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The shallow aquifer in Northeast Malheur County, Oregon is polluted with

Nitrates at concentrations exceeding federal drinking water standards. Efforts to solve the

groundwater problems in this area have focused on developing farm management

practices that will increase groundwater quality while maintaining agricultural

production. Furrow irrigation is the dominant practice for irrigating row crops in this

region. One potential way to improve water quality is to increase furrow irrigation

performance on a regional scale.

In this study a surface irrigation model, SRFR, was linked to a geographic

information system (GIS) for the purpose of evaluating alternate furrow irrigation

strategies in Malheur County, Oregon. SRFR is a physically based model that simulates

water flow and distribution in irrigated furrows. The model accepts the management

parameters that influence the outcome of an irrigation and in return provides measures of

water application efficiency, amount of deep percolation, amount of surface run-off, and

other performance indicators. The GIS, constructed using ARC/INFO software, contains

Redacted for Privacy



the spatial data required to run SRFR on individual fields in the region. The data for the 

GIS were acquired using many different sources and techniques in order to meet the input 

resolution required by the irrigation model. 

The primary goal of this research was to develop a tool for evaluating irrigation 

practices on a regional scale, accounting for the diversity of physical circumstances and 

management practices that occur within a complex of several hundred farms. The 

particular application of this tool was for control of nitrate pollution of groundwater in the 

vicinity of Ontario, Oregon. The integrated system was used to estimate a base condition 

irrigation that is representative of current irrigation practices. The system was then used 

to assess irrigation performance using three alternative practices: 1) separate 

management of wheel and nonwheel compacted furrows; 2) use of an automated control 

system to vary application set times; and 3) cutback irrigation. Although this represents 

only a limited assessment of the alternatives that might be considered for the study area, 

preliminary results suggest that under certain field conditions irrigation efficiency can 

potentially improve more then 20% over the base condition using alternate strategies. 

The system demonstrated tremendous potential for identifying trends and variability in 

system performance in the region. 
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Linking GIS and a Surface Irrigation Model to Evaluate
 
Regional Effects of Furrow Irrigation Strategies
 

1. INTRODUCTION 

1.1 Background 

This thesis presents the development of a computer based system for evaluating 

regional consequences of furrow irrigation management practices. The system consists of a 

geographic information system (GIS) built using ARC/INFO software linked to a surface 

irrigation model, SRFR. Essentially, the GIS is used to extend the application of SRFR 

from field scale analysis to regional scale analysis. The integrated system is used to 

characterize the probable irrigation performance in the vicinity of Ontario, Oregon, 

particularly with respect to irrigation efficiency and groundwaterpollution. 

Contamination of groundwater by nitrates is a common problem in many 

agricultural areas. Nitrogen fertilizer is applied to crops in order to maintain crop 

production. However, nitrogen not used by the plants is either released to the atmosphere 

as nitrogen gases by denitrification, or converted to the nitrate form by nitrification. The 

nitrate form is extremely mobile in water and may consequently be leached past the crop 

root zone through deep percolation of irrigation water. This is the case in Northeast 

Malheur County, Oregon where nitrate concentrations in the shallow aquifer exceed the 

federal drinking water standard of 10 PPM (Gannett, 1990). Efforts to solve the problems 
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in Malheur County have focused on developing farm management practices that will 

increase groundwater quality while maintaining agricultural production. 

Malheur County is a semi-arid region that requires irrigation during the growing 

season to maintain crop production. Several types of irrigation systems are used in the 

region, however, furrow irrigation techniques are by far the most common. Although 

furrow irrigation systems have many advantages, they tend to have low water application 

efficiencies. A low efficiency implies that water is either lost to deep percolation or to 

surface run-off. In either event, the water is no longer available to the crop and may 

transport nitrates and other agricultural pollutants to the ground or surface water system. 

One way to reduce nitrate leaching is to improve irrigation efficiency. By delivering only 

the water required by the crop and distributing it uniformly on the field, the amount of 

nitrate lost to deep percolation and surface water run-off can be minimized. 

Field scale studies have shown that adopting alternative furrow irrigation techniques 

can improve irrigation efficiency and potentially reduce nitrate leaching up to 80% (English 

and Taylor, 1990). These techniques involve changing the operational variables associated 

with furrow irrigation (i.e. inflow rates, set times, cutback times, etc.). Evaluation of these 

alternative techniques is facilitated by the development of surface irrigation models such as 

SRFR (Strelkoff, 1991). SRFR is a computer program comprising a mathematical model of 

water flow in irrigation furrows and is designed to help find solutions to irrigation design 

and management problems. Mittelstadt (1995) calibrated and tested the SRFR model with 

field data collected from several farm sites in Northeast Malheur County. 

A management practice evaluated at a field scale may not be suitable for the range 

of conditions found in the basin. New tools such as GIS and remote sensing improve our 
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ability to extend analysis of irrigation performance to a regional scale. A GIS linked to a 

surface irrigation model provides a means for asking "what if' types of questions regarding 

irrigation management. This system allows an analyst to identify the specific locations or 

field conditions where a given management practice will work best. In addition, it can 

provide insights into the effect that implementing new management practices will have on 

regional water demand and long term groundwater quality. 

1.2 Study Area 

Figure 1.1 shows the location of the study area. The study area extends South from 

the Malheur River to King Avenue and West from the Snake River to the Malheur Siphon. 

This area encompasses approximately 14,375 irrigated acres in Northern Malheur County. 

Furrow irrigation is the primary irrigation technique representing approximately 83% of the 

irrigated area. Sprinkler systems are often used in areas of variable slopes and represent the 

remaining 17%. Silt loam soils (Nyssa, Owyhee, and Greenleaf) are the dominant soils in 

the region with fine sandy loams common near the rivers. The agriculture in the region 

consists of a variety of crops including onions, sugar beets, corn, wheat, potatoes, and 

alfalfa. The Owyhee, Bully Creek, and Warm Springs reservoirs supply water to the region 

and a large network of canals and ditches deliver water to the field locations. 
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Figure 1.1 Location of the study area in Northeast Malheur County 
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1.3 Objectives 

The general objective of this research is to develop a computer based procedure for 

evaluating regional furrow irrigation practices in Malheur County, Oregon. In this regard, 

the research will contribute to minimizing adverse impacts of agricultural practices on 

groundwater quality. The specific objectives of this effort are: 

1. Interface a surface irrigation model with a geographic information system and 
evaluate its utility in analyzing the performance of furrow irrigation systems. 

2. Evaluate the hydraulic diversity of fields in Malheur County under irrigation. 

3. Evaluate probable irrigation efficiencies based on National Resource 
Conservation Service (NRCS) guidelines for irrigation management. 

4. Estimate the potential for improvements in irrigation efficiencies which could be 
achieved by selective adoption of alternate irrigation management practices. 
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2. FURROW IRRIGATION OVERVIEW
 

2.1 Description of the Process 

Furrow irrigation is a method of applying water at a specified rate of flow into 

shallow; evenly space channels (SCS/USDA, 1984). Several references (Cuenca, 1989; 

Walker and Skogerboe, 1987; and SCS/USDA, 1984) discuss in detail the design of 

furrow irrigation systems. 

Figures 2.1 and 2.2 illustrate furrow irrigation systems used in Malheur County, 

Oregon. Water is delivered from the source to the field location through a network of 

canals and ditches. Water is introduced in the furrow at the upper end by one of several 

methods. In Malheur County, siphon tubes (Reference Figure 2.2) and gated pipes are 

commonly used for this purpose. In a siphon tube system, the flow rate into the furrow 

can be varied by changing the head on the tubes, the tube diameter, or the number of 

tubes per furrow. In a gated pipe system, the flow rate is varied by changing the head into 

the pipe or size of the gate opening. Water that runs off the tail end of the furrow is 

collected in a tailwater ditch. The tailwater ditch returns the run-off to the water course. 

Since the water supply and tail water return system are interconnected, the return flows 

are often used to irrigate areas downstream. Alternatively, the tailwater may be captured 

and pumped back to the head of the furrows for re-use on the same field. 
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Figure 2.1 Furrow irrigation in Malheur County, OR (1994). Water in furrows 
and collection in the tail ditch. 

Figure 2.2 Furrow irrigation in Malheur County, OR (1994). Transfer of water from 
the head ditch to the furrows using siphon tubes. 
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2.2 Performance Measures 

There are several measures used to assess the performance of surface irrigation 

systems. The measures used depend largely on the objectives of the analysis. In this 

study, performance is gauged in terms application efficiency, adequacy, deep percolation 

depth, and run-off depth. Although closely related, each measure tells something 

different about the fate of applied water along the furrow length. The calculation of each 

of these terms is based on determination of the required (or target) infiltration depth. 

The object of irrigation is to provide a suitable level of moisture to the soil for 

plant growth. The required water application depth (Zreq) defines the depth of infiltration 

required by the plant in a single irrigation. Zreq is determined using a soil-water budget 

calculation based on a specified management allowed depletion (MAD) prior to 

irrigation. The MAD is the degree to which the volume of water in the soil is allowed to 

be depleted before the next irrigation is applied. Zreq is calculated as: 

Zreq = DRZ* AWC * MAD (2-1) 

Where: Zreq = Required infiltration depth (mm) 
DRZ = Crop root zone depth (mm) 
AWC = Available water capacity of the soil (mm/mm) 
MAD = Management allowed depletion (decimal fraction of AWC) 

Figure 2.3 illustrates a characteristic water infiltration profile under furrow 

irrigation. The profile shows the relationship between application depth and time at each 

point along the furrow length. Water is applied at the top end of the field and advances 

down the furrow with time. The time the stream takes to get to the end of the furrow is 

known as the irrigation advance time. In practice, growers often use advance time as an 
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indication of how the irrigation is progressing. Since intake opportunity time is different 

along the length of the furrow, the top end of the furrow tends to have a greater 

infiltration depth than the lower end. As illustrated, infiltration in excess of the required 

application depth is considered lost to deep percolation while infiltration less than the 

required depth is considered a deficit. The shape of this profile provides the basis for 

assessing irrigation performance. 

0	 Furrow Length 

0 

Deficit 

I)eep Percolation Lass 

Figure 2.3	 Infiltration depth as a function of intake opportunity time along the 
length of an irrigated furrow. 

Adequacy is defined as the percent of the field area in which the infiltration depth 

is equal to or greater then Z,,. As observed by Walker and Skogerboe (1987), any 

irrigation system can achieve the required adequacy simply by overwatering. A goal of 

management practices to protect ground and surface water quality is to optimize the 
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performance of the irrigation system by achieving a soil moisture level suitable for plant 

growth while minimizing the evaporative, runoff, and percolation losses (Walker and 

Skogerboe, 1987). 

Application efficiency indicates the fraction of applied water that is available to 

the crop. The efficiency is based on an estimate of the required application depth (Zreq) 

and a measure of the overall water applied. Application efficiency is defined as: 

Average Depth Added to the Root Zone Storage * 100 (2-2)AE (%) = 
Average Depth Applied to the Field 

Although application efficiency provides an indication of the useful fraction of 

water applied, it does not distinguish losses between surface water run-off and deep 

percolation. In this study, the relative amounts of water lost as deep percolation and 

surface run-off are important since they have different implications for water quality. 

Deep percolation relates primarily to water loss and the transport of nutrients to the 

groundwater while surface run-off relates to soil erosion and transport of nutrients in the 

surface water network. 
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3. LITERATURE REVIEW 

3.1 GIS Defined 

Geographic information systems (GIS) are computer-based tools used to capture, 

manipulate, process, and display spatial or georeferenced data. They contain both 

geometry data (coordinates and topological information) and attribute data. There are 

many GIS software packages differing in capabilities and methodology. There are also a 

great number of texts and papers dedicated to GIS. Burrough (1986) and Star (1990) both 

provide complete overviews of GIS theory. The ARC/INFO GIS software used in this 

research has many analytical and data management features, including a sophisticated 

input system for digitizing, editing, and reformatting data; powerful output subsystems 

for constructing maps and reports; and useful arrays of spatial operations for topological 

overlay, buffer creation, and spatial query (Morehouse, 1992). 

ARC/INFO is a vector based GIS in which spatial data layers are constructed in 

terms of a coverage. The coverages in natural resources analysis may include areas such 

as land use, surface water, and/or soils. In a vector format GIS, three basic entities within 

each data layer are used to represent the location of geographic features: points, lines, and 

polygons. Associated with each entity is an attributes data file describing the feature. For 

a polygon feature, a polygon attribute (or *.pat) file contains the area and perimeter of the 

polygon, the lines that describe the polygon, and a user identification. The user can add 

additional items to the attribute file to further describe the feature and/or relate additional 

database files to the attributes file. 
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An alternate GIS data model is raster format. In this system, the map area is 

divided into n lines of m square or rectangular grid cells or pixels. Each grid cell 

represents the maximum resolution of the map. The distribution of grid cells represents a 

polygon area while an individual arrangement of cells approximates a line. Hydrologic 

models generally require very large quantities of data derived from different map layers. 

In this regard, a raster-based GIS provides more efficient data storage then a vector based 

system. Digital representation of a soils map provides a good comparison. A vector 

based coverage file would contain both soil series code and the X and Y coordinates. A 

raster-based coverage would contain only the soil series code with the X and Y 

coordinates explicitly defined by the order of pixels. The larger the coverage, the more 

storage space a vector GIS consumes in relation to a raster-based system. The raster-

based system therefore has an advantage when storage space and processing speed are 

important factors. However, hydrologic modeling with GIS requires the system have the 

ability to store and manipulate multiple attributes for the same coverage layer. In this 

regard, vector based systems such as ARC/INFO usually have the advantage of an 

integrated database management system. Raster-based systems often only store one type 

of thematic attribute per data layer. Consequently, the number of modeling parameters 

will determine the number of times the same layer is stored (Zhang et al., 1993). 
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3.2 Linking GIS and Simulation Models 

Hydrologic models typically involve the input of many spatially dependent 

variables (slope, soil types, vegetation, etc.). GIS systems are very good at integrating 

and organizing spatial data from different sources. By linking the two, the capabilities of 

the GIS are coupled with the needs of the models. Maidment (1993), Ross and Tara 

(1993), and Zhang et al. (1990) each provide overviews of GIS applications in hydrologic 

modeling. 

Tim and Jolly (1994) outlines three levels of integration between GIS and the 

simulation models. In the first level of integration, the GIS and the model are developed 

separately. The model is run independently of the GIS and output is analyzed as desired 

by the user. This level of integration places very little demand on either the modeling 

system or the GIS. However, the potential for errors is high since the GIS database is 

developed separately from the model. The second form of integration, partial integration, 

is illustrated in Figure 3.1 and involves two approaches. In the first approach, the GIS 

database is structured around an existing hydrologic model. In the second approach, a 

model is developed to utilize an existing GIS database. In both cases, the GIS supplies 

input data for the model and in turn accepts modeling results for further processing and 

display. The third level of integration involves complete integration of the two 

technologies. At this level, the GIS and the model are developed in close interaction and 

within a single operating system. Although complete integration is attractive since it can 

adapt to the requirements of the programmer, the architecture of commercial GIS 

packages makes this level of integration extremely difficult. 
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The design of a GIS to support a simulation model depends on the modeling 

methodology and the resolution of the model inputs. There is no single design or formula 

that is best in all applications. However, common issues emerge between most 

GIS/modeling efforts. Addressing these issues provides a good guideline for successfully 

coupling the GIS and the simulation model. Burrough et al. (1988) outlined issues 

regarding effective linking of GIS and land resource assessment models (Table 3.1). 

File Process 

GIS Exchange Models 
Interface 

Common User Interface 

Figure 3.1 Level 2 or partial integration of GIS and simulation models, 
from Tim and Jolly (1994). 
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Table 3.1 Issues in effectively linking GIS and land resource assessment models, 
from Burrough et al. (1988). 

Modeling Perspective: 
What are the basic assumptions and methods? 
At what scale is the model designed to work? 
What kinds of data are needed for control parameters? 
Are data available for calibrating and validating the model? 
What kinds of data are needed to feed the model? 
Under what conditions are certain control parameters or input data more important 

than others? 
GIS Perspective: 

Are the right data available at the correct spatial scale? 
Are there sufficient good data to create a finite element substrate when required? 
If data are not available, could surrogates be used instead? 
How should a user be made aware of the intrinsic quality of the results of modeling? 
Is information available on data quality and errors? 
If the results are not good enough, should the GIS suggest alternative data or 
alternative models to the user? 

A common interface is often developed to facilitate linking GIS to simulation 

models. Curtis (1994) used ARC/INFO's Arc Macro Language (AML) to create a user 

interface between a GIS and the EPA Storm Water Management (SWMM) model. Curtis 

found that the interface provided an effective and user friendly method of pre/post 

processing data for SWMM modeling. 

3.3 Agricultural Applications 

Geographic information systems have been interfaced to or integrated with 

simulation models in several recent agricultural studies. The agricultural nonpoint source 

pollution model (AGNPS) (Young et al., 1989) was integrated with GIS in several 

applications. The AGNPS model is a single-event based distributed parameter model 
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used to predict soil erosion rates, sediment yield, and nutrient transport in agricultural 

watersheds. The model works on a uniform grid cell basis that divides a watershed into 

hydrologically homogeneous subareas. Chansheng et al. (1993) integrated AGNPS with 

the GRASS raster-based GIS system to evaluate BMP's in order to minimize agricultural 

nonpoint source pollution. Srinivasan and Engel (1991) developed a GRASS GIS linkage 

to the AGNPS model for both input and output. Tim and Jolly (1994) integrated AGNPS 

and the ARC/INFO GIS system to evaluate sediment yield in an Iowa watershed. Yoon et 

al. (1993) linked AGNPS with a vector-based GIS system (GEO/SQL) to evaluate 

alternative land-use scenarios on sediment yield. In other applications, Shanholz et al. 

(1990) used a GIS and the universal soil loss equation to compute indices for water 

quality, highly erodable land, and watershed pollution density to evaluate the pollution 

potential of agricultural land areas around Virginia's Chesapeake Bay. 

In all examples cited, several common threads emerged. First, the scale and 

accuracy of GIS data sources depended on the study objectives and the required 

resolution or sensitivity of the model inputs. Second, except for the case of very simple 

models, all authors used the level two integration or partial integration shown in 

Figure 3.1. Lastly, all authors found that the GIS integrated with the model significantly 

enhanced their ability to apply the model over large areas. 
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4. SRFR MODEL
 

4.1 Description
 

The SRFR simulation is maintained by the Agricultural Research Service, U.S. 

Department of Agriculture. SRFR is a predictive tool in which the analyst supplies 

values of the parameters that influence the outcome of a furrow irrigation including field, 

crop, and management characteristics. The model returns the longitudinal distribution of 

infiltrated water, volume of runoff, efficiencies, uniformity, and other performance 

measures (Strelkoff, 1991). Systematic and repeated applications of SRFR can determine 

the feasibility of implementing different irrigation management practices. 

Strelkoff (1991 and 1993) discusses in detail the hydraulic principles used by 

SRFR to describe water flow in irrigated furrows. In general, SRFR performs a 

numerical solution to the characteristic continuity and momentum equations. The 

solution is based on the application of two simplifying models. The zero-inertia model, 

described by Strelkoff and Katapodes (1977), is based on the assumption that the inertial 

and acceleration terms in the momentum equation are negligible at shallow slopes. At 

steeper slopes, a kinematic wave model is used. This model assumes uniform flow 

conditions and normal depth for the full length of the stream. Walker and Skogerboe 

(1987) reviews the derivation and verification of both the zero-inertia and kinematic wave 

models. 
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Application of SRFR requires a description of the furrow geometry and 

roughness. In addition, the user must supply an infiltration function representative of the 

field conditions. The infiltration function used in this analysis is the extended Kostiakov 

relationship: 

I= k*ta +b*t+c (4 -1) 

where I is the cumulative infiltration (volume infiltrated per unit infiltrating area) and t is 

time (hrs). The coefficients k, a, b, and c are found empirically and describe the shape of 

the infiltration curve represented by equation 4-1. 

4.2 Inputs 

SRFR has a wide array of inputs that describe the irrigation event and the user 

environment. Table 4.1 summarizes the inputs relevant to simulating the type of furrow 

irrigation practiced in Malheur County. 

4.3 Outputs 

SRFR provides a wide variety of outputs that describe the results of the irrigation 

simulation. The outputs include stream advance and recession curves, distribution of 

infiltrated water, outflow hydrograph, and a synopsis of performance. The GIS system 

includes only a portion of the SRFR outputs. Table 4.2 summarizes the outputs that were 

used to compare irrigation management practices. 
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Table 4.1 SRFR inputs used to simulate furrow irrigation in Malheur County, OR. 

Input Description 
Furrow Spacing Distance between furrow centers (meters) 
Furrow Shape Shape of furrow cross section. 
Base Width Base of the trapezoidal furrow (mm). 
Side Slope Side slope of the trapezoidal furrow (dimensionless).
 
Furrow Depth Maximum stream depth before overflow (mm)
 
Required infiltration Depth of irrigation required to satisfy crop requirements (mm).
 
depth.
 
Field Length Length of the furrow (meters).
 
Bottom Slope Slope of the furrow (m/m).
 
Kostiakov Parameters Cumulative infiltration based on the Extended-Kostiakov
 
K, a, b, c Equation.
 
Manning's n Roughness coefficient (dimensionless)
 
Inflow hydrograph Describes inflow rate versus time of irrigation.
 
Shape of inflow Defined by a number of parameters depending on whether
 
hydrograph action is taken based on stream behavior or set time.
 
Initial Inflow Rate liters/second 
Downstream boundary Open end furrow. 
condition 
Upstream boundary Backflow is not allowed into the head ditch. 
condition 
Form of the solution Zero-Inertia model if slope < 1.5% 

Kinematic Wave model if slope >-=. 1.5% 

Table 4.2 SRFR outputs used to compare irrigation management practices. 

1. Infiltration Profile 
(depth versus field length) 

2. Stream Advance Time (min.) 
3. Net Inflow Volume (m3/m) 
4. Net Infiltrated Volume (m3/m) 
5. Net Run-off Volume (m3/m) 
6. Average Applied Depth (mm/m2) 

7. Average Infiltrated Depth (mm/m2) 

8. Average Depth Run-off Depth (mm/m2) 

9. Average Depth of Deep Percolation (mm/m2) 
10. Distribution Uniformity (%) 
11. Distribution Uniformity Low Quarter (%) 
12. Application Efficiency (%) 
13. Percentage of Total Area Adequately 

Irrigated (%) 
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4.4 Calibration 

The calibration procedure employed in this study was to develop reasonable 

estimates for cumulative infiltration and channel roughness (in terms of Manning's n). In 

reality, each field will have its own set of water intake curves. However, there is no way 

to reliably predict intake coefficients for individual fields due to the effects of tillage, 

residual organic matter, antecedent soil moisture, and many other factors. As a result, 

model calibration is based on representative measured cumulative infiltration curves. 

Mittelstadt (1995) collected data on irrigation performance over the course of two 

growing seasons in Malheur County. The data were collected on three of the dominant 

soil types in the study area (Nyssa silt loam, Greenleaf silt loam, and Feltham loamy fine 

sand) and for different crops, field slopes, and field lengths. Soil water intake 

characteristics vary both spatially and temporally. The intake rates vary greatly 

depending on wheel traffic compaction, initial soil moisture, and whether or not the 

furrow had been previously irrigated. Of these factors, Mittelstadt reported that tractor 

wheel traffic was the greatest factor in determining intake characteristics. Utilizing 

Mittelstadt's data, two typical intake curves were derived to represent intake in wheel 

traffic and non-wheel traffic furrows (Table 4.3). 

Mittelstadt's data also showed significant variability between fields, variability 

which was probably associated with irrigation rank (i.e. first irrigation of the season, 

second irrigation etc.), vegetative interference due obstruction in the furrows, and a 

number of other factors. However, there were not sufficient data to reliably derive curves 

based on these other factors. 
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Table 4.3 Average intake coefficients to the Extended-Kostiakov Equation. 

Furrow Type k a b c 
1 m-1 hr-a 1 M-1 hr

a	 1m -1 

Wheel 9.50 0.5 1.8 

Non-Wheel 29.00 0.5 1.2 0 
Note: Intake coefficients are normalized by dividing by the furrow spacing and converting units to mm/hr. 

Mittelstadt (1995) also estimated the hydraulic roughness in terms of 

Manning's n (Table 4.4). Mittelstadt reported that crop vegetation contributed 

significantly to the hydraulic roughness late in the growing season. This was especially 

true in sugar beet and potato fields. 

Table 4.4	 Manning's roughness coefficient n for observed furrow conditions in 

Malheur County, OR (from Mittelstadt, 1995). 

Field Condition	 Manning's n (dimensionless) 
0.06Bare Soil 

Vegetative interference 0.12 

Straw mulching 0.27 
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5. METHODOLOGY
 

5.1 Equipment and Software 

The GIS/SRFR system operates in ARC/INFO Version 7.0.3 and is hosted on a 

SUN SPARC 20 workstation. Table 5.1 outlines the hardware and software used to 

construct the system. 

Table 5.1 Materials used to build and operate the GIS/SRFR System. 

Hardware: SUN SPARC 20 Workstation, Solaris 2.4 Operating System. 
Personal Computer 486-66. 
Calcomp Drawingboard II Digitizer. 
Global Positioning System 

Software: ARC/INFO Version 7.0.3 for UNIX. 
SPARC FORTRAN 90 Compiler for UNIX 
SPARC C Compiler for UNIX. 
AUTOCAD Version 12 for DOS. 

5.2 Methodology Overview 

This study was carried out in two distinct phases. The first phase focused on the 

construction of the GIS database and the integration of the GIS with the SRFR model. 

The second phase focused on using the system to evaluate irrigation practices in the 

region. The results of the second phase provide the basis for evaluating the utility of the 

GIS/SRFR system as an analytical tool. Figure 5.1 shows the general sequence of steps 

for both phases. The following sections describe the methods used to complete each step. 
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Phase I Building the GIS/SRFR System:
 

Identify Develop Modify Integrate
-0" -ONGIS thethe the GIS and 

Requirements GIS Database SRFR Model SRFR 

Phase II Simulating Irrigation Performance:
 

Find Baseline Simulate Alternate Compare

-00

Irrigation Performance Irrigation Practices Results 

Figure 5.1 Methodology overview. 

5.3 Building the GIS 

5.3.1 GIS Requirements 

GIS design focused on determining the data layers and related attributed 

information needed to analyze irrigation performance. In this regard, the GIS had to meet 

the following requirements: 

1. Contain the spatially dependent data required to run the SRFR model 
(see Table 4.1). 

2. Provide a means to manipulate model data inputs in response to different 
irrigation management techniques. 

3. Provide a means to view field locations and properties. 

4. Provide a means to store and analyze post simulation results for each field. 
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5.3.2 GIS Development 

Since SRFR is a field scale model, a fields coverage is the primary data layer. 

The fields coverage contains the location and boundaries of all irrigated fields as well as 

the attributes required to run SRFR. Figure 5.2 illustrates the fields coverage and its 

associated attributes. These attribute values were derived using several techniques and 

data sources. The methods used depended largely on data availability and the required 

resolution of the SRFR inputs. The following paragraphs discuss the methods used to 

obtain the field level attributes. 

Field boundaries were derived from a panchromatic SPOT satellite image of the 

area. The image, acquired by the satellite in March 1994, has a pixel resolution of 10 

meters. The image was georeferenced to the study area using the ARC/INFO "register" 

program and twelve ground control points collected with a global positioning system 

(GPS). The register program establishes a relationship between the image coordinate 

system (rows and columns) and a map coordinate system (in this case Universal 

Transverse Mercator). The registered image was accepted with a root mean square 

(RMS) error of 20 meters. The ARC/INFO "rectify" program was then used to 

permanently transform the image coordinates to real world coordinates by performing an 

affine transformation. Individual field boundaries were delineated from the transformed 

image using the digitizing and editing commands in ARC/INFO. 

The fields in this region range in size from (3.9 acres to 39.4 acres) and are often 

only separated by a small drainage ditch or tractor path. As a result, the separation of 
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FIELD ATTRIBUTES KEY 

Field ID 
Area 

Soil Type 
Crop 

a Sprinkler Irrigation 
Length 
Slope 

Irrigation System 
Irrigation District 111 Surface Irrigation 

Aspect 
111 Rivers 

Jae. f.7 Q1"0 

Figure 5.2 The fields coverage and associated attributes. 
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fields was not always apparent from the satellite image. Consequently it was necessary to 

conduct a visual survey of the study area in order to verify and correct the digitized 

boundaries. 

Field Slope was one of the most difficult parameters to obtain. Many growers in 

the region have graded their fields to achieve a desired slope so that water movement will 

be as uniform as possible. As a result, the fields no longer follow the natural contour of 

the land. Therefore, surface modeling techniques that are often used to represent local 

slopes in GIS systems (ESRI, 1994a) are not adequate in this application. In order to 

accurately represent slopes, a level and staff was used to directly measure the slopes on a 

subset of 191 fields located throughout the study area. These slopes were then used to 

develop a statistical profile of field slopes in the region. Statistical analysis showed no 

correlation between the slope and length or between slope and physical location in the 

study area. The statistical profile was then used to randomly assign slopes to the 

remaining (not surveyed) fields by Monte Carlo simulation in order to realistically 

represent conditions in irrigated fields for the region as a whole. A Weibull density 

function was used to describe the probability density of the sample set (Law and Kelton, 

1991). This function was used because it provided a good fit to the measured data 

(R2 = 0.995) and has an easily applied inverse transform function. The inverse transform 

of the frequency distribution was used to model the remaining field slopes: 

Slope = 0.6656 * (-1nU)0.59449	 (5-1) 

Where:	 U = Uniformly distributed random number between 1 and 0 
Slope = Field slope (%) 
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Field Aspect is defined in this study as the irrigation direction and is measured 

clockwise in degrees from North (00). As mention previously, many growers have 

leveled their fields and the resulting field slopes no longer follow the land contour. 

Therefore, field aspects could not be inferred from elevation maps. Field aspects were 

noted during a ground survey of the fields conducted in September 1995. Determining 

field aspect visually was sometimes difficult due to the shallow slopes found in the 

region. The irrigation direction for each field was then manually entered into the 

database. 

Field Length was determined in the direction of irrigation. Since many fields 

have different geometries, a program was written using the ARC Macro Language (AML) 

to measure average length using the field boundaries map. If the field had sections of 

significantly different length (as the case with L shaped and large triangular fields), the 

field was split into sub-fields and the average length of each sub-field measured 

separately. 

Crop and Irrigation System on each field were noted during the ground survey 

conducted in September 1995. Since the survey was conducted during the later part of 

the season, some fields had already been harvested. However, there was usually 

sufficient crop residue remaining on the field to determine the crop type. Growers rotate 

the crops annually so the survey only represents the crop on the field during the 1995 

growing season. The data were manually entered into the GIS database. 

Soil Type for each field was found by overlaying the field boundaries map with a 

soils coverage map. A soils coverage was created by digitizing SCS/USDA (1981) soil 

survey maps at 1:20000 scale. The overlay resulted in a field/soils coverage containing 
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areas of common soil type and field identification. In order to maintain the original field 

geometry, a program was written to compute the dominant soil type for each field and 

enter this information back to the original field's coverage. 

Irrigation District to which a field belongs was found by overlaying an irrigation 

district coverage with the field's coverage. The irrigation district coverage was created by 

digitizing BLM (1937 and 1938) irrigation district maps. Although most fields fell within 

a single irrigation district, the district border sometimes split a field. In this case, the field 

was assigned to the irrigation district that contained the majority of the field's area. 

The fields.pat' file contains the field attributes. This is the base file that contains 

the fields' location and characteristics. Additional INFO database files are linked to the 

fields.pat file through ARC/INFO's relate and index functions. These additional files 

contain unique characteristics of items in the Field Attribute Table. The use of related 

tables minimizes redundancy, helps maintain data integrity and speeds up execution 

(ESRI, 1994b). Table 5.3 lists the data files related to the Field Attributes file. 

Appendix A provides an outline of the values contained in these files. 

' The .pat extension is a standard ARC/INFO extension for polygon attribute files. 
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Table 5.3 INFO data files related to the fields coverage that contain unique 
item values. 

INFO File Relate Data Data 
Item Source Description 

soils.dat soil type SCS/USDA(1981) Physical properties of the soils. 
crop.dat crop Mittelstadt (1995) Furrow geometry's, rooting depth, MAD 
mann.dat cover id Mittelstadt (1995) Manning's n for different ground covers. 
manage.dat field id Base irrigation set time and inflow rate. 

The GIS includes additional coverages such as irrigation canals, elevation 

contours, and irrigation district. Although SRFR does not directly use this information, 

the data gives insights into the distribution and availability of water and provides a basis 

for future expansion of modeling efforts. Table 5.4 lists the additional coverages 

contained in the GIS. 

Table 5.4 Malheur County GIS coverages in addition to the fields coverage 

Coverage Scale Data Source 

Soil Types 1:20000 1:20000 SCS Soil Maps 
Irrigation Districts 1:100000 Irrigation District Maps 
Irrigation Canals 1:24000 7.5' USGS Quad Maps 
Elevation Contours 1:24000 7.5' USGS Quad Maps 
Rivers 1:24000 7.5' USGS Quad Maps 
Primary Roads 1:100000 Oregon State Service Center for GIS 
Secondary Roads 1:100000 Oregon State Service Center for GIS 
City Boundaries 1:100000 Oregon State Service Center for GIS 
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5.3.3 Modifications to SRFR 

SRFR version 20.96 was designed to run in a PC-DOS environment and consists 

of a computational section and a graphical user interface (GUI). The GUI is written in 

C++ while the computational section is written in Whatcom FORTRAN with 

enhancements for run time screen graphics. In order to run SRFR in the background of 

the GIS, it was necessary to compile SRFR in a UNIX environment. 

In this application, the GIS provides the user interface and creates the SRFR input 

files. As a result, the normal SRFR interface was not needed and the problem reduced to 

working with the computational section of SRFR. FORTRAN 90 proved relatively 

compatible with Whatcom FORTRAN and was used to compile SRFR on the SUN 

workstation. The major change to the computational section of the code was the 

elimination of run time screen graphics that were not directly compatible with the UNIX 

graphics libraries. Appendix B provides a more detailed description of the changes made 

to the SRFR program for this application. 

The modified program was validated by running sample input files on both the PC 

and UNIX versions. For all tested input files, the outputs from both versions were exactly 

the same. 
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5.3.4 Integrating GIS with SRFR 

The GIS/SRFR system is a tool for evaluating the regional impacts of alternative 

furrow irrigation strategies. In this regard, the integrated system must provide four 

primary analysis functions: 

1. Selection of field(s) based on location, physical characteristics, or 
management characteristics. 

2. Modification of irrigation management parameters associated with 
the selected fields. 

3. Simulation of irrigation performance using the SRFR model. 

4. Analysis of post simulation results. 

Figure 5.3 illustrates an overview of the integrated GIS/SRFR system. The user 

accesses the system through the ARC/INFO environment. ARC/INFO's menu and 

display functions were used to develop a user interface. This interface allows the user to 

perform analysis functions and control the display through a menu. The user selects 

fields for analysis using either the display cursor or a database query. After selecting the 

fields, the user can either edit the database or run SRFR directly. When SRFR is run, an 

ARC Macro Language (AML) program writes the field data from the GIS INFO files to a 

system text file. The AML then transfers control to a linking program that reads the 

system text file containing the field data, creates a SRFR input file, and calls SRFR. For 

each field, SRFR is run twice to account for both wheel compacted and non-wheel 

compacted furrows. After the SRFR simulation finishes, the linking program interprets 

the SRFR output files and transfers control back to ARC/INFO. This process is repeated 

for each field in the selection set. The user can then view the results through the user 
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interface or exit to the ARC/INFO command line for custom analysis. Appendix C 

discusses in greater detail the graphic user interface and the linking program. 

Display 

SRFR Input File 

117 

SRFR 

User 

INFO Data Files 

11F 

SRFR Output File 

ARC/INFO Environment 

Figure 5.3 General method used to integrate GIS with SRFR. 
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5.4 Simulated Irrigation Practices 

A comprehensive analysis of all possible irrigation practices is outside the scope 

of this study. Instead, the goal was to assess the utility and potential advantages of a GIS 

coupled with a surface irrigation model in the context of an initial analysis of a limited 

number of alternate irrigation practices. Several strategies that can potentially improve 

irrigation performance were evaluated using the system. 

5.4.1 Baseline Performance 

A baseline assessment was developed to estimate the probable regional irrigation 

performance under current practices. The baseline irrigation practices were predicated on 

general SCS/USDA (1984) furrow irrigation guidelines and on observed irrigation 

practices in the region. The baseline irrigation assumes a single pulse inflow hydrograph 

over a 12, 24, or 36 hour set time (based on personal discussions with NRCS and OSU 

Extension Personnel in the region). The ability to adequately irrigate a field using a 

specific set time depends upon the combination of crop and field characteristics. The 

procedure used to select the set time for individual fields is discussed later in this chapter. 

The baseline also assumes identical management of wheel compacted and non-wheel 

compacted furrows. All crops except onions had a wheel to non-wheel row ratio of 0.5. 

In the case of fields planted to onions, it was assumed that all furrows were wheel 

compacted (based on discussions with Clint Shock, OSU Malheur Experiment Station). 

In addition to these irrigation management practices, a default set of physical parameters 

were entered into GIS to represent typical crop and furrow characteristics. Table 5.5 
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summarizes these default furrow characteristics used to estimate the performance of the 

baseline irrigation practices. 

Table 5.5 Default crop and furrow characteristics used to develop irrigation baseline. 

Crop Furrow Root MAD** Bed Side Manning's 
Spacing* Depth** (%) Width* Slope* n

* 

(m)	 (mm) (mm) 

600 40.0 2.0 0.06Onions 0.51 0.50 
600 95.0 1.8 0.12Potatoes 0.91	 0.30 

65.0	 1.5 0.06Corn 0.76 1200 0.65 
65.0	 1.5 0.06Grain 0.76 900 0.65 
40.0 2.0 0.06Alfalfa 0.51 1800 0.65 

Sugar Beets 0.56 1050 0.65 95.0 1.8 0.12 

Dry Beans 0.51 900 0.65 40.0 2.0 0.06 

From Mittelstadt (1995). 
From James et al. (1982). 

One parameter that would be expected to vary from one field to another is inflow 

rate, which a grower will usually adjust to accommodate for conditions in the field. A 

grower can assess an irrigation by observing the width of the wetting front along the 

furrow as well as the stream advance rate down furrow length. Likewise, an analyst using 

the SRFR model can observe the calculated infiltration profile as the simulated stream 

advances down the furrow and adjust the inputs accordingly. The computer does not 

have this luxury and must depend on preset criteria in order to assess the system 

performance during an irrigation event. Development of an algorithm for determining an 

appropriate inflow rate was an important and rather difficult part of this research. 

The procedure to find inflow rates for the baseline focused on developing criteria 

that give an adequate irrigation without overwatering the field. The furrow inflow rate 
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was bounded by a practical lower limit of 2 gpm (0.125 1ps) and an upper limit of the 

maximum non-erosive inflow rate for the field. The lower limit was derived from SCS 

guidelines based on the inflow rate achieved using the minimum siphon tube size, 1/2 in. 

(12.7 mm) diameter, and a 10 in. (254 mm) head (SCS/USDA, 1984). A maximum non-

erosive inflow rate was determined using a power curve relationship (Figure 5.6) derived 

from furrow erosion data collected by Tunio (1994). Tunio validated the Furrow 

Sediment and Erosion Program (FUSED) using erosion data collected on fields in 

Malheur County. The FUSED model, developed by SCS-West National Technical 

Center (Koluvek and Spofford, 1987), evaluates the impact of irrigation practices on 

sediment yield and furrow erosion. Tunio applied the model to predict furrow erosion 

based on field slope and inflow rates. In this study, a non-erosive inflow rate was 

arbitrarily defined as one that results in less then 0.66 tons/acre of soil loss per year 

(0.63 mm of soil depth per year). 

The baseline furrow inflow rate for each field was found using the GIS/SRFR 

system in conjunction with an additional AML program. The additional program ran 

SRFR iteratively, using a simple search routine to vary the inflow rate until the irrigation 

performance met a set of criteria. The original baseline criteria required simply that the 

irrigation adequacy on each field be greater then 85% and that the stream reach the end of 

the furrow. However, this criterion caused the program to reduce the inflow rate until 

there was zero run-off volume and an advance time nearly equal to the set time. Since 

20% run-off volumes observed in the field,these results were not consistent with the 10 

a new criterion was established that resulted in more realistic irrigation performance. The 

revised criteria, listed in Table 5.6, were used to develop the baseline irrigation. 



- - -

36 

Non-Wheel Row 
Q = 1.2018 * 0-1.49909 * Slope) + 0.352593 
Wheel Row 
Q = 1.4310 *0-1.53540 * Slope) + 0.480317 

0.6 

0.4 

0.2 

0 

1 1.5 2 2.5 3 3 50 0.5 

Slope (%) 

Figure 5.4	 Maximum non-erosive inflow rates for different slopes. The curves 
were generated from data collected by Tunio (1994). 
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Table 5.6 Baseline irrigation performance criteria. 

1. Inflow rates should be greater then or equal to 0.125 1ps (2 gpm) and less then or equal 
to the maximum non-erosive inflow rate on non-wheel rows. This criterion insures 
that the calculated inflow rate is consistent with rates typically used in the region. 

2. Irrigation stream must reach the end of the furrow on the non-wheel rows. Since non-
wheel rows advance more slowly then wheel rows, this measure insures that all 
furrows will be irrigated to the end. 

3. Stream advance time on non-wheel compacted furrows should be between 1/3 and 2/3 
of the irrigation set time (i.e. 8 hrs. to 16 hrs. for a 24 hour set time. This is a rough 
rule of thumb for management of furrow irrigation. (Discussions with OSU Extension 
Service, OSU Experiment Station, and NRCS personnel). 

4. Irrigation adequacy is between 85% and 100%. The 85% represents general SCS 
(SCS/USDA, 1984) guidelines for irrigation adequacy. Criterion 3 was given 
precedence to this criterion. Hence, an irrigation event was accepted if the advance 
time was at or near 2/3 the set time even though the adequacy may still equal 100%. 

Figure 5.5 outlines the method used to implement the baseline criteria (Table 5.6) 

in the search routine. First, all fields are assigned the maximum allowable inflow rate 

and a lower boundary is set to the minimum inflow rate. For each field, the program runs 

the SRFR simulation and looks at the resulting performance. If the stream does not reach 

the end of the furrow using the maximum inflow rate, the program simply moves to the 

next field. The program assesses the advance time (criterion 3) and adequacy (criterion 

4) simultaneously. If both criterion are met, the program assumes a good irrigation and 

moves to the next field. However, if the inflow rate is too high (i.e. adequacy > 100% or 

advance time < 1/3 the set time), the program reduces the inflow rate by one half the 

difference to the last low rate and re-runs SRFR. Likewise, if the inflow rate was too low 

(i.e. adequacy < 85% or advance time > 2/3 the set time), the program raises the inflow 
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rate by one half the difference to the last high rate and re-runs SRFR. This procedure is 

repeated until the criteria are satisfied or until the differences in inflow rates are less then 

0.005 1ps (This tolerance was found by conducting a sensitivity analysis on several fields 

in the region in terms of the effect of small in changes inflow rate on the resulting 

advance time). At which point the program moves to the next field in the selection set. 

Two issues become immediately apparent when examining the procedure outlined 

in Figure 5.5. First, the program may move to a new field without satisfying any of the 

criteria. Second, the program may arrive at an inflow rate that does not satisfy both the 

advance time and adequacy criterion. These issues are addressed after the simulation by 

using ARC/INFO' s Reselect function to identify all fields that do not meet the baseline 

criteria. When identifying these fields, the advance time criteria was given precedence to 

the adequacy requirement. This was done to account for the fact that the adequacy may 

equal 100% given the maximum allowable advance time. For example, the criteria is 

considered satisfied on a field that has an advance at or near 2/3 the set time even though 

the adequacy may equal 100%. 

To find the baseline inflow rate and set time, the simulation was started with each 

field given a 12 hour set time and the maximum allowable inflow rate. The inflow rate 

for each field was then found using the procedure outlined in Figure 5.5 and described in 

the previous paragraph. When the simulation was complete for all fields, the fields not 

meeting the baseline criteria were then given a 24 hr set time and the inflow rate reset to 

the maximum. The simulation was then re-run using the reduced set of fields. The 
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Criteria Met,
 
Next field
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Delta Q < 0.005?delta Q = (Qhi Qlow)/2
 
Qin = Qin delta Q
 

Adv = Advance Time Adeq = Adequacy 

Figure 5.5 Search routine used to find inflow rates with the baseline criteria. 
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procedure was repeated using a 36 hour set for all fields not meeting the criteria at either 

12 or 24 hours. 

Simulating irrigation performance with the GIS/SRFR system was often an 

iterative process. Given a certain set of input parameters, SRFR may not arrive at a 

numerical solution. When this occurs using the original (unmodified) version, the SRFR 

program either displays an error message and exits the program or pauses and asks the 

user to modify a specific parameter. The integrated GIS/SRFR system currently does not 

have the logic to automatically adjust the solution parameters if an error occurs. When 

the model was adapted to the UNIX environment, the options to interact with the user 

were removed. If an error occurs, SRFR simply exits the simulation and control is passed 

back to the linking program. The linking program recognizes if an error occurred during 

the simulation and sets a flag in the GIS attribute file for that field. After running a 

simulation for a set of fields, it became common practice to select fields based on the 

error flag. If the flag was set (indicating SRFR did not arrive at a solution), the numerical 

parameters were adjusted and the simulation re-run for those fields. The process was 

repeated until a successful simulation was achieved on all fields. The frequency of these 

types of errors were relatively low while running simulations without a cutback option 

(< 3% of simulations encountered errors). There was no recognizable pattern to the 

occurrence of errors in the simulation, therefore the adjustment of the numerical 

parameters remained chiefly a manual process. 

At the conclusion of all runs, the regional irrigation performance was evaluated in 

terms of irrigation efficiencies, volume of run-off, volume of deep percolation, and 

advance times. 
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5.4.2 Alternate Irrigation Strategies 

Once the baseline performance estimates had been derived, three alternate 

irrigation strategies were tested. 

Strategy I involves irrigating wheel and non-wheel rows differently, with wheel 

rows being irrigated using different inflow rates than the non-wheel rows. To implement 

this strategy, the inflow rates for the non-wheel rows were determined using the same 

criteria used to establish the baseline, with the exception that only the adequacy on the 

non-wheel row was monitored. The performance on the wheel row was ignored during 

this part of the simulation. Next, the simulation was re-run to find the wheel row inflow 

rates. The inflow rates were determined using the same criteria used to establish the 

baseline performance, with two exceptions for irrigation of the wheel rows: (1) the wheel 

row maximum non-erosive flow rate was used as an upper limit; (2) the stream advance 

criterion was based on 1/3 to 2/3 the irrigation set time of the wheel compacted furrows 

instead of the non-wheel furrows. Lastly, the overall irrigation performance was 

calculated on the basis of a weighted average of the wheel and non-wheel rows. 

Strategy II simulates the use of a control system to vary the irrigation set times. 

Set times of 12, 24, and 36 hours are commonly used in current practice because they are 

convenient for farm managers. However, these set times do not always provide the 

optimum combination of intake opportunity time and inflow rate for a given field. The 

use of an automated control system can provide an option for the grower to specifically 

tailor the set time and flow rate for each fields. This strategy was simulated by changing 
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the irrigation set time from 2 to 36 hours in two hour increments. The set time and 

associated inflow rate was determined using the procedure described above to find the 

baseline irrigation. The simulation was first run with all fields assigned a 2 hour set time 

and the maximum allowable inflow rate. After the simulation was complete, all fields 

that did not meet the baseline criteria were assigned a 4 hour set time and the initial 

inflow rate was reset to the maximum allowable. This process was repeated (using the 

next highest set time) until all fields met the baseline performance criteria. Using this 

method, each field is given the minimum set time that results in an adequate irrigation 

(i.e. > 85%). 

Strategy III simulates the use of cutback techniques to reduce inflow rates later in 

the irrigation. Cutback techniques are used by some growers in the region to achieve 

higher infiltration uniformity by forcing a rapid advance of the wetting front, then 

reducing (or cutting back) the inflow rate after it reaches the end of the furrow. For this 

analysis is was assumed that the grower will cutback the inflow rate by 75% when the 

stream reaches the furrow end. This strategy was simulated using the base irrigation set 

times and inflow rates. This criterion was arbitrarily selected. However, it ensures that 

the downstream end of the field has received enough water. 

Cutback irrigation was ultimately not modeled due to difficulties experienced 

implementing this practice using SRFR. The model provides options to simulate cutback 

using both set times and stream behavior. However, SRFR frequently did not arrive at a 

numerical solution when simulating cutback for the field conditions and flow rates used 

in Malheur County. The high frequency of errors while attempting to implement cutback 

techniques on all fields in the region precluded using Strategy III in this study. 
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Discussions the USDA Water Conservation Laboratory (WCL) indicate that the problems 

experienced resulted from a known deficiency in the SRFR version (20.96 Experimental) 

used in this study (Discussion with Theodor Strelkoff, 1996). WCL stated they anticipate 

this problem will be fixed in the release copy of SRFR Version 20.96 

5.4.3 Analysis of Results 

The results for each simulated strategy were compared to the irrigation baseline in 

terms of irrigation efficiency and the relative proportions of run-off and deep percolation. 

The analysis was concerned with identifying the factors that most influenced the 

efficiency during simulations and with estimating the potential benefits of implementing a 

strategy. The analysis also considers how water application rates for each strategy vary 

for different field characteristics, crops, and soil types. Such information could be of 

great value to irrigators or irrigation advisors. 

Irrigation efficiency provides insights into how much of the applied water is 

stored within the crop root zone. However, this measure provides no indication of the 

total water applied or the partitioning of losses between deep percolation and surface run

off. As a result, the alternate strategies were also compared to the baseline irrigation in 

terms of the average depth of deep percolation. Deep percolation tends to leach nitrates 

from the root zone. Consequently the relative volumes of deep percolation under the 

different strategies vis-a-vis the baseline is indicative of the potential for ground water 

pollution. 
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6. RESULTS 

The results presented here focus on factors that influence irrigation system 

performance. The baseline irrigation results are presented in detail since these results lay 

the groundwork for assessing alternative furrow irrigation practices. The objectives in 

presenting this information are threefold; 1) the results illustrate the most common field 

characteristics found in the region; 2) the results provide a useful perspective on potential 

irrigation performance; 3) The results provide a basis for evaluating the GIS/SRFR 

system in its intended role of simulating regional irrigationperformance. 

6.1 Hydraulic Diversity of Irrigated Fields 

The GIS database contains information about the general spatial characteristics of 

the fields in Malheur County. This is a more traditional application of a GIS system and 

can help focus development of irrigation practices on the most common field lengths, 

slopes, and crop types in the region. The GIS information alone can help researchers 

determine spatial relationships between different features in the region. 

The slopes on the 196 fields for which there were direct measurements were used 

to represent the distribution of slopes for all fields in the database. Figure 6.1 illustrates 

the distribution of measured slopes in the region. As shown, field slopes between 

0.4 0.6 % were the most common. These slopes were slightly less then expected based 

on discussions with NRCS and OSU Extension personnel working in the region. 
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Figure 6.1	 Distribution of measured slopes in the GIS database. 
Based on a Measured Sample of 196 Fields. 

On the 196 fields with measured slopes, field sizes ranged from 1.9 acres to 39.4 

acres with a mean size of 13.8 acres. It is important to recall that fields with significant 

variations in geometry (e.g. L shaped fields) were divided into two smaller fields for 

purpose of assessing irrigation management. This results in a slight under estimation of 

average field size. The fields generally have a North-South or East-West orientation. 

However, field shapes conform to the surface water network, property lines, and to some 

extent elevation contours. Consequently, the fields in the region have a wide variety of 

geometric shapes. Figure 6.2 illustrates how fields shapes and sizes vary in a one square 
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mile section of the study area. The figure also shows how irrigation direction (aspect) can 

vary from one field to the next. 

Figure 6.2 Field boundaries in a one square mile section of the study area. 

Figure 6.3 illustrates the distribution of furrow lengths for all surface irrigated 

fields in the database as well as the distribution of furrow lengths on the subset of fields 

with measured slopes. As shown, over 50% of the fields have furrow lengths between 

150 and 250 meters. Field lengths rarely exceed 450 meters (1476 ft) and only 27 of the 

834 fields had lengths less then 100 meters (328 ft). 
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Distribution of furrow lengths in the GIS database. 

Figure 6.4 illustrates the distribution of different soil types in the region. The 

distribution includes the 834 surface irrigated fields in the database and totals 

approximately 12,002 acres. As shown, over 88% of the area under surface irrigation is 

on silt loam soils. Of this area, over 80% is on either Owyhee, Greenleaf, or Umapine silt 

loam. 
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Figure 6.4	 Distribution of total surface irrigated area over different soil types found in 
the region. 

6.2 Simulated Irrigation Performance 

6.2.1 Baseline Condition 

Figure 6.5 maps the water application efficiencies estimated using the baseline 

irrigation criteria. The water application efficiency is defined as the fraction of applied 

water stored in the crop root zone (Equation 2-2). Visual inspection of this map (Figure 

6.5) does not indicate any noteworthy differences in efficiencies based on the field's 
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Figure 6.5 Water application efficiencies for the surface irrigated fields. 
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physical location in the study area. The spatial operations of the GIS were used to 

overlay the soils coverage and several crop maps on the efficiencies map. Inspection of 

the resulting display(s) indicated that soil type and crop type were indeed dominant 

factors in determining irrigation performance. Further analysis was conducted to quantify 

the relative impacts of crop and soil type on efficiencies as well as the influence of other 

variables (i.e. length, slope, etc.) on irrigation performance. The characteristics of the 

fields that resulted in variances in the observed performance were evaluated using both 

the statistical functions of the GIS and a PC spreadsheet program. 

It was found that crop type and soil type accounted for most of the observed 

differences in water application efficiencies. Tables 6.1, 6.2, and 6.3 summarize the 

estimated water application efficiencies for different crops on silt loam, fine sandy loam, 

and loamy fine sand respectively. 

Table 6.1 Base condition irrigation for different crops on silt loam soils. 

Water Application Efficiency (%) 

Crop Area (acres) % of Total Area Mean Max. Min. Std. Dev. 

Onions 2892.66 24.10 58.24 68.24 36.29 4.40 

Potatoes 840.23 7.00 27.03 30.78 14.91 3.57 

Grain 3264.13 27.19 46.10 54.03 18.79 4.35 

Sugar Beets 1226.66 10.22 45.36 52.58 33.12 3.30 

Corn 964.42 8.03 42.24 54.84 26.17 10.28 

Dry Beans 393.30 3.28 37.56 45.62 33.85 3.03 

Alfalfa 1072.15 8.93 45.02 61.46 11.43 14.82 
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Table 6.2 Base condition irrigation for different crops on fine sandy loam soils. 

Water Application Efficiency (%) 

Crop Area (acres) % of Total Area Mean Max. Min. Std. Dev. 

Onions 152.63 1.27 38.78 41.66 33.87 2.45 

Potatoes 112.05 0.93 16.54 18.66 12.03 2.50 

Grain 237.42 1.98 34.93 37.78 32.30 1.45 

Sugar Beets 118.82 0.99 41.92 47.04 24.19 6.18 

Corn 170.06 1.42 47.21 49.40 43.65 1.60 

Dry Beans 0.00 0.00 0 0 0 N/A 

Alfalfa 190.23 1.58 46.62 50.21 44.35 1.79 

Table 6.3 Base condition irrigation for different crops on loamy fine sand soils. 

Water Application Efficiency (%) 

Crop Area (acres) % of Total Area Mean Max. Min. Std. Dev. 

Onions 85.60 0.71 20.94 21.25 20.74 0.27 

Potatoes 23.15 0.19 10.06 10.06 10.06 0 

Grain 70.87 0.59 26.11 30.56 19.64 5.73 

Sugar Beets 35.49 0.30 25.40 25.40 25.40 0 

Corn 75.50 0.63 37.33 38.42 35.42 1.37 

Dry Beans 0.00 0.00 0 0 0 N/A 

Alfalfa 77.35 0.64 37.85 39.74 36.22 1.18 
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Recall that the baseline irrigation included the common practice of wheel 

compacting all furrows on onion fields. The fast advance time afforded by the wheel 

compaction along with the shallow rooting depth of onions allowed all onion fields to be 

irrigated using a 12 hour set time. Figure 6.6 shows the relationship between the 

computed inflow rate and field length for onions fields on silt loam soils. The figure 

shows that at field lengths less then approximately 120 meters, the minimum allowable 

inflow rate (0.125 1ps) was used. At longer field lengths (>120 meters), the program 

adjusted the inflow rate in order to meet the baseline criteria. This resulted in a linear 

relationship between inflow rate and field length, with observed variances accounted for 

by slope and differences in available water capacity between the silt loam soils. The 

program's ability to search for and precisely define quasi-optimal inflow rates in order to 

meet the baseline criteria minimized the overall influence of length and slope on water 

application efficiency. Ordinarily farmers could not be expected to do as well since they 

cannot measure inflows as precisely in the field. In this respect, the model may be overly 

optimistic is assessing irrigation efficiencies. 

The irrigation performance on deeper rooted crops were strongly influenced by the 

differences in wheel and non-wheel row infiltration rates. Figure 6.7 illustrates the 

computed inflow rates for all sugar beet fields with respect to field length. Most sugar 

beet fields were irrigated using a 24 hour set time with two fields requiring a 36 hour set. 

Even though field lengths were as short as 70 meters, the 24 hour set was required to 

allow the water to infiltrate to the required depth on the wheel rows. 
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Figure 6.6	 Computed inflow rate versus field length for onion fields on silt loam 
soils. All fields used a 12 hr set time (202 Fields). 
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Figure 6.7	 Computed inflow rate versus field length for sugar beet fields on silt loam 
soils (75 Fields). 
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The same plot for grain fields provides a basis for discussing how set times 

chosen by the GIS/SRFR system were influenced by the baseline criteria. As shown in 

Figure 6.8, the GIS/SRFR system found that either a 24 hour or 36 hour irrigation was 

needed to adequately irrigate grain fields (silt loam soils) based on the performance 

criteria. The estimated inflow rate for three fields did not follow the apparent linear 

relationship between inflow and field length. It was found that each of these fields had 

very shallow slopes (< 1.5%) which allowed for a much higher maximum inflow rate. 

Another interesting aspect of this plot is that two fields with similar lengths (even short 

lengths) and slopes were assigned different set times. Further analysis was conducted on 

these fields to determine the variables influencing the selection of set time. The analysis 

showed that 24 hours was enough time for water in wheel compacted furrows to infiltrate 

to almost exactly the required application depth. The calculated differences in set times 

were due to the influence of soil texture (among the silt loam soils) on the required 

application depth (Equation 2-1). If the water did not infiltrate to the required depth in 24 

hours, the program automatically increased the set time regardless of how close the 

wetting front was to the requirement. In practice, the grower would not know the 

infiltration depth this precisely and would likely use a 24 hour set on short and medium 

length fields, considering the advance times on the non-wheel furrows. Since the 

computer can only judge performance based on pre-set rules, the criteria was either met or 

not met. Performance "close" to the criteria was not considered. The addition of a 

tolerance to the baseline criteria was not included due to the significant differences in the 

shapes of infiltration profiles. 
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Figure 6.8	 Computed inflow rate with respect to field length for grain fields on silt 
loam soils (242 Fields). 

Water application efficiency provides an indication of the fraction of applied 

water stored in the crop root zone and indirectly indicates the amount of water lost. 

However, this measure of efficiency does not provide information about the relative 

proportions of water lost to deep percolation or surface run-off. The GIS/SRFR system 

additionally tabulates the deep percolation and run-off volumes for each field. Figure 6.9 

illustrates the average depth of deep percolation for all surface irrigated fields for the 

baseline irrigation. The figure shows how the GIS system can associate deep percolation 

volumes to specific field locations in the region. In addition, the map provides an 

indication of the range of deep percolation depths found using the baseline irrigation. 
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Figure 6.9 Average depth of deep percolation for each field in the study area using 
the baseline irrigation. 
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Computed run-off percentages varied depending on crop and field characteristics. 

Figure 6.10 shows the average run-off fractions for all crops on silt loam soils. Onion 

fields had the lowest mean run-off percentage due to the consistent infiltration rates 

between furrows. The other crops had different infiltration rates and consequently 

different advance times between wheel and non-wheel furrows. As a result, run-off 
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Figure 6.10 Computed run-off fractions for all crops on silt loam soils (834 fields). 

percentages were higher on these fields. Figure 6.11 shows the simulated run-off profiles 

on a typical grain field for the wheel row and non-wheel rows. As shown, the wheel row 
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Figure 6.11 Infiltration profiles for a typical grain field on silt loam. 
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has large volumes of run-off due to the faster advance time and the time needed to 

infiltrate to the required depth. The non-wheel row has relatively less run-off and more 

deep percolation. The deeper rooted crops (corn, onions, and alfalfa) all showed large 

deviations in the percentage of run-off. The relatively high values (greater then 

approximately 40%) were due to the time needed to achieve the required infiltration 

depth. 

6.2.2 Alternate Strategies 

The base condition results provide a starting point for evaluating alternate 

strategies. Three additional strategies were simulated using the GIS/SRFR system. 

Recall that Strategy I simply involved irrigating the wheel compacted rows differently 

than the non-wheel rows. Strategy II involved using variable irrigation set times to 

simulate the use of an automated control system. Strategy III involved reducing the 

inflow rate after the stream advanced to the furrow end to simulate cutback techniques. 

Though a few fields were analyzed for this strategy, no general results were generated 

from strategy III due the large number of run time errors experienced when simulating 

cut-back irrigation. Attempts to implement this strategy on a subset of the fields in the 

database resulted in errors on 95% of the simulations. 

Figure 6.12 compares the application efficiencies achieved using the base 

condition to those achieved using strategies I and II for all silt loam soils. Overall, 

strategy I resulted in improved water application efficiencies. Since onions were 

simulated with wheel compaction of all furrows, there was no difference between 
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strategy I and the baseline. However, for the other crops, the mean irrigation efficiency 

improved 13 percentage points on corn fields and 21 percentage points on dry bean fields. 

The observed improvements were due to the program's ability to adjust the inflow rate 

and set time to match to different infiltration rates between the wheel and non-wheel 

furrows. On crops with relatively small required depths (potatoes and beans), this usually 

meant reducing the inflow rate and/or set time on the wheel rows to reduce the run-off 

volume. Crops such as alfalfa, corn, and grain often needed longer set times on the wheel 

rows to allow infiltration to the required application depth. On these fields, the system 

usually reduced the inflow rate on the wheel row in order to minimize run-off volume 

and, if feasible, used a shorter set time on the non-wheel row to minimize deep 

percolation. Similar results were observed on the other two prominent soil types in the 

region. Figures 6.13 and 6.14 show the application efficiencies achieved on the fine 

sandy loam and loamy fine sand soils respectively. On fine sandy loam, strategy I 

resulted in average efficiency improvements of 9 percentage points on sugar beet fields to 

23 percentage points on grain fields. On loamy fine sand fields, strategy I resulted in an 

improvement in average efficiency of 6 percentage points on potato fields to 18 

percentage points on grain fields. Note that there were only 7 surface irrigated fields 

found on loamy fine sand soils and none of these fields were planted to dry beans. 

On the average, strategy II resulted in increased water application efficiencies. 

Unlike strategy I, the most dramatic improvements were on onion fields. Since both 

wheel and non-wheel furrows have the same infiltration rates, the ability to precisely 

define the inflow rates on these fields increased the irrigation efficiencies. On silt loam 

soils (Figure 6.12), the range of set times calculated for onions on a silt loam soil varied 
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from 4 hr. to 12 hr. resulting in an average increase in water application efficiency of 8 

percentage points. Although few onion fields are found on the other two soil types (3 on 

loamy fine sand and 9 on fine sandy loam), the water application efficiency on these 

fields increased by 25-30 % over the baseline irrigation. The other crops had less 

improvement in water application efficiency. This was especially true on crops with 

deeper required application depths (corn, alfalfa, grain, and sugar beets) where longer set 

times are required to achieve the desired depth on the wheel compacted furrows. 
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Figure 6.12	 Comparison of water application efficiencies for different crops using 
alternate strategies on silt loam soils. Base = base condition, 
Stl = strategy I, and St2 = strategy II. 
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Figure 6.13	 Comparison of water application efficiencies for different crops using 
alternate strategies on fine sandy loam soils. Base = base condition, 
St1 = strategy I, and St2 = strategy II. 

Figure 6.14	 Comparison of water application efficiencies for different crops using 
alternate strategies on loamy fine sand soils. Base = base condition, 
St1 = strategy I, and St2 = strategy II. 
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In general, the application of strategy II altered the relative proportions of deep 

percolation volume to run-off volume without significantly changing the application 

efficiency. Table 6.4 summarizes the irrigation performance for typical onion fields on a 

silt loam soil. The typical onion field was defined as a 240 meter field (±20 meters) with 

a slope of 0.6% (±0.2%) and is based on the average length and slope of all onion fields. 

Table 6.4 shows that the fraction of deep percolation decreased from 34% of the applied 

volume using the base condition to 8.2 % of the applied volume using strategy II. 

However, the fraction of run-off volume increased from 6.2 % of the applied volume 

using the base condition to 25.2 % of the applied volume using strategy II. Strategy II 

irrigation on other crops resulted in similar shifts in the fractions of run-off and deep 

percolation. 

The GIS/SRFR system can be used to relate the depth of deep percolation and 

surface water run-off to a spatial location in the study area. Figure 6.15 illustrates relative 

improvements in deep percolation depth over the base condition for each field in the 

region. The deep percolation depths in Figure 6.15 represent the maximum reduction in 

deep percolation depth found in the region. Hence, the figure contains results from both 

strategy I and strategy II depending on which provides the highest reduction in deep 

percolation depth. Figure 6.16 shows the irrigation strategy that results in the highest 

reduction in deep percolation depth for each field in the region. If neither strategy 

provided more then a 5% reduction in average deep percolation depth, the base condition 

was used for the field. 
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Table 6.4 Fraction of run-off and deep percolation for all onion fields on a silt loam 
soil with length = 240 m (±20m) and slope = 0.6% (±0.2%). 

BASE CONDITION STRATEGY II 

Field Qin ST AD RO DP AE Qin ST AD RO DP AE AAE 

ID (lps) (min) (mm) (%) (%) (%) (lps) (min) (mm) (%) (%) (%) (%) 

480 86.1 15.6 14.9 69.6 7.9285 0.258 720 97.2 5.8 33.2 61.7 0.343 

303 0.281 720 98.3 6.4 37.8 56.5 0.434 360 76.0 20.0 7.9 72.5 16.1 

398 0.294 720 97.7 6.0 36.3 58.4 0.507 360 84.4 26.8 6.1 67.4 9.0 

486 0.253 720 96.9 5.7 33.3 61.8 0.335 480 85.6 15.3 14.9 70.0 8.1 

15.0 72.0 10.5643 0.256 720 97.9 6.2 33.3 61.2 0.327	 480 83.3 13.4 

34.0 3.3 62.9 1.5666 0.261 720 97.5 6.0 33.3 61.5 0.508	 360 95.0 
360 95.1 33.9 3.5 62.9 3.2678 0.302 720 100.6 7.7 33.3 59.7 0.570 
360 96.2 34.7 3.3 62.2 2.0704 0.273 720 99.7 7.3 33.2 60.2 0.527 

713 0.284 720 95.5 4.8 37.9 58.1 0.496 360 83.4 25.9 8.0 66.4 8.4 

785 0.263 720 97.4 5.9 33.2 61.6 0.333 480 82.1 12.6 14.8 72.7 11.1 

807 0.292 720 99.2 6.9 37.8 60.0 0.509 360 86.6 28.3 8.0 64.1 8.1 

809 0.253 720 95.0 4.5 33.3 63.0 0.503	 360 94.5 33.5 3.5 63.3 0.3 

95.0 34.1 3.2 62.9 2.6849 0.264 720 99.5 7.1 33.2 60.3 0.504 360 

Avg. 0.272 97.9 6.2 34.5 60.0 0.453 88.0 25.2 8.2 66.8 6.8 

Qin = Inflow Rate AD = Application Depth DP = Deep Percolation 
AE = Application EfficiencyST = Set Time	 RO = Run-off 
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Reduction in Deep Percolation Depth (%) 

El <= 10.0 M 30.0 -40.0 70.0 -80.0 
0 10.0 -20.0 M 40.0 -50.0 11 80.0 -90.0 

M 20.0 -30.0 60.0 -70.0 . 90.0 -100.0 
male: I:70000 

Figure 6.15	 Relative improvements in average depth of deep percolation over the 
base condition. 
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This map illustrates all surface irrigated fields in the Malheur Comfy, OR study area and theIrrigation Strategy simulated furrow inigatical strategy that resulted in the lowest velume of deep porcolatica. 
The following inigsten strateiats were modeled 

1) Baseline practices based an goal NRCS guiddines. 
2) Strategy I Septrate management of wheel and nen-wheel furrows. 
3) Strategy II - Current Fractices with alienate set times.Li Baseline 

Strategy I 

Strategy II scale.- 1:70000 

Figure 6.16 Irrigation practice resulting in the biggest reduction in the average depth of 
deep percolation. 
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7. DISCUSSION
 

The development and use of the GIS/SRFR system provides a basis for discussing 

its potential applications and limitations. The results give valuable insights into potential 

improvements in irrigation practices in the region. In addition, the techniques used 

during this study help provide a better understanding of how to model furrow irrigation 

practices on a regional scale. 

7.1 The GIS Database 

Linking a physically based model and a GIS raises issues relating to data 

availability, data quality, and model applications. Because of these issues, the 

construction of the GIS was by far the most time consuming aspect of the study. The 

foremost problem was the ability to determine the spatial input parameters at the 

resolution required by the simulation model. Digital data either did not exist for the 

region or was available at resolution to course to define the field scale inputs required by 

SRFR. Therefore, a significant amount of field work was needed to calibrate the SRFR 

model to conditions in the study area, measure field slopes in the region, and verify field 

boundaries derived from the satellite image. 

The GIS database contains all of the spatial data parameters needed to apply 

SRFR to the fields in the region. However, the system cannot be used to prescribe 

irrigation practices for specific fields. For example, a user cannot implement a 

management strategy developed using the GIS/SRFR system on the actual field and 
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expect exactly the predicted results. This is due to the intrinsic limitations of the model 

as well as an inability to accurately define spatial variability in such things as soil water 

intake characteristics and roughness for individual fields. In addition, the methods used 

to determine slope and length for individual fields generalize these variables as single 

numbers which represent for example average slope or length. Even if it was possible to 

accurately define these spatial variables at a field scale, local variability within the field 

will influence the irrigation performance. Renault and Wallender (1993) observed that 

spatial variability in soil properties and intake characteristics within a field may influence 

nitrate leaching estimates. Hence, the GIS/SRFR system is best used to identify regional 

trends and to compare different strategies on a regional scale. 

Current GIS systems have difficulty representing parameters that have temporal 

variations (Maidment, 1993). In this application, the GIS does not account for changes in 

furrow shape throughout the growing season, seasonal differences in antecedent soil 

moisture, or seasonal changes in furrow intake characteristics. These parameters could 

potentially be represented in the GIS if the time variations could be accurately quantified 

and entered into the database. 

7.2 The GIS/SRFR System 

The GIS/SRFR system provides all the features needed to apply the model to 

every surface irrigated field in the region, either individually or collectively, and to 

analyze the irrigation performance. The results of this study illustrate the integrated 
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system's ability to identify performance trends in the region and to relate efficiencies, 

percolation depths, and run-off volumes to specific field conditions. 

The integrated system allows an analyst to ask "what if" types of questions 

regarding regional irrigation practices. This attribute can help determine if a proposed 

management practice is feasible for the field conditions in the Malheur region and the 

degree of improvement the practice provides over current irrigation methods. In addition, 

the system can identify the field/crop characteristics under which the management 

practice will have the greatest potential impact. 

The capabilities of the system have obvious potential for extending the modeling 

effort to ground and surface water. The simulation of a given management practice can 

generate deep percolation volumes for each field. These data can then be input to a finite 

element ground water model of the area, and in fact such a groundwater model is now 

being linked to the GIS/SRFR output. This application can provide insights into the 

effect that changing irrigation strategies have on ultimate groundwater quality and 

movement. 

The modeling of surface water systems is important since changes in irrigation 

practices will impact the overall regional water demand and the volume and timing of 

return flows. This modeling effort is more difficult due to the complex and largely 

unmapped surface water network. 

Although basic functions are implemented through the user interface, the current 

system still requires that the user have knowledge of the INFO database structure and 

some knowledge of the overall program logic. For example, the capabilities for complex 

database queries and for evaluation of post simulation results are not currently provided 
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through the user interface. If the user wanted to select fields having a given set of 

characteristics, the user would exit the menu system to the command line, perform the 

query, and then return to the menu system to run the SRFR simulation. The current 

shortcomings of the user interface are a function of both the immaturity of the integrated 

system and of the large number of potential database functions available through the GIS 

system. Continued use of the system will hopefully lead to a more robust user interface 

based on the most commonly used functions. 

Overall, the integrated GIS/SRFR system showed significant potential for finding 

ways to manage furrow irrigation that will result in improved water quality in the region. 

However, there were several issues with regards to the use of the system that came to 

light during this study. Perhaps the biggest drawback with the current system is the 

inability of the user to observe the SRFR run time output. Due to the elimination of the 

run-time graphics, the system only provides the user with the final results of the 

simulation. As a result, it is difficult to conduct a more detailed analysis of performance 

on individual fields. During this study, it was common practice to transfer input files 

from the GIS/SRFR system to the PC version of SRFR (which still has run time graphics 

capability) in order to better understand the results of the simulation. Another problem 

with the current system is the lack of feedback to the user when a numerical error occurs 

during the simulation. Although the user was informed if an error occurs during a run, 

there was no information about the nature of the problem. This required the user have 

significant experience with SRFR in order to know which parameters to adjust in order to 

re-run the simulation. 
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The implementation of irrigation practices was also an issue. The application of a 

practice was not simply a matter of adjusting the correct SRFR input parameters, as 

would be case if applying the model to an individual field. The ability to apply the model 

on a regional scale involved the development of management criteria for each practice, as 

discussed earlier. 

7.3 Implementing Alternate Practices 

Since irrigation performance depends on an array of different variables including, 

among other things, crop, slope, furrow length, and infiltration characteristics, the water 

application rates and set times differ between fields. The original program logic assumed 

that the user would enter specific set times and inflow rates for a single field or for a set 

of fields with common characteristics. However, this logic assumes that these 

management parameters could be determined prior to running the simulation. When 

implementing the baseline irrigation, it was found that this was not the case and that it 

was necessary to use the GIS/SRFR system to find the inflow rate and set time for each 

field based on a pre-determined set of performance criteria. 

The development of the baseline criteria (Section 6.2.1) turned out to be one of 

the more difficult aspects of this effort. The use of a single criterion such as adequacy 

resulted in unacceptable infiltration profiles. Attempts to develop more realistic 

infiltration profiles led to the use of baseline management criteria. These criteria 

represent a set of decision rules (a series of IF,THEN statements) that allow the computer 

to make judgments about the irrigation performance and adjust the inputs accordingly. 
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Since the strategies simulated in this study were similar in terms of the parameters used to 

assess the irrigation, the baseline criteria were acceptable for each of the strategies. 

However, simulating different water application strategies such as cutback, pump back, or 

surge irrigation would require the development and testing of new decision rules prior to 

simulating these practices on a regional scale. 

Often a set of criteria that produce a given infiltration profile under some field 

conditions will result in quite different profiles when applied to fields with different 

characteristics. For example, large volumes of run-off were observed on wheel rows (low 

infiltration rates) of deeper rooted crops such as grains and alfalfa. This was due to the 

time required for the wetting front to infiltrate to the required depth. In this analysis, the 

large volume of run-off was accepted if the baseline criterion was met. However, a more 

complex set of rules might identify fields with a certain percentage of run-off for pump-

back systems or might seek to limit the volume of run-off by accepting a slight irrigation 

deficit. These finding suggest that future guidelines for applying irrigation strategies 

must carefully consider how the performance is altered by different field conditions. 

Regional scale modeling with the correct criteria can help more accurately develop these 

guidelines. 

The use of the GIS/SRFR system to find the optimum inflow rate and set time 

significantly increases the run time for each simulation. Given the baseline criteria, the 

program run time for a single field (wheel and non-wheel rows) with known inflow rates 

takes approximately 25 seconds per field. Using the base condition search routine, the 

program normally takes between 1.5-3.5 minutes per field. The best case scenario for 

modeling all 834 surface irrigated fields in the study area is approximately 21 hours. 
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More work is needed to develop techniques for modeling irrigation strategies 

different than the strategies used in this study. The GIS/SRFR system allows a user to 

alter the SRFR input file to model alternate furrow irrigation strategies such as cutback 

and surge irrigation. However, as discussed previously, cutback irrigation was not 

simulated due to the unacceptable number of errors experienced when implementing this 

strategy. This is considered one of the most significant limitations of the current 

GIS/SRFR system. 

7.4 Regional Irrigation Performance 

The base condition is thought to provide a reasonable estimate of the probable 

irrigation performance using NRCS guidelines. However, discussions conducted over the 

course of this study with members of the OSU Malheur County Experiment Station, OSU 

Extension Service, and NRCS indicate that growers have modified practices for specific 

crops and field conditions. An example of such a modification is the general practice of 

wheel compacting all furrows in onion fields. This has the effect of decreasing long term 

water intake rates and increasing overall water application efficiency. This practice was 

incorporated in this study, however, further refinement of the baseline might seek to 

determine what other practices growers have adopted over time. 

Although the study does not include an extensive look at alternate irrigation 

strategies, the results suggest that improvements in water application efficiencies and 

reductions in deep percolation depths can be achieved by adopting alternate irrigation 

strategies. The strategy I results show that application efficiency can improve up to 20% 
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by separately managing the wheel and non-wheel compacted furrows. The low 

infiltration rates on the wheel compacted furrows frequently resulted in run-off fractions 

on the deeper rooted crops of greater then 40% of the applied water. These results 

suggest that either a pump-back system (reuse of tail water run -off) or more frequent 

irrigation with a lower required depth are needed to improve water use on these fields. 

Mittelstadt (1995) similarly observed run-off fractions on wheel compacted furrows of 

between 12-80% while collecting irrigation data in the region. 

The use of an automated control system, as simulated with strategy II, allows the 

use of higher inflow rates and lower set times. Although this does not translate to big 

improvements in irrigation efficiency, this strategy results in changes in the relative 

distribution of excess water between run-off and deep percolation. The reduction in deep 

percolation implies that this practice can possibly reduce nitrate leaching. Since only 

theoretically non-erosive flow rates were used in this study, the increase in run-off 

fraction using does not imply additional soil loss. 

The results of the study indirectly show that if wheel rows and non-wheel rows 

were given closer infiltration rates, strategy I would have demonstrated less of an 

improvement over the baseline in terms of irrigation efficiency. Conversely, strategy II 

would have resulted in a greater improvement in irrigation efficiency. These findings 

suggest that in order to completely evaluate alternate strategies in the region, the analyst 

should include a complete range of soil water intake curves. 
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8. CONCLUSIONS
 

The capability to design and evaluate furrow irrigation systems has been enhanced 

by the development of physically based hydraulic models such as SRFR. Increases in 

computer technology over the past decade as well as the advent of modern GIS systems 

allow the application of these models over large areas. The linking of GIS and a surface 

irrigation model can help develop an understanding of the different factors that influence 

irrigation system performance and design at a regional scale. In this study, the surface 

irrigation model, SRFR, was successfully linked to a GIS developed for the area around 

Ontario, Oregon. The development and subsequent use of the system to simulate 

different irrigation strategies provided the basis for evaluating both the utility of the 

GIS/SRFR system and the potential for improving irrigation performance in the region 

8.1 Summary 

Overall, the integrated GIS/SRFR system demonstrated a clear potential for 

evaluating the performance of alternate irrigation systems. The system has the capability 

to compare irrigation systems in terms of performance measures and to relate the 

performance to specific field conditions. The integrated system still has many shortfalls 

which must be corrected in order to realize its full potential. The most serious shortfall at 

this time is the inability to model cutback irrigation, a common practice in the region. 

Continued refinement in the methods used to automatically adjust the numerical solution 

parameters in SRFR will contribute to the overall reliability of the system. 
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The application of a field scale irrigation model to all fields in a region requires 

the development of baseline criteria for choosing management practices for individual 

fields. The development of the baseline criteria is the critical first step in representing the 

decision process used to determine if an irrigation is acceptable. When realistic practices 

have been defined, the system is then capable of evaluating the performance of a given 

management practice. As discussed in this study, a set of criteria that are not well derived 

(given the objectives of the irrigation) can potentially have misleading results. 

The results of this research indicate that the spatial relationships between fields in 

the region provide little if any information about irrigation performance. However, there 

is much to be gained from accounting for all combinations of factors (i.e. field variability) 

in the region. The results show how irrigation performance is influenced by differences 

in field and crop characteristics. 

The GIS/SRFR system provides a basis for targeted research (e.g. how to irrigate 

potatoes) and policy decisions (e.g. subsidize sprinkler use for potatoes). The results of 

the study suggest that improvements in water application efficiencies can be achieved by 

selectively implementing alternate irrigation practices. The degree of improvement 

depends on individual field characteristics and in some cases no significant improvements 

were noted over the baseline. Therefore, recommendations for adopting alternative 

practices in the region should identify the specific field conditions under which a practice 

could improve performance. 
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8.2 Recommendations 

The following recommendations are provided for future use and development of 

the GIS/SRFR system: 

1) Re-introduce SRFR's run-time graphics capabilities. An artifact of moving the 

model to the UNIX system was the elimination of the run time graphics. This function is 

extremely useful in visualizing and evaluating irrigation performance. The graphics 

specifically help in evaluating fields that have performance different than anticipated and 

would significantly increase the overall utility of the GIS/SRFR system. Implementation 

requires converting the current DOS Whatcom FORTRAN graphics calls to the 

equivalent UNIX graphics calls. 

2) Continue to expand the GIS database to accurately account for spatial and 

temporal variations in the region. Specifically the data should include a more complete 

set of soil water intake curves. Implementation requires developing cumulative 

infiltration functions for different tillage effects, soil types, and early season and late 

season irrigation. In addition, users should continue to update and verify the data (field 

boundaries, crops, etc.) contained in the GIS database. The current GIS database is 

complete, however the data set is considered the minimum for simulating alternate 

irrigation practices. 

3) Include the capability to randomly assign soil water intake parameters to 

different fields. This capability will provide a more accurate estimate of irrigation 

performance on fields in the region. During this study, only one set (wheel and non-

wheel) of infiltration parameters were applied to all fields in the region. While providing 



78 

valuable information on the relative differences between strategies, it does not indicate 

how irrigation performance can vary on fields with otherwise similar characteristics due 

to differences in infiltration rates. 

4) Develop a better understanding of the surface irrigation practices used by 

growers for specific crops and field conditions found in the region. The current database 

includes the NRCS guidelines for furrow irrigation as well as a limited number of the 

more common practices in the region. A more comprehensive representation of currently 

used practices in the GIS/SRFR system will lead to a more accurate estimate of the 

baseline irrigation performance and to a more informed evaluation of alternate practices. 

5) Develop logic to automatically adjust SRFR numerical parameters in response 

to situations when SRFR does not arrive at a solution. This would improve the 

robustness of the integrated system and reduce the current need for the user to manually 

manipulate SRFR input parameters. Implementation requires modifying the linking 

program. 

6) Continue to develop the graphical user interface to include the most commonly 

used functions. Specifically the interface should have better and more varied options for 

post simulation analysis of results. The continued evolution of the user interface will 

eliminate the requirement for the user to have knowledge of the INFO database structure 

and programming logic. Implementation requires developing more sophisticated query 

menus and identification of the most used statistical functions, data plotting, and 

reporting functions. 

7) Extend the modeling effort to evaluate the eventual impact of surface irrigation 

strategies on long-term groundwater quality. The results presented in this study illustrate 
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how the GIS/SRFR system can relate deep percolation depth to specific locations in the 

region. Efforts are already underway to use this data as input to models of nitrate 

leaching and groundwater movement. 

8) Provide the GIS database with baseline irrigation results to OSU Extension 

and NRCS personnel in the region. This will help communicate the findings of this study 

to the people most closely influencing irrigation practices in the region. 
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APPENDIX A - GIS Database Files 

A.1 Overview 

The GIS constructed for the study area in Northeast Malheur County, Oregon 

consists of several ARC/INFO coverages and related database files. The primary 

coverage is a fields coverage which contains the location of all surface irrigated fields. 

Additional INFO files are linked to the field coverages using ARC/INFO's relate and 

index functions. The additional files contain the non-spatial data that further describes 

the fields coverage attributes. Simulation results are also stored in INFO database files 

and are similarly related to the fields coverage. Understanding the attribute definitions 

for the coverage and their relationship to the additional database files is imperative to 

extending the modeling effort. This chapter describes the INFO files and the overall 

structure of the database. 

A.2 Database Structure 

The development of the fields coverage was discussed earlier in this report and is 

not repeated here. Fields is a polygon coverage with attribute values stored in a polygon 

attribute table (fields.pat). The user defined items stored in the fields polygon attribute 

file are defined in Table A.1. 
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Table A.1 Fields polygon attribute table item names and description. 

Fields Attribute Name Item Definition 

area Standard ARC/INFO polygon area (m2) 

mc_id Unique field identification number 
fid_code Flag to indicate if polygon is an irrigated field 

(1 = field, 0 = not a field). 

system Flag to indicate if field is furrow or sprinkler irrigated 
(0 = Furrow, 1 = sprinkler) 

truth Flag to indicate if field has a measured slope 
(1 = measured, 0 = modeled). 

length furrow length (m) 

slope furrow slope (%) 

aspect Irrigation direction in degrees from North 
(0° = North, 90° = East ) 

dist_id Number indicating the irrigation district to which the field belongs. 

soil_type Integer corresponding to SCS soil series symbol (SCS/USDA, 1981) 

Additional INFO database files are include in the GIS that define the non-spatial 

data associated with a field or a field's characteristics. These files are related to the fields 

coverage and are generally divided into two categories, input data and simulation results. 

A.2.1 Input Database Files 

The input data is stored in six INFO files: manage.dat, crop.dat, mann.dat, 

soils.dat, dist.dat, and intake.dat. The manage.dat file contains the general irrigation 

management parameters associated with a particular field. The crop.dat file contains the 

furrow characteristics associated with a crop type and the mann.dat file contains the 

Manning's roughness coefficient associated with a given ground cover. The soils.dat file 

contains the general characteristics of each soil type found in the study area. The dist.dat 

file contains information about the irrigation districts in the region. Lastly, the intake.dat 
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file contains the default coefficient values for the Extended Kostiakov relationship. 

Tables A.2 through A.7 contain the item listings for each of these INFO files. 

Table A.2 Item listing for the INFO database file manage.dat. 

Items Definition 

mc_id Unique Field Identification 

system Integer indicating whether to base cut-off on set time or 
stream behavior (0 = time, 1 = stream) 

crop Name of the crop
 

gnd_id Identification number for the type of ground cover
 

qin Initial inflow rate (liters/sec).
 

set_time Irrigation set time (min.)
 

irr_space Irrigation spacing (1 = every furrow, 2 = alternate)
 

Table A.3 Item listing for the INFO database file crop.dat. 

Items Definition 

crop Name of the crop 

furrow_d General size of the furrow (i.e. large, medium, small). 

space Furrow spacing (m) 

drz Root zone depth (mm) 
mad Management allowed depletion 

basew Base width for trapezoidal furrow (mm) 

ss Side slope for trapezoidal furrow (mm/mm) 
depth Depth of furrow (mm) 
nr Net seasonal irrigation depth (cm) 

Table A.4 Item listing for the INFO database file mann.dat 

Items Definition 

gnd_id Identification number for type of ground cover. 
gnd_cov Ground cover name 
mann_n Manning's n corresponding to the ground cover. 
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Table A.5 Item listing for the INFO database file soils.dat 

Items Definition 

soil_type Integer corresponding to SCS soil series symbol (SCS/USDA, 
1981) 

name Soil series name 
texture Soil texture (i.e. silt loam) 
awc Available water capacity (%) 
d50 D50 particle size 
fc Field capacity 
code Integer representing general soil type 
int_fam Soil water intake family. Can correspond to NRCS soil intake 

families, however it is currently user defined. 

Table A.6 Item listing for INFO database file dist.dat 

Items Definition 

dist_id Irrigation district identification 
name Irrigation district name 

Table A.7 Item listing for INFO database file intake.dat 

Items Definition 

int_fam Intake family 
kw K coefficient, wheel row (I m-ihr-a) 
aw a coefficient, wheel row 
bw b coefficient, wheel row (1 niihr-1) 
cw c coefficient, wheel row (1 m') 
knw K coefficient, non-wheel row (1 m-Ihr-a) 
anw a coefficient, non-wheel row 
bnw b coefficient, non-wheel row (1 rrilhfl) 
cnw c coefficient, non-wheel row (1 in-1) 

ARC/INFO's "relate" function is used to establish and maintain a relationship 

between the fields coverage attributes and the input data files described in Tables A.2 

through A.7. The relate function allows the linking of two database files based on a 
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common item value. Figure A.1 illustrates how the database files were related for this 

study. The figure shows the relation name as well as the items upon which the relation is 

based. Table A.8 outlines the definitions for the relate names. The relate definitions 

outlined in this table are contained in a single file named mc_relates which is restored 

when the GIS/SRFR program is started. 

crop.dat 
CM crop 

1 

manage.dat 
me id 
crop 
gnd_id 

mann.dat 
roil ness gnd_id 

Fields Polygon Attribute Table
 
mc_id soils.dat
 

soil 0,,
soil_type	 soil_type intake.dat 
intakedist_id	 intake_fam intake_fam 

101 

-0 dist.dat 
dist_id 

Figure A.1	 Relationships between the fields coverage and INFO database files used to 
define SRFR inputs. 
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Table A.8 Relation definitions for relating input database files to the fields 
coverage attributes. 

Relate Name: MANAGE Relate Name: SOIL 
Table: manage.dat Table: soils.dat 
Database: info Database: info 

Item: MC_ID Item: SOIL_TYPE 
Column: mc_id Column: soil_type 
Relate Type: LINEAR Relate Type: LINEAR 
Relate Access: RW Relate Access: RW 

Relate Name: CROP Relate Name: DISTRICT 
Table: crop.dat Table: dist.dat 
Database: info Database: info 

Item: CROP Item: DIST_ID 

Column: crop Column: dist_id 
Relate Type: LINEAR Relate Type: LINEAR 
Relate Access: RW Relate Access: RW 

Relate Name: ROUGHNES Relate Name: INTAKE 
Table: mann.dat Table: intake.dat 
Database: info Database: info 

Item: GND_ID Item: INT_FAM 
Column: gnd_id Column: int_fam 
Relate Type: LINEAR Relate Type: LINEAR 
Relate Access: RW Relate Access: RW 

The soils.dat, crop.dat, mann.dat, and intake.dat files contain default parameters 

used by the simulation. The data in these files were collected from several different 

sources and entered into the GIS files. Tables A.9 through A.12 outline the default set of 

values used during this study. 
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Table A.9 Soil types and characteristics contained in the soils.dat INFO file 
(source: SCS/USDA, 1981). 

Soil Series General AWC D50 FC Series Intake 
Type Name Series (%) Particle (%) Code Family 

1 Ahtanum Silt Loam sl 0.155 0.001 0.34 1 0 

2 Baldock Silt Loam sl 0.17 0.001 0.34 1 0 

3 Bully silt loam sl 0.2 0.001 0.34 1 0 

4 Cencove fine sandy loam fsl 0.14 0.0725 0.21 3 0 

5 Chilcott silt loam sl 0.2 0.001 0.34 1 0 

6 Dune land fs 0.06 0.148 0.15 2 0 

7 Falk Variant fine sandy fsl 0.14 0.0725 0.21 3 0 

loam 
8 Feltham loamy fine sand Ifs 0.07 0.148 0.25 2 0 

9 Feltham sandy loam sdl 0.1 0.15 0.21 3 0 

10 Feltham Variant loamy fine Ifs 0.08 0.245 0.25 2 0 

sand 
11 Frohman silt loam sl 0.18 0.0725 0.34 1 0 

12 Garbutt silt loam sl 0.19 0.001 0.34 1 0 

13 Greenleaf silt loam sl 0.185 0.001 0.34 1 0 

14 Harana silt loam sl 0.2 0.001 0.34 I 0 

15 Harana silty clay loam scl 0.18 0.001 0.39 I 0 

16 Harana silty clay loam, scl 0.18 0.001 0.39 1 0 

alkali 
17 Kiesel silt loam sl 0.16 0.001 0.34 1 0 

18 Kimberly fine sandy loam fsl 0.14 0.0725 0.21 3 0 

19 McLoughlin silt loam sl 0.2 0.001 0.34 1 0 

20 Notus-Folk Variant csl 0.14 0.58 0.2 3 0 

Complex 
21 Nyssa Silt Loam sl 0.19 0.001 0.34 1 0 

22 Nyssa silt loam, gravel sub slgs 0.19 0.001 0.34 1 0 

23 Nyssa-Malheur silt loam sl 0.2 0.001 0.34 1 0 

24 Otoole silt loam sl 0.16 0.001 0.34 1 0 

25 Owyhee silt loam sl 0.2 0.001 0.34 1 0 

26 Poden silt loam sl 0.19 0.001 0.34 1 0 

27 Powder silt loam sl 0.225 0.001 0.34 1 0 

28 Quincy loamy fine sand Ifs 0.075 0.2075 0.25 2 0 

29 Riverwash 0 0 0 2 0 

30 Sagehill fine sandy loam fsl 0.215 0.0725 0.21 I 0 

31 Stanfield silt loam sl 0.15 0.001 0.34 I 0 

32 Truesdale fine sandy loam fsl 0.12 0.2375 0.21 3 0 

33 Turbyfill fine sandy loam fsl 0.13 0.0875 0.21 3 0 

34 Umapine silt loam sl 0.19 0.001 0.34 1 0 

35 Virtue silt loam sl 0.2 0.001 0.34 1 0 

36 Xeric Torriorthents, moderate 0 0 0 0 0 

998 Gravel 0 0 0 0 0 

999 Water 0 0 0 0 0 
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Table A.10 Crop characteristics contained in the crop.dat INFO file. 

Crop Furrow Furrow Root Zone Management Base Side Furrow Net 
Name Size* Spacing* Depth" Allowed Width* Slope* Depth* Irrigation***,

(m) mm Depletion mm mm/mm mm cm 

onions small 0.51 

potatoes large 0.91 

corn medium 0.76 

grain medium 0.76 

alfalfa small 0.51 

sugar_beets large 0.56 

beans small 0.51 

* From Mittlestadt (1995) 
** From James et al. (1982) 
*** From Cuenca et al. (1992) 

600 
600 

1200 

900 
1800 

1050 

900 

0.5 

0.3 

0.65 
0.65 
0.65 
0.65 
0.65 

40 
95 

65 

65 

40 
95 
40 

2 

1.8 

1.5 

1.5 

2 

1.8 

2 

250 
250 
250 
250 
250 
250 
250 

63.2 
75.5 
74.5 
58.2 

90 

75 

63.2 

Table A.11 Roughness coefficients contained in the mann.dat INFO file. 
(From Mittlestadt, 1995) 

1 

2 

3 

Id Number Ground Cover 
Bare Soil 
Vegetation 
Straw Mulch 

Manning's n 
0.06 
0.12 
0.27 

Table A.12 Kostiakov coefficients contained in the intake.dat INFO file. 
(Derived from data collected by Mittlestadt, 1995). 

Intake Family 
0 

Kw 
9.5 

aw 
0.5 

bw 
1.8 

cw 
0 

Knw 
29 

anw 
0.5 

bnw 
1.2 

cnw 
0 
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A.2.2 Simulation Results Database Files 

Results produced by the SRFR simulation are stored in GIS INFO files. Like the 

input files, the simulation results files are related back to the fields coverage using 

ARC/INFO' s relate function. The simulation results are saved in three different INFO 

files: fldsummary, wheel, and nonwheel. The wheel and nonwheel files contain the 

SRFR simulation results for the wheel and non-wheel compacted furrows respectively. 

Table A.13 outlines the items contained in these files. The fidsummary file contains a 

weighted average of wheel and nonwheel results based on the wheel/nonwheel furrow 

ratio. 
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Table A.13 Listing of items contained in both the wheel and nonwheel INFO files. 

Items Definition 

mc_id Unique field identification number 
vqihyd Applied volume gross (m3/m) 
vq Net inflow volume (m3/m) 

vz Infiltrated volume (m3/m) 

vro Run-off volume (m3/m) 

zq Average applied depth (mm/m2) 

zavg Average infiltrated depth (mm/m2) 

zro Average run-off depth (mm/m2) 

zavgdp Average deep percolation depth based on the required application 
depth (mm/m2) 

zuzreq Average infiltration depth less then or equal to the 
required application depth (mm/m2) 

ae Application efficiency (%) 
du Distribution uniformity 

(fraction: minimum infilt. depth/average inflt depth) 

du_lq Distribution uniformity Low Quarter 
uz Useful fraction of infiltrated volume 
aap Irrigation adequacy (%) 
advance Length of furrow reached by stream advance. 

eofurr Flag to indicate if stream reached the end of the furrow. 
(1 = Stream reached furrow end). 

tl 1 Time advance ends (min.) 
error Flag used to indicate if an error occurred in simulating either wheel or 

non-wheel rows (1 = error occurred) 
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Table A.14 Listing of items contained in the fldsummary INFO file. 

Items Definition 

mc_id Unique field identification number 
vq_sum Net inflow volume (m3/m) 
vz_sum Infiltrated volume (m3/m) 

vro_sum Run-off volume (m3/m) 

zq_sum Average applied depth (mm/m2) 
zavg_sum Average infiltrated depth (mm/m2) 

zro_sum Average run-off depth (mm/m2) 

zavgdp_sum Average deep percolation depth based on the required application 
depth (mm/m2) 

zuzreq_sum Average infiltration depth less then or equal to the 
required application depth (mm/m2) 

ae_sum Application efficiency (%) 

du_sum Distribution uniformity 
(fraction: mimum infilt. depth/average inflt depth) 

du_lq Distribution uniformity Low Quarter 
totvdp Total volume of deep percolation (m3) 

totvapp Total volume applied (m3) 

aap_sum Irrigation adequacy (%) 

tswu Estimated total seasonal water useage (cm) 

method Method used to irrigate the field 
(1 = standard pulse, 2 = cutback, 3 = surge) 

qin Initial inflow rate (Ips) 

set_time Irrigation set time (min.) 

irr_spacing Irrigation spacing (1 = Every furrow, 2 = Alternate) 

furr_space Furrow Spacing (m) 

crop Crop name 
error Flag used to indicate if an error occurred in simulating either wheel or 

non-wheel rows (1 = error occurred) 

Figure A.2 illustrates the relationships between the fields coverage and the 

simulation results files. Since the results are unique to individual fields, the unique field 

identification number (mc_id) is used as the relate item for each file. Table A.15 lists the 

relate definitions. These relates are stored along with the input file relates in the file 

mc_relates . 
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flsum 

wheel 
mc_id 

non-wheel 
mcid 

Figure A.2	 Relationships between the fields coverage and INFO database files used to 
store SRFR simulation results. 

Table A.15	 Relation definitions for relating SRFR simulation results to the 
fields coverage attributes. 

Relate Name: FLDSUM Relate Name: NONWHEEL 
Table: fldsummary Table: nonwheel 

Database: info Database: info 

Item: MC_ID Item: MC_ID 
Column: mc_id Column: mc_id 
Relate Type: LINEAR Relate Type: LINEAR 
Relate Access: RW Relate Access: RW 

Relate Name: WHEEL 
Table: wheel 
Database: info 
Item: MC_ID 
Column: mc_id 
Relate Type: LINEAR 
Relate Access: RW 
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APPENDIX B - SRFR Modifications 

B.1 Overview 

The SRFR model (version 20.96, experimental) was designed to run in a PC-DOS 

environment. The model consists of a computational portion written in PC Whatcom 

FORTRAN and a graphical user interface written in C++. For this study it was necessary 

to move the computational portion of SRFR to a SUN Sparc 20 UNIX workstation 

(Solaris 2.4 operating system). This chapter outlines the procedures used to modify the 

SRFR source code in order to compile and run SRFR in the UNIX environment. 

B.2 Modification Procedures 

Initial work with the SRFR code indicated significant syntax and function 

differences between the PC Whatcom FORTRAN and Standard FORTRAN 77. As a 

result, a SUN Sparc FORTRAN 90 compiler was used. 

The SRFR model features run time graphics and 'hot keys' that allow the user to 

change the graphic display during a simulation. These functions are contained in the 

computational part of the SRFR code. It was recognized that substituting the PC 

FORTRAN graphics calls with the UNIX equivalent would require significant effort. 

Although these features are extremely useful in many applications, they were of 

secondary importance in this study. Therefore, the run-time graphics and 'hot key' 

features of SRFR were commented out in this UNIX version. The computational portion 

of SRFR consists of the SRFR "engine" and several subroutines (Table B.1). 
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Table B.1 SRFR FORTRAN modules and common blocks. 

Main Program Subroutines Common Blocks 

srfrngn.for arrset.for advrc.cmn als.cmn 
i.for chnnl.cmn eqs.cmn 
n.for hypo.cmn inflt.cmn 
r.for io.cmn nods.cmn 
sr.for plotl.cmn plot2.cmn 
c. for plot3.cmn solpr.cmn 
m.for str.cmn cellc.cmn 
p.for field.cmn inflw.cmn 
s.for pi.cmn 

Table B.2 summarizes the modifications made to the SRFR code. The string 

C!OSU was when commenting lines to distinguish modifications from original code. The 

line numbers are given in some cases, however, subsequent code changes may have 

changed the line in the file. 
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Table B.2 Modifications to SRFR source code. 

Input File Requirements Set Input, Line 69, PAUSES = 0 

Code Modifications 

SRFRNGN.FOR and all Commented all references to the graphics library using 
SUBROUTINES a utility program. 

Commented all occurrences of 'call screenwindow' 

Commented all occurrences of 'include graph.fi' 

Commented all occurrences of 'include graphapi.fi' 

Changed all files to uppercase. Changed lines 
containing the strings: 
'SRFR File Format; 20.5' 
'Simulations in File' 

back to lower case in order to pass input file test. 
Also changed all INCLUDE file names back to lower 
case 

SRFRNGN.FOR Line 450, set scrgraphics = FALSE 

Line 320 Commented out call to 
`subroutine graphicsmode' 

Commented out: include FSUBLIB.FI 
(used to link to C++ modules). 

M.FOR The keycap functions return set to a fixed value of 1.
 

S.FOR Commented out: 'record/curpos'
 

C.FOR Commented out: 'record/xy'
 
'record/curpos' 

http:FSUBLIB.FI
http:graphapi.fi
http:graph.fi


99 

Table B.2 (Continued) Modifications to the SRFR source code. 

P.FOR Initialized variable toothm = 0.0, Variable is not used in 
the computations but does change in the output file if not 
initialized. 

Commented out: 'record/ myscreen' 
'record/ xy' 
'record/ sxy' 
'record/ position' 

N.FOR Commented out: 'record/xy' 
'record/curpos' 
'record/position' 
'record/xy' 
'record/rxy' 

Commented out all occurrences of 'curpos.col' 

FORTRAN 90 Syntax 

All common block modules: Changed Integer declaration syntax for initialization 
example: (from PLOT3.CMN) 

from: INTEGER*2 
COLOR,BLUE/9/,GREEN/2/,CYAN/3/,RED/4/,MAGENTA/5/, 

to : INTEGER*2 : 
COLOR,BLUE=9,GREEN=2,CYAN=3,RED=4,MAGENTA=5, 

Array assignments were also changed. Initializing arrays 
with variables (as follows) generated errors: 

IN 1 EGER*1 oldstyle(8) /zFF,zFF,zFF,zFF,zFF,zFF,zFF,zFF / 

Could not figure out replacement syntax so conducted a 
string search in all program modules for array usage. If 
the array was not used, the declaration was commented 
using C!OSU10-95 
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Table B.2 (Continued) Modifications to the SRFR source code. 

SRFRNGN.FOR
 

M.FOR 

P.FOR 

Syntax LOOP, UNTIL is not recognized in Fortran90 
Replaced: 

100 LOOP 
UNTIL (IOCHK .EQ. 0) 

with: 
100 LOOP: DO 

IF (IOCHK .EQ. 0) EXIT LOOP ! BEAVERS 10-95 
END DO LOOP ! BEAVERS 10-95 LOOP UNTIL A VALID 

DATAFILE IS OPENED 

Replaced line 246: 

LOOP
 
END LOOP
 
with:
 

LOOP!: DO
 
IF(DUMMY(1:20) .EQ. 'Simulations in File:') EXIT LOOP1
 

!BEAVERS 10-95
 
END LOOP1 DO
 

line 928. Format statement includes a Z form for 
hexadecimal output. The compiler needs a fields width 
after the Z. Therefore Z was replaced with Z4. Example: 

8001 FORMAT(/,9H QF800.T=,E14.8,2H =,Z,/,
 
replaced with:
 
8001 FORMAT(/,9H QF800.T=,E14.8,2H =,Z4,/,
 

Commented out line 'INCLUDE DOS.FI.' This is 
needed for the keycapture subroutine which is 
commented out in all modules. 

line 676. Syntax LOOP, END loop is not recognized. 
Replaced with a DO loop. 

line 1467. Syntax Error in a format statement: 

7020 FORMAT(A\) 

"\" is an unknown edit descriptor A is a form for
 
characters. Deleted "\".
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Table B.2 (Continued) 

S.FOR 

SR.FOR 

SRFRNGN.FOR, P.FOR 
and PLOT2.CMN 

Modifications to the SRFR source code. 

line 53. Changed initialization from: 

CHARACTER*5 CALLFR/STRMS7
 
to:
 
CHARACTER*5 CALLFR='STRMS'
 

line 56. Changed initialization from: 

LOGICAL*1 NEEDAVGDT, STEPTHROUGH /.FALSE./, 

MDCAC, 

to: 
LOGICAL*1 NEEDAVGDT, STEPTHROUGH = .FALSE., 

MDCAC, 

line 1559. LOOP, UNTIL. Syntax error. Replaced with 
DO loop. 

lines 3266 and line 3276. 

WRfTE(0;(1H.V) 
A 

Unknown edit descriptor "\" removed. Not supported in 
F90 and purpose unknown. 

Symbol IGETARG was replaced with GETARG. 

Function `gettim' gets the system time. This was 
replaced with the correct syntax for UNIX which I 
believe is the itime function. The following additions 
were made: 
plot2.cmn. Added to common block: 
SUNTIME1(3), SUNTIME2(3), SUNDATE1(3), SUNDATE2(3) 
INTEGER SUNTIMEI, SUNTIME2, SUNDATEI, SUNDATE2 

srfrngn.for. Added 4 lines
 
CALL ITIME(SUNTIME1)
 
CALL IDATE(SUNDATE1)
 
WRITE(7,8002) SUNTIME1(1), SUNTIME1(2), SUNTIME1(3)
 
WRITE(7,8001) SUNDATE1 (3), SUNDATE1(2), SUNDATE1(1)
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Table B.2 (Continued) Modifications to the SRFR source code. 

P.FOR
 

M.FOR
 

SR.FOR 

F90 Linking 

srfrngn.for. Added/modified following lines: 

CALL ITIME(SUNTIME2)
 
ELH=SUNTIME2(1)-SUNTIME1(1)
 
ELM=S UNTIME2(2)- S UNTIME1 (2)
 
ELS=SUNTIME2(3)-SUNTIME1(3)
 

C!OSU CALL
 
GETTIM(HOUR(2),MINUTE(2),SECOND(2),HNDTHS(2))
 
C !OSU BEAVERS 10-95 ELH=HOUR(2)-HOUR(1)
 
C!OSU BEAVERS 10-95 ELM= MINUTE(2)- MINUTE(1)
 
C!OSU BEAVERS 10-95 ELS=SECOND(2)-SECOND(1)
 
C!OSU BEAVERS 10-95 ELHN=HNDTHS(2)-HNDTHS(1)
 
C!OSU IF(ELHN .LT. 0.0) THEN
 
C!OSU ELS=ELS- 1
 
C!OSU ELHN=ELHN+100
 
C!OSU END IF
 

p.for: The following lines were added/modified 
CALL ITIME(SUNTIME2)
 
C!OSU 10-95 CALL
 
GETTIME(HOUR(2),MINUTE(2),SECOND(2),HNDTHS(2))
 
ELMIN=(SUNTIME2(1)-SUNTIME1(1))*60.0+(SUNTIME2(2)
SUNTIME1(2))+*(SUNTIME2(3)-SUNTIME1(3))/60.0 
C!OSU10-95 ELMIN=(HOUR(2)
HOUR(1))*60.0+(MINUTE(2)-MINUTE(1))+ 
C !OSU10-95 *(SECOND(2)-SECOND(1))/60.0+(HNDTHS(2)
HNDTHS(1))/6000.0 

Adding calls to ITEM created a problem with variable 
ITIME. ITIME was changed to ITIME2. 

Undefined symbol FINTR. This function is called in 
KEYCAP routine and is not defined elsewhere. Since it 
does not appear to effect the routine and since KEYCAP 
is not used, FINTR is commented out. 

The ARGC command in F90 returns the total number of 
arguments after the command (srfr). This required 
reducing the select case numbers. Also, the return value 
of GETARG is different in UNIX resulting in the wrong 
value of ARGLEN. The value of ARGLEN was 
forced to the correct number. This will probably have to 
be corrected with the appropriate FORTRAN function. 
Used compiler option -z muldefs. 
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APPENDIX C - User Interface and Linking Programs 

C.1 Overview 

The user interface creates a computing environment that does not require arcane 

knowledge of either ARC/INFO or the SRFR model. The interface takes advantage of 

ARC/INFO's display functions, menu development tools, and the ARC macro language. 

Figure C.1 shows the top level menus for the user interface. As shown, the interface 

consists of an analysis menu, a display control menu, and the ARC/INFO graphics 

display. The analysis menu provides the means to perform the primary analysis 

functions. When selected, the menu either implements the function through an AML or 

calls a sub-menu requesting more information from the user. The display control menu 

manages the appearance of the graphics display. This menu allows the user to display any 

of the available coverages and to change the extent of the map view. This chapter 

provides a general description of the functions implemented through the menu system 
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Figure C.1 Top level user menu for the integrated GIS/SRFR system. (Scaled 60 %) 

C.2 Analysis Menu 

C.2.1 Selecting Fields 

Figure C.2 illustrates the lower level menu called by the 'Select Fields' button. 

The lower menu provides the user several options for selecting a set of fields. As shown, 

there are many ways to add fields to the selection set. The "select one" button allows the 

user to select a single field using the screen cursor and the graphics display. If the user 

wants to select more then one field, the "Select Many" button is used to call the selection 

menu. The "Select All" button will select all the fields in the database. The "One-by-

One" button and the "Select Area" buttons allows the user to select a group of fields 

using the screen cursor. Probably the most popular way to select fields is to perform a 
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database query based on a desired item value(s). The "Database Query" button calls a 

menu that allows the user to enter a set of selection criteria. The data base query function 

is currently limited to simple queries. Complex queries are best performed by exiting to 

the ARCPLOT command line ("CL" button on the display control menu) and entering the 

query string. However this method requires knowledge of the GIS database structure and 

relate names. The "Truth" button selects all fields that have measured slopes and verified 

geometry. On all menus the "Back" button returns to the previous menu. A "Help" 

button is on the menu but is not implemented at this time. 

analysis menu 

Pr\ RFT? 

Select Edit Run View Save
 
Fields Inputs SRFR Results Project
 

prepare i n pu, selection menu 

Select Select All
 
One `.L)


.......
 

OnebyOneSelect 
(1) Many 

Select AreaClear
 
Selected
 

Database
Help 

Q= Query 

VerifiedBack 
El, 3 T i Fields 

Figure C.2 Menus for selecting fields in the GIS database. 
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C.2.2 Editing/Viewing Simulation Parameters 

The "Edit Data" button is used to change or view the simulation parameters for 

individual fields. When selected the button calls an AML that determines how many 

fields are selected. If more then one field is selected, the menu illustrated in Figure C.3 is 

called. The menu is best used to change the parameters on one field at a time. Global 

changes (all fields at once) are still best done from the ARCPLOT command line. The 

"Crop (icon)" button lets the user view crop data associated with the selected field. The 

"Grower (icon)" calls a menu for viewing and editing management parameters. 

Similarly, the "Profile (icon)" button allows the user to view and edit the coefficients that 

define the intake function. The sub-menus called by these functions are illustrated in 

Figure C.4. The "Apply" button writes all edit changes to the GIS database files and the 

"Next" button moves to the next field. 

edit one menu
 

FieldID 606
 

Area 18,9072 (acres) 
Soil Type Greenleaf silt loam
 
Avg. Slope 0.4530 (percent)
 
Length 218,84 (m)
 
irr. District Owyhee Ditch Company
 

??
 

Apply Next Back Help
 

ET 

Figure C.3 Base menu for viewing editing simulation data. 
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crop data management 

Field -Id 606 Fields-id 606 

Crop Irrigation System I Surface Sprinkler I 

Ground Gover Bare Soil. 

Max Allowable Deficiency (percent) 
Root Zone Depth (mm) 
Required Infiltration Depth (mm) 

Furrow Dimensions (Trapezoidal) 
Base (mm) 90:00_ 

Side Slope 2.00 
Furrow Depth (mm) 250.00 

0.50 
600.0 
55.5 

Manning's n 006 

Inflow Hydrograph based on 

2 31 

Std. Pulse 

?? 

Stream Behavior I 

elpHelp 

Help Back 

Infiltration 

Kostiakov Infiltration Parameters (i/m/hr) 

K a 
Wheel Row 1850 0.500 
Non -Wheel Row 29.000 0.500 

b 
2.000 
1.200 

c 
0.000 
0.000 

Patio of Wheel to Non-Wheel Rows 0,5 

Note. Intake coefficients are normalized by dividing by the
furrow spacing and converting units to mm/hr. 

:13 

Figure C.4	 Menus for viewing and editing crop, infiltration, and management 
parameters. 

C.2.3 Running SRFR and Linking Programs 

The "Run SRFR" button on the analysis menu sets up and runs the SRFR 

simulation for a pre-selected set of fields (reference "Select Fields" button). 

The GIS has limited capabilities for generating formatted data files and for reading 

ASCII input files. As a result, a linking program was needed to serve as pre/post 

processor for the SRFR simulation. The linking program consists of a C program and 

several AML's. 
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Figure C.5 provides an overview of the methods used to link GIS with SRFR. 

When the user elects to run SRFR, the menu calls an AML named run_srfr.aml. The 

run_srfr.aml reads the attributes of the first field in the selection set and writes the 

attributes to an ASCII file named gis.dat. The program then calls the C program named 

linksrfr. The pre-processing portion of linksrfr reads the gis.dat file, normalizes 

Kostiakov coefficients, and selects either the Zero-Inertia Model or the Kinematic Wave 

model based on the field slope. The program then creates a SRFR input file for both 

wheel compacted furrows and non-wheel compacted furrows. Linksrfr calls the SRFR 

model for each input file resulting in two output files, wheel.out and nonwheel.out. The 

post-processing portion of the program reads both output files and creates a field 

summary file based on the weighted average of the wheel and non-wheel results. The 

post-processor then formats the three output files for importing back to the GIS and 

returns control back to the run_srfr.aml. The run_srfr program imports the SRFR outputs 

to the INFO files. The program repeats the process for all fields in the selection set. 



109 

1 

Run SRFR for
 
Selected Fields
 

run_srfr.aml 
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Output (nw.out) 

Field Summary 

Read SRFR ouputs to Write outputs to ASCII 
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Return to Menus 

Figure C.5 Flow chart for the program(s) that link the GIS and SRFR model. 
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The source listing for the run_srfr.aml is included below. 

/* File Name: run_srfr.aml
 
/* Creator: RF
 
/* Date: 8/27/95
 
/*
 
/* Purpose: Runs the SRFR model for all selected fields.
 
/*
 
/**********************************************************
 

/* called from : main.menu (RUN SRFR' button)
 
/* calls : srfr_done_ok.menu
 
/* global vars : .getselect, .gispath
 
/*
 
/* Files Modified:
 
/*
 
/* Notes: If the edit flag in temp.mcf is set to one, the
 
/* data is taken from this file. Otherwise the
 
/* data is taken from the default files.
 
/*
 
/* The entire pathname is include in the &system 
/* commands. This will cause a PROBLEM if run from 
/* a different directory. 
/* 
/*********************************************************** 

/* ********************************************************* 
/* Determine the number of fields in selection set 
/* and set count variable. If no fields selected, display message and 
/* exit program. 
/*********************************************************** 

&sv dummy dummy 
&sv num_sel [before [show select fields poly] ,] 
&sv count 1 
&sv iterate 1 

&type The number of fields for SRFR %num_sel% 

&if %num_sel% = 0 &then &do
 
&popup %.path%/help/srfr_select.txt
 
&return
 

&end 

/********************************************************* 

/* Create a temporary selection file for looping
 
/*********************************************************
 

infofile fields poly temp_select mc_id init 

/********************************************************
 

/* Remember the selection set
 

writeselect srfr_select fields poly 
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&type THE NUMBER OF FIELDS SELECTED = %num_sel% 

&do &while %count% <= %num_sel% 

&type 
&type RUN %count% 
cursor srfr open 
aselect temp_select info 
&sv .getselect [show select temp_select info %count% item mc_id] 
cursor srfr close 

&r write_srfr /* write parameters to GIS DATA file 

&if %.srfr_go% &then &do 

&type **** FIELD %.getselect% ***** 

&workspace %.path%/programs 
&sv dummy [task link_srfr dummy] /* Run SRFR 
&workspace %.path%/covers 
&r read_srfr /* read srfr output files to info files 

&end 

&sv count %count% + 1 

&end 

readselect srfr_select clear 

&type 
&type SRFR RUNS COMPLETE E FOR SELECTED FIELDS 
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The gis.dat file is an ASCII file produced by the write_srfr.aml. This file is read by the 

`linksrfe program in order to format a SRFR input file. The format of the gis.dat file is 

as follows: 

Sample gis.dat File Definitions 

389.83	 Field Length (m) 

0.51	 Furrow Spacing (m) 

1	 
Irrigation Spacing (1 = Every Furrow, 2 = Alternate Furrows) 
Bottom Slope (m/m)0.010314 
Trapezoidal Furrow Base Width (mm)40.00 
Trapezoidal Furrow Side Slope (mm/mm)2.00 
Trapezoidal Furrow Depth (mm)250.00 
K Coefficient Wheel Row Wm hr"')18.500 
a Coefficient Wheel Row (dimensionless)0.500 
b Coefficient Wheel Row (1/m hr)2.000 
c Coefficient Wheel Row (1/hr)0.000 
K Coefficient Non-Wheel Row (l/m hr"a)29.000 
a Coefficient Wheel Row (dimensionless)0.500 
b Coefficient Wheel Row (I/m hr)1.200
 
c Coefficient Wheel Row (1/hr)
0.000 
Manning's n0.06 
Required Application Depth (qin)60 
Initial Inflow Rate (lps)0.6087 

1 
Number of Inflow Cycles (1= single pulse) 
Cutback based on stream advance or time (0 = time)0 
Ratio of total length to cutback (only used when stream = 1)1.0 

1440.0	 Set time (minutes)
 
Ratio of cutback cycle to set time
1.0
 
Ratio of cutback time to set time
1.0
 
Ratio of cutback flow rate to initial flow rate
1.0 

C.2.4 Viewing Simulation Results 

The user interface provides menus to view post simulation results on fields in the 

selection set. When the user selects the "View Results" button in the analysis menu, the 

menu illustrated in Figure C.6 is called. The menu provides the means for the user to 

view simulation results one field at a time. The results presented in this menu represent a 

weighted average between the wheel and nonwheel simulations. The user can choose to 

view the individual results of the wheel and nonwheel rows using the "W" and "NW" 
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buttons respectively. The next field and last field buttons provide a means to display 

different fields in the selection set. This menu is best used to review the results from 

simulations on single fields or small groups of fields. If a more comprehensive analysis 

of results is required, the ARCPLOT command line functions and the ARC/INFO tables 

module provides a wide range of data analysis options then the menu system. 

field results 

NWField Id: 606 

Crop: onions
 
Furrow Spacing (m, inches): 0.51
 
Irrigation Spacing: Every Furrow'
 
Irrigation Method: 'S-td Pulse'
 
Cycle Time (min): 720.0 
Initial Inflow Rate (Ips): 0.5714 

App. Efficiency (percent): 25.100 
Dist. Uniformity tow Quarter 0.860 

Avg. Applied Depth (mm) 221,170 
Avg. Infilt. Depth (mm) 182.280 
Avg. Runoff Depth (mm) 39.950 
Avg. Depth of Deep Pere. (mm) 126.775 
Avg. Infilt. Depth < Zreq (mm) 
Advance Time (min, hrs): W: 254565315° 4.10583 

NW: 468.90 7.815 

C14,14 It 
last tent Back Help 
Field Field 

Figure C.6 Menu used to view simulation results. 

C.2.5 Saving Results 

The final function on the analysis menu is the "Save Project" button. This button 

allows the user to save both analysis results and changes to the field parameters for future 

use. Selecting this button calls a display requesting the name of the project. Once the 

name is entered. working files that contain simulation results (fldsummary, wheel, and 
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nonwheel) are copied to files with the entered file name and an extension identifying the 

file. When the user opens the project at the start of a new session, the saved files are 

copied back to the working files. 

C.3 Display Menu 

The display menu primarily is used to change the look of the graphics display. As 

illustrated in Figure C.1, the display menu provides five functions. The first buttton 

called "Display Control" calls the menu displayed in Figure C.7. This menu allows the 

user to turn on and off the available coverage maps. In addition, the user can use the text 

features to display text on the graphics display (e.g. irrigaton canal names, field numbers, 

etc.). As the name implies, the "Zoom In" button allows the user to zoom into an area 

specified by the user using the screen cursor. The "Zoom Full" button returns the 

graphics display to the full map extent. The "CL" button stands for command line and is 

a very valuable function on the system. The user can use this button at any time during 

the analysis to exit to the ARCPLOT command line. The user can then enter commands 

not available through the graphic user interface. When finished the user can return to the 

menu system. 
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display menu 

SELF ET 

TO DRAW COVERAGES FOR TEXT 

CANALS 

SELECT 

CITIES 

I1	 FIELDS
 

IRRIGATION DISTRICT
 

POINTS OF INTEREST
 

PRIMARY ROADS
 

RIVERS 

SECONDARY ROADS 

SOIL SURVEY
 

*i SATELLITE IMAGE
 

Draw Reset Back 

Figure C.7 Menu used to control the coverages shown on the graphics display. 




