infiltration characteristics,

redistribution and deep percolation.

Spray Losses

Spray losses refer to water lost between nozzles and the ground or canopy cover, including

both evaporation from droplets in flight and wind-blown drift of mist or small droplets beyond

the irrigated area (English, 1985). Spray loss is calculated as a function of irrigation system

characteristics and weather as summarized in Table 8. The spray loss calculation method is

based on algorithm presented by the SCS (1983), now the NRCS. English (2004) writes, "The

method begins with calculation of a coarseness index, which is a measure of the droplet size

distribution of the water leaving the nozzle. The droplet size is generally dependent on the

turbulence at the nozzle outlet, which is a function of the pressure forcing the water out the

nozzle and the size of the nozzle opening." This algorithm was originally developed for

impact sprinklers, but has been adapted for spray nozzles by specifying appropriate values of

the coarseness index for spray nozzles on diffuser plates.

Table 8 Factors that influence the amount of spray loss

Irrigation System Weather
discharge pressure wind speed

nozzle diameter relative humidity

air temperature

This spray loss method is used for all irrigation systems in IBM. Some have suggested that

this method may overestimate spray losses for center pivot irrigation systems. Therefore, a

modified coarseness index developed by the SCS (now NRCS) for center pivot nozzles with



42

diffuser plates is to be added to IEM, but is not available in the current version (English,

2004).

Application Uniformity

Application uniformity is a measure of how evenly irrigation water is applied to a field.

Pressure variations, wind, size and type of nozzle, and sprinkler spacing all impact the

application uniformity. Wind is the main uncontrollable factor. Proper irrigation system

design and maintenance help keep application uniformities high, which is a key factor towards

high water use efficiency. However, there is an economic tradeoff between the degree of

application uniformity and the cost of the irrigation system. Many techniques have been used

to quantify application efficiency. One of these is the Christiansen Uniformity Coefficient

(UC), which is the basis for non-uniform application of irrigation water in IEM. UC is based

on the variation in the amount of water caught in catch-cans arranged on a grid as defined by

Equation (4).

x. -x
Uc=1 '_ (4)

nX

where:

UC Christiansen Uniformity Coefficient

x1 water caught in can i

x average of all cans

n number of cans

Common guidelines stipulate a minimum UC of 85 for high valued crops and a minimum of

80 for field crops (English, 1985). Other ratings are provided in Table 9. In addition to UC,

distribution uniformity (DU) is another measure of how evenly water is applied. DU is

defined as the ratio of average water applied to the lowest quarter of the field to average water

applied to the entire field. Relationships between UC and DU are shown in Table 10 and

Figure 19, which were derived from work by Warrick (1983).
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Table 9 Qualitative rating of UC values

UC Qualitative Rating

90+ Excellent

85-90 Good

80 85 Adequate

<80 unacceptable to some guidelines

Table 10 Correlation between UC and DU

Population Distribution DU UC Relationship
Normal DU 1.59*UC_0.59

Uniform DU= l.50*UC_ 0.50

1.00 Normal ____________

Uniform
0.95

0.90

0.85

0.80

0.75

0.70

0.65

0.60

0.55

0.50 I
I

0.50 0.55 0.60 0.65 0.70 0.75 0.80 0.85 0.90 0.95 1.00

Uc

Figure 19 Relationship between UC and DU for normal and uniform distributions of
irrigation water
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Application uniformity is negatively impacted by increasing wind speed and is accounted for

in IBM through Equation (5).

UC=A0+A1W+A2W2 (5)

where:

UC Christiansen Uniformity Coefficient

A0 coefficient; the basal UC

A1 a negative coefficient

A2 a negative coefficient

W Wind speed, mis

The basal UC, A0, is a function of irrigation system characteristics and is a measure of how

uniformly water is applied without wind. Coefficients A1 and A2 establish the shape of wind

performance function. Suggested uniformity coefficients as IEM inputs for use in Equation

(5) are presented in Table 11. In windy conditions essentially any irrigation system can

potentially have a low uniformity of applied water, yet in low wind conditions application

uniformities can vary significantly. An irrigation evaluations study by the Cal Poly Irrigation

Training and Research Center showed that the mean distribution uniformity of 63 hand move

systems was 0.61, with a standard deviation of 0.15, 25% of the mean (ITRC website).

Table 11 Suggested uniformity coefficients

Irrigation System A0 A1 A2

Center Pivot 0.80 0.93 0 0

Wheel line basal UC -0.003 -0.0035

Solid set basal UC -0.026 0

Either a normal distribution or a uniform distribution can be derived from UC to quantify the

application pattern of water to a field (English, 1985; Seginer, 1978). If a normal distribution

is assumed, the statistical distribution can be related to the uniformity coefficient by Equation

(6), which determines the standard deviation for Monte Carlo simulation of depths of

irrigation water applied to different field sectors for a specified average depth.

cr(i-uc)1fi

where:

(6)
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a standard deviation of the depth of applied water

x average of all cans

UC Christiansen Uniformity Coefficient

Figure 20 illustrates the non-uniformity of applied water generated from a normal statistical

distribution with input parameters summarized in Table 12. In order to show the effects of

combined spatial and temporal variability influenced by the basal UC and wind, a non-zero A1

was used. As tabulated in Table 11, this is not a recommended value for a center pivot

irrigation system. Note that there is rather significant variation in applied water for an

irrigation system with a high UC and moderate winds. Figure 20 provides insight on how

sampling field properties at a single location will likely not be representative of the field-wide

condition.

Table 12 Uniformity coefficient parameters of a hypothetical irrigation system

Variable Value

A0 0.930

A1 -0.015

A2 0.0

wind speed range 0 to 20 km/hr

mean irrigation depth 16 mm
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Figure 20 An example of the variation in applied water at different sample points for 20
irrigation events

Currently in IEM a new application pattern is generated for each irrigation event. This might

not always be representative. An application uniformity correlation coefficient would allow

the application distribution to remain constant throughout the growing season, to vary with

each irrigation event as it does now, or to be correlated to a specified extent. This correlation

is currently being added to IBM, but it is not available in the current version.

Irrigation AIication Rates

Application rates for sprinklers are constant with respect to time but are spatially variable. For

center pivot irrigation systems the application rate varies with respect to both time and space,

as shown in Figure 21 and Figure 22. In IEM, the center pivot application rate at a given point

with respect to time is approximated by an ellipse the shape of the ellipse depends on a

randomly generated distance from the center of the field. Four additional center pivot

characteristics define the shape of the ellipse by determining the duration a point receives

water and the total amount applied: the wetted distance near the center, the wetted distance at

the end of the pivot, the rotational speed, and the flow rate.
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Figure 21 Center pivot application rate as a function of time for several locations, where r is
the radius of the center pivot

Typically, the application rate is highest at the end of the center pivot, as illustrated in Figure

22. This is an example of how the relative application rate may change depending of the

random location from the center in IEM.
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Figure 22 Center pivot average application rate as a function of distance from the center
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Infiltration

Originally, infiltration rate as a function of soil moisture content was desired, which would

allow infiltration to be calculated directly using the continuous integrator in IEM. This proved

ineffective for two reasons: (i) most of the research on infiltration has focused on infiltration

as a function of time; and (ii) computational time steps were on the order of minutes,

significantly increasing the run-time. Therefore, it was concluded that infiltration would be

defined using the infiltration equation originally developed by Phillip (1957, 1969), which is a

function of time. Phillip formulated an infinite series solution to the Richards Equation for

ponded infiltration into an indefinitely deep soil with uniform initial water content (Dingman,

2002). Usually only the first two terms of the series are used, resulting in Phillip's general

infiltration rate equation as a function of time (Equation (7)). Integrating this equation results

in cumulative depth of infiltration (Equation (8)).

where:

I=0.5S *f°5 +K

D = S * t°5 +K t

I Infiltration rate [nimld]

D cumulative depth of infiltration [mm]

S Sorptivity [mmld°5}

t time since wetting began [d]

K5 saturated hydraulic conductivity [minld]

(7)

(8)

Sorptivity, S, in Equations (7) and (8), is a soil property that is a measure of the rate at which

water will be drawn into an unsaturated soil under conditions where the pressure forces are

much greater than the gravitational forces, such as at the beginning of infiltration into dry soils

(Dingman, 2002). Sorptivity is a function of the initial soil moisture content and is defined by

Equation (9).

* (2b +3s = [(es _9)*K *aC
b+3)]

(9)

where:

S, sorptivity [mmld°5]

theta saturation (porosity) [-]
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0 initial soil moisture content [-]

saturated hydraulic conductivity [mmld]

ae air entry pressure [mm]

b pore size distribution [- ii

Due to the short duration that a point in a field receives irrigation water for center pivot

irrigation systems, which requires extremely small simulation time steps, the following

assumption was made: once the depth of irrigation water to be infiltrated for a single irrigation

event had been determined (considering the application rate, infiltration curve, and micro-

storage capacity), irrigation water infiltrates instantaneously. Each field sector receives this

instantaneous infiltration amount at different times, which are determined by irrigation system

properties. This assumption helps maintain water balance accuracy in IEM and minimizes

simulation run-time with respect to this process. As discussed in greatly detail later, the

empirical surface evaporation method used in IEM assumes an upper limit of soil moisture

content of field capacity. As a result, during an irrigation the surface layer is filled to field

capacity instantaneously, presuming sufficient irrigation water is applied. Remaining water

instantaneously infiltrates into the 'current root zone' soil layer, to a maximum of saturation.

If additional predetermined infiltrated water remains, the potential root zone is filled to a

maximum of saturation. Additional water is added to the deep percolation total.

Redistribution

Irrigation water redistribution, which is freely moving surface water that is translocated from

the original point of application, influences the non-uniformity of soil moisture patterns

throughout a field. In general, when the instantaneous application rate exceeds the infiltration

rate there is surface water accumulation. When the accumulation of surface water exceeds the

surface retention (micro-relief storage) the excess water begins to move overland and becomes

'redistributed water'. Figure 23 illustrates the general process of surface water redistribution

that IEM is meant to represent. A flow chart of this process is presented in Figure 27. There

are three potential destinations of redistributed water in IEM: (i) off-field rnnoff

(ii) macropore interception as excess water moves overland; and (iii) ponding in a different

field sector. Surface runoff is an unrecoverable loss from the field being irrigated. Macropore

interception accounts for water that infiltrates by means of large pores (cracks, gopher holes,

etc.) and instantaneously infiltrates into the effective root zone layer of the field sector of
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origination. A certain fraction of the field area potentially receives ponded water, which is

stored on the soil surface and eventually infiltrates in that location, but not all field sectors are

eligible to receive ponded water.

No general model of redistribution exists, and no useful data were found that could be used to

better define the algorithm in JEM. The process is left as a matter of judgment, with the user

estimating: (i) surface retention (micro-relief storage), (ii) percent redistribution to be re-

captured as macropore interception, (iii) percent assigned to off-field runoff, and (iv) the

percent of the field area which will receive ponded water.

Figure 23 Surface water redistribution

Redistribution Quantity

IEM requires infiltration rate as a function of soil moisture content. Since the Phillips

infiltration equation is a function of time, a procedure has been developed that compares the

application rates, infiltration rates, and surface retention to find the redistribution amount.

Listed below are the steps for determining the amount of redistribution for an irrigation event:

1. Generate the infiltration rate curve for each field sector using Equation (7), which is a

function of the soil moisture content at the time wetting begins.

2. Generate the application rate curve for each field sector based on irrigation system

properties. The application rate varies with time for center pivots and is constant for
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other sprinkler systems. Also, the application rate curve will differ based on field

sector location and application uniformity.

3. Use a numerical procedure to find the intersection of the two curves, if any exist. The

water potentially available for redistribution is then found by integrating and finding

the area between the two curves, as illustrated in Figure 24.

4. The surface retention, mm, is subtracted from this potential redistributed amount to

find the actual quantity of redistribution.

5. The actual redistribution is summed for all field sectors.

6. This quantity is redistributed as macropore interception, ponded water, or runoff

following the procedure described in the subsequent sub-section.
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Figure 24 Determining the amount of potential redistribution considering the application
amount and the infiltration capacity

Surface Retention

The user-specified surface retention depth potentially influences the amount of redistribution.

Experience with IEM simulations for center pivots with typical application rates on medium

textured soils indicates that a surface retention of approximately 7 to 12 mm minimizes

redistribution; surface retention values less than 7 mm result in an increasing redistribution

depending on infiltration characteristics. Of course redistribution depends on several factors,

but this value provides a general sense of the magnitudes being simulated in IEM. If surface

tillage systems are used to reduce the amount of redistribution, then the surface retention in
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IEM should be increased accordingly. The surface retention is assumed constant for all field

sectors in the current IEM application.

Redistribution Allocation

There are three destinations of redistributed water: (i) off-field mnoff (ii) macropore

interception as excess water moves overland; and (iii) ponding in a different field sector. The

percentages of redistributed water apportioned to these three destinations are input by the user;

the sum must equal 100%.

Runoff

A certain percentage (user specified) of redistribution water is assumed to flow off the field as

non-recoverable runoff.

Figure 25 Runoff is one potential destination of redistributed water

Macropore Interception

When redistribution occurs, a user specified fraction is assumed to be captured by macropore

interception. This water "infiltrates" directly into the root zone layer, bypassing the surface

zone, in the sector where the water originated. The rate of macropore interception is defined

as a depth of water infiltrated over a 24-hr period.
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Figure 26 specifically illustrates the conceptual model of macropore interception, showing the

influence that the macropore interception component of redistribution can have on the wetting

front, which suggests variable soil moisture content for a spatial scale on the order of meters.

The soil profile at the top of Figure 26 had a very high application rate resulting in surface

water redistribution. The discontinuous patches and irregular shapes indicate macropore

interception. The variable wetted front in the lower soil profile of Figure 26, which received

an application rate of 4.1 mnii'hr, suggests spatially variable but relatively more uniform

infiltration rates.
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Figure 26 Wetted front variations for two application rates (from Clothier and Heiler, 1983)

Ponded Water

A user-specified percentage of redistribution is assumed to be ponded in low-lying areas of the

field. Ponded water is stored on the soil surface and infiltrates at that location. However, not

all field sectors are eligible to receive ponded water. Certain field sectors are randomly

selected to be eligible to receive ponded water. The number of field sectors that receive

ponded water is calculated from the percentage of the field area that can receive ponded water,

which is a user input. The quantity of ponded water assigned to an eligible field sector is

derived from a normalized random number, statistically generated from a normal distribution.

That is, the total amount of ponded water is allocated to eligible field sectors based on a
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normal distribution. This normalized random number remains constant with respect to field

sectors throughout the simulation.

The redistribution flow chart in Figure 27 illustrates both the redistribution quantity and

allocation.
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Percolation

Percolation in this context refers to drainage of water from one soil layer to the next. Water

that percolates out of the potential root zone is termed deep percolation and is assumed to be a

loss (not recovered by capillary flow later). The percolation algorithm in JEM was derived

from quasi-theoretical percolation relationships presented by Nielsen et al. (1973) and data

collected by Jensen (1976) and presented by English et al. (1980). The method has the

advantage of utilizing rather simple user inputs (that are required for other methods in IEM)

along with the time it takes to drain a soil profile of specific depth from saturation to field

capacity, which is used to find the shape parameter a, while maintaining computational

efficiency. It was required to express percolation rate as function of volumetric soil moisture

content, 0, in IBM. For further discussion on percolation and the derivation of Equation (10)

refer to Appendix II.

K0 K0

exp[a(6s 0)] exp[a(O OFc)]
(10)

where:

J Percolation rate [cm/d]

K0 Permeability or saturated hydraulic conductivity [cmld]

0s Maximum soil moisture content; theta saturation; porosity [cm3/cm3]

°FC Theta field capacity [cm3/cm3]

t Time (days) since the soil moisture content was saturated [d]

td Time (days) it takes to drain from field saturation to field capacity [d]

L Depth (cm) of soil profile for which td applies [cm]

a a constant [ -]

Calculating Crop Water Use

Evaporation and transpiration occur simultaneously and are therefore commonly summed into

one term, evapotranspiration (ET), as is the case in IEM. IEM uses the dual crop coefficient

approach to calculate crop ET as defined in FAO 56. This approach considers variable surface

evaporation as a function of soil moisture content in the surface layer and crop stress as a

function of soil water content relative to a threshold value in order to find the adjusted crop ET

(Equation (11)).



57

EIadj=ET*(T *' +K) (11)r \cb S

where:
ET adj adjusted crop evapotranspiration {L T']

ETr reference evapotranspiration [L T']

basal crop coefficient [dimensionless]

Ks water stress coefficient [dimensionless]

Ke soil evaporation coefficient [dimensionless]

Reference ET

Reference ET is a measure of the evaporative demand of the atmosphere determined

independently of crop type, crop development, and management practices (FAO 56). It is

generally referred to as the potential ET of a 'reference' crop under ideal conditions.

Historically, two reference surfaces have been used: grass (short) and alfalfa (tall). An

Irrigation and Drainage Division committee of the American Society of Civil Engineers

(ASCE) recommended the FAO Penman-Monteith method as the standard method for the

definition and computation of reference evapotranspiration. The Penman-Monteith method

uses a hypothetical grass reference surface with an assumed height of 0.12 m, a fixed surface

resistance of 70 s/rn and an albedo of 0.23 (FAO 56).

Even though the Penman-Monteith method has been accepted as the 'industry' standard, many

weather station networks continue to utilize other reference ET methods (for various reasons).

AgriMet, a network of automated agricultural weather stations located in Oregon and other

Pacific Northwest states that is operated by the Bureau of Reclamation, uses the Kimberly-

Penman ETr calculation method for an alfalfa reference surface. Since reference ET for grass

and alfalfa differ by roughly 15%, different sets of crop coefficients must be applied for

calculating ETC. At the time of this writing, IEM relies on the Kimberly-Penman ETr

calculation method of AgriMet and crop coefficients calibrated for an alfalfa reference

surface.

The quality of model outputs depends in part on the quality of the inputs. Likewise, the

performance of the FAQ 56 method of calculating ET is a function of ETr accuracy. The

original Penman equation was developed in a moist, mild environment quite different than

most agricultural areas of the western United States. There were three differences between the



1982 Kimberly Penman and the original Penman equation, relating to the vapor pressure

deficit term, the wind function, and net radiation. Certain AgriMet weather stations were

apparently overestimating ET. on windy days. Some people believed this overestimation was

related to the wind term and others believed it was related to the vapor pressure deficit term.

The Bureau of Reclamation decided to cap wind run at 150 mi/day. As it turned out the

discrepancy was caused in part by poor weather station location, having non-irrigated land on

at least one side. In 2004, the Bureau of Reclamation removed the wind run cap of 150

mi/day, which may increase the calculated ET for weather stations that are not properly

located.

Listed are several conclusions from this discussion on reference evapotranspiration:

Weather station location and surroundings can significantly influence measured

ETr

For the AgriMet weather station network that uses the Kimberly Penman ETr

equation, there remains some uncertainty relating to the overestimation of ETr and

whether this is related to the wind term or the vapor pressure deficit term or only

weather station location and surroundings

. Alfalfa and grass reference surfaces generate different ETr values and require

unique sets of crop coefficients

Crop Coefficients

Basal Crop Coefficients

The basal crop coefficient, Kb, is used to find the potential transpiration component of crop

El: Kb * ET. Kb is defined as the ratio of the crop evapotranspiration to the reference

evapotranspiration (ETc/ETr) when the soil surface is dry but the soil water content is not

limiting transpiration (FAO 56). IEM uses alfalfa as the reference crop. Kb values are both

crop and growth stage dependant.

There are some underlying assumptions of this ET partitioning method that are relevant to

IEM applications. Even though Kb is the transpiration component of ET, there is still some

evaporation (even with a dry soil surface) due to diffusive vapor flux up through the surface

layer. Allen (personal communication, 2005) estimated that this evaporation might be 5% to
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10% of Icb based on his research, which is similar to that found by Hanks et al. (1967). At the

same time, it is important to know the assumptions and definitions of transpiration used for

different applications. It is likely that many yield modeling studies based on transpiration

include this small amount of diffusive flux in the transpiration total. The FAQ 56 approach

assumes that transpiration from the surface layer can be ignored, as is the case in JEM. This is

not always true, especially on shallow rooted crops (maximum root depth 0.5 m) or with

certain center pivot irrigation management practices (frequent wetting with small depths). The

FAQ 56 ET calculation method gives priority of water use to Kb over evaporation: other

models give priority to evaporation. Physically, there is a sharing of the energy available with

feedback to both processes (Allen, personal communication, 2005).

Wright's (1982) paired lysimeter crop coefficient work was based on crop planting date.

AgriMet uses a crop emergence date to define the starting point of the crop coefficient curve.

The result is a distorted, skewed curve because the change from planting to emergence was

not properly accounted for on the AgriMet crop curves (Wright, personal communication,

2005).

Crop Coefficient Upper Limit

represents an upper limit on the evaporation and transpiration from any cropped surface

and is imposed to reflect the natural constraints of energy balance (FAO 56). Note that K max

is a single term crop coefficient, not a basal crop coefficient that is used directly in the dual

crop coefficient procedure. IBM calculates a daily K max value using Equation (12).

= max[{1 .05 + [0.04(u2 2) 0.004(RH 45)J }, {KCb + o.o5}] (12)

where:

upper limit of relative ET ratio [-]
u2 wind speed at 2 m above surface [mis]

RHmin minimum relative humidity

h plan height during the period of calculation, m

Kcb basal crop coefficient

is used to find the daily maximum ET (ETm) using Equation (13).

ETm=Kcmax*ETr (13)



where:

ETm daily maximum ET rate [mni'd}

U2 mean daily wind speed at 2 m [m/s]

mean value for daily minimum relative humidity during the
mm mid- or late season growth stage [%]

h plan height during the period of calculation [m]

Kcb basal crop coefficient; [-]

Water Stress Coefficient, Ks

The water stress coefficient, K, is used to account for the effects of soil water stress on crop

ET by reducing the value of the crop coefficient: K = 1.0 when there is no soil water stress.

Researchers have suggested several different mathematical forms to describe the relationship

between transpiration reduction and soil moisture content. Two key factors in defining this

relationship are the soil moisture at which stress begins limiting T and the amount that T is

limited for a certain moisture deficit. Three approaches for determining transpiration

reduction functions follow.

Linear Transpiration Reduction Functions

This method originally proposed by Feddes appears in FAO Irrigation and Drainage Paper

Nos. 33 and 56. For this linear approach, ET remains at the potential amount until a threshold

soil moisture deficit, p (represented as a depletion fraction of the total available water holding

capacity), is reached. After the water content drops below this critical or threshold soil

moisture, crop ET is limited to less than potential values and begins to decrease in proportion

to the amount of water remaining in the root zone (FAO 56). The threshold soil moisture

deficit varies by crop species.
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Figure 28 Linear decline in relative crop transpiration when the soil water content is less
than a threshold value

A variation of this algorithm adjusts p depending on the rate of maximum ET (refer to Table

20 in FAO 33). Figure 30 shows a significant variation in the p value depending on maximum

crop ET.

It appears that this approach is being re-evaluated by some researchers including Homaee,

Feddes, and Dirksen (2002) who found that the linear T reduction function cannot fit field data

satisfactorily.

Non-linear Transpiration Reduction Functions

Denmead and Shaw (1962) found a non-linear relationship in the decline of T with decreasing

plant available water (the three curves labeled 'non-linear' in Figure 29). There is some

uncertainty in this result because the experiment was conducted with plants grown in small

containers and the result has not been confirmed on a field scale. Importantly, however, they

suggested that the relative transpiration rate depends not only upon soil moisture content but

also upon the daily potential transpiration rate.

Exponential Transpiration Reduction Functions

Some researchers, for example Poulovassilis et al., (2001) have successfully fit an exponential

function to field data by using a shape factor to adjust for crop sensitivity to water stress. The

problem with this function is that it limits transpiration even at high soil moisture contents.
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A plot of percent relative T (100% being a fully transpiring plant with no moisture stress, 0%

being no transpiration and a non-recoverable moisture deficit) versus percent plant available

water (100% being field capacity and 0% being permanent wilting point) is useful when

comparing the various methods of transpiration reduction. Figure 29 shows examples from

the three approaches discussed in this document.
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Figure 29 Various forms of transpiration reduction functions

Transpiration Reduction in IEM

0%

IEM uses a linear reduction of the relative transpiration rate when the crop experiences soil

moisture stress. The depletion level for which plant stress begins, the p-value, varies inversely

with daily maximum ET (ETm). This is similar to the limited soil procedure in FAO 33.

However, ET experts discussed the range of weather dependent p-values at an advisory board

meeting for the irrigation optimization project and the consensus was that the ranges of p-

values in FAO 33 were too broad and that these ranges should be limited, as depicted in Table

13.



Table 13 Weather dependent p-values used in IEM

FAO 33 Crop Group p-value limit for high
ETm (10 mm/d)

p-value limit for low
ET rates (2 mm/d)

1 0.36 0.48
2 0.40 0.52
3 0.44 0.56
4 0.48 0.60

For example, considering the values in Table 13, if ETm is 8 mmi'd for a group 2 crop, by

linear interpolation, plant stress begins at a soil depletion level of 0.49. Figure 30 shows how

the p-value fluctuates for corn (grain) grown in northeastern Oregon in 2004.
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Figure 30 Weather dependent p-value (critical soil moisture depletion) for corn grown in NE

Oregon during 2004

Soil Evaroration Coefficient, Ke

The soil evaporation coefficient, Ke, quantifies the evaporation component of crop ET. When

the soil surface is wet, evaporation from the soil occurs at the maximum rate. As the surface

layer dries out, the rate of evaporation declines in proportion to the amount of water remaining

in the surface soil layer. Canopy cover and crop residue also influence the amount of surface

evaporation. The fraction of the soil surface covered using this approach assumes a
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continuous width. There is some uncertainty on how the pattern of cover above the soil

surface influences the rate of surface evaporation. After full cover during peak ET, roughly

5% of ET is evaporation.

The total evaporable water (TEW) is the maximum depth of water that can leave soil surface

layer after a complete wetting. Readily evaporable water (REW) is the depth of water that can

be evaporated from the topsoil layer at the potential evaporation rate, limited only by energy

availability at the soil surface. Both REW and TEW are a function of soil texture and the

depth of the surface soil layer. Where unknown, the reconmiended depth of the soil surface

layer is 10 15 cm. Typical soil water characteristics for different soil textures are provided

in Table 14.

The empirical surface evaporation method assumes an upper soil moisture limit in the surface

zone of Oc. This is not the case in the other soil layers where soil moisture can exceed field

capacity and percolation rates for soil moisture contents greater than 0FC are modeled.

Table 14 Typical soil water characteristics for different soil textures (adapted from FAO
56)

Soil Water Characteristics Evaporation Parameters (K)

Soil Texture
(USDA
Classification)

Ave. AWHC 0FC
TEW

(10 cm surface layer)

(cm3/cm3) (cm3/cm3) (mm) (mm)

Sand 0.05-0.11 0.07-0.17 2-7 6- 12

LoamySand 0.06-0.12 0.11-0.19 4-8 9-14
SandyLoam 0.11-0.15 0.18-0.28 6-10 15-20

Loamy Sand 0.13 -0.18 0.20-0.30 8- 10 16-22

Silt Loam 0.13 -0.19 0.22-0.36 8- 11 18-25

Silt 0.16 - 0.20 0.28 - 0.36 8 - 11 22 - 26

SiltyClayLoam 0.13-0.18 0.30-0.37 8-11 22-27
Silty Clay 0.13 -0.19 0.30-0.42 8- 12 22-28
Clay 0.12 - 0.20 0.32 - 0.40 8 - 12 22 -29
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El Partitioning

Partitioning of ET into its constituents, evaporation and transpiration, will be required in IEM

for yield modeling. Various methods of ET partitioning have been presented by researchers

such as Hanks, Fereres, and Ritchie. ET partitioning in IEM is based on the dual crop

coefficient method of calculating ETC. Kb is the transpiration component (adjusted for crop

water stress) while Ke is the evaporation component. Key assumptions of this approach

include:

transpiration is given priority of water use over evaporation, if Equation (13)

limits ETC.

evaporation only comes from the surface layer

transpiration oniy comes from the current root zone (not the surface layer)

Allen et al. (2005) wrote that for shallow-rooted annual crops where the maximum rooting

depth is less than about 0.5 m, transpiration from the surface layer may have significant effects

on the water balance of the surface layer and therefore on prediction of the evaporation

component, especially for the period midway through the development period. A revised ET

partitioning procedure may be required in IEM for shallow-rooted crops.

Wright (personal communication, 2005) stated that until there is a robust, reliable method of

quantifying the nature of the soil surface (i.e., heat conductance, water conductance, cracks,

compaction, etc.) that empirical estimates of ET partitioning must be used.

Yield Modeling

In its present form, IEM uses season total crop ET as a general measure of potential crop

yield. This approach is based on the general modeling approach developed by Stewart, and

currently embedded in FAO 33. This approach is in common use worldwide. However, this

approach is now seen as inadequate for a variety of reasons and a revised version of the

model, known as the Water Productivity Simple Dynamic Model (WPSDM), is being

developed.



TransDiration Based Model

IEM is going to utilize WPSDM, which uses crop transpiration to model above-ground

biomass accumulation and finally a harvest index to find the marketable crop yield. WPSDM

will model crop phenology and canopy cover using a thermal index. This model is intended to

be included in a revised FAO 33 publication. Researchers from Oregon State University have

begun a project to couple IBM and WPSDM. Already the advantages of object-oriented

design of IEM are being realized. Refer to Chapter II for additional discussion on yield

modeling. Recall that in its current version IEM does not include yield reduction due to

nitrogen deficiency or salinity accumulation.

Excess Water

There exist two problematic areas dealing with excess water in IBM. The first is associated

with the general approach of empirical excess water functions, including

The timing of the excess application relative to the crop growth stage (a

quantitative measurement of yield reduction)

. The effects of an overall surplus (total water infiltrated over a season) compared

to individual events of excess application

These topics require additional research for a more accurate representation of the effects of

excess water on crop yields. The second problem relates to the coupling of a yield model and

a yield reduction model. Knowing the available water for the season that corresponds to

maximum yield is required for the excess yield model. However, the ET resulting in

maximum yield can be variable, depending on irrigation system hardware and irrigation

scheduling. As an attempt to solve this problem, an initial IEM simulation with conventional

irrigation scheduling is used to find ET at maximum yield.
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CHAPTER V: MODEL EVALUATION

This chapter presents an evaluation of JEM. This evaluation is not concerned with definitive

testing of the algorithms embodied in IBM. For example, the following processes are not

independently tested: AgriMet model of reference ET, basal crop coefficients, FAO 56

algorithms for adjusting ET for canopy cover and soil moisture conditions. Likewise, the

characterization of soil variability and spatial patterns of applied water were not independently

verified. The purpose of this chapter is to judge whether the integration of these various

algorithms in IEM reasonably represents soil water conditions, crop water use and yield in a

spatially variable field, under the influence of stochastic weather conditions, when subjected

to diverse and sometimes unconventional irrigation management strategies. The sequence of

IBM processes evaluated is as follows:

1. Uneven application of water and spray losses

2. Additional factors that influence the disposition of water, including: surface water

redistribution, variable infiltration, and deep percolation

3. Factors of I and 2 are combined into a more comprehensive measure, spatially

variable soil-water content

4. All factors are combined to determine spatially variable ET

Applied Water

Uniformity Coefficient

IEM was used to evaluate how the irrigation uniformity coefficient changes for different

irrigation events as a function of wind. Table 15 lists the parameters that were used to define

the UC function. For the period evaluated, the wind run ranged from 41 to 204 kmld with an

average of 93 kmlday. Figure 31 illustrates reasonable application uniformity results for

different irrigation events. The uniformity values shown, ranging from about 0.80 to 0.88, can

be regarded as relatively high, approximately what might be expected for center pivot systems.

Table 15 UC parameters

A0 0.880

A1 -0.015

A2 0.000
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Figure 31 Variable UC for different irrigation events as a function of weather

Spray losses

Figure 32 shows IBM spray loss calculations for an average operating pressure of 175 kPa and

3 mm nozzle diameters, representative of a center pivot. Standard spray loss estimates are

between 2 and 4% for center pivots within the range of normal operating pressures and drop-

tube type discharge with serrated plates. Based on this, the IEM outputs in Figure 32 are

reasonable.
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Figure 32 IEM spray loss

Redistribution

A limited literature search and discussions with other research leaders revealed no usable

field-wide redistribution data to evaluate IEM modeling of redistribution.t

Figure 33 illustrates the influence that redistribution might have on spatially variable

infiltration, as generated by IEM. Total water infiltrated for this example is the sum of water

infiltrated from precipitation and irrigation water, plus water infiltrated from macropore

interception and ponding. The histogram represents the total infiltration for each of 30 field

sectors; the solid line is the variation in applied irrigation water plus precipitation. The total

volume of applied water does not balance in Figure 33 because some of the redistributed water

was off-field runoff, which is not illustrated.

Terry Howell, a member of the project advisory board who has conducted research regarding yield
response to surface tillage practices used to curtail redistribution, confirmed that it is difficult to find
complete, field-wide surface redistribution data.
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Figure 33 Redistribution in IEM influences the spatial variability of infiltration

Deep Percolation
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Most irrigation scheduling models simply use a tipping-bucket model for quantifying deep

percolation, where subsequent soil layers are filled to field capacity and any excess water is

considered as deep percolation. Designers and developers of IEM believed that the rate of

percolation can influence irrigation management in certain circumstances.

Figure 34 compares simulated deep percolation for two irrigation strategies. Table 16

includes pertinent input values for the example. Note that the field sector deep percolation

depths were sorted in descending amounts for the purpose of comparison. Note that for full

irrigation the irrigation adequacy (the percentage of the field in which the soil profile is

refilled to field capacity) is normally assumed to be approximately 88%. That implies that

88% of the field will have some degree of deep percolation. The histogram of percolation

shown for the full irrigation case in Figure 34, where 23 of 30 field sectors appear to have

some degree of percolation, indicates something closer to 77% adequacy, suggesting that IEM

simulation of full irrigation in this case was somewhat conservative. This is likely due to the
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fact that the field average soil moisture condition was used for irrigation scheduling within

IEM. Note that the deficit irrigation strategy still produced some degree of deep percolation in

about one-third of the field. The small amount (approximately 10 mm) of deep percolation

from all field sectors was likely caused by early season drainage when crop water use was

low.

Table 16 Pertinent input values for IEM deep percolation comparison

Full Irrigation Deficit Irrigation

management allowable depletion 25% 50%

target irrigation level 100% 70%

relative irrigation amount 100% 74%

soil moisture monitoring field average field average

assumed application efficiency 80% 80%
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Figure 34 Deep percolation comparison for two irrigation strategies
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Soil Moisture Content

SDatial Variability

Variability in soil moisture content is ultimately what directly influences variable crop ET.

Total water content variation in a specific field two days after an irrigation event as simulated

in IEM is illustrated in Figure 35. Relevant soil properties that influence the distribution are

listed in Table 17. The specific properties shown in Table 17 were for a soil comparable to a

Portneuf silt loam so that IEM simulated variability of soil water content could be compared to

observed values (Figure 36).

Table 17 Relevant soil properties for determining soil water content variability

Soil Property Description Simulation A Simulation B

mean available water capacity (3 ft. profile) 7.75 inches 7.75 inches

AWHC standard deviation (% of mean) 25% 10%

mean soil depth (inches) 51 inches 51 inches

soil depth standard deviation (% of mean) 25% 10%

maximum effective root zone depth (inches) 36 inches 36 inches

Data shown in Figure 36 are neutron probe measurements of available water in a three foot

soil profile at 25 points in a one acre sector of homogeneous Portneuf silt loam soil near

Kimberley, Idaho. These data were collected two days after a saturation irrigation, where the

soil moisture content at all locations was filled well above field capacity. The nominal

available water holding capacity of this soil is approximately 0.215 cm3/cm3.
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Figure 35 Variable root zone water content two days after an irrigation event, as simulated
in IEM
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Figure 36 Measured variability of Portneuf silt loam available soil moisture content for a 36-
inch profile two days after a full irrigation (adapted from English, personal
communication)
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The standard deviations of Figure 35 (A and B) and Figure 36 are 22%, 12% and 8% of the

respective means. The variability actually observed in Idaho two days after a saturation

irrigation is less than the variability for a silt loam for two IEM simulations. The variability

actually observed in a one acre plot of relatively uniform soil in Idaho might reasonably be

assumed less than would be observed in a full-sized agricultural field. Another consideration

is that the irrigation event in IEM just prior to this sampling was not a 'saturation' irrigation

event. The target level was field capacity. One conclusion is that the integrated modeling of

soil variability, irrigation uniformity, infiltration, redistribution, crop ET and percolation in

IEM produced a simulated spatial pattern of water availability that is a least realistic. An

equally important conclusion is that further research to parameterize the statistical models

involved here is warranted.

Crop ET

Simulation of ET involves first estimating the crop potential ET, then adjusting that estimate

to account for wet surface or dry soil profile conditions. We need not be concerned with

assessing IEM ability to estimate crop potential ET; that variable is calculated from user

inputs. However, the adjustments for non-standard conditions are crucial because IBM is

intended to simulate strategies in which such non-standard conditions will be important. Since

optimization will generally involve deficit irrigation, modeling ET reduction under declining

soil moisture conditions will be especially important. Independent field data are available to

compare, in a qualitative way, the ability of IEM to simulate the decline in ET under low soil

moisture conditions, and the corresponding decline in soil moisture per Se.

The effect of low soil moisture is represented in IEM by the water stress coefficient, K, which

reduces the crop coefficient when the average soil moisture content is below a threshold Q-

value). Temporal variations in K are presented in Figure 37 for two fields with different

irrigation plans grown in southern Washington during the 2004 growing season. These

irrigation plans were intended to irrigate one field for full production (K5 full irrigation in

Figure 37), while the other field was under a deficit irrigation regime (K deficit irrigation in

Figure 37). According to AgriMet, the seasonal ETc for spring wheat in the area of these

fields in 2004 was 66 cm. If we assume an 80% application efficiency for a pivot, the gross

irrigation amount would have been 83 cm, the amount that was applied on the full irrigation

field. IEM simulation results in Figure 37 indicate a pattern of transpiration reduction that
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seems reasonable considering the two depths of water applied. However, the trace for the

fully irrigated field also indicates some moisture stress (water deficit) early in the season,

suggesting that irrigation was delayed to some extent in the early part of the season for the

fully irrigated field.

Table 18 Pertinent IEM values for K comparison

Field Full Irrigation Deficit Irrigation

Crop spring wheat spring wheat

planting date April 15, 2005 April 16, 2005

total irrigation water applied 83 cm 63 cm

transpiration ratio: Ta / T 0.99 0.94
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Figure 37 Ks, the water stress coefficient, for two different irrigation plans

Figure 38 illustrates a declining ET ratio (ETa / daily maximum ETc) as the average soil

moisture decreases. Average soil moisture at field capacity was assumed to be approximately

235 mm, and 65 mm for permanent wilting point.

Figure 39 shows experimental data that illustrate a declining ET ratio as soil moisture content

decreases. The y-axis is the measured average ETc from two large lysimeters with declining
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soil moisture divided by the measured ET from a small lysimeter which was fully irrigated

(data originally provided by Pruitt, personal communication).

Comparing the IEM results in Figure 38 to the experimental data in Figure 39 and referring to

the previous discussion on transpiration reduction functions in Chapter II indicate that the

method used in IEM should be re-evaluated. Interestingly, in the algorithm for K, presented

in FAO 33 and FAO 56, which is used in IEM, the threshold soil moisture content at which

crop ET is reduced varies with the daily maximum ET demand (Figure 28), which in effect

changes the slope of the ET or T reduction ratio. It was hypothesized that short-term

variations in the ET demand would cause fluctuations in the threshold value that would, in

turn, cause fluctuations in the daily ET ratios (Figure 38) similar to those in Figure 39. As

illustrated in Figure 38, this was not true. Another point is that the algorithm assumes a ratio

of 1.0 up to the threshold, while data in Figure 39 suggest a slow decline in the ratio up to that

point.
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Figure 38 Declining ET ratio due to water stress, as simulated by IEM
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Figure 39 ETc reduction as soil moisture content decreases (from Fereres and Puech, 1978)

IEM Outputs Compared With Field Measurements

IBM performance is evaluated here using data from an experiment on how frequency and

amount of irrigation influence crop ET and winter wheat yield in eastern Oregon (Nakamura,

1982; English et al., 1989). Soil moisture measurements were collected weekly using a

neutron probe at several (between two and six) locations within of 18 experimental plots (36.6

m x 12.2 m) to a depth of 1.8 m (30 cm increments). Figure 40 shows the measured and

simulated total soil moisture content for two plots that were irrigated every other day, roughly

equivalent to the schedule common to center pivot irrigation in the area. Plot Dl received

sufficient irrigation amounts to fully meet crop ET requirements (approximately 67 cm of

irrigation water), while plot D4 was deficit irrigated at the same irrigation frequency but

receiving approximately 26 cm of irrigation water, about 39% of the full irrigation treatment.

(The two soil moisture plots were initialized independently in IBM to match estimated field

capacity following saturation from irrigation.)
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Figure 40 Testing IEM with soil moisture measurements to 1.8 m

The comparison in Figure 40 indicates reasonable model performance. Due to spatial

variability of soil properties alone, one would not expect simulated and measured soil

moisture values to compare without some differences. However, early in the growing season

the simulated and measured soil moisture content values diverge. It is not clear why the

measured soil moisture content in Field Dl remained so high in late March and early April.

Possible explanations are: (i) IEM simulation of deep percolation may not be representing that

process accurately (the mathematical representation of the percolation component of the

model has been identified elsewhere in this thesis as a weakness of the overall model); and (ii)

field capacity is variable both at different field locations and for different soil layers,

especially to a soil depth of 1.8 m.

Field-Wide Variability of ET

Figure 41 shows a sample IEM simulation of variability of seasonal crop ET for winter wheat

deficit irrigated 25% below the full irrigation amount. The variability of ET is indicative of
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variability in crop yields) As indicated earlier, IEM simulated spatially variable irrigation

patterns. The pattern of applied water also varied over time, shifting randomly in response to

changing wind conditions. The resulting application of limited water, varying in both space

and time, aggravated in some degree by runoff and redistribution, and combined with the

spatial variability of soil and crop properties and temporally variable crop development

(changing canopy cover and root zone extension), resulted in a quasi-random pattern of crop

water deficits in the field. Those deficits, in turn, eventuated in the spatially variable pattern of

ET shown below for one irrigation strategy. Patterns such as this are represented more

concisely in the rest of this thesis as histograms or in terms of statistical moments (mean and

variance).
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Figure 41 JEM simulated crop ET for winter wheat grown in eastern OR.

The average irrigation system uniformity coefficient was constant at 0.85. The crop root zone depth
was 110 cm. Soil properties included a mean depth of 152 cm with a standard deviation of 30 cm, and a
mean water holding capacity of 0.19 cm3/cm3 with a standard deviation of 0.038 cm3/cm3.
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CHAPTER VI: IMPLICATIONS OF IEM

The objective of this chapter is to demonstrate JEM as a functional tool for assisting with

irrigation management decisions. Likewise, IEM results indicate a modeling approach that

has unique advantages compared to similar models. This chapter uses the analytical approach

presented in the previous chapter to explore the relationship between irrigation strategies and

crop yields. This relationship is then used to explore four key issues:

1. the intrinsic form of crop production functions that relate field average applied water

to field average yields

2. the importance of spatial variability in production functions

3. the relationship between spatial variability and irrigation intensity

4. the corresponding implications for irrigation management

Evaluating the IEM Modeling Approach

Generatini Crop Production Functions

IEM was used to generate a crop production function shown in Figure 42, which indicates that

a crop production function is represented by a series of points, not necessarily a continuous

line. It is important to note that this crop production functions is for a particular crop, grown

on a particular field with unique soil characteristics during a single growing season, irrigated

with a particular irrigation system. This highlights IEM as a tool for generating unique crop

production functions for different growing conditions. An additional point of interest is that

this crop production function assumed center pivot irrigation, which is a flexible system.

Wheel line irrigation systems, for example, would likely further contribute to the discrete,

discontinuous nature of the crop production function where certain levels of applied water are

either impractical or unrealistic. Based on these findings alone, it appears that practical

decisions for optimum irrigation should not be based on generalized, continuous crop

production functions.
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Figure 42 Crop production function generated from IEM simulations

Noteworthy, yet not surprising, is for a specific average depth of water applied to a field

shown in Figure 42, the range of crop yields varied by up to 5%. This envelop of points is

attributed to varying amounts of deep percolation, spray loss, and runoff for various irrigation

strategies caused by variable soil properties and uneven irrigation water distribution.

However, none of the strategies had "excess" deep percolation that would have been caused

by field-wide over-irrigation of individual irrigation events that fell outside the management

strategy.

The crop production function in Figure 42 was not generated with a yield model that

accounted for relative water productivity for individual crop growth stages, nor did it consider

yield loss due to hazards. If these factors were included in the prediction of crop yield, it is

anticipated that the span or width of this envelope would increase, especially in the region

approaching maximum crop yield. This hypothesis is supported by yield data previously

collected on production farms. Ultimately, the new crop yield model that is used in

conjunction with IEM must, (i) capture the yield effects of water stress timing relative to crop

growth stage; and (ii) capture the effects of water stress on crop development and potential
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crop yield. The final analysis might also include yield reduction from hazards. Figure 42 and

this discussion underscore the objective of identifying irrigation plans on the outer edge of the

envelope in the optimal span of applied water. A recommendation to use a certain amount of

water may not be valid without more detail about how and when to apply that water.

As a starting point of assessing variation in crop yield for a specific amount of applied water, a

basic variability analysis was conducted. The frequency and amount of irrigation remained

constant for 10 IEM simulations. Pertinent IEM input values for this comparison are listed in

Table 19. Three levels of total applied water were tested, with a different seed number for

each simulation. The results are presented in Table 20.

Table 19 Pertinent IEM inputs for analysis of yield variation

IEM input Soil 87 Soil 95

mean soil depth (cm) 152 66

standard deviation of soil depth (cm) 30.4 13.2

crop rooting depth (cm) 110 110

mean AWHC (cm3/cm3) 0.190 0.140

standard deviation of AWHC (cm3/cm3) 0.038 0.028

Uniformity Coefficient (constant) 0.85 0.85

Table 20 Yield variation for a specific irrigation management strategy

Total Applied Water (mm) Mean Relative Crop Yield Standard Deviation of
Relative Crop Yield

654 98.3% 0.68

441 90.8% 0.47

324 75.8% 0.74

The modeling approach in IEM illustrates the importance of considering yield reduction due to

excess water (Figure 42). Because of the uneven infiltration and storage of irrigation water it

is possible and likely that some field locations will have yield reduction to excess water while

others will be below the point of applied water corresponding to maximum yield. This also

contributes to a general crop production function shape that features a relatively flat section at

or near maximum yield for a range of applied water depths, which corresponds to production

farm field data. If yield reduction due to excess water was not considered in developing a



crop production function, the point of applied water corresponding to maximum yield would

be artificially greater than if the effects of excess water are considered.

ETc Variability

Figure 43 contains ET frequency histograms generated from IEM simulation results for

various seasonal total irrigation depths. An actual irrigation schedule derived for full

production of field corn grown in southern Washington was used as the nominal schedule.

For the IEM simulations with reduced irrigation application amounts, the same irrigation

frequency was used with reduced average application depths for each event. The AWHC

standard deviation was 25% of the mean. The mean soil depth was 105 cm, with a standard

deviation of 25% of the mean. The assumed maximum crop rooting depth was 91 cm. A

constant UC of 0.80 was assumed. The histogram at the top of Figure 43 corresponds to 50%

of the full irrigation amount; the subsequent histogram is corresponds to 60% of the full

irrigation amount, and so forth. The histogram at the bottom of Figure 43 corresponds to the

full irrigation amount.

As a result of similar IEM simulations, ET frequency distributions for various irrigation

depths on a field with two predominant soil textures are illustrated in Figure 44. Note that this

was a different field and different crop than the field discussed previously. Pertinent JEM

inputs are listed in Table 21. A constant irrigation UC of 0.85 was assumed.

Table 21 Pertinent IBM inputs for evaluating ET variation for a field with two soil types

soil type

mean soil depth 152 cm 60 cm

soil depth standard deviation 20% of mean 20% of mean

maximum crop root depth 91 cm 91 cm

o at field capacity 0.28 cm3/cm3 0.20 cm3/cm3

mean AWHC 0.19 cm3/cm3 0.14 cm3/cm3

AWHC standard deviation 20% of mean 20% of mean



30

25

20

5 15
10

5

0

30

25 60%Irr

25 70%Irr

20

15

10

5

0

30

25

20

515

10

5

0

30

25

20

515

10

5

0

30

25 100%Irr

500 515

84

Ji

_
530 545 560 575 590 605 620 635 650 665 680 695 710

ETc (mm)

Figure 43 ETc frequency distributions for various irrigation amounts on a field with one
predominant soil type



35

30

20

15

10

5

0

35

30

25

20

15

10

5

0

35

30

25

20

15

10

5

0

35

30

25

20

15

10

5

0

35

30

25

20

g 15
10

5

0

35

30

20

15

10

5

0

60% Irr

70% Irr

85

90%Irr

100% Irr

400 415 430 445 460 475 490 505 520 535 550 565 580 595 610

Crop ET (mm)

Figure 44 ET frequency distributions for various irrigation depths on a field with two
predominant soil textures



ET frequency distributions illustrated in Figure 43 and Figure 44 from JEM simulations led

to several insights. First, the standard deviation of ET increases as the irrigation amount is

reduced from full irrigation, as tabulated in Table 22. This indicates that as the management

strategy shifts to a deficit irrigation regime modeling spatial variability becomes more

pronounced. An implication regarding this detail is that fertigation may become more critical

for deficit irrigation (to reduce nitrogen application in low-irrigation areas). As expected for

deficit irrigation, comparing Figure 43 and Figure 44 suggests that ET variability increases as

the variability of soil properties increase. Next, beginning with the 80% level of irrigation,

additional applied water leads to (i) a reduction in ET spatially variability as the irrigation

amount increases; and (ii) progressively smaller increases in mean ET (an indicator of crop

yield) for increased water applied (Table 22). Reduction in water productivity approaching

full irrigation suggests a substantial shift in the destination of applied water to deep

percolation. This is similar to the findings presented in Figure 34. These observations

indicate that a crop production function should become approximately horizontal near

maximum yield, and remain approximately horizontal for some range of total applied water

before declining due to excess water yield reduction. One implication is that the quadratic

form often assumed for empirically derived crop production functions is innately wrong, since

the rate of change of a quadratic function will accelerate as it approaches the yield maximizing

level.
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Table 22 Values of ET comparison

one predominant soil type

Irrigation amount standard deviation of
mean ETc (mm)

ETc (mm)
AET / A Irrigation

Water

50%offull 553 18.0 -

60%offull 619 18.0 0.80

70% of full 659 13.3 0.48

80% of full 672 11.0 0.16

90% of full 674 9.7 0.02

100% of full 679 9.2 0.06

two predominant soil types

Irrigation amount standard deviation of
mean ETc (mm)

ETc (mm)
AET / A Irrigation

Water

50% of full 490 40.5 -

60% of full 536 28.3 0.69

70%offull 563 11.8 0.40

80%offull 571 7.9 0.12

90% of full 575 6.6 0.06

100% of full 576 5.8 0.01

The Effects of Spatial Variation

IEM simulations were used to evaluate the crop production function outcomes based on

different numbers of field sectors. IBM was used to generate points of a crop production

function using 1 field sector and using 20 field sectors. Next, a best-fit line using linear

regression and assuming 4th order polynomial shape was used to generate general crop

production functions presented in Figure 45. Even though IBM has been used to illustrate that

a crop production function is an envelope of points, polynomials are used here to first

illustrate the differences between using average values and spatial variation in developing crop

production functions and then for a simple economic comparison of the two approaches.

The shape a crop production function developed using only average soil and irrigation values

(1 field sector) tends to have a large positive slope approaching the point of maximum yield,

and then changes slope rapidly over a small range of applied water to the point corresponding

to maximum yield. This is consistent with the theoretical results presented by Warrick and



Gardner (1983). A crop production function generated in JEM using multiple field sectors

results in a more gradual change in slope in the range between the applied water

corresponding to 90% of maximum yield and the water requirement for maximum yield.

In this case the maximum simulated yield difference for a given depth of water in this zone

between a single field sector and multiple field sectors is approximately 4%. Similarly, the

amount of total applied water resulting in maximum yield differed by approximately 60 mm

(approximately 10%). It is important to note that this IEM analysis was representative of a

relatively uniform field. For example, most field sectors had soil depths that did not limit the

maximum rooting depth, with available water holding capacity standard deviation of 15% to

20% and irrigation UC of 0.85. The 4% and 10% differentials may be greater for fields with

greater spatial variability. Even though this yield difference may appear to be relatively small

in magnitude, it is this zone of the crop production function that must be evaluated when

searching for optimum irrigation strategies. Additionally, farm profit margins are oftentimes

revenues from approximately 10% of crop yields. Therefore, a 4% yield difference for a 10%

margin represents significant
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Figure 45 Crop production function comparison of average values to spatial variability



A simple economic analysis procedure was used to evaluate the economic impacts of the two

crop production functions in Figure 45. A linear cost function (Equation (14)) presented by

English and Raja (1996) for wheat farming in the Columbia Basin was used along with the

derived polynomial functions (Figure 45) to evaluate the optimum irrigation levels. The

simplified crop production functions are defined by Equation (15) using the coefficients in

Table 23. The relative yield was multiplied by the maximum winter wheat yield, which was

assumed to be 358 bu/ha (145 bu/acre), to find the estimated crop yield for a given depth of

applied water. The profit maximizing point of applied water is where the slope of the cost

function equals the slope of the revenue function (the crop production function multiplied by

the crop price). However, in this example a numerical procedure was used to maximize profit

due to the complexity of a 4th degree polynomial.

where:

c(irr) = 482.30 + 7.79(irr) (14)

c(irr) production costs as a function of applied water [$ ha1]

w applied irrigation water [cm]

'R(w)w +b*w3 +c*w2 +d*w (15)

where:

YR(w) relative yield: percent of maximum yield [%]

w total water (precipitation + irrigation) [mm]

Table 23 Coefficients used in Equation (15) for simplified crop production functions in
Figure 45

coefficient 1 field sector 20 field sectors

a -3.48735E-09 -9.72609E-l0

b 4.88564E-06 1 .44747E-06

c -2.41200E-03 -8.86950E-04

d 6.07938E-01 3.85185E-01

Most scenarios in this economic analysis indicated relatively minor impacts on the profit

maximizing point when considering the two crop production functions, as tabulated in Table

24. Based on the current market, $6.00 per bushel is an unrealistic wheat price, but it is used

here to determine the economic effects of higher priced crops: wheat is a relatively low value
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crop. In this example, the main discrepancies between the two crop production functions are

(i) expected profit when production cost approaches expected revenue as a result of low crop

price; and (ii) the irrigation depth corresponding to maximum crop yield.

Table 24 Impacts of crop production function discrepancies

Crop Price
(per bu)

Irrigation
Depth

differential

Profit
differentia

$2.50 1.7% 85%

$3.00 2.3% 16%

$3.50 4.3% 10%

$4.00 5.5% 7%

$4.50 6.4% 6%

$5.00 7.0% 5%

$5.50 7.5% 4%

$6.00 8.0% 4%

The question becomes: what is the minimum number of field sectors that can be used to

accurately represent spatial variability on a field scale for the purpose of generating a crop

production function? Based on observations of IBM outputs, without rigorous statistical

analysis, it appears that between 3 and 10 is the minimum number of field sectors for each soil

type in a field. The minimum number depends on the combined variance of soil and irrigation

properties. For example, for a field with adequate application uniformity (UC = 0.85) with

two soil types comprising much of the field area, each having soil property standard deviations

of roughly 15% to 20% of the means, the suggested minimum total number of field sectors

might be 12 (6 field sectors for each soil type).

Implications for Irrigation Scheduling

A General Irrigation Scheduling Example

Consider the following irrigation scheduling example. The crop ET corresponding to

maximum yield for the conditions used to generate Figure 42 was approximately 590 mm.

Conventional irrigation scheduling calculations would suggest dividing the seasonal crop ET

by an assumed irrigation efficiency to obtain an estimate of the amount of gross irrigation

water to apply for full production. If an irrigation efficiency of 80% is assumed, the resulting
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estimated amount is 738 mm. The crop production function in Figure 42 implies that this

amount of applied water is approximately 19% higher than the amount corresponding to

maximum yield (approximately 620 mm). In a similar comparison, the same yield on the

deficit part of the crop production function could be achieved by applying 200 mm less

irrigation water; a reduction in applied water of approximately 27%. This example shows that

IEM is a functional tool for irrigation management, regardless of the irrigation plan; and that

IEM can be used to help identifi the amount of applied water resulting in maximum yield for

different field properties.

Relatively Uniform Soil Properties

IEM simulations have shown that (i) the soil moisture monitoring location(s) has/have a

profound impact on the amount of irrigation water applied for a specific irrigation strategy and

(ii) soil depth, soil available water holding capacity and uneven infiltration all impact all

impact the irrigation scheduling process.

Generally a farm manager will manage field-wide irrigation based on conditions at some

critical point or part of a field. The question addressed here is what part of a field should be

used as the critical point or area. Common practice is to manage for the 'hot spot', the part of

the field that needs water soonest. Alternatively, the manager might consider field average

conditions, or average conditions in the driest half or the driest quarter of the field. An

analysis of this question for one example case indicated a potential 14% reduction in water

applied using the field-wide average soil moisture condition compared to the soil moisture

condition in the driest quarter of the field (Figure 46). The difference in yield was 4%. In

Figure 46, the soil moisture monitoring location at 10% represents the driest 10% of the field;

100% corresponds to the field average soil moisture condition. Note that percent soil moisture

depletion combines the effects of soil depth, soil available water holding capacity and uneven

infiltration.

Regarding item (ii): in a different simulation, IEM irrigation scheduling using only available

water holding capacity to identify the soil moisture monitoring location resulted in essentially

no correlation between available water holding capacity, water applied, and crop yield. This

suggests that soil depth, soil available water holding capacity, and uneven infiltration as a

result of application uniformity and redistribution all influence irrigation scheduling. The soil
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moisture monitoring point is an important component of optimum irrigation management. It

is important not only in the analysis, but it also becomes critical that irrigation managers have

a general sense of how the soil moisture measurements of one location compare relatively to

the rest of the field and that they have guidelines on how to use the information for advanced

irrigation scheduling.
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Figure 46 Differences in irrigation water applied and resulting yield depending on the soil
moisture monitoring approach

Non-Uniform Soil Properties

A similar irrigation scheduling analysis was completed for a field with non-uniform soil

properties. The results are presented in Figure 47. The field of consideration was assumed to

have two soil types, each comprising about 50% of the field. Pertinent IBM input values are

summarized in Table 21. In this example transpiration ratio, simulated crop transpiration

divided by simulated maximum crop transpiration, is used as an indication of crop yield.

Similar to the previous conclusion, this irrigation scheduling analysis implies that a strategic

strategy for soil moisture monitoring can lead to approximately a 20% reduction in applied

water while only reducing the transpiration ratio by approximately 4%. The results presented
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in Figure 46 and Figure 47 suggest that soil moisture monitoring location(s) and interpretation

become increasingly important as soil property spatial variability increases.
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CHAPTER VII: RECOMMENDATIONS AND CONCLUSIONS

In this final chapter, recommendations that would likely improve IBM are presented followed

by a summary of key findings from IBM simulations.

Recommendations for Improving IEM

IEM Testing

The first recommendation regarding future IEM improvements is to conduct more thorough

tests of model performance. This will help identify deficiencies. Similarly, distributing IEM

to numerous people with different irrigation management responsibilities will help identify

IEM strengths and weaknesses. Feedback on interface design, data input, and display of

results will likely impact the success of IEM. One idea for additional model testing is to

compare IBM spatial variation of crop yield with yield mapping data gathered with harvesting

equipment. Regarding this idea, one participating farmer has expressed interest in an

experiment where a field with center pivot irrigation would be divided into several wedges.

Each wedge would receive different irrigation amounts and possibly different amounts of

fertilizer. The implication here is that individual model components and overall model

performance could be evaluated by gathering the following information:

irrigation system evaluations

soil moisture measurements as multiple field locations

quantifying variability of soil properties

yield mapping for each wedge and the field

Yield Modeling

It is anticipated that the transpiration based yield model being developed by FAO will be

coupled to IEM within the next year. This will greatly enhance the model; especially by

adding yield response to water as a function of plant development. Based on previous

research by English and Nakamura (1989) and others, this is a critical component of

identifying irrigation strategies that fall on the outer edge of the crop production function

envelope.

Experience with JEM simulations showed that the effective full cover date and the harvest

date significantly impact what might be the best irrigation management strategies under
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certain circumstances. That is, the crop water demand is closely related to the basal crop

coefficient curve. Also, field data indicated that the actual dates varied from typical or

average reported values. These variations seemed due to individual management practices and

weather variations from year to year. Modeling crop development and canopy cover using

growing degree days or solar radiation as part of the new yield model might improve JEM, as

long as doing so conforms to the current balance between complexity and practicality.

Similarly, modeling yield response to nitrogen and salinity may be required to formulate truly

optimum irrigation management plans.

Crop Water Use

Despite years of research on evaporation and crop transpiration (and these combined into

evapotranspiration) there remains relatively high uncertainty in quantifying these processes for

individual farms on a field by field basis. Undoubtedly, IEM would benefit from further

advances in the procedure for partitioning evapotranspiration into its components.

A related topic is transpiration reduction caused by moisture stress in the root zone. It is likely

that an improved transpiration reduction method is necessary to accurately model this process.

Even with the current transpiration reduction method in IEM, additional soil layers could be

added in conjunction with a root distribution function for root water uptake. This would

increase simulation run-time, however.

Soil Pararneterization

As reported in a previous section, the simulated soil moisture content following an irrigation

event is relatively sensitive to the soil characteristic input parameters (specifically soil depth

and AWHC). Better parameterization of soil properties as input into IEM is recommended

through (i) a more exhaustive literature search, and/or (ii) field measurements (possibly in

conjunction with a yield mapping experiment).

Redistribution

Locating field data, or developing such data, for studying the process of runoff-redistribution,

should be a high priority. The current representation of redistribution in IEM is stochastic and



it has not been rigorously field tested. Depending on the results from testing the performance

of IEM redistribution, a carefully implemented physically-based representation of surface

water redistribution might enhance the model. This might be especially useful for undulating

fields that have significant variations of soil properties. Once again, the balance between

simulation run-time, model complexity related to user inputs and analysis, and physical

representation must be maintained.

Irrigation Systems

Adding drip/micro and surface irrigation systems to IEM would broaden the potential user

base. Adding the surface irrigation systems to IEM would require re-defining application

uniformity and infiltration characteristics. Drip/micro irrigation systems are typically used on

trees and vines, which have a different set of irrigation management considerations compared

to field crops. Adding trees and vines to IEM could be a major undertaking. However,

regulated deficit irrigation of trees and vines is of great interest to many people and has

significant implications in water-stressed areas of the western United States.

Irrigation Scheduling

The main conclusions regarding irrigation scheduling in this thesis were (i) the soil moisture

monitoring location/strategy can influence the amount of water applied for a given irrigation

plan, and (ii) it appears that this differential increases with increasing spatial variability of soil,

crop, and irrigation properties. This is a start to better understanding soil moisture monitoring

for optimum irrigation management, but is incomplete. However, this conclusion does not

provide detailed recommendations on (i) the required number of soil moisture monitoring

locations for different field sizes and soil compositions, and (ii) how to interpret soil moisture

measurements. This will likely require gathering soil moisture data, completing more IEM

simulations and analysis, and may involve new experiments. For greater flexibility, additional

soil moisture monitoring options may be necessary in IBM.

Interface

As IEM has developed, the quantity of output graphs has grown quite large; especially at the

field sector level. Re-evaluating how these are categorized and displayed would likely make



the model more user-friendly. Additionally, adding the features listed below would enhance

IEM flexibility:

. User selection of the units for all inputs and outputs, either SI or English

. User selection of the reference crop; either grass or alfalfa

Simulation Run-Time

As discussed previously, simulation run-time was a key consideration during IEM design and

development. Run-time depends in part on the user-specified minimum step size and

tolerance. If the water balance (a mass balance of all water inflows, outflows, and changes in

storage) deviates from zero, it is likely that the minimum step size is too large and/or the

tolerance is too large. This problem is easy to alleviate by reducing the minimum step size

and/or the tolerance. However, under certain circumstances where the these variables are just

smaller than values that would cause a non-zero water balance (which is difficult to determine

without multiple simulations), the simulated cumulative amount of crop ET, for example, can

change after only change the minimum step size by a relatively small increment (0.02 days,

for example). The differences can be significant (on the order of 5%). In short, the values of

some processes can change depending on the minimum step size, which is a complication of

computational procedures. These discrepancies are difficult to detect (especially without

running multiple simulations) because the water balance remains at zero. It is recommended

that additional IEM simulations and sensitivity analysis be completed to address this concern.

Conclusions

IBM evaluations indicated reasonable model representations of field-scale patterns of crop

available water and crop ET. IEM was used to demonstrate that explicit modeling of spatial

variability can affect estimates of crop yields and determinations of optimal levels of water

use. The analysis contrasted two IEM crop production functions for one case study

representative of eastern Oregon. One function explicitly considered spatial variability, the

other used a lumped parameter approach. The lumped parameter model apparently

overestimates crop yield, particularly in the economically critical range where applied water

approaches the level of maximum yield. Estimates of optimal levels of water use, crop yields

and farm profits can be decidedly different from those derived by the distributed-parameter

model. Water use corresponding to maximum yield differed by approximately 8%.
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EM analysis also produced useful insights about the natural form of crop production

functions. It was demonstrated that a crop production function cannot be assumed to be a

continuous mathematical function. Rather, a crop production function derived for a single set

of circumstances (a specific field, crop, irrigation system, weather year, etc.) will be

discontinuous (some levels of irrigation being impractical) and variable (varying levels of crop

yield produced by a given level of irrigation). The relationship is more accurately described

as an envelope of discrete points. Furthermore the envelope tends to approach the yield

maximizing point asymptotically, which is inconsistent with the quadratic functional form

commonly assumed in deriving production functions.

With regard to irrigation scheduling, IEM simulations showed that the choice of soil moisture

monitoring sector(s) is a critical consideration in developing an optimal irrigation scheduling

strategy. In a field with one predominant soil type, for the same irrigation plan but different

soil moisture monitoring strategies, IBM simulations indicated a potential 14% reduction in

irrigation water while reducing yield by 4%. In a similar comparison of a field with two soil

types the amount of irrigation water applied was reduced by approximately 20% while the

transpiration ratio was reduced by only 4%.

In closing, the reader is reminded of several caveats. First, the quality of the output from any

model is only as good as the quality of the input. In its current version, IEM performance is

directly related inputs such as: reference ET, values that define the basal crop coefficient curve

and values that characterize the spatial variability of soil properties. Additionally, be aware

that computer models such as IBM should be used as planning and decision making tools and

are not meant to eliminate the need for field observations. On the contrary, it is likely that

optimum irrigation will require a higher level of field observations, and involve new

procedures for interpreting these observations. IEM is a starting point towards completing a

decision support system for optimum irrigation management.
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APPENDIX I: PERCOLATION

An approach to quantifring percolation in IEM was desired, without significantly impacting

simulation run-time. It was required that the percolation rate in IEM be a function of soil

moisture content, as opposed to time, because soil moisture content is the state variable for a

given soil layer. It was decided that equations using soil water tension curves were

unacceptable, requiring additional inputs that would not be readily accessible to the average

IBM user and likely increasing simulation run-time. An empirical method designed for

practical application was sought a method where the user could input the time it takes to

drain a soil profile from saturation to field capacity to help determine the percolation rate

function. Several empirical functions (Equations (16) and (17)) presented by Nielsen et al.

(1973) seemed promising.

K0
J=

(16)

L

991111aK0t
(17)

L )

where:

J cmld Percolation rate

K cmld Permeability or saturated hydraulic conductivity

Oo cm3lcm3 Maximum soil moisture content; porosity

Opc cm3/cm3 Theta field capacity

t days Time (days) since the soil moisture content was saturated

td days Time (days) it takes to drain from field saturation to field capacity

L cm Depth (cm) of soil profile for which td applies

a - a constant

Equation (16) was derived from Richards' equation for redistribution of water in a soil profile

assuming a unit gradient exists after a thorough wetting and assuming that the hydraulic

conductivity is an exponential function of soil water content as indicated by Equation (18)

(Nielsen et al., 1973).

K(8) = K0 exp{ci(O-90)] (18)
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The following steps result in a relationship of percolation rate depending on soil moisture

content:

1. use a constant to combine similar variables of Equations (16) and (17)

=aKo (19)

L

2. solve Equation (16) fort

K0

C(JK0)
(20)

3. solve Equation (17) for t

t=---{exp[a(90 e)]i} (21)

4. Set Equation (20) equal to Equation (21), resulting in

K0

exp[a(90 9)] (22)

Equation (22) proves that percolation rate as a function of soil moisture content is independent

of soil zone depth for a constant alpha. The percolation rate in Equation (22) when the soil

moisture content is at field capacity is slightly greater than zero, which is undesirable

considering the assumptions in IEM. By subtracting the percolation rate for J(OFc) the

percolation rate goes to zero at °FC. This has two consequences: (i) the percolation rate at

saturation is slightly less than K, but for the application in IEM the percolation rate near field

capacity is the more critical value; and (ii) the simulated time to drain the profile to field

capacity will be slightly different than the specified value used to find alpha. The resulting

approximation is Equation (23), which is the percolation equation used in IEM. The

difference in pe:rcolation rate between Equation (22) and Equation (23) is illustrated in Figure

48.

K0 K0

exp[a(90 o)] exp[a(90 OFC)IJ
(23)
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Figure 48 Percolation rate goes to zero as soil moisture content approaches field capacity
using Equation (23)

Alpha is the only remaining unknown (not specified by the user), which can be calculated

using an iterative procedure if the user inputs the time it takes to drain a soil profile from

saturation to field capacity. Alpha is a coefficient used to describe the unsaturated behavior of

the soil hydraulic conductivity as a function of the soil water content and is unrelated to the

alpha in Gardner's equation. Alpha must be found so that the calculated C from Equation (17)

is equal to the soil moisture content at field capacity. Table 25 lists calculated alpha values

using solver in Excel assuming typical or average soil hydraulic properties and estimated time

to drain from saturation to field capacity.
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Table 25 Alpha values calculated using an iterative procedure assuming typical soil
hydraulic properties and estimated time to drain from saturation to field capacity

Soil Texture Estimated td Resulting

Sand 0.50 11.4

Loamy Sand 1.00 14.2

Sandy loam 1.50 16.0

Sandy Clay Loam 2.50 49.1

Sandy Clay 3.00 33.5

Clay 2.75 12.5

Clay loam 2.50 13.9

Silt clay 3.50 32.7

Loam 2.25 12.8

Silt Clay Loam 4.00 4.6

Silt loam 2.25 5.6

Silt 2.00 3.7




