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Abstract

Performance terms measure how close an irrigation event is to an ideal one. An ideal or a
reference irrigation is one that can apply the right amount of water over the entire region of
interest (subject region) without loss. The key phrase, used in the description of a reference
irrigation, has been used as the criterion for identifying the performance terms that constitute a
complete set, corresponding to any given irrigation regime. Indices have been defined to quantify
the performance terms. The interrelationship between performance indices as well as the relation-
ship between each index and the system variables have been explored. The repercussions of those
observations on system design and management have been discussed. © 1997 Elsevier Science
B.V.
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1. Introduction

The ever growing demand for water among competing societal activities has put
undue pressure on the resource base to the point that the need for sagacious use of water
has become a global concern. Irrigation in general and surface irrigation in particular is
not only a major consumer of water but also one of the most inefficient users. Progress
has been made toward minimizing non-beneficial consumption of irrigation water, yet a
lot remains to be done.
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In the surface irrigation literature performance is described, implicitly or explicitly, as
a measure of the merit of an irrigation scenario (event); a description, though correct,
not sharp enough to allow identification of a self-contained set of performance terms
corresponding to any given irrigation regime. Defining performance in terms of a
reference irrigation would help avoid the confusion that the above description may
entail. Few authors have attempted to shed light on the meaning, related assumptions as
well as methods of quantifying irrigation performance terms. The ASCE On-farm
Irrigation Committee of the Irrigation and Drainage Division (1978) provided a point of
departure. Bos (1979) proposed a set of equations to estimate a range of efficiency terms
at different levels of system hierarchy. Blair and Smerdon (1988) presented a perfor-
mance term which they called the deficit/excess efficiency. Wang et al. (1996) utilized
the concept of Blair and Smerdon (1988) to define a general efficiency term in which
only the transpiration component of the water taken up by plants is considered
beneficially disposed. A brief, yet lucid, description of efficiency and uniformity terms
along with some fundamental assumptions has been presented by Clemmens et al.
(1995). Clemmens (1995) proposed a method for assessing the accuracy of irrigation
efficiency estimates. Burt et al. (1995) summarized ways of identifying and quantifying
irrigation efficiency and uniformity components. Clemmens (1988) and Clemmens and
Solomon (1995) proposed a stochastic approach for combining the different components
that contribute to distribution uniformity.

In this article an attempt is made to provide satisfactory answers to two important
questions: (1) what does the term performance mean, and (2) what constitutes a
complete (self-contained) set of performance terms under any given irrigation regime?
Moreover, the paper presents descriptions of the surface irrigation performance indices
and detailed procedures for their quantitative evaluation. The interrelationship between
performance indices as well as the relationship between performance indices and the
system variables have been investigated. Other supplementary indices of design and
management importance, i.e. deep percolation fraction and runoff fraction, have been
defined and their influence on design and management decisions have been discussed.

2. Assumptions and definition of terms

A reference (an ideal) irrigation event (operation scenario) is one that can apply the
right amount of water over the entire region of interest (subject region) without loss. In
practice, however, excess and uneven application of irrigation water are the ‘twin facts
of life’ that irrigators ought to live with. Irrigators cannot do without them but ought to
strive to minimize them. An ideal irrigation can therefore be used as a reference to
assess the merit of a real life irrigation event. It then follows that performance can be
defined as a measure of ‘‘how close an irrigation event (scenario) is to the reference
irrigation’’.

Evident from the above description of performance is that it has to be quantified in
terms of a perceived requirement, which in turn needs the definition of a subject
region. A subject region can be defined as a region from which crops extract water to
meet their consumptive use demand. The surface area of a subject region can loosely be
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defined as the area of the irrigated field on plan. Nonetheless, with the view of
accounting for the limitations of available performance evaluation tools (e.g. mathemati-
cal models), it is defined in a more restrictive sense as one whose areal extent on plan is
that of the area of a channel of unit characteristics breadth (i.e. a furrow or a unit width
basin or a unit width border as the case may be). A simplification concomitant to the
forgoing description of a subject region is that across the direction of irrigation,
performance is assumed uniform. Vertically, the bottom of the effective root depth
coincides with the bottom boundary of the subject region, while the soil surface serves
as its top boundary.

The following assumptions have been made: (1) Only that fraction of the applied
water that has infiltrated into and been retained in the subject region is considered as
beneficially disposed. The water that leaves the subject region through its boundaries is
considered unavailable for plant use and as such categorized as a loss. Observe that this
definition excludes the leaching requirement from the domain of beneficially disposed
water. Moreover, evaporation from the top boundary as well as contribution to the
subject region from groundwater sources during an irrigation event are assumed to be of
negligible quantity. (2) Soil is homogeneous and a single crop is grown over the subject
region and the influence of micro-topography on the unevenness of irrigation water
application is assumed to be marginal. The net effect of the latter assumptions is that
water requirement is spatially uniform and that uneven application of water over the
subject region is entirely due to spatial variation in intake opportunity time. (3) There
exists a critical moisture content, of the soil of the subject region, a fall below which
may trigger unacceptable levels of yield reduction. A perceived requirement can
therefore be defined as the amount of water that the soil of the subject region takes into
storage as its moisture content is increased from the critical value to field capacity (FC).
Implicitly assumed in this description of adequacy is that in order to sustain normal crop
growth and obtain a satisfactory yield, the perceived requirement must be closely
satisfied in every event.

Fig. 1 depicts a typical irrigation water destination diagram. R1 is water stored in the
subject region and is considered as beneficially disposed, R2 is the channel reach in
which irrigation falls short of the perceived requirement, and R3 is the excess water
which percolated below the bottom boundary of the subject region. Figs. 1(a) and (c)
depict the inflow and runoff hydrographs. Depending on the relationship between the net
irrigation requirement (Z,), the maximum infiltrated amount (Z,_,, ), and the minimum
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Fig. 1. Schematics of applied water and surface runoff in surface irrigation.
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infiltrated amount (Z_;), an irrigation event can fall into one of the following three
regimes:

Regime 1=Z_, <Z, Regime 2=2Z_, <Z <Z

max — max ?

Regime 3=2.<Z .. (1)

3. Performance terms

Two key phrases have been used in the description of a reference irrigation: (1)
““without loss” and (2) the ‘‘right amount over the entire subject region’’. These
phrases would be used to identify the performance terms that constitute a complete set,
corresponding to the three irrigation regimes described above.

1. Excess application of irrigation water, though unavoidable in a real life situation,
must be minimized (without loss ~ minimum loss). Application efficiency (E,) is the
index which is used as a measure of how effective an irrigation event is in
minimizing unavoidable losses. Observe that application efficiency provides only a
partial view of the whole. It supplies no answer what so ever to the question of how
closely the perceived requirement (the right amount) is satisfied over the entire
subject region, thus the need for a separate index.

2. Adequate irrigation, evaluated in terms of the perceived requirement (the right
amount), over the entire subject region is necessary to sustain normal crop growth
and obtain a satisfactory yield. Water requirement efficiency (E,) is used as a
measure of how close the applied amount is to the perceived requirement (the right
amount) over the entire subject region. Although adequacy is a spatially variable
term, due to unavoidable spatial variation in intake opportunity time, a mean value of
E. is used to describe it. It is in response to the need to complement this inherent
weakness of the E, index, of being unable to account for the spatial variability of the
adequacy term, that a third criterion has been introduced.

3. The spatial uniformity (evenness) of irrigation water application provides a vital clue
as to how good the corresponding FE, index is as a representative measure of
adequacy over the entire subject region. Distribution uniformity (DU) and Chris-
tiansen’s uniformity coefficient (UCC) are the most commonly used uniformity
indices in surface irrigation applications.

It is interesting to note that when the subject region is under irrigated over its entire
length or partly under irrigated, the uniformity indices complement the information, that
the E, index provides, on adequacy. That this, indeed, is the case has been demonstrated
at a later point in the paper by analyzing the equations that relate the E, index with the
uniformity indices. On the other hand, when the subject region receives adequate
irrigation over its entire length, E. = 100% and adequacy is no more a spatially variable
term. Therefore, the question of how close the applied amount to the right amount over
the entire subject region can be answered by the E_ index alone. In such a situation, the
uniformity indices are redundant as performance criteria. It is true that the uniformity
indices can still tell us how water is distributed along the length of run of the channel



D. Zerihun et al. / Agricultural Water Management 34 (1997) 25-46 29

and from that we can obtain qualitative information as to how the irrigation water loss is
divided into its components. More specific information on this can, however, be secured
by calculating the components of irrigation water loss directly. Besides, this information
is needed not as a measure of performance (‘‘how close the current event (scenario) is to
the reference or ideal one’’) as such, but as an answer to the question of how to improve
the performance of an irrigation scenario (a design or management problem). Stated in
other words, what the above means is that it is true that the uniformity indices possess
information that the E, and E, indices do not, but that the information as such is of no
use in evaluating performance as defined herein. It then follows that (1) in a completely
over irrigated situation, E, and E, alone can fully define the performance of a system.
In fact, if the target E, is set to 100%, it then remains to determine the maximum E, to
identify the irrigation scenario with the best performance; (2) there exists no irrigation
regime which requires evaluation of the total irrigation water loss or its individual
components to asses performance. However, the individual terms and corresponding
indices that are used to quantify irrigation water loss are important in their own right.
They provide vital information that would help guide design and management decisions
and are therefore described in the sequel.

4. Terms of design and management importance

There are two terms of relevance in this category: (1) Runoff loss which represents
that part of the applied water that has left the subject region as surface runoff. Runoff
fraction, Ry, is the index used to quantify the runoff loss. (2) Deep percolation loss
which represents that portion of the irrigation water loss that is attributed to percolation
below the bottom boundary of the subject region. Deep percolation fraction, Dy, is the
index used to quantify the deep percolation loss.

S. Definition of performance indices
5.1. Application efficiency (E,)
Application efficiency can be defined as the ratio of the volume of water stored in the

subject region to the volume of water diverted into the subject region (Fig. 1). A general
expression for E, is:

[fzax- [0 “zax+zL,,
g =20

a

, 100 (2)
C(]Qodt
0

where Z = cumulative infiltration expressed as a function of distance (m* m™YH,
L = channel length (m), L, = the length over which the infiltrated amount equals or
exceeds the requirement (m), Z, = net irrigation requirement or the perceived require-
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ment (m® m~!). The first term, in the numerator, represents the volume of water
infiltrated over the entire reach of the subject region. The second term of the numerator
stands for the total volume of water infiltrated over that part of the channel which
receives irrigation amounts at least equal to the perceived requirement, Z . The third
term, in the numerator, represents the volume of water retained in the subject region
over the reach that receives excess irrigation. The expression in the denominator
represents the total volume admitted into the subject region. In practice inlet flow rate
does not vary continuously with time, but rather in a step-wise fashion. Exact expression
can, therefore, be proposed for the denominator of Eq. (2) as follows:

JorQodt = 1I'=lQoiAti (3)

where i = time index, I = the total number of time intervals, A¢;, = the ith time interval
during which the inlet flow rate is set at Q;, O, = inlet flow rate during time period
At,. Exact solutions to the integral expressions in the numerator of Eq. (2) are possible
only if advance and recession times can be expressed as explicit distance dependent
functions. In general it is convenient and in the case of furrows, probably, more accurate
to use methods of quadrature to evaluate the integral expressions in the numerator of Eq.
(2). Both scenarios are explored in the sequel.

5.1.1. Evaluation of the E, equation

Depending on the prevailing irrigation regime, any irrigation event can be classified
into one of the following three particular cases.

Regime 1 (Z, < Z,;,): this is a situation in which the length of over irrigation, L, is

equal to the length of run of the channel. Eq. (2) therefore reduces to:

E “L 100 4
o L1100l 4
Regime 2 (Z;, < Z, < Z,_,): this is a case in which all three terms in the numerator

of Eq. (2) have to be evaluated, either using direct analytical or using numerical

integration.

1. The quadrature (numerical integration) approach: an array of methods does exist.
Using Simpson’s rule, for example, the first term in the numerator of Eq. (2) can
be expressed as:

AL
JEZdx = —3—[20 +4Z, +2Z,+4Z,+2Z,+ ... +4Zy_, + Z,] (5)

where A L = constant distance interval between computational nodes or observa-
tion stations (AL =L/N); N=number of intervals (must be even number);
Z, = infiltrated amount at station i (m® m~!). The second term in the numerator of
Eq. (2) can also be evaluated using Eq. (5), only by changing the upper limit of
integration from L to L,,. Note that the distance, from the upstream end, of a
station with a Z, value nearest to Z, can be taken as an approximate value of L.
2. Analytical approach: involves direct integration of terms in Eq. (2). Eq. (6) is an
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approximate analytical expression for the first term in the numerator of Eq. (2),
using the modified Kostiakov infiltration function.

fOde=kf0 'EO(;)(— a(x))'"t,(x)fil’"—Cfo (1.(x) = 1,(x))dx (6)

where x = distance measured from the upstream end of the channel (m), 7,(x) and
ta( x) = explicit distance dependent functions for recession time and advance time,
respectively (min); k¥ (m* m~' min~%), a (dimensionless), and ¢ (m® m™'
min~!) = respectively, coefficient of the power term, exponent of the power term,
and coefficient of the linear term of the modified Kostiakov infiltration function;
m=20,1,2,3, ..., M; and M = an integer, the value of which has to be selected
on the basis of the desired accuracy. Observe that Eq. (6) can be used to evaluate
the second term in the numerator of the right-hand side of Eq. (2), only by
changing the upper limit of integration from L to L.

The following is a procedure for estimating L., , when the analytical approach is used

to evaluate the integral expressions in Eq. (2):

1. determine the required intake opportunity time (7,
infiltrate Z);

2. make an initial estimate of L) (a reasonable initial estimate would be L) = L /2);

3. use Eq. (7), which is basically the recursive formula for a 1-D Newton—Raphson
iteration, to estimate L¢"" from L{).

Teg = (L)) + 1.(L3))

a1,( )

()
dx = dx

) (that is the time required to

i+1) — (i) _
L(olv —'Lo’v

(7)

¥=LQ)

where i = iteration counter;

4. stop iteration when a certain prescribed error tolerance criterion/ia is/are satis-
fied. The error can be defined in terms of L as A, = |L{" — L] and /or in terms
of time as 4, =T, — (L4 V) + (LSS D).

Regime 3 (Z_,, <Z.): in this case the second and third terms of the numerator are

max —

zero, thus Eq. (2) becomes:
fLde
E,= —>——100 (8)
> 0,41

i=1

The numerator of Eq. (8) can be evaluated using Eq. (5) or Eq. (6), as the case may
be.

5.2. Water requirement (storage) efficiency (E,)

Water requirement efficiency can be defined as the ratio of the volume of water
actually stored in the subject region to the volume of water that can be stored (Fig. 1).
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The general form of the E, equation is:

£ tZdx— [§~Zdx+Z,L

r—ov
100
' ZL (%)

5.2.1. Evaluation of the E, equation

Depending on the prevailing irrigation regime, the following three particular solutions
of Eq. (9) can be discerned:

Regime 1 (Z < Z_,.): this implies that L = L, thus E, = 100%.
Regime 2 (Z,,<Z,<Z,, ) this is the general case, in which Eq. (9) has to be
considered in its complete form. Eq. (5) or Eq. (6) is to be used in evaluating the
integral expressions in the numerator of Eq. (9).

Regime 3 (Z,,, < Z,): in this case Eq. (8) can be reduced to the following form:

Lde
E=2 100
) (10)

r

Eq. (5) or Eq. (6) can be used to estimate the integral expression in the numerator of

Eq. (10).
5.3. Irrigation uniformity

The third remaining performance term is uniformity. Two of the most commonly
used uniformity indices, in surface irrigation applications, are: distribution uniformity
(DU) and Christiansen’s uniformity coefficient (UCC).

5.3.1. Distribution uniformity
DU is defined as the ratio of the minimum infiltrated amount to the average
infiltrated amount over the entire length of the channel. A general expression for DU is:

‘min

DU =

100 (11)

av

where Z,, = average infiltrated amount over the length of run of the channel (m?> m™").
Z,, can be expressed as follows:

j(;Lde
L

V4

av

(12)

The numerator of Eq. (12) can be approximated using either Eq. (5) or Eq. (6), as the
case may be.
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5.3.2. Christiansen’s uniformity coefficient

UCC is defined as the ratio of the difference between the average infiltrated amount
and the average deviation from the average infiltrated amount to the average infiltrated
amount. The UCC equation is:

N
lei—zav'

i=1
UCC=|1———|100
ZN (13)

where Z, = infiltrated amount at point i (m®> m™'), N = number of points used in the
computation of UCC.
6. Irrigation water loss indicators
6.1. Deep percolation fraction (D;)
The deep percolation fraction is defined as the ratio of the volume of water percolated

below the bottom boundary of the subject region to the total volume admitted into the
subject region. The following is a general form of the D; equation:

D=2 100 (14)

Depending on the prevailing irrigation regime, the following particular cases can be
discerned in solving Eq. (14):

Regime 1 (Z, < Z_,.): this is a case in which L, = L. The integral expression in the
numerator can be solved using the procedure outlined in connection with Eq. (2).
Regime 2 (Z,;, < Z, < Z,_,.): Eq. (14) is directly applicable. The integral expression
in the numerator can be evaluated using the procedure described in connection with
Eq. (2).

Regime 3 (Z,,, < Z.): this implies that L, = 0, therefore D;= 0.

6.2. Runoff fraction (R ;)

The runoff fraction can be defined as the ratio of the volume of runoff to the volume
of water diverted into the subject region. Eq. (15) is the general expression for R;:

L)
J" 0y (r)ar
- ’iI(L)

R;= 100 (15)

7

ZQoiAti

i=1



34 D. Zerihun et al. / Agricultural Water Management 34 (1997) 25-46

where ¢, (L) and 7,(L) = advance time and recession time corresponding to the down-
stream end of the channel (m), and Q,(#) = time dependent runoff rate function at the
downstream end (m® min~'). Generally direct analytical integration of Eq. (15) is not
possible. The reason is that there does not exist an explicit time dependent equation,
0,(2), describing the runoff hydrograph. Therefore, the methods of quadrature are
commonly used to approximate the surface runoff volume. This is true for all surface
irrigation models except the volume balance model, in which case the dynamic equation
that describes flow variation in time and space is entirely neglected and hence there is
no way that one can determine even numerically the integral expression in the numerator
of Eq. (15). In such cases a simple mass balance approach, Eq. (16), can be used to
estimate R;.

R;=100— E, — D; (16)

7. The interrelationship of performance indices
7.1. Application efficiency and water requirement efficiency

Using Egs. (2) and (9), one can show that E, and E, can be related as follows:
ZL ZL
E,=E, =E, 7 (17)

0{C0Q°dt 2 0,:Ay

i=1

This equation can be used to calculate £, from E, and vice-versa, but is most useful in
exploring the interdependency of the two indices. The following observations can be
made of Eq. (17): (1) Given the ratio of the volume of water needed to refill the storage
capacity of a subject region to the total volume of water available to irrigate a subject
region, E, is a linear increasing function of E,. (2) For a given L, Z,, and target E,
combination E, is a function of the volume of water admitted into the subject region
alone. In such a situation, if a target E, value is chosen a priori, the corresponding
Q.-t., combination can be selected such that the condition imposed on the target E,
value is satisfied and that the product of Q, and ¢, equals the total volume available to
irrigate the subject region, which is given as E,"Z"L/E,. (3) The relationship between
optimum E, and the system variables, given a target level of E,, can be investigated and
a general rule for identifying the optimum E, as a function of the system variables can
be developed. A discussion on this is in order at a later point.

7.2. Water requirement efficiency and distribution uniformity

Combining Egs. (10)-(12) would result in the following expressions for DU in terms

of E, Z, and Z.
Zmin
T vallin
DU = 100 DU = —— (18)

TE T
)
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where DU ™ = DU expressed as a fraction, Z;, = minimum infiltrated amount normal-
ized at Z=Z,, E =E, expressed as a fraction. One can observe that for the type of
irrigation regime considered herein (i.e. Z,, <Z), E’ is equal to the average
infiltrated amount normalized at Z=Z,_ (Z ). Moreover, too low DU* is associated
with a situation in which Z, is significantly smaller than Z, (E), in which case both
Z, and E are biased towards the higher values of Z, hence not a measure representa-
tive of the adequacy of irrigation over the entire reach of the subject region. Stated
differently, what this means is that when the E, index is not a representative measure of
adequacy over the entire subject region, the situation is highlighted by a low value of

DU. In what follows a similar analysis is presented for E, versus UCC.
7.3. Water requirement efficiency and Christiansen’s uniformity coefficient

The following expression can be obtained for UCC in terms of E,, Z_, and Z; using
Egs. (10), (12) and (13), when Z_,, < Z:

N E
Z,——Z
L1z, 100 d

ucc=|1-=! 100 & UCC* =

E\'
—ZN
100

N E;

i=1"r

1_l§jrz"* —1I] (19)

where UCC ™ = UCC expressed as a fraction, E," = E, expressed as a fraction, Z;" =
infiltrated amount at node i normalized at Z = Z,. Note that for the irrigation regime
under consideration (i.e. Z , <Z), E is equal to the average infilrated amount
normalized at Z = Z, (Z,,). Eq. (19) shows that a too low value of UCC is associated
with a situation in which the values of Z; /E (or Z;' /Z,;,) are significantly smaller or
significantly larger than unity for a substantial number of the computational nodes
(stations). This in turn means that both Z,, and E, are biased towards the upper or the
lower limit of the range of the observed Z;s. What this tells us is that, when the water
requirement efficiency is not a representative measure of the adequacy of irrigation over
the length of run of the subject region, the situation is highlighted by a low value of
UcCcC.

The above discussion on the relationships between E, and DU as well as E, and
UCC is an attempt to explain the function that the uniformity indices serve in
complementing the information provided by the E, index, when the condition of
Z . <Z_ is satisfied. It is expected that this relationship holds true for the irrigation

max —
regime in which Z . <Z < Z_ ., although the form of the E, equation associated with

min
this irrigation regime is such that it does not lend itself to the kind of simple analysis
presented for the case in which Z_, < Z.

m

7.4. Application efficiency and uniformity

Generally both DU and UCC can be defined in terms of E,. However, the resulting
relationships are not as valuable as those obtained for E, versus DU and Er versus UCC.
In addition, one may observe that Egs. (4) and (11) are equivalent expressions when






