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Often furrow irrigation application efficiencies are low compared to sprinkler systems.

The primary goal of furrow irrigation is to infiltrate a relatively uniform target depth of

water necessary for the crop, while minimizing the amount of runoff. The concept is

difficult because water can infiltrate differently at all locations in a field and from one

irrigation to the next.

Computer modeling programs are commonly used to simulate furrow irrigation events.

Simulations permit fine-tuning of management strategies before making labor intensive

adjustments in the field. These computer programs require field data inputs so that the

characteristics of the simulation closely match the field condition. The most important

inputs are the infiltration characteristic parameters, but unfortunately the parameters are

commonly quantified incorrectly.

Methods used to estimate infiltration parameters are available. The dilemma is knowing

which method to use, what data to use, and which will produce the most accurate results.

The Bioengineering Department at Oregon State University collaborated with the EWRI,

ASCE Task Committee on Soil and Crop Hydraulic Properties to explore the capabilities

of five different infiltration parameter estimation methods.
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The methods chosen for analysis were: Strelkoff and Clemmens one-point method,

Elliott and Walker's two-point method, Ley' s method, Clemmens' linear station advance

method, and Scaloppi's method. All methods are based on a conservation of mass

principle and are used to estimate the parameters of the Kostiakov infiltration equation.

During the growing seasons of 1993 and 1994 irrigation evaluations took place in

Northeastern Malheur County, near Ontario, Oregon. Field measurements used in this

study include advance, inflow, runoff, furrow geometry, and field slopes. Furrows were

selected from the data base, in two different fields on the Oregon State University

Maiheur Agricultural Experiment Station. These furrow evaluations were used to look at

the capabilities of the methods. Additional field work in June of 2004 was used to look at

the variability of advance times (and therefore infiltration) between similar furrows.

Methods were programmed individually in Microsoft Excel. The following processes

were explored:

Nominal values were used for each furrow on each day with each of the methods

to compare estimated parameter values and a t30 or t75 value (time to infiltrate 30

mm and 75 mm), depending on the target depth for the field.

An analysis was made showing how sensitive each method is to four chosen input

parameters; inflow rate, Manning's n, furrow geometry, and surface shape factor.

Simulations were run for each furrow and method in order to determine the

accuracy and capabilities of the methods. The simulation results were compared

to observations made in the field, particularly the outflow volumes.

Recommendations made for the two fields analyzed on the Malheur Agricultural

Experiment Station include:

Infiltration parameters should not be assumed equivalent between similar

furrows (such a wheel, non-wheel, mulched, non-mulched).

Parameter estimation methods which require more data (advance phase, wetting

phase, andlor post irrigation phase) should be used when possible. If data is not



available, the one-point methods seems to perform just as well as the two-point

method and requires less data.

When collecting data for parameter estimation, most care should be taken with

the inflow measurement. The methods are highly sensitive to fluctuation in this

value. Several measurements should be taken throughout the irrigation event.

Parameter estimation methods and SRFR do not account for variability across a

field. They look only at one furrow and assume no interaction between the

furrows. In these fields, there seems to be much interaction hydraulically and

should be considered when determining management strategies based on

parameter estimation.
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Evaluation of Models for Estimating Surface Irrigation Infiltration Parameters:
Data Protocols and Algorithm Performance

INTRODUCTION

The three most important goals in furrow irrigation management include applying a

relatively uniform target depth of water, minimizing runoff and minimizing deep

percolation. Understanding how water infiltrates into the soil is the key component for

properly managing irrigation events in furrows and therefore accomplishing these

primary goals. Even though infiltration is the most important field factor it is also the

one most poorly quantified, (Strelkoff et al. 2000). Infiltration is difficult to quantify

because it varies between irrigations, between furrows in a field, and even down the

length of a furrow, (Clemmens et al. 2001). The large spatial and temporal variation in

infiltration makes it difficult to achieve high application efficiencies. In order to improve

furrow irrigation efficiencies, infiltration rates must be predictable functions of soil

properties, furrow discharge, water input, and cultivation history, (Elliott and Walker,

1982).

Measuring versus Modelin2 Infiltration

While infiltration rates at individual points in a field can be estimated with ring or

blocked-furrow infiltrometers, the still water within the device sometimes leads to surface

sealing, not present under the flowing water ofa real irrigation, (Strelkoff and Clemmens,

2001). When water is poured into the ring, fine particles are dislodged from the surface

and suspended in the water. When these particles settle out, they can produce a layer of

fine material that tends to reduce infiltration and "seal" the ring. Also, the soil can

compact when driving the ring into the ground, (Dixon, 1975 and Clemmens, 1981).

Furthermore, spatial variability reduces the significance of such point measurements.

Current methodology favors measuring data during an irrigation event and deducing

infiltration and roughness from these measurements, (Strelkoff and Clemmens, 2001).
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Engineering concepts and methods have been developed to analyze and predict surface

irrigation system performance using field data. The key challenge to the application of

these tools is the difficulty in characterizing appropriate values for system parameters,

particularly those describing infiltration and hydraulic roughness, (Bautista et al. 2001).

These parameters are not readily available because they are different for each field and

for each irrigation. Values are often estimated or predicted which can result in incorrect

management decisions.

The EWRI, ASCE Task Committee on Soil and Crop Hydraulic Properties, discussed by

Clemmens et al. (2001), identified the fundamental challenges for estimating infiltration

and roughness parameters for surface irrigation:

selecting a suitable mathematical formula

estimating the parameters of the chosen formula and their spatial/temporal

variation

likely error of the estimate

resulting error in predicted performance, design, and management

recommendations

The Bioengineering Department at Oregon State University collaborated with the Task

Committee on Soil and Crop Hydraulic Properties to conduct a study on parameterization

of infiltration characteristics for different furrow irrigation models. The present study

focuses on the challenges listed above. The Kostiakov infiltration equation, in one form

or another, has been widely adopted for much of the research on furrow infiltration;

therefore it was the functional basis for this work.
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OBJECTIVES

Computer simulations packages are commonly used for modeling furrow irrigation

processes. Simulations are used so that management and design decisions can be made

by adjusting inputs (field conditions), without actually altering the field. Simulations are

run using field data so that the computer model can closely match field conditions. These

software packages often require infiltration parameter inputs, which again, are difficult to

obtain.

Numerous algorithms have been developed for estimating the infiltration parameters

based on furrow irrigation evaluation data. The available methods vary in their data

requirements, assumptions, and outputs. With such a large number of methods it may be

difficult to choose the most appropriate method for individual uses.

In this study, data from a variety of irrigation events at an Oregon State University

Malheur Agricultural Experiment Station will be used to analyze several of the methods

available. Methods will be chosen based on popular use and data requirements.

Suggestions will be developed for assembling and formatting data sets used by the

various methods. The methods will be compared to one another based on their estimated

infiltration parameters, their sensitivity to different input parameters, and their accuracy.
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THEORY

Estimation of infiltrated volume (or depth) in furrows is important for proper design and

management of surface irrigation systems. Irrigating uniformly to the target depth will

provide enough water for a crop to thrive, while minimal amounts of water are lost to

deep percolation. However, determining the amount of infiltrated water at any given

point in a furrow is quite challenging. Even though much time has gone into

investigating this topic, exact solutions are not available. Instead many different

approaches at a solution have been developed; the challenge is determining which is

appropriate for individual conditions and which will provide the most accurate
estimations.

Modeling flows in surface irrigation systems involves coupling an unsteady open-channel

flow model with an unsteady porous media flow model. Physically based formulations to

model both processes require implicit numerical solutions and are computationally

complex. For example, the furrow infiltration process can be expressed by the Richard's

equation which describes water flow in unsaturated soils. Those equations are difficult to

use because they are highly nonlinear with respect to time, cannot be solved in closed

form, and the parameters are difficult to obtain, (Bautista et al., 2001).

Therefore, the preferred approach for modeling infiltration in surface irrigation systems is

through empirical equations. These equations solve for infiltration as a function of time

and parameters can be estimated using field data. The most commonly used empirical

formula is the Kostiakov power law:

Z=Kr' (1)

Where, Z is the infiltrated volume per unit length (also referred to as Az), r is the intake

opportunity time (also referred to as t-tA), and K and a are positive fitted constants. The

intake opportunity time is the amount of time that water is ponded on the soil surface.

For surface irrigation this time is the difference between the total irrigation time (t) and

the advance time to the end of the field (tA). K has units of volume per unit length per



timea, and therefore its units depend on the units of Z and r. The exponent a is

dimensionless. Infiltration rates under ponded conditions decrease with r. Such behavior

can only be simulated if the value of a is restricted between zero and one. With this

restriction the derivative of equation 1 states that the infiltration rate approximates zero

for long times. While adequate under many conditions, the Kostiakov power law cannot

accurately reproduce the infiltration behavior observed in many soils. In most soils, the

long-term infiltration rate under ponded conditions approximates a non-zero value. In

addition, in many soils infiltration, immediately after water ponding, does not behave a

porous media flow; instead a significant volume of water may infiltrate through cracks or

may fill depressions. Additional terms can be added to the equation to enable simulation

of a constant final infiltration rate, and/or a very large initial infiltration, (for example to

fill cracks), (Bautista et al., 200!). Such terms are shown below:

Z=Kra+br+c (2)

This is the modified or extended Kostiakov equation where b is the steady state rate and c

is the initial storage. The dimensions of b are volume per unit length per time while those

of e are volume per length.

While more generally applicable than equation 1, the extended Kostiakov equation

cannot adequately represent soils where infiltration rates change abruptly, as a result of

surface sealing (due to deposition of fine sediments on the soil surface) or of the

infiltrating front reaching a compacted soil layer. The branch infiltration function

(equation 3) was developed to deal with these situations, (Clemmens et al., 2001). In

equation 3, Tb is the time at which the infiltration rate changes abruptly:

Z=Kz +b(Tvb)

T 1b

(3)

All infiltration parameter estimation methods used in this study are designed to determine

the parameters for the Kostiakov equation. However, for two of the methods the

parameter a was set equal to 0.5, following Philip's infiltration equation (1957).



Difficulties of measuring infiltration in the field have led irrigation specialists to develop

general infiltration relationships for broad soil categories. Two such relationships are

Merriam and Clemmens time-rated families (Merriam and Clemmens, 1985), and the

SCS intake families (NRCS, 1983). Both methods categorize soils based on their

infiltration characteristics. The soil categories, in turn, embody supplemental information

that can be useful in deriving parameters for the Kostiakov equation.

The SCS intake families were originally developed for rainfall-runoff predictions, and

later developed for irrigation purposes, (NRCS, 1983). This method often underestimates

the infiltration because the infiltration into tilled soils is much higher during the initial

stages of wetting, especially in cracking soils, (Clemmens et al., 2001). The SCS

families were developed using equation 1 with an additional storage term:

z=kra+c (4)

Where z is the infiltrated volume per unit area and k is the intake volume per unit area per
timea. If an SCS family is identified for a particular soil, the corresponding k, a, and c

values for the Kostiakov infiltration equation can be found in tables, (Clemmens et al.,

2001).

The Merriam and Clemmens families (1985) were designed as an alternative to the SCS

families. Their focus was to classify soils based on how long water must stand on the

field in order to infiltrate a specified depth of water. An infiltrated depth of 100 mm of

water was used for the classification and Kostiakov's a is directly related to this
infiltration time by the equation:

a = 0.675 + 0.2 125 log10 (r100) (5)

Where TiOO is given in hours. The time-rated families are also characterized by a unique

relationship between the parameters K and a in the Kostiakov equation, (Strelkoff and

Clemmens, 2001):

2 a
0.675-a (6)

k=10 (0.2125)
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These Merriam and Clemmens families were reported to be applicable to more soils than

the SCS families, (Valiantzas, 2001).

Determining Infiltration Properties

Over the years several devices have been developed to physically measure infiltration in

a field. One of the most common devices is a double-ring infiltrometer. Two rings are

pounded into the ground, one inside the other. Water is poured into the rings. The water

in the inner ring is measured and the amount infiltrated is recorded. The water in the

outer ring is used to reduce error due to lateral flow in the soil. Even if this device gives

accurate infiltration data, it is only measuring infiltration at one location in a field. The

soil in a field is heterogeneous, so infiltration characteristics vary within locations. Using

ring infiltrometer data to predict infiltration at all locations in the field results in errors,

(Clemmens, 1981).

Ring infiltrometers represent the infiltration of standing water, which is not the case in

furrow irrigation. Other devices have been developed which measure water as it is
flowing down a furrow. For example, a recirculating inifitrometer uses a section of a

furrow, runs water down the section, and a person keeps track of how much reduction

there is in the reservoir tank due to infiltration. This method accounts for the movement

of water and some spatial variability. However, only one section of one furrow is

measured and the infiltration characteristics are different between furrows and down a

single furrow, so there is still error. Also when measuring infiltration this way the

boundary conditions on the furrow are not representative of an actual irrigation. When

using a recirculating infiltrometer only one furrow is being irrigated at a time and

therefore water between furrows is not interacting like it can during a typical furrow

irrigation. The problems of point measurements can be summarized as:

. A small sample size is used to represent the entire field, does not consider spatial

variability

Test conditions are often non-representative (velocity, depth of flow, and edge

effects)



. Measurements need to be made over the course of an irrigation season, temporal

variability is not considered

Based on the inaccuracy of point measurements, it is now common practice to make

measurements during an actual irrigation event and work out infiltration characteristics

from the data using parameter estimation methods.

Theoretically, there are two ways of estimating infiltration of surface irrigation with

parameter estimation methods. The first is based on a mass balance approach, where at

all times the amount of water flowing into the furrow balances with the surface and

subsurface volumes, and the volume of water flowing out of the furrow. The other

approach of solving for infiltration parameters is matching measured and simulated

values. Inputs to a simulation software are adjusted until they closely match the event

observed in the field, at which point infiltration characteristics can be determined. The

methods used in this study are all based on a mass balance approach and simulations are

not required for solution. Also, each is based on a form of the Kostiakov equation.

Mass Balance

During an irrigation event, the mass balance in a furrow is described with the following

equation,

VQ (t) = V (t) + V (t) + VRO (t) (7)

where, VQ is the volume of water delivered to the furrow, Vy is the volume of surface

storage, V is the volume of water infiltrated, VRO is the volume of water that has left the

furrow as runoff, and t is time. Conservation ofmass must be satisfied at all times. In

practice, VQ andVRO are measurable, Vy can be measured or estimated, and therefore Vz

can be determined as the closure terni. The inflow and outflow rates can be measured in

the field; integration of the flow rates over time gives the cumulative inflow and outflow

volumes. Therefore it is important to express each of these terms in the form of a rate, so

that the field data can be directly applied to the mass balance equation.



(8)
VQ = fQ0(t)dt

where, Qo(t) is the inflow rate over time.

(9)
VRO = JQR0 (t)dt

where, QRO(t) is the outflow rate from the furrow over time. The surface storage V,, is

given by:

xA(t)

Vy = fAydx

(10)

where, Ay is the cross-sectional area of the surface stream and XA is the advance

distance. However, in the field the cross-sectional area is not always measured directly.

The cross-sectional area can be determined by measuring surface depths at several

locations in the furrow, by measuring surface depths at the upstream end, or estimated by

assuming normal depth at the upstream end. Each method requires different levels of

data collection. A common approach in is to estimate the upstream cross-sectional area

(assuming normal depth) using Manning's Equation and the furrow geometry. The

average cross-sectional area is found using the equation below:

= r, (11)

where, 4, is the average cross-sectional area of the surface water, ry is the surface shape

factor, and A0 is the estimated upstream cross-sectional area. The advantage of this

method is less data to collect in the field, on the other hand there is a loss of accuracy

because the value is not measured directly. The method selected will depend on the level

of accuracy desired and the amount of time and money dedicated to field work.

Infiltration is a function of both distance and time; hence the infiltration volume along the

wetted length of the furrow can be expressed as:

XA (t)

V (t) = JA (t tA [x])dx

(12)

Where, Az is the infiltrated volume per unit length, XA is the advance distance, and tA iS

the time to advance (Strelkoff et al., 2006).
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Many parameter estimation methods are based on knowing Vz(t), measuring inflow and

outflow, measuring or estimating cross sectional area, and a manipulation of the integral

in equation 12, (Strelkoff et al., 2006). A common manipulation for extracting the

infiltration parameters from equation 12 is the Lewis and Mime Integral. Lewis and

Mime (1938) substituted the distance integral in equation 12 with a time integral

equation. Combining equations 7-12 yields:

dx
t = AyX + JAz (t t) dt + VRO (t)

(13)

Where, Q0 is the time averaged inflow rate, tx is the time to advance to a distance X, the

upper limit of the integral is tu = t (during advance) and tu tL (after advance). Equation

13 can be solved for cases where dx/dt can be expressed as a function of advance time.

Except for one method, a!! parameter estimation procedures examined in this study are

based on the assumption of a power infiltration function (equation 1 and equation 2) and

a known power relationship for advance as a function of time.

A =Kr =K(tty (14)

and the power advance relationship and its derivative are

x4
fib (15)

(16)
dt

respectively, where f and h are fitting parameters, XA is the advance distance, and t is the

time to advance. Substitution into the mass balance equation results in,

VZ -XAAZOrZ =XA .Kra .h$(1_a)Iah_1da (17)

where, a = t ft and

r
1+a+h(1a) (18)

Z
1+a+h(1+a)

For derivation of r, see Christiansen et al., 1966. Christiansen' s approximation for the

shape factor (rz) has a maximum error of 1% when compared to the theoretical equation



11

which uses Gamma Functions. Four of the methods used in this study assume that

infiltration and advance follow a power law, (Strelkoffet al., 2006).

The form and number of mass balance equations used to solve for the infiltration

parameters depends on the data that was captured in the field. The methods chosen for

analysis each require a different amount of data and therefore solve for the Kostiakov

parameters differently. The five methods represent solutions using different levels of

available data, ranging from a very minimal data set to one that is quite extensive.

Parameter Estimation Categories

When using the Kostiakov equation for estimating infiltration, values for the parameters

(or constants) must be determined appropriately. Again much research has gone into this

topic and as a result several algorithms or methods have been developed which use field

data to solve for the necessary parameters. The different algorithms include (Strelkoff

and Clemmens, 2001):

1. methods which measure only advance

2. methods which measure advance, runoff, and/or recession

3. methods which measure advance and a few surface-water depths

4. methods which measure advance and a complete set of surface-water depths

5. methods which measure advance, runoff, recession, and a complete set of surface-

water depths

Based on the amount of data available, only two of the algorithms were used in this

research (methods which measure only advance and methods which measure advance,

runoff, and/or recession). Under each of these categories, several different methods have

been developed based on the data limitation of each category. The tables below give a

brief description of the different methods under the chosen categories:
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Table 1. Methods which measure only advance.

Characterization Source Description

One-point Method Shepard and uses Philip's infiltration function, square-
Wallender (1993) root advance

One-point Method Valiantzas et al.
SCS families, power-law advance(2001)

One-point Method Strelkoff and Merriam/Clemmens Time-Rated families,
Clemmens (2001) power law advance

Two-point Method Smerdon et al. Kostiakov , power-law or SCS empirical
(1988) advance formula

Two-point Method Elliot and Walker Kostiakov zk?+br
(1982) Power-law advance XA=fta

Christiansen et al.
Kostiakov, power law advance(1966)________________________

Direct inversion of Z-I With given advance increments, unknown

equations for a field Clemmens (1991) AT is replaced in Z-I solution by a field
parameter. Plot of developing z (r) leads toparameter

overa 11 k, a
Minimize differences Intended for real-time furrow infiltration.

between measured and Azevedo (1992) Works best post irrigation. Powell's method.
simulated advance For furrows.

Table 2. Methods which measure advance, runoff, and/or recession.

Characterization Source Description

Post-irrigation volume Multiple borders allow construction of z(r)

balance Bouwer (1957) without fixing a functional form. Results
have a tendency to oscillate.

Post-irrigation volume Kostiakov or branch function; n found by

balance Clemmens (1981) best fit of simulation to measured advance
curve

Scaloppi et al Power-law advance. WP effect on Z

(1995) considered, post-advance time considered
(furrow-stream shape heuristically modified)

Least-squares minimum Monserrat (1994),
Uses a database of yg*(x*). For all or part

error optimization
_______________________

Monserrat and
Barragan_(1998) of border or basin irrigation

Matching predicted and
Ley (1978) Modification of Christiansen et al. (1966) to

observed advance and runoff match run-off as well. Fibonacci Search.
Minimize differences
between measured and Bautista and Intended for real-time furrow infiltration.

simulated advance Wallender (1993) Works best post irrigation

Bayesian estimation
Clemmens andminimizing differences
Keats (1992), Bayesian statistics identify simulation-model

between measured and
Clemmens (1992) bias

simulated_advance
Minimize differences

Camacho et a! Downhill simplex optimization, furrow
between measured and

(1997) infiltration proportional to wetted perimeter,
simulated advance spatial variation in k estimated
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From the lists of methods, five were chosen for analysis:

1. Strelkoff and Clemmens one-point method

2. Elliott and Walkers two-point method

3. Ley's method matching predicted and observed advance and runoff

4. Clemmens' linear station advance method

5. Scaloppi's method

Strelkoff and Clemmens One-Point Method (2001)

The Strelkoff and Clemmens one-point method is used to solve for the parameters of the

Kostiakov power law (equation 1). Two equations must be used in order to solve for the

two unknowns. However, this method only measures advance to one point in the field

(the end) and therefore only one mass balance is available. In order to solve for the

necessary parameters another equation must be used. The Merriam and Clemmens

(1985) time-rated families are characterized by a unique relation between the parameters

K and a in the Kostiakov equation,

2_a10675 (19)
k=1O O.2125)

(Strelkoff and Clemmens, 2001)

This relationship provides the additional equation needed to solve for the two parameters

of the Kostiakov equation with only one measured advance point. Field data

requirements for this method include:

Advance time to the end of the furrow

Furrow length

Inflow hydrograph (several measurements)

Bottom slope of furrow

Estimate of Manning's n

Furrow geometry

Furrow spacing (or irrigation spacing if every other furrow is irrigated)

Cutoff time
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The one-point method assumes a power advance function, however at least two advance

measurements are required to define this function. Strelkoff and Clemmens' overcome

this limitation by making the power advance exponent a function of the Kostiakov

parameter a. Therefore the exponent can be determined after the parameter a has been

determined.

Elliott and Walker's Two-Point Method (1982)

The Kostiakov-Lewis function with an additional term for the asymptotic long-time

infiltration rate was selected for this method.

Z=Kva+br (20)

Where Z is the cumulative volume per unit length, r is the infiltration opportunity time,

and K, a, and b are empirical constants. In this case there are three unknowns, requiring

three equations. The method suggests determining b independently of the time dependent

terms, with the following equation.

b
L

(21)

Where Q1 is the average inflow rate, Q0 is the steady state outflow rate, and L is the

length of the furrow. This equation is obviously applicable to only open ended furrows

because of the outflow term. Elliott and Walker claim that using this inflow-outflow

comparison will yield the best estimate of b, however published values based on soil

types can be used with some loss of accuracy. Knowing b from previously measured

data, K and a can be determined using two mass balance equations derived from two

points of advance measured in the field; one to a midpoint and one to the end of the

furrow. Field data requirements for this method include:

Advance time to a midpoint and the end of the furrow

Furrow length (or irrigation spacing if every other furrow is irrigated)

Inflow hydrograph (several measurements)

Steady state outflow rate

Bottom slope of furrow

Estimate of Manning's n
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Furrow Geometry

Furrow spacing

Cutoff time

Ley's Method (1978)

Ley's method is similar to the one-point and two-point methods in that it uses a mass

balance equation as the basis for solution. However, this method uses several more

advance points and post-irrigation data as well. Ley suggests using only the second half

of the advance trajectory because it tends to fit the assumption of a power function more

closely. This method is used to solve for the parameters of the modified Kostiakov

equation (equation 20). Even though this method requires only three equations to solve

for the three unknowns, several more may be and typically are used. Using more than

three mass balance equations over-conditions the problem, but due to the random nature

of the advance trajectory, this is acceptable. With several mass balance equations there

are possibly several different solutions, which requires optimization, a search procedure

to determine the best match between calculated and observed values. Originally Ley

used a Fibonacci search for determining the parameters; now with modern computing

capabilities a more simple approach for the user can be taken by using a Solver function

built into Excel. The approach may be computationally more complex than a Fibonacci

search, but can be automatically solved with a computer in a one-step process.

In addition to all of the advance points, Ley also looks at the post irrigation period to

develop an additional mass balance equation. This is the time after all of the water in the

field has infiltrated. The required field data for this method includes:

Advance trajectory

Inflow hydrograph (several measurements)

Outflow hydrograph

Bottom slope of furrow

Estimate of Manning's n

Furrow geometry
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. Furrow spacing (or irrigation spacing if every other furrow is irrigated)

. Cutoff time

. Recession time to each advance point

Clemmens' Linear Station Advance (1982)

Four of the five methods in the analysis assume a power advance function. Clemmens

developed a technique which does not make these assumptions to the advance function.

Instead of assuming that advance always follows a power law, Clemmens uses the idea

that the velocity of advance is constant in between two advance measurement stations.

Therefore the term dx!dt in the Lewis-Milne integral is a constant for each advance

increment.

This method was originally developed to solve for two parameters of the Kostiakov

equation, however it does have the capabilities to solve for additional terms. In this study

it was used to solve for a three parameter Kostiakov equation. A mass balance is

calculated at each measured advance point and at several points during the wetting phase;

time from end of advance to the end of the irrigation. The method was implemented so

that the parameters are determined by minimizing the error between measured and

calculated infiltration. Field data requirements for this method include:

Advance trajectory

Inflow hydrograph (several measurements)

Outflow hydrograph

Bottom slope of furrow

Furrow spacing (or irrigation spacing if every other furrow is irrigated)

Furrow geometry

Estimate of Manning's n

Scaloppi's Method, (Scaloppi et al., 1995)

Estimates are made for a three parameter Kostiakov equation using the same strategies as

Clemmens' method, minimizing the difference between measured and calculated
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infiltration. The difference is that Scaloppi's method assumes that advance and

infiltration follow a power function. Field data requirements for this method include:

Advance trajectory

Inflow hydrograph (several measurements)

Outflow hydrograph

Bottom slope of furrow

Furrow spacing (or irrigation spacing if every other furrow is irrigated)

Furrow geometry

Estimate of Manning's n

SRFR Simulation Software

The computer simulation software, SRFR, was developed by the United States Water

Conservation Lab in Phoenix, Arizona (Strelkoff, 1990) for the purpose of surface

irrigation analysis. SRFR is a one-dimensional mathematical model for simulating

surface irrigation in borders, basins, and furrows. The governing equation for SRFR is

the continuity equation combined with the dynamic equation for gradually varied flow,

(Chow, 1959).

__+--+(1_Fr2)=(S -s )
(22)

Ag8t A2gax 8x
°

Where, A is the cross-sectional flow area, Q is the channel flowrate, t is the elapsed time,

x is the distance, g is the gravitational constant, y is the flow depth, S0 is the channel bed

slope, Sf is the friction slope, and Fr is the Froude number. Two different assumptions

are available in SRFR for simplifying equation 22; the zero-inertia and kinematic wave.

Zero-inertia assumes that the water surface slope is the difference between the bed slope

and the friction slope.

-s
ax

°

(23)

The zero-inertia assumption is appropriate when velocities and the Froude number are

small. The kinematic wave assumption assumes that normal depth down the full length

of the furrow:
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(24)
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Using this assumption allows the use of Manning's uniform flow equation, (Mittelstadt,

1995). The normal depth, kinematic wave assumption was used in SRFR for this study.

Only single furrows are considered in the modeling; neighboring furrows are assumed to

have identical flows, any variation in properties from furrow to furrow within a field

must be modeled separately, (USWCL, 2004). The simulations are not intended for

design purposes, but rather management strategies, (Mittelstadt, 1995).

Infiltration into a furrow is a two-dimensional process, and the governing equations for

unsteady open channel flow are one-dimensional; therefore SRFR requires inputs with

one-dimensional units. The units in SRFR are volume per unit length per unit width; on

the contrary, furrow units are volume per unit length. When using SRFR for furrow

simulation this difference in units must be considered. For the purposes of this work the

two-dimensional effects will be ignored, all parameters will be converted to one-

dimensional units. This can be accomplished by dividing by the wetted perimeter or the

furrow spacing. In this case the irrigation spacing is used to account for an "every other

furrow" irrigation strategy.

Table 3 includes a list of typical inputs necessary for running a simulation in SRFR.



19

Table 3. SRFR inputs used to simulate irrigations

Input Description
Furrow Length (length)
Slope Slope of furrow/field (lengthllength)
Furrow Spacing Distance between furrow centers (length)

Furrow Shape Shape of furrow cross section (trapezoid, power law, border
strip, or flat-planted basin)

Maximum Furrow
Maximum stream depth before overflow (length)Depth__________________________________________________

Limiting Depth of
(length)Infiltration_______________________________________________________

Target Infiltration Depth of irrigation required to satisfy crop requirements
Depth (length)

Infiltration Time-rated intake families, modified Kostiakov formula,

Specifications Branch function, known characteristic infiltration time, or
NRCS (SCS) intake families___________________

Manning's
Coefficient Roughness coefficient (dimensionless)

Inflow Hydrograph Describes inflow rate versus time of irrigation
Average Inflow Rate volume/time
Cutoff Time Duration of irrigation (time)
Water Costs cost/volume
Units Metric or English
Downstream

Open or closed end furrowBoundary Condition
Upstream Boundary

Whether or not backflow is allowed into the head ditchCondition__________________________________________________
Solution Model Zero-inertia model if slope is less than 1.5%
Specifications Kinematic wave model if slope is >/ 1.5%

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

simulation using tables and/or graphs. For the purposes of this study simulations from

SRFR will be compared to observations and measurements from the field in order to

gauge the functionality of the methods. The table below is a list of outputs commonly

provided by SRFR.



Table 4. SRFR outputs used to interpret irrigation management practices

Outputs Description

Performance Synopsis Distribution uniformity, application efficiency
based on stated requirement

Hydraulic Summary Advance, recession, inflow, runoff, infiltration
Infiltration Distribution Location of infiltrated water
Hydrographs Flow and depth

Profiles Fertigation, erosion/deposition, water surface
elevations, water depths

Cost Water cost per unit field area

SRFR simulation results can be analyzed through a series of plots developed by the

software or by importing a data file from SRFR to an independent program, such as

Microsoft Excel. In SRFR a performance synopsis is created for each simulation. The

synopsis includes important aspects of the irrigation event; such as: the application

efficiency, the distribution uniformity, the percentage of outflow volume, and the average

infiltrated depth. All of these values are of interest and will be used in analyzing the

individual method performance.
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DATA ORGANIZATION AND SELECTION

Data were collected near Ontario, Oregon in Malheur County, during the growing

seasons of 1993 and 1994. Northeastern Maiheur County contains approximately 350

square miles of irrigated farmland, (Mittelstadt, 1995). The furrows evaluated ranged

from 76 meters to 390 meters in length, with an average slope of 0.01 meters per meter.

The most prominent soils in this area are: Garbutt, Greenleaf, Nyssa, Owyhee, Powder,

and Virtue silt loams; Feitham loamy fine sands; and Kimberly, Sagehill, and Turbyfihl

fine sandy barns, (Mittelstadt, 1995). Table 5 below gives a summary of the physical

properties for each of the soils.

Table 5. Physical Soil Properties (USDA, NRCS Soil Survey)

Soil Name
Depth

.

(in) Clay (%)
Saturated Hydraulic

. .

Conductivity (jmIs)

Available Water Holding
Capacity

(im'in)
Garbutt 0-10 12-18 4.00-14.00 0.19-0.21

10-62 5-18 4.00-14.00 0.15-0.21
Greenleaf 0-8 16-22 4.00-14.00 0.17-0.20

8-31 22-30 1.40-4.00 0.19-0.20
31-60 6-20 1.40-4.00 0.18-0.21

Nyssa 0-13 14-18 4.00-14.00 0.17-0.21
13-25 14-18 4.00-14.00 0.19-0.21
25-31 - 0.01-0.42 -

31-60 10-18 4.00-14.00 0
Owyhee 0-16 10-18 4.00-14.00 0.19-0.21

16-38 10-18 1.40-4.00 0.14-0.18
38-60 10-18 1.40-4.00 0.14-0.18

Powder 0-60 10-18 4.00-14.00 0.18-0.25
Virtue 0-14 10-20 4.00-14.00 0.19-0.21

14-26 25-35 1.40-4.00 0.19-0.21
26-40 - 0.01-0.42 -

40-60 5-15 14.00-42.00 0
Feltham 0-28 2-8 42.00-141.00 0.06-0.13

28-42 5-10 14.00-42.00 0.09-0.13
42-60 2-8 42.00-141.00 0.06-0.13

Kimberly 0-8 5-10 14.00-42.00 0.11-0.15
8-48 5-15 14.00-42.00 0.11-0.15

48-60 5-10 142.00-141.00 0.06-0.13
Sagehill 0-16 2-8 14.00-42.00 0.18-0.20

16-32 2-8 4.00-42.00 0.18-0.20
32-60 2-8 4.00-14.00 0.18-0.20

Turbyfill 0-6 5-18 14.00-42.00 0.10-0.15
6-60 5-18 14.00-42.00 0.10-0.13
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Irrigation Evaluations

Evaluations took place over the period of two growing seasons on several different farms.

Some of the work was done at the Oregon State University Malheur Agricultural

Experiment Station, while the rest took place on privately owned farms. Below is a list

of data collected:

advance times to regularly spaced points along the lengths of the furrows

(measured by placing flags in the field at known increments and clocking the

time for water to reach each location). The number of advance stations and

the distance between stations was different for different fields.

inflow rates (measured using a bucket and stop watch)

measured flow rates through flumes at mid-length and ends of furrows

(outflow rates)

infiltration rates measured with a re-circulating furrow infiltrometer, Figure 1

below shows the device set up during data collection

Figure 1. Recirculating Infiltrometer
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neutron probe determination of soil moisture profiles, taken immediately

before and 48 hours after irrigations, along the full length of six furrows in

two fields

furrow cross sectional shapes at various points along the furrows (measured

with a profilometer, shown in Figure 2 below)

11414111

Figure 2. Profilometer

surveyed furrow slopes at several points along each furrow

erosion and sediment transport in and from the furrows (measured with an

Imhoff cone)

some surface water depths (measured with a ruler)

Many data sets resulted from the field work in Malheur County; however, not all data sets

were used for parameter estimation. Data sets which had the most important pieces of

information available (for parameter estimation purposes) were selected for analysis. The

table below shows available data for each particular date and field. On some of these

event dates the data marked as "available" may not be available for more than one furrow

during that event.
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Table 6. Data collected for each farm during different irrigation events.

Advance
Times

Cross-
sectional
Shapes

Sediment
Transport

Inflow
Rates

Soil
Moisture
Measure

Outflow
Rates

Surveyed
Slopes

Water
Depths

MES_B3

1-Jun-94 x x x x x x x

9-Jun-94 x x x x x x

15-Jun-94 x x x x x x x

22-Jun-94 x x x X

28-Jun-94 x x x x x x

5-Jul-94 x x x x x

MES_B7

11-May-93 x x x x x x x

15-Jun-93 x x x x X X

1-Jul-93 x x x x x x

14-Jul-93 x x x x x x

28-Jul-93 x x x x x x

5-Apr-94 x x x x x x

26-Apr-94 x x x x x x

11-Apr-94 x x x x x

10-May-94 x x x

Bel-Air

12-Apr-94 x x x x x x x x

14-Jul-93 x x X

22-Jul-93 x x x x x

3-Sep-93 x x x x x x

7-Aug-93 x x x x x

In the United States, a widely accepted manual of practice for irrigation evaluations is

Merriam and Keller's (1978) handbook. Still, irrigation professionals do not necessarily

use a uniform approach when collecting data (as illustrated by Table 6). Differences are

due to the purpose of the evaluation, personal preference, and available resources. These

differences present some challenges for the intention of this research. Most importantly,

different parameter estimation methods have different data requirements, meaning not all

methods can be tested with all available data sets, (Herman et al, 2004). Therefore data
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sets must be chosen with the awareness and understanding of the specific methods of

interest in mind.

Event and Furrow Selection

Data sets from the two fields (Field B7 and Field B3) at the OSU Malheur Agricultural

Experiment Station were used for analysis. These two fields seemed to have more data

available over a number of events and furrows then the data from the five privately

owned farms.

During the two years of data collections the farm was experimenting with surge

irrigations and mulching furrows. Surge irrigations in furrows were compared to

conventional furrow irrigations to determine water savings and possible increases in

yield. During a surge irrigation water is applied to the furrow intermittently whereas in

conventional irrigation, water is applied continuously throughout the irrigation event,

(Shock et al., 1994). Data was collected for both irrigation strategies, yet only continuous

irrigations were used for this research. Advance measurements in surge irrigated furrows

were recorded as if it were a continuous irrigation, so they could not be used. However

data collected in the mulched and non-mulched furrows were both used for this study.

Mulched and non-mulched furrows were compared to measure improved irrigation

efficiencies and reduction in sediment loss from the furrows. Furrows were mulched

with 800 pounds per acre of wheat straw, (Shock et al., 1993).

Based on the data requirements for the different parameterization methods being

evaluated, appropriate data sets were chosen from the library available for these two

fields. Events which lacked important pieces of data, such as inflow or advance, were not

used.

In Field B7, seven events were observed; two in April (1994), one in May (1993), one in

June (1993), and three in July (1993). The same furrows were observed in May, June,

and July, however, the furrows from April were not the same, so April evaluations were
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eliminated. The data from the June irrigation did not include inflow measurements (or

those data had been lost over the years) so it was eliminated. From field B7 the following

events were used:

July 1: Furrow #1 (continuous irrigation, non-wheel row) and Furrow #2

(continuous irrigation, wheel row)

July 14: Furrow #1 (continuous irrigation, non-wheel row) and Furrow #2

(continuous irrigation, wheel row)

July 28: Furrow #1 (continuous irrigation, non-wheel row) and Furrow #2

(continuous irrigation, wheel row)

The change in infiltration characteristics from one irrigation to the next could be analyzed

by looking at three events in sequence. This combination of irrigation events also

provided three opportunities for analysis in similar furrows, one wheel and one non-

wheel from each of the three dates.

In Field B3 six events were observed, five in June (1994) and one in July (1993). Every

other event was an irrigation only on wheel traffic furrows. Two irrigation events on

non-wheel furrows and two irrigation events on wheel were selected for analysis. From

field B3 the following events were used:

June 1: Furrow #9 (continuous irrigation, non-mulched, wheel), Furrow #12

(continuous irrigation, mulched, wheel), Furrow #14 (continuous irrigation,

mulched, wheel), Furrow #15 (continuous irrigation, non-mulched, wheel)

June 9: Furrow #8 (continuous irrigation, non-mulched, non-wheel), Furrow

#10 (continuous irrigation, mulched, non-wheel), and Furrow #16 (continuous

irrigation, non-mulched, non-wheel)

June 15: Furrow #9 (continuous irrigation, non-mulched, wheel), Furrow #12

(continuous irrigation, mulched, wheel), Furrow #14 (continuous irrigation,

mulched, wheel), Furrow #15 (continuous irrigation, non-mulched, wheel)

June 22: Furrow #8 (continuous irrigation, non-mulched, non-wheel), Furrow

#10 (continuous irrigation, mulched, non-wheel), Furrow #16 (continuous

irrigation, non-mulched, non-wheel)
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This combination of irrigation events provided two opportunities for analysis on the same

furrows for both wheel and non-wheel. It also offered a chance to analyze the affects of a

mulched and a non-mulched furrow on the estimation methods. All furrows chosen for

the study had the most important data available for the selected parameter estimation

methods; inflow, outflow, and advance.

Throughout the remainder of this paper furrows will be reference as follows: the first

number of the reference will be the furrow number, then the field identification, and last

the date of the evaluation. For example:

F1B70701

1.

Fl B7 0701/N
Furrow #1 Field B7 July 1

Figure 3. Furrow Identification.

Data Quality

From one furrow to the next and over the course of a season the slopes of the furrows can

vary slightly and the furrow geometry may vary considerably. Due to the fact that these

types of data are time-dependent and difficult to collect, they are often assumed not to

change. This can create error in the data, but this error is so minimal it is not worth

spending the extra time and money for further measurement. However in other fields and

in other situations this may not be the case, a sensitivity analysis was done for these

furrows and the furrow geometry did not affect the outcome of the parameter estimation.

For this study the furrow slopes were measured on each field twice, once for a non-wheel

row and once for a wheel. These values were considered nominal throughout the study.



As for the furrow geometry the same measurements were used for all non-wheel rows in

a single field, and a different set of measurements were used for all wheel rows.

The remaining data were collected for each individual furrow during each irrigation

event. Data quality would only be affected from poor collection procedures. Throughout

the study, data quality was questioned several times. There were instances where data

seemed to be recorded or measured incorrectly. However, when looking further into the

questionable data, other explanations arose. For example:

. A nominal length was given for each of the fields. When looking at advance data

the last advance measurement on each furrow did not necessarily match this

nominal length. Sometimes even for the same furrow the advance length from

one irrigation event to another did not match. It was concluded that the advance

was not necessarily measured to the end of the furrows for all events and furrows.

In some cases irrigations started at 10:00 AM in the morning and the last advance

point was recorded over 12 hours after the irrigation began, making it

approximately 10:00 PM in the evening, about the time of total darkness in that

locale during the summer months. It is assumed that the research team did not

stay in the field after this measurement, and therefore, did not record the time at

which water reached the end of the field.

. In Furrow #10, Field B3, on June 22, the outflow data showed values of zero

outflow after water had already reached the end of the field. While collecting the

original data, Mittelstadt reported that sometimes in these fields, with low inflow

rates during very warm weather, the wetting front would stop advancing and

sometimes recede during the warmest part of the day, (other individuals have

commented on these same phenomenon). Furrow #10 was the only furrow which

showed this characteristic, possibly because it was the only mulched furrow

evaluated. This concept is difficult to capture in parameter estimation and

simulation without linking parameter values to temperature. Difficulties such as

these will show up later in the results.
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Many questions regarding the data quality related to variability. Tn June of 2004

additional field work took place on the OSU Agricultural Experiment Station in Malheur

County. The purpose of the work was to look at several similar furrows and observe the

variability in advance time. Twelve wheel furrows were selected from those being

irrigated; inflow, outflow, and advance were measured in each of the furrows. This data

set supported the idea that good data was available from 1993 and 1994 and that

variability of advance and infiltration characteristics is very common in these furrows.

Data Organization

A standard approach was developed for tabulating irrigation evaluation data to have easy

access and eventually automate the analysis. The format was made general so that all

data collected for the purpose of studying infiltration characteristics could be

accommodated.

This organization strategy was in development throughout the different stages of this

study. The original method was a general spreadsheet created using Microsoft Excel. As

indicated by the data available for this study the spreadsheet needed to accommodate a

wide variety. The spreadsheet included all inputs which are necessary for the different

parameter estimation methods and for SRFR simulations. However this sheet was not

connected directly to the different computational procedures for estimating parameters, it

was simply a place to insert data in an organized manner. The file consists of one Excel

tab which includes general information about a particular field, such as:

Evaluation identification, (Example: B7, MES meaning field B7 at the

Maiheur County Agricultural Experiment Station)

Evaluation description or farm location (Example: Ontario, Oregon)

System type (Example: furrow)

Date

Soil description

Number of tests

Units system
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This tab in the Excel spreadsheet provides field-specific information for a file of several

irrigation events and furrows in the given field. The next several tabs include the details

of each furrow evaluated. If evaluations took place in four furrows, there would be four

tabs following the identification tab. Each of these tabs includes the following:

Test identification (Example: continuous irrigation, wheel row)

Length of the field

Furrow spacing

Irrigation spacing (two times the furrow spacing if every other furrow is

irrigated)

End type (Example: open)

Cutoff time (elapsed time)

Manning'sn

Cross sectional shape and description

Table of slopes along furrow

Advance points

Inflow hydrograph

Outflow hydrograph

Surface water depths

Calculations for cross sectional area and wetted perimeter based on a

measured normal depth or estimated Manning's n coefficient

These spreadsheets provided an organized and efficient way of working with the data.

The 1993 and 1994 field data were inserted in the spreadsheets and used in that form

throughout the study.

Later in the study a new strategy was developed, still an Excel spreadsheet, but one that

was programmed for solving mass balance equations at selected times. The appearance

of this sheet was similar to the original; however the capabilities were much greater. The

sheet was programmed so that blocks of data could be identified by colunm headers. For

example, if inflow data was inserted into the spreadsheet in a certain way, it could be
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identified as the inflow component of the mass balance. After data was entered, and

times were selected for mass balance solutions, the necessary data was identified and

solutions were determined. From these solutions, parameters for different methods and

infiltration equations could be determined. It was set up so that any number of mass

balance equations could be solved, making it functional for a one-point method or a

method requiring several mass balance solutions. For this study, the sheet was used

primarily for calculating the necessary mass balance equations for Clemmens' method

and Scaloppi's method. The eventual goal of the spreadsheet is for it to automatically

calculate infiltration parameters for a preferred method.



32

PARAMETER ESTIMATION METHODS

Methods for analysis were chosen based on widespread use in irrigation research and data

constraints. Data constraints not oniy apply to available data for this study, but in future

use as well. Data are timely and expensive to collect; therefore the methods requiring

small amounts of data are often favored. The following methods were chosen for

analysis:

Strelkoff and Clemmens' one-point method,

Elliott and Walker's two-point method

Ley's matching predicted and observed advance and runoff method

Clemmens' linear station advance method

Scaloppi's method

As mentioned, each of the methods is based on the same mass balance principle and are

all used to estimate parameters of the Kostiakov equation. It was feasible to compare

methods based on their capabilities because of these similarities. Some of the methods

are used to estimate two parameters, three parameters, or two and three parameters for the

Kostiakov equation. With these different combinations, seven different methods were

tested all together. The two-point and Ley's methods were used both for two and three

parameter estimations.

The five methods chosen cover different levels of required data, the one-point method

requiring the least amount and Ley' s, Clemmens', and Scaloppi ' s methods requiring the

most. This provided an opportunity to look at the differences in accuracy based on the

amount of data used.

Pro grammin

Due to the different procedures, assumptions, and requirements a separate analysis

program was developed for each of the methods. Programming was done in Microsoft

Excel. Calculations took place either in a spreadsheet or in the background of Excel
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using Visual Basic Editor. Spreadsheets are set up so that once a series of clearly

identified inputs are entered the necessary parameters are calculated. The table below is

a summary of the inputs and outputs for each of the programs.

Table 7. Program summary for methods

Method

Strelkoff and Clemmens' one-
point method

Elliot and Walker's
two-point method

Ley's matching
predicted and observed advance

and runoff

Clemmens' linear station
advance

Scaloppi

1. advance time and distance to
end of field

2. upstream flow area
3. surface shape factor
4. average inflow rate
5. furrow geometry
6. power advance exponent
1. advance time and distance to

two locations in the field
2. upstream flow area
3. surface shape factor
4. average inflow rate
5. furrow geometry
6. basic infiltration rate

(Kostiakov's b
1. power advance function (from

graph of advance points)
2. advance times and distances
3. average inflow rate
4. flow area
5. surface shape factor
6. recession
7. outflow hydrograph
1. advance times and distances
2. inflow hydrograph
3. outflow hydrograph
4. furrow geometry
5. shape factor
6. Manning's n
7. Kostiakov a = 0.5
1. advance times and distances
2. inflow hydrograph
3. outflow hydrograph
4. furrow geometry
5. shape factor
6. Manning's n
7. Kostiakov a = 0.5

1. Kostiakov infiltration exponent
(a)

2. Kostiakov infiltration constant
(K - mmlhra)

3. time to infiltrate 100 nmi

1. Kostiakov infiltration
exponent (a)

2. Kostiakov infiltration constant
(K - nlm/hra)

1. Kostiakov infiltration
exponent (a)

2. Kostiakov infiltration constant
(K - mm/h?)

3. Kostiakov basic infiltration
rate (b mm/hr)

1. Kostiakov infiltration constant
(K - mm/hra)

2. Kostiakov basic infiltration
rate (b mm/hr)

1. Kostiakov infiltration constant
(K - mm/hra)

2. Kostiakov basic infiltration
rate (b mm/hr)

These programs were used to determine infiltration parameters for each of the irrigation

events and furrows selected for analysis.
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The programs for Ley's, Clemmens', and Scaloppi's methods all used the "Solver"

function in Excel to optimize the parameters for the Kostiakov equation, (used in place of

the Fibonacci search for Ley's method). Solver is a manual function; therefore these

three methods were not programmed as completely automatic processes. With Solver,

you can find an optimal value for a formula in one cell (called the target cell) on a

worksheet. Solver works with a group of cells that are related, either directly or

indirectly, to the formula in the target cell. Solver adjusts the values in the changing cells

you specify (called the adjustable cells) to produce the result you specify from the target

cell formula. You can apply constraints to restrict the values Solver can use in the model,

(Microsoft Excel Help, 2002). The solution method used by Solver can be chosen by the

user. In this case Newton's Method was used to find the suitable values of the Kostiakov

parameters by minimizing the error between calculated and observed values of infiltrated

depth in a furrow.

Modifications to Original Method Procedures

For simplicity and preference some of the procedures for estimating infiltration

parameters were customized. Below is a brief description of each computational

procedure to clarify any modifications to the methods.

Strelkoff and Clemmens' One-point method: Parameter a and parameter k are directly

related by the Merriam and Clemmens' time rated families, therefore a is determined

from the field data and k determined from the value of a. The parameter a was

determined by minimizing the error between the measured infiltration volume and the

predicted infiltration volume. The measured infiltration volume is calculated by

subtracting the surface volume from the inflow volume at the time when water reaches

the end of the field. The predicted infiltration volume was calculated using the following

equation:

VzP=WP*k*t*r*L (24)
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where, WP is the wetted perimeter, tL is the time at which water reaches the end of the

field, r is the subsurface shape factor, and L is the field length. The error between

measured and predicted was found using the Goal Seek function in Excel.

Elliott and Walker's Two-Point Method: Modifications were not made to this method for

computation purposes. The infiltration parameters k, a, and b were determined as

suggested by Elliott and Walker. The only difference would be the determination of

steady state outflow and the average inflow, used to calculate b, which are discussed in

the following section, "Data Inputs."

Ley's Method: In Ley's original method a Fibonacci search was used to optimize the

infiltration parameters. However, as mentioned earlier, Solver, built into Excel, was used

as the search procedure. This minimized the amount of computational work by the user.

Also, the parameters for this study were determined by minimizing the difference

between the measured and calculated inflow volumes. Solver was set up so that

minimized the error by adjusting the values of k, a, and b. The measured inflow volume

was determined by multiplying the average inflow rate by the time of the irrigation event.

The calculated inflow volume was determined by the sum of the calculated surface

volume, subsurface volume, and the outflow. The subsurface volume was determined by

the following equation:

Vz=L*bt*L+kta*rzl*L (25)

rz2

where rzl and rz2 are the subsurface shape factors.

l+a+hah (26)
rzl =

1+ a + h + ah

iz21+h (27)

where h is the power advance exponent.

Clemmens' Linear Station Advance Method: Originally this method was developed to

solve for two parameters of the Kostiakov equation, k and a. As mentioned, it was
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modified in this study to solve for three parameters. All three parameters were optimized

by minimizing the difference between a measured and predicted infiltrated depth at each

advance data point and at selected times throughout the wetting phase of the irrigation,

using Solver in Excel. The measured infiltrated volume was determined by subtracting

the runoff volume and the surface volume from the inflow volume. The predicted

infiltration volume was calculated with the following equation:

AVzj(t)= Ax [k[{ti tAJ1} tAj J+b[{ti -tA,J1} {t _tA,J}2

ii

(28)

AtAJ a+1 2

Where, tA,j is the time difference between two advance points.

Scaloppi' s Method: Much like Clemmens' method, the infiltration parameters were

determined by minimizing the error between a measured and predicted infiltrated volume.

The measured was calculated by subtracting the surface storage volume and the runoff

volume from the inflow volume. The predicted volume was calculated with the

following equation:

VzP={(cri *k*ta)+(a*b*t)Jx (29)

where, azl and az2 are the shape factors for the nonlinear and linear terms, respectively,

of the infiltrated volume. These shape factors have different values during the advance

and wetting phase. During the advance phase the factors are calculated as follows:

1+a+r(1a) (30)

i + a + r(l + a)

1

2 1+r

where, r is the power advance exponent.

(31)

During the wetting phase, the integral for the power term is given by an incomplete beta

function, using ten terms in the calculation (N= 10).

z1

(32)

i1 j=O ii
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Where X is equal to one during advance and after advance it is equal to the ratio of

advance time to the end of the run and total irrigation time. The function uses the

parameter a, the power advance exponent (h), the advance time to the end of the field,

and the total irrigation time in the approximation. The subsurface shape factors, for the

linear terms, are calculated with the following equation:

1r1
°z2 1+r

Data Inputs

(33)

Each of the methods requires several data inputs in order to determine infiltration

parameters. Some of these inputs are directly measured and some are assumed, averaged,

and in a few cases predicted.

Furrow Length: As discussed in the "Data Quality" section, the overall nominal field

length was used for parameter estimation even though advance times were not measured

to the end of the furrows in all situations. In these cases the advance to the end of the

field was not estimated, instead only the advance points that were available were used.

Inflow: In the field the inflow rate to each furrow was measured with a bucket and stop

watch. This method is considered accurate; however it does not pick up possible

variations of inflow rate at all times throughout the irrigation. The irrigations under

analysis were continuous inflow irrigations; however, there were slight variations in the

inflow rate due to fluctuations in the water delivery system. Taking this into

consideration the inflow rate at each point in time was determined by using a weighted

average instead of a straight arithmetic mean (which would have been incorrect). Linear

interpolation was used, the fluctuations in flow rate were not linear; however, it was

accepted that between two measurements the change in inflow could be assumed linear.

For the methods chosen the inflow rate of interest was that when the advance reached the

end of the field, therefore the average inflow rate at that time was determined and used



for parameter estimation. For example, if the wetting front reached the end of the field at

12 hours and the inflow rates were measured at 0.5, 1, 2, 4, 8, 10, 13, and 15 hours; then

the inflow rate at 12 hours could be determined using linear interpolation between the 10

and 13 hour measurements of inflow.

Advance: Advance measurements were taken at equal increments down the furrows.

The time started at the beginning of the irrigation and as water reached each selected

location along the furrow the time was recorded. Many of the methods assume that

infiltration and advance occurs as power functions. The plot below is an example of

fitting the data to a power function, used for determining the power advance exponent in

Ley's method:

Power Mvance Function

200.0

150.0 Field Data

100.0 Por
y= 13.812x°3781 (Field

50.0- Data)

0.0-

0 200 400 600 800

Time (mm)

Figure 4. Plot fitting advance data to a power function.

Manning's n: Throughout this study, values of roughness were used from Mittelstadt's

thesis (1995) for parameter estimation. These values were calculated by Manning's

equation with measured stream flow depths, after steady state conditions were achieved.

Mittelstadt (1995) made the following measurements in order to calculate Manning's n:

mean flow rate for the reach, mean bed slope, flow depth, and furrow shape. An iterative

procedure was used to find the roughness at which the measured flow depth equals the
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theoretical normal flow depth under the given conditions. The use of these values and

this approach were justified with a sensitivity analysis that indicated very low sensitivity

to errors in Manning's n, (see "Sensitivity Analysis" section).

Upstream Flow Area: In the field furrow geometry was measured, then later used in this

study to calculate upstream flow area. It was assumed that the stream in the furrows

quickly reached normal depth at the upstream end of the field, which is a reasonable

assumption because of the steep sloping nature of these furrows. Manning's equation

was used to determine the normal depth which was used with the furrow geometry to

calculate upstream flow area. Manning's equation states:

Q=JAR (34)

where, n is Manning's roughness coefficient, S is the furrow slope along the length of

the field, A is the upstream flow area, R is the hydraulic radius (area divided by the

wetted perimeter), and c is a constant which depends on the unit system used. For

metric units c is equal one and for English units c is equal to 1.49. Solver, in Microsoft

Excel was used to find the optimal value of normal depth which would satisfy the

equation above.

Surface Shape Factor: It is suggested that a value of 0.77 be used for the surface shape

factor. This value is widely used and accepted and therefore was used as a nominal value

in this study. This recommendation for using 0.77 as the shape factor originated from

Elliott and Walker (1982). The use of this shape factor was later justified through a

sensitivity analysis which indicated that all analysis, based on these circumstances, is

insensitive to variations in the shape factor.

Wetted Perimeter: The actual wetted perimeter was calculated from knowing the normal

depth and the furrow geometry. However, the actual wetted perimeter was not used in all

the calculations for predicting infiltration parameters. Instead, in most cases, the

irrigation spacing was used to account for the fact that only every other furrow was



irrigated at a time. Using the furrow spacing, or in this case, irrigation spacing removes

all assumptions of the influence of furrow shape on infiltration. When using Strelkoff

and Clemmens' one-point method the furrow spacing can not be used as the wetted

perimeter when determining infiltration parameters. If it is used, the time to infiltrate 100

mm of water is greater than 32 hours, which is not covered by the time-rated intake

families, and the method will fail. Before using the estimated parameters in SRFR

simulations, they were divided by the furrow spacing to account for an every other

furrow irrigation strategy.

Basic Infiltration Rate: The three parameter estimation procedure by Elliott and Walker

requires a basic infiltration rate be calculated directly from field data. Their paper (Ellioft

and Walker, 1982) suggests that a value is best found by subtracting the steady state

outflow rate from the average inflow rate and dividing that difference by the furrow

length. Steady state outflow was determined by looking at a plot of the outflow versus

time. When outflow reached steady state, average inflow from that time until the end of

the irrigation was determined. This steady state outflow was subtracted from the average

inflow and then divided by the length of the furrow.

For some of the methods the basic infiltration rate was optimized with the other

parameters and the suggested calculation was not used. Sometime when optimizing three

parameters it is difficult to find a solution using the Solver function in Excel. Therefore

to find the solutions for Clemmens' Linear Station Advance and Scaloppi's Method, a

value of 0.5 was used for the Kostiakov a, then K and b (basic infiltration rate) were

optimized.

Recession: Ley's method requires recession data, however recession was not observed in

the field for any of the tests. By looking at the data, and seeing how quickly the runoff

stopped after the irrigation water was turned off, it was assumed that recession occurred

quite quickly. A recession time of 15 minutes was used for all irrigation events and

furrows. This time was distributed linearly along the length of the furrow. This
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estimation was appropriate because of the steep sloping furrows and relatively small

applications rates; the combination of these two characteristics account for small surface

volumes, which result in little error.

Runoff: In the field runoff data was recorded and used for some of the methods selected

for parameter estimation. A plot of the outflow hydrograph was used to determine steady

state outflow for calculating the basic infiltration rate.
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RESULTS

Analysis of the parameter estimation methods began with an investigation of the fields

and the data collected. Many questions arose about the data because of variability

between furrows and irrigation events. Nominal input values were used, from the

selected furrows, for parameter estimation with each method. A sensitivity analysis

showed how important it is to take certain measurements with care, and also that some

inputs are not as crucial for these particular fields. Simulations in SRFR helped explore

how well the parameter estimation methods characterized an actual event. Simulations

also reintroduced the issue of variability. Each of these components of the study is

discussed in detail.

Field Data

From the field work at the OSU Malheur Agricultural Experiment Station seven events

were chosen, three from Field B7 and four from Field B3. Additional data from other

events and fields were not used as discussed in the data section of this paper. High

variability was detected by looking at the raw data from 1993, 1994, and 2004. It was

important to conduct an analysis of the data to identify possible variability of infiltration

in the furrows and to identify any irregularities in the data.

Variability in Field B3: From the four events selected in Field B3 two included only non-

wheel furrows and two included only wheel furrows. These two different types will be

presented separately in the variability analysis; dates which were not selected for this

study will also be included in the raw data analysis. The inflow rates were slightly

different from one event to the next and between furrows (Figure 5 and Figure 6).

However the difference in inflow was not as significant as the difference in advance

times (Figure 7 and Figure 8). It is concluded that inflow rate was not the cause of such

great variation in the advance times between furrows and irrigation events.
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Variability of Inflow
(Field B3, non-wheel)

0.25

0.20

10.15 1 j :
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1, uiTh6
non-mulched mulched mulched non-mulched

Furrow ID

Figure 5. Inflow variability, Field B3 (non-wheel only).

Figure 6. Inflow variability, Field B3 (wheel only).
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Figure 7. Advance variability, Field B3 (non-wheel).

Figure 8. Advance variability, Field B3 (wheel).
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Plots of advance time help demonstrate how infiltration varies in the field, because

infiltration and advance are directly related. For example, in Furrow #13, on June 9 (non-

wheel furrow), water did not even reach the end of the field during the 22.5 hours of

irrigating. Furrow #13, on June 22 (the same non-wheel furrow) water reached the end of

the field after three hours of irrigating. This shows significant variability in the

infiltration from one irrigation to the next. Furrow #13 on June 9 and June 22 was not

used in the parameter estimation analysis; outflow did not occur on one date and was not

recorded on the other.

Winter conditioning of the soil can cause much variability and difficulty in predicting

infiltration characteristics, especially in the first irrigation event of the season. At the

beginning of an irrigation season it is common to see some advancing fronts not reach the

end of the furrow during the entire irrigation. The infiltration rates are very high,

compared to normal, because of the freezing and thawing effects form the winter months.

The June 1st irrigation is the first irrigation of the season on the wheel furrows, June is

the first on the non-wheel furrows. This is probably the reason infiltration was so high

and advance so slow on June 9th Even though the irrigation on June 1st was only in

wheel rows it is expected to show slower advance than any of the other dates, which was

not the case. For the wheel furrows, the mulched furrows seem to show more

consistency than the non-mulched furrows.

Variability in Field B7: Field B7 showed similar variability between furrows and

irrigation events. Inflow was fairly uniform between the furrows and irrigation dates

(Figure 9), while advance showed much variability (Figure 10).
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Figure 9. Inflow variability, Field B7.

Figure 10. Advance variability, Field B7.
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In Field B7 on May 11, the highest inflow rates were recorded out of the four dates. The

plot shows that in the non-wheel furrow the advance time on May 11 was much longer

than the other three dates. This shows that inflow rate was not a large factor for the

variations of advance time. The advance time in the non-wheel furrow was longer than

the wheel furrow on each of the dates, which is expected.

Variability in Field B7 (2004): The data from 2004 shows that variability is a common

occurrence at the Maiheur Agricultural Experiment Station, because 10 years later similar

observations were made (Figure 11). Twelve furrows were observed during the field

work in June of 2004. All furrows were wheel traffic compacted, therefore having

similar physical characteristics. The variability may not seem as significant because the

difference is only a fraction of an hour, however, the advance time in furrow #8 is twice

as long as the advance time in furrow #52. When it takes the water in one furrow twice

as long to advance than in another furrow, the difference in infiltration characteristics is

very significant. Another important observation is the difference in advance time in Field

B7 from 1993 and 1994 to 2004. The wheel furrows in 1993 and 1994 were showing

advance times ranging from 175 minutes to 443 minutes, in 2004 the times ranged from

32 minutes to 65 minutes. This shows the significant change in infiltration characteristics

over a long period of time.
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Figure 11. Advance time variability, Field B7, June 2004.

The inflow to each of the 12 furrows observed in 2004 was much more variable than

observed in 1993 and 1994 (Figure 12). However the differences in inflow do not

directly match up with the difference in advance. For example, Furrow #8 shows the

highest inflow rate, but also shows the slowest advance time; therefore inflow is not

causing the large differences in advance and infiltration times. This is showing that the

infiltration is much higher in Furrow #8 then in any of the other furrows.
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Figure 12. Inflow variability, Field B7, June 2004.

Even though data was extremely variable the analysis was continued to see how well the

methods would perform and how well SRFR could capture the event based on estimated

infiltration parameters.

Nominal Solutions

Using the programmed methods in Excel, infiltration parameters were determined for

each set of furrow data. Derived parameters were compared using a time to infiltrate a

specific depth. In Field B7 a depth of 75 mm (t75) was used and in Field B3 a depth of 30

mm (t30) was used. These depths of 30 mm and 75 mm were selected based on

reasonable management target depths for these fields. This time to infiltrate a depth was

used because different combinations of parameter can often characterize similar soils.

The time to infiltrate a certain depth may be very similar between methods; however the

parameters can be very different (Table 8, Table 9 and Table 10). For example, in Field

B7, Furrow #1, on July 1st the two-point method and Scaloppi's method predicted a time
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of 14.6 hours to infiltrate the target depth of 75 mm; however the parameters were very

different.

Two-point method

o K=12.3mm!hra

o a=0.68
o b=Ommlhr

Scaloppi's method

o K=16.3mm!hra

o a0.5
o b=0.89mmlhr

This means that the estimation methods are predicting similar amount of infiltrated water,

but the process by which it occurs may be different. In Figure 13, the lines for k = 10, a

= 0.8 and k = 20, a = 0.5 intersect at 10 hours and an infiltrated depth of about 65 mm

(circled on the plot). The parameters are estimating the same infiltrated depth at this

time, but the rate by which the water infiltrates into the soil is different up until that time

and beyond that time. The plot also gives five variations of infiltration parameters to see

how each parameter changes the shape of the infiltration curve.

180.0

160.0

140.0

E
! 120.0

. 100.0

80.0

60.0

40.0

20.0

' 0.0

0 10 1 20 2 0

Time (hours)

Figure 13. Change of infiltrated depth over time for a change in parameter values.



51

Table 8. Parameter and t75 results from estimation methods on Field B7.

One-
point

Two-
.

point
(2-para)

Two-
.

point
(3-para)

Ley
(3-para)

Ley
(2-para)

Linear
Station

Advance
Scaloppi

F1B70701

K(mnilhra) 12.57 12.27 9.85 11.32 16.27 15.17 16.25
a 0.663 0.675 0.448 0.555 0.555 0.5 0.5

b(mmlhr) - - 3.0 1.77 1.06 0.89
t75(hr) 14.8 14.6 14.2 14.3 15.7 15.1 14.6

K(rnmlhra) 12.63 13.59 11.53 11.28 13.96 15.17 16.25
a 0.656 0.629 0.502 0.598 0.598 0.5 0.5

b(mmlhr) - - 2.19 0.99 - 0.73 0.45
t75(hr) 15.1 15.1 14.3 16.0 16.6 17.1 17.1

K(mmlhra) 12.27 11.09 8.69 9.5 14.39 15.17 16.25
a 0.651 0.697 0.552 0.575 0.575 0.5 0.5

b(mmlhr) - 2.47 1.9 - 0.78 0.58
t75(hr) 16.1 15.5 14.8 15.4 17.6 16.7 16.3

K(mmlhra) 10.67 14.09 10.97 8.83 10.67 9.73 9.30
a 0.618 0.479 0.138 0.3 0.7 0.5 0.5

b(mmlhr) - 3.17 3.36 - 1.61 1.61
t75(hr) 23.5 32.8 18.5 16.2 16.2 19.8 20.5

K(mmIhra) 9.97 13.27 11.91 10.83 10.97 10.04 10.54
a 0.605 0.41 0.315 0.3 0.6 0.5 0.5

b(mmlhr) - - 1.24 1.89 - 0.73 0.45
t75(hr) 28.0 68.1 31.8 24.7 24.6 28.9 32.6

K(mnilhra) 8.79 10.46 8.88 8.1 10.23 10.74 11.42
a 0.584 0.442 0.306 0.3 0.597 0.5 0.5

b(mmlhr) - - 1.48 2.15 - 0.73 0.45
t75(hr) 39.4 86.6 33.2 25.0 28.2 26.8 29.2
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Table 9. Parameter and t30 results from estimation methods on Field B3 (non-wheel).

One-
point

Two-
.

point
(2-para)

Two-
.

point
(3-para)

Ley
(3-para)

Ley
(2-para)

Linear
Station

Advance
Scaloppi

K(mm!hra) 7.98 9.84 0.80 8.15 10.77 7.81 7.68
a 0.708 0.575 0.407 0.599 0.599 0.5 0.5

b(mmlhr) 2.61 0.96 - 1.78 1.81
T30(hr) 6.5 6.9 6.1 6.1 5.52 7.9 8.0

K(mmlhra) 6.07 5.76 1.71 4.73 21.32 0.627 0.43
a 0.668 0.217 -0.313 0.542 0.543 0.5 0.5

b(mmlhr) 4.10 3.09 - 3.69 3.71
T30(hr) 10.9 19.5 7.1 5.8 2.0 7.7 7.8

F10B30609

K(mrnlhra) 11.47 10.36 5.76 7.45 15.55 4.81 4.48
a 0.679 0.726 0.448 0.555 0.555 0.5 0.5

b(mmlhr) 4.0 2..71 - 4.32 5.10
T30(hr) 4.1 4.3 4.6 4.6 3.3 4.6 4.1

F10B30622

K(mm!hra) 6.21 6.03 1.26 4.02 24.39 0.627 0.433
a 0.587 0.171 -0.482 0.539 0.538 0.5 0.5

b(mmlhr) - - 4.78 4.3 - 5.54 5.56
T30(hr) 14.6 11759 6.2 4.8 1.5 5.2 5.2

K(mniI'hra) 4.79 4.9 4.41 0.70 5.10 4.09 4.06
a 0.645 0.562 0.532 0.5 0.422 0.5 0.5

b(mmlhr) 0.49 0.99 - 0.45 0.46
T30(hr) 17.2 25.2 18.6 26.7 66.6 23.1 23.1

K(mmlhra) 4.92 3.0 1.89 4.03 15.86 7.81 7.68
a 0.637 0.032 -0.126 0.409 0.409 0.5 0.5

b(mmlhr) - 1.76 1.52 - 0.79 0.801
T30(hr) 17.1 8.2E+30 16.3 12.4 4.8 8.8 8.9
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Table 10. Parameter and t30 results from estimation methods on Field B3 (wheel).

One-
point

Two-
.

point
(2-para)

Two-
.

point
(3-para)

Ley
(3-para)

Ley
(2-para)

Linear
Station

Advance
Scaloppi

K(mm/hra) 3.57 6.44 5.68 2.18 4.5 3.01 3.02
a 0.511 1.27 1.35 0.599 0.599 0.5 0.5

b(mmlhr) - 0.88 0.73 - 0.334 0.336
T30(hr) 66.4 3.4 3.2 22.1 23.8 35.9 35.8

K(mmlhra) 3.44 1.9 1.6 2.01 2.48 2.69 2.62
a 0.621 0.152 0.096 0.599 0.599 0.5 0.5

b(mniJhr) - - 0.52 0.14 - 0.292 0.305
T30(hr) 32.8 7.4E+07 53.6 54.9 64.3 42.7 42.4

K(mm!hra) 4.05 4.20 2.24 2.4 7.15 1.76 1.63
a 0.366 0.725 0.573 0.599 0.599 0.5 0.5

b(mm!hr) - 2.01 1.54 - 1.01 1.03
T30(hr) 237 15.1 10.6 12.4 10.9 21.6 21.7

F12B30615

K(mm/hra) 4.17 3.71 2.43 2.46 7.79 4.57 4.25
a 0.452 0.214 0.025 0.599 0.599 0.5 0.5

b(mmlhr) - - 1.34 1.73 - 0.668 0.732
Tio(hr) 78.5 l.8E+04 20.4 11.3 9.5 16.8 17.0

K(mmlhra) 3.73 2.54 1.63 0.11 3.24 1.20 1.07
a 0.371 0.336 0.156 0.599 0.599 0.5 0.5

b(mmlhr) - 0.98 1.04 - 1.01 1.03
T30(hr) 277 1574 27.8 28.0 41.1 23.9 24.0

F14B30615

K(mm/hra) 4.54 4.51 2.44 2.44 7.61 4.57 4.25
a 0.469 0.453 0.205 0.599 0.599 0.5 0.5

b(mmlhr) 2.14 1.68 - 0.668 0.732
Tio(hr) 56.1 65.9 12.1 11.6 9.9 16.8 17.0

K(mmlhra) 2.70 0.956 1.20 3.19 5.84 0.049 0.045
a 0.404 -0.054 -0.155 0.539 0.539 0.5 0.5

b(mnilhr) 1.39 0.70 - 0.86 0.85
T30(hr) 387 0 21.0 20.0 20.8 34.7 34.8

F15B30615

K(mmlhra) 3.35 2.02 1.86 1.08 1.85 0.084 0
a 0.617 0.218 0.191 0.599 0.599 0.5 0.5

b(mm/hr) 0.26 0.24 - 0.555 0.732
T30(hr) 34.8 2.4E+05 98.9 68.9 104.5 52.9 41.0
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Values for the Kostiakov coefficient a range between zero and one. Some estimations of

this parameter from Field B3 did not produce values within this range or very close to the

limits, (highlighted in Table 9 and Table 10). The unreasonable values were all estimated

by the two-point method (two and three-parameter). The events in which the two-point

method failed had very short advance times. With short advance times the actual flow

conditions in the furrow are not yet at steady state. The two-point method is

overestimating the surface volume, and puts much weight on this component of the mass

balance. This is creating a mass balance violation and therefore the method is failing.

When the Kostiakov parameter a is equal to zero it means that the infiltration due to the

Kta term occurs instantaneously. In contrast when the parameter a is equal to one the

infiltration due to the Kta term is at steady state. Therefore when the parameter a is very

close to or equal to zero and one it is unrealistic. Also when K is very small (Furrow #15

in Field B3, estimated by linear station advance and Scaloppi) very little water is

infiltrating into the furrow, and sometimes these values can be unrealistic.

The t75 values for Field B7 and the t30 values for Field B3, for each of the methods,

furrows, and irrigation dates were plotted to show the variation of results from the

methods. This variation is quantified in the tables above, but identifying differences is

easier visually (Figure 14, Figure 15, and Figure 16).
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Figure 14. Variation of t75 among different parameter estimation methods, Field B7.

The non-wheel furrow in Field B7 (furrow #1), evaluated on three days, remained very

consistent over the series of three irrigation events. Alternatively, the wheel row

evaluated in Field B7 (furrow #2) showed considerable variation over the three irrigation

events. Prior to analysis it was expected that the non-wheel furrow would show more

variation then the wheel furrow; however this plot shows just the opposite.

There is much consistency among the various methods for the non-wheel furrow and not

as much for the wheel furrow. The advance times in the wheel furrows are about half of

that in the non-wheel furrows; this could be causing some of the variability. Some of the

methods seem to fall apart at short advance times, particularly the two-point method,

which shows consistent overestimation of the t75 values as compared to the other

methods. However the advance times are not short enough to cause significant

differences as found for Field B3.
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Figure 15. Variation in t30 values, Field B3 (non-wheel).
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Figure 16. Variation in t30 values, Field B3 (wheel).
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Some of the t30 values were a lot greater than 60 hours in the non-wheel rows and greater

than 200 hours in the wheel rows, but the plots were limited at these times so that

variations could be more easily detected.

The plot in Figure 14 reveals how comparable furrows can have different infiltration

characteristics. Furrow #8 and Furrow #16, in Field B3, are both non-wheel, non-

mulched furrows. By simply looking at the plot, Furrow #8 has an average of about 7

hours to infiltrate 30 mm while Furrow #16 shows about 20 hours.

From these nominal input values, results show that the two-parameter two-point method

frequently overestimates the t30 value (in Field B3) compared to the other methods. This

comes as a surprise because the two-point method is most commonly used out of the

methods available. It also shows that the one-point method overestimated the t30 values

compared to the other methods in some of the wheel furrows on Field B3. The one-point

method seemed to perform better in all other cases, in Field B7 and in the non-wheel

furrows in Field B3.

Sensitivity Analysis

Knowledge of method sensitivity is essential both for calibration studies and for

management decisions based on estimations. Inputs to parameter estimation methods are

not always completely accurate so it is important to understand how these inaccuracies

can affect the infiltration parameter output, and therefore management decisions.

Sometimes slight errors in measurements of inputs can impact the management of a

furrow irrigation system negatively.

Four inputs used in parameter estimation methods were selected for the sensitivity

analysis. These inputs are often subject to imprecise measurements or estimations. The

four chosen were:

. Inflow rate

Manning'sn



Surface shape factor

Furrow geometry

Each of these inputs were adjusted by +5%, -7%, +12%, and -15% individually while the

other three were held at the nominal values. The sensitivity was compared using the

time, in hours, to infiltrate 75 mm (t75) in Field B7 and 30 mm (t30) in Field B3. For the

estimation methods using two parameters, t-,5 was determined using the following

equation:

75mm=Kt" (35)
1/(75/a

t=I

In Field B3, t30 was determined using the following equation:

(36)t=II
K)

An additional infiltration term was added to calculate t75 for estimation methods using

three parameters:

75mm=Kt'+bt (37)

0=Kta +bt-75

In Field B3, the three parameter t30 was determined with this equation:

0=Kta+bt_30 (38)

In this case, the "Goal Seek" command in Excel was used to change t until the right hand

side of the equation was equal to zero. When you know the desired result of a single

formula but not the input value the formula needs to determine the result, you can use the

Goal Seek feature in Excel, (Microsoft Excel Help, 2002). The percent change between

the nominal and adjusted values was used as a measure of sensitivity.

At = 1 -1
tadjUsted

tfloiyfiflal

(39)

In addition to the change in t75 and t30, the infiltration was calculated (using the estimated

parameters) at various times throughout the irrigation and plotted so that the sensitivity

could be considered visually. Sensitivity plots were developed (example in Figure 17 and
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Figure 18) to show the sensitivity or non-sensitivity of infiltrated depth due to the input

changes. This plots are from Field B7, Furrow #1, on July 1st using the one-point

method, and shows that the one-point method was very sensitive to fluctuations of the

inflow value. In this case a 15% change in the inflow value resulted in a 28% change in

the t75 value. This sensitivity to inflow was similar for all parameter estimation methods.

Variations in Infiltration

by changes of Qin

100.0

E 80.0 Nominal

j60M

Time (hours)

Figure 17. Estimated infiltration curve for variations of inflow.

In Field B3 both Furrow #8 and Furrow #16 are non-wheel, non-mulched furrows. Even

though the infiltration characteristics in these two furrows are different and they can not

be compared directly, the sensitivity analysis offered some interesting observations. The

advance time to the end of the field in Furrow #8 on June 9 was 222 minutes, and the

advance in Furrow #16 was 67 minutes. The furrow with shorter advance time seemed to

show more sensitivity to the fluctuations in inflow rate. In other words the percent

change in t30 due to a change of inflow was much greater in Furrow #16 then Furrow #8.

In furrows with even larger advance times to the end of the field (Field B7 furrows) the

sensitivity was less significant.



As for the other three inputs tested, there was little to no sensitivity detected in the t-i5 and

t30 values. The parameter values for the Kostiakov equation estimated by the methods

was also unchanged, for the most part, by the changes in Manning's n, furrow geometry,

and the surface shape factor. The non-sensitivity of the one-point method to Manning's n

is displayed in Figure 18.

Ptiviofnnin
(fi b70701 - One-point)

120.0

100.0

I :: :iii:±ii::ii

Time (hours)

Figure 18. Estimated infiltration curve for variations of Manning's n.

SRFR Simulations

Infiltration parameters, t75, and t30 values were all useful for comparing the method

outputs, but they do not give insight to which methods consistently produce parameters

which accurately describe the infiltration characteristics in the field. Therefore, SRFR

was used to simulate events in all furrows of interest. The simulations were run using

parameters from each of the estimation methods, meaning that seven simulations were

developed for each furrow on each date. The results from these simulations were

compared to observations and measurement made in the field in order to determine the

individual ability of the methods for matching the actual irrigation event.



From an agricultural engineering management point of view, the most important aspects

of the irrigation events are the amount of water running off the field and the amount of

water infiltrating into the soil profile. By looking at these values an estimate of the

application efficiency can be made. Any water that runs off the field and any water that

percolates below the target depth is considered non-beneficial to the crop. In the field it

is difficult to measure the infiltrated depth, however the outflow rate can be measured.

Therefore, when looking at simulation results the runoff volume was used to measure the

accuracy of the methods.

The runoff volume as a percentage of inflow volume in each furrow was calculated using

a mass balance program in Excel (discussed in Data Organization section). The program

is set up to calculate a mass balance at each advance point and at several points during

post advance. Therefore the inflow volume, outflow volume, surface volume, and

infiltrated volumes are calculated at each time step. From this data the cumulative

outflow volume was divided by the cumulative inflow volume to get a percent runoff

volume (from the actual field data). The percentage runoff volume was determined by

SRFR as well (based on parameter estimations). The differenced between these two

values was used as a comparison to determine how accurate each method was at

simulating the actual event (Table 11, Table 12, and Table 13).

Table 11. Error in estimated percent runoff volume, Field B7.

ID 1-point
2-point
(2-para)

2-point
(3-para)

Ley
(3-para)

Ley
(2-para)

Linear
.

Station
Scaloppi

F1B70701 4.1 4.6 7.0 6.8 2.7 1.6 2.0
F1B70714 8.7 6.8 10.7 7.3 2.0 3.3 2.1
F1B70728 3.1 3.4 8.3 9.0 4.2 1.6 1.4
F2B70701 13 1 23 7 12 4 10 8 6 6 3 0 4 5
F2B70714 7.2 9.5 4.7 11.8 12.7 6.0 2.4
F2B70728 10 5 23 1 15 8 4 8 0 6 1 5 1 4

Average 7.8 11.9 9.8 8.4 4.8 2.8 2.3
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Table 12. Error in estimated percent runoff volume, Field B3 (non-wheel).

ID 1-point
2-point
(2-para)

2-point
(3-para)

Ley
(3-para)

Ley
(2-para)

Linear
.

Station
Scaloppi

F8B30609 2.2 14.4 8.0 0.7 5.9 12.7 12.8
F8B30622 43.4 70.4 * 1.0 10.5 0.5 0.3

F10B30609 9.1 4.7 5.9 0.4 15.3 5.9 5.9
F10B30622 72.7 82.4 * 0.2 22.8 2.7 2.7
F16B30609 8.4 0.4 7.1 9.0 1.2 2.5 2.5
F16B30622 16.0 37.9 4.1 1.4 8.9 1.5 1.5

Average 25.3 36.7 6.3 2.1 10.8 4.3 4.3
* Simulation would not run because parameters were invalid - simulation error in SRFR
was, "Infiltration too great for stream size. Cannot start simulation without exceeding
array dimensions."

Table 13. Error in estimated percent runoff volume, Field B3 (wheel).

ID 1-point 2-point
(2-para)

2-point
(3-para)

Ley
(3-para)

Ley
(2-para)

Linear
.

Station
Scaloppi

___________
F9B30601

________
55 696 686 57 36 17 16

F9B30615 7.2 12.9 2.1 0.4 0.7 3.0 3.0
F12B30601 20.7 1.6 17.6 10.3 5.4 5.0 5.1
F12B30615 15.1 24.0 0 20.0 13.5 3.1 3.1
F14B30601 17.9 22.7 3.9 4.3 8.9 0.1 0
F14B30615 17.7 18.3 10.4 10.8 5.2 3.2 3.2
F15B30601 12.1 19.4 7.8 7.9 5.7 2.8 3.0
F15B30615 11.9 6.1 0.8 2.3 L6 3.1 6.7

Average 13.5 21.8 13.9 7.7 5.6 4.0 3.2

The highlighted cells in the table indicate those methods which resulted in the lowest

error for that particular furrow and event. By looking at the table it is apparent that the

methods which use more data (Ley, Clemmens, and Scaloppi) balance more closely with

the actual events in this study. However there are some furrows and events in which the

one-point or two-point method produced the most accurate parameters based on the

comparison of simulated and observed outflow. An average of the difference was taken

for each method (bottom of the tables), and shows that in fact, overall, the methods using

more data have a lower error for estimating infiltration parameters. Some things to note:

Some furrow simulations predicted zero runoff however runoff did occur in the

field for these furrows. These include: F10B30609 (linear station advance,



Scaloppi, two-point, 3-parameter) and F10B30622 (linear station advance,

Scaloppi). Furrow #10 was the only mulched furrow for the non-wheel rows, so

this may have caused some of the error. Also in Furrow #10 on June 22

observations in the field showed that water receded and outflow went to zero

during the irrigation due to warm weather and low inflow rates (high temperature

was 96.8 degrees on that day USBR Hydromet Archives Data). This is a

characteristic that the estimation methods and SRFR would not capture and

therefore large errors resulted.

In Table 13 in furrow F12B30615 the two-point method (3-parameter) produced

the most accurate parameters based on a comparison between simulation and

observation. The parameters estimated by the two-point method for this particular

furrow were unrealistic. The Kostiakov a was very small, 0.025.

For methods requiring only advance data, the one-point method seems to perform just as

well, if not better than the two-point method for these particular conditions. Some

possible explanations for this result include:

The one-point method is based on a direct relationship between the Kostiakov

parameters K and a, where the two-point method individually calculates the

parameters. Therefore in the one-point method the values are not as random.

The direct relationship between K and a comes from the Merriam and Clemmens

time-rated families which were developed from field data. This data used to

develop the methods may be more beneficial than the data provided by measuring

one more advance point in the furrows.

In the one-point method the power advance exponent is a function of the

Kostiakov parameter a, where in the two-point method it is a function of the two

advance times. This causes less variability between the possible solutions.

It is clear from the simulation results that it is difficult to find a method which

consistently predicts accurate parameters for these particular furrows. This trend could

be a result of soil characteristics and management strategies on the experimental farm.



Soils and Management Strategies in Maiheur County

The irrigation characteristics in Malheur County are very unpredictable from one event to

the next, which makes management recommendations based on parameter estimation and

simulation difficult. When running simulations, SRFR assumes that all furrows in the

field are identical. If any variation occurs it must be modeled separately. Therefore if

any hydraulic furrow interaction or variable initial soil moisture is occurring in the field,

SRFR simulations will not model this and therefore probably not match the observed

event closely.

The photograph below was taken at the end of Field B7. Every other furrow was being

irrigated, but water is present in every furrow. The two circles designate two furrows

which were not being irrigated on that particular day, but water is clearly present in those

furrows. This may mean that there is interaction between the furrows or the furrows are

possibly still wet from the previous irrigation, which took place only five days prior to

this particular event. In either case, the parameter estimation methods and SRFR do not

model these conditions.

Figure 19. Photo of Field B7, showing hydraulic interaction between furrows.
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Several events from 1994 and 1995 show very fast advance rates and high volumes of

runoff The same occurrence was observed during evaluations done in 2004 on Field B7.

The data from 2004 shows that water infiltrating into one furrow may be influencing

infiltration characteristics in another; in other words the furrows may be hydraulically

connected.

In June of 2004, Field B7 had 92 furrows, 46 of which were being irrigated on the day of

observations, every other furrow. Measurements were collected in 12 of the irrigated

furrows. The field had not been irrigated in five days. The advance times were very

rapid and the percent runoff volume was extremely high. The data tables from this field

work are below to show numerically what was observed.

Table 14. Advance times to a mid-point and end of each furrow, June 2004.

Furrow ID Advance to
.

mid-field (mm)
Advance to end

of field (mm)
8 23.9 64.7

16 19.9 50.3
20 19.3 44.2
24 22.5 61.6
32 21.5 53.6
36 21.6 47.8
40 21.3 47.3
44 22.7 49.8
52 14.8 32.1
60 23.5 53.3
68 20.6 40.9
76 20.4 48.2

Inflow and Outflow rates throughout the irrigation were measured, but only the overall

volumes are displayed in Table 15.



Table 15. Volumes of inflow, outflow, and infiltration, June 2004.

Furrow ID Inflow (ft3) Outflow (ft3) Infiltration (ft3) Percent Runoff
8 263 42 221 16
16 183 64 119 35
20 161 68 93 42
24 231 43 188 19
32 154 61 94 39
36 141 68 73 48
40 111 74 67 67
44 116 70 46 60
52 121 74 46 61
60 144 68 77 47
68 135 75 60 56
76 123 68 55 55

This table shows that a large portion of the inflow water is being lost to runoff in several

of the furrows. The most interesting observations are occurring in Furrow #8 and Furrow

#40. Furrow #8 has the greatest volume of inflow water and the lowest volume of

outflow. On the other hand, Furrow #40 has the lowest volume of inflow and one of the

highest volumes of outflow. This concludes that Furrow #8 has a much higher and very

different infiltration rate then Furrow #40. The amount of infiltrated water into each

furrow is extremely variable across the field. The graph below shows the overall pattern

of inflows and outflows observed in each of the twelve furrows.
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Inflow/Outflow Patterns
(B7, June 2004)
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Figure 20. Pattern of magnitude for inflow and outflows, June 2004.

The flow pattern may suggest that the field slopes down from the upper left hand corner

(on the diagram) to the lower right hand corner. If so, this slope plays a large part in the

hydraulic connectivity of the furrows. For example, the inflow to Furrow #8 is the

greatest out of all the furrows measured, however the advance time is the longest and the

outflow is among the lowest. Water infiltrating into a furrow of higher elevation

(furrows on the left of the diagram) may be preventing infiltration in furrows at lower

elevations (right of diagram). This phenomenon, illustrated in Figure 21, may be causing

low infiltration rates and very high percentages of runoff volume. On the other hand, if

the field has very little cross slope, this may be suggesting that a very strong gradient of

infiltration characteristics may be occurring across the field.
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Figure 21. Hydraulically connected furrows.

The possibility of hydraulically connected furrows or variable initial soil moisture on the

OSU Agricultural Experiment Station may explain why event observations and SRFR

simulations (using derived infiltration parameters) do not match well. Again SRFR

assumes that each furrow is independent and has no interaction between other furrows,

which is clearly not the case for this particular set of data.



RECOMMENDATIONS

Mana2ement Recommendations

The following recommendations are based only on the data analyzed in this study;

therefore oniy pertain to the two fields at the Maiheur Agricultural Experiment Station,

Field B3 and Field B7.

A key conclusion resulting from this study is that data and parameters should not be

assumed equivalent between similarly managed furrows. Different furrows in the same

field, irrigated identically, may present very different advance times and runoff rates.

Thus evaluating a single furrow may be analogous to using a point measurement to

represent a field as a whole. Management decisions based on single furrow evaluations

will therefore be of uncertain value. More accurate outcomes will result when looking at

several furrows, instead of just one or two. This provides an opportunity to compare

estimated parameters instead of just assuming parameters from one furrow are correct.

It is recommended to use parameter estimation methods which require not only data from

the advance phase, but post advance data as well (such as runoff and recession). These

methods showed more accurate results through comparisons of field observations and

simulations in SRFR. The difficulty, time, and expense of collecting data are understood.

Therefore these methods are only recommended if recourses are available for the field

work. If resources are not available Strelkoff and Clemmens' one-point method seems to

perform just as well, if not better than the two-point method, and requires slightly less

data.

When doing field work for the purpose of infiltration parameter estimation it is

recommended that the most care is taken with inflow measurements, multiple

measurements to quantify inflow variability during irrigation are important. A small

discrepancy in inflow measurements can cause significant error in the parameterization.
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When special conditions occur in the field, such as mulching, or hydraulic connectivity

between furrows it is important to understand that the parameter estimation methods and

SRFR will not account for these factors. In this case it may help to observe several

furrows (as was done in 2004 on Field B7) and look at the characteristics of the field as a

whole instead of each furrow individually. Management decisions based on each furrow

independently may not result in the best scheduling.

Research Recommendations

Recommendations from this study are based on a small data set from only two fields, on

the same farm. Conclusions could have been more general if more data sets were used,

both from this farm and possibly from additional fields not located at the OSU Malheur

Agricultural Experiment Station. Due to the variability between furrows and events at

the experiment station it is difficult to make management recommendations for this farm

as well as general recommendations for parameter estimation.

This study could be extended and improved by looking at additional methods or even

variations of the methods already analyzed. It would be beneficial to determine which

methods perform the best under certain conditions. For example, maybe a certain method

works well for shorter furrow lengths with short advance times. It was found in this

study that some of the methods have a hard time finding solutions under these conditions.

The mass balance spreadsheet that started to develop towards the end of this work has the

potential of being very useful. The sheet could be set up so that data is entered and the

sheet automatically determines which method is most appropriate based on the available

data, and parameters could then be estimated.

Variability of infiltration characteristics across a field and between irrigation events is

probably very common. It would be beneficial if the parameter estimation methods and

SRFR were capable of considering this variability. Perhaps a field wide approach could
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be taken instead of just looking at individual furrows. A study on how to use data from

multiple furrows to derive field characteristics would be interesting and beneficial.
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