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Il. Evapotranspiration and Irrigation Engineering
). lrrigation Engineering
ll. Irrigation Water Management

Glossary

Crop coefficient Ratio of evapotranspiration for a
specific crop at a specific growth stage to the reference
crop ET for that same time period and climatic condi-
tions

Irrigation capacity Gross flow ratc per unit land
arca irrigated

Irrigation scheduling Systematic detcrmination of
the nced for irrigation and the timing and amount of
irrigation water to apply to a specific crop and/or
field with a specific irrigation system

Limited irrigation Planned irrigation management
that does not meet the full crop water requirement;
also called deficit irrigation

Lysimeter A device, generally a tank or container,
that defines the soil boundaries, particularly the lower
boundary, for measuring the water and/or solute
movement and the soil water balance of the enclosed
soil

Reference Crop ET Evapotranspiration from a
specified crop (most often short grass or alfalfa) which
is well supplied with water and has full ground cover
(near maximum vegetative cover) and minimum ex-
posed so1l

Irrigation cngineering is the application of seience to
irrigation design, management, and operation for the
benefit of mankind. Evapotranspiration is the com-
bined processes of water evaporation from soil, plant,
or water surfaces and water cvaporation from plant
tissue (internal plant surfaces) by transpiration.
Evapotranspiration influences irrigation design and
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managetnent. lrrigation design and management di-
rectly affect plant growth processes, crop yield, envi-
ronmental impace of irrigation on soil and water re-
sources, and individual producer net profits.

I. Evapotranspiration and
Irrigation Engineering

A. Description

Evaporation 1s the vaporization process whereby a
substance, either liquid or solid, is converted into
a vapor. For solids, the process is generally called
sublimation. In agriculture and irrigation engineering,
usually cvaporation refers to the water vaporization
from soil, plant, or water surfaces, and transpiration
usually refers to the vaporization of water from plant
tissues generally through the stomata of plant leaves.
Evapotranspiration is the combined processes of wa-
ter vaporization from evaporation and transpiration
and is also called consumptive use in some literature. In
addition, water retained in the living tissue is generally
lgnored since it is such a small amount compared to
the mass and/or rates of water vaporization consumed
in cither evaporation or transpiration. Although
evapotranspiration cannot be defined as a single pro-
cess, it is considerably easier to measure than evapora-
tion or transpiration; hence, its use as both an identi-
fying term and a measured parameter is widespread
in the agricultural and irrigation sciences to describe
the use of water by vegetation.

Itrigation engincering is a specialized branch of en-
gineering dealing with the applicadon of science to
irrigation design, management, and operation. Irriga-
tion engineeritg is a subdiscipline of the larger ag-
ricultural and civil engineering fields. Traditionally,
civil engineers specializing in irrigation engincering
have been more directly invelved with oft-farm engi-
ncering applications {water supply, dams, canals,
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drainage, ete.) while agriculiural engineers spectaliz-
ing in irrigation engincering have been involved with
on-farm applications (application micthods, system
design, irrigation scheduling, ete.). An overlap of ag-
ricultural and civil engineering In irrigation engi-
neering is widely visible. Since this encvclopedia s
intended for agricultural sciences, on-farm irngation
engineering will be emphasized. [See InricaTion En-
GINEERING: FARM PRACTICES, METHODS, AN SYSTEMS;
Wartr CoNTROL AND USE. ]

B. Measurement and Estimation
of Evapotranspiration

1. ET Measurement

Many methods have been proposed and used to
measure water use by vegetation. Generally, the
lumping of evaporation and transpiration mto evapo-
transpiration does not pose a severe theoretical restric-
tion. [owever, in some cases the distinetion of water
use n evaporation arxd in transpiration {as scparate
physical processes) is clearly more desirable. For sim-
plicity, the term evapotranspiration will be designated
by the symbol E'T, evaporadon by E. and transpira-
tion by I, henceforth in this chapter (remembering
that E'T = E + T).

ET can be measured by two
means—weighing lysimeters and by eddy correla-
tion. ET can be indirectly wnferred by water balance
or energy balance based on the prinaple of the conser-
vation of mass and cuoergy. respectively. Weighing
lysimeters are deviees with a soil container which is
mounted on a scale that can precisely determine the
change of the soil mass due to the vaporization of
water by E and T {I4g. 1). Sometimes the lysimeter
sotl surface may be covered to clinunate E, and
thereby permitting T to be measured. Small lysime-
ters (called micro-lysimetersy, usually about 200 mm or
less in diameter and 100 to 200 mm deep, have been
used to manually measure E over short periods (a day
to perhaps 2 or 3 days) for bare soil or beneath crop
canopics. This method 1s basically a simple soil water

directly

balance of the surface soil water where most of the soil
water evaporation occurs, and the soil water content
volume change (measured as mass) is determined by
removing and weighing the lysimeter containers and
then replacing them back into the soil tor evaporation
to occur. These micro-lysimeter measurements of E
require routine soil volumetric sampling to “refresh”
the soil in the micro-lysimeter and to relocate the
measurement sites. They cannot be used reliably dur-
ing rain or irrigation events and may not correctly
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FIGURE 1 Schematic diagram of the weighing lysimeters at
Bushland, Texas (USDA-ARS), |From Marck, T H., Schoeider,
A, D Howdl, 1o AL and Ebeling, L. Lo (1988), Design and
construction ot Lirge weighing monelithic Tysimeters. Trans.
ASAE M, 477434, reprinted by permission of the American Sod-
ety of Apricultural Engincers. St Joscph, ML

represent the sol drving since plant root extraction
is climinated. Weighmg lysimeters (and percolation
lysimeters as well) provide a defined water flux at the
Ivsimeter boundary (generally zero; although draim-
age water can be removed, water can be added to
simulate upward flow from a water table, or a con-
stunt water table clevation can be maintained).

Eddy correlation measurement of ET requires pre-
cisc and fast-response strunients to mcasure the co-
variance of the perturbations (luctuations from the
mean) of vertical wind and water vapor movements.
With higher speed and more accurate portable, DC-
powered data acquisition systems, cddy correlation
methods are becoming more widely used. Eddies are
gusts of wind created by the turbulent flow and mix-
ing of the atmosphere controlled by the forces of
momentum, heat, and water vapor transfer.

ET can be deternuned by a water balance as

ET,=8,-0, -1+ R +£4-Q,~D, (1)

where E'T, is the water use during period 1, 6, 1s the
profile soil water content {over some specified depth
Zas0 = [ ©dz from 0 to Z) at the end of period
{, R is precipitation, [ is irrigation, Q, 1s runoft {(or
runon it negative), and D; is drainage at depth Z (or
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upward flow if negative) during period i, and all terms
are expressed i unies of length (usually mm; equated
to 1 kg m 7 for warter). For most agricultural applica-
tions 0. R, and I can be measured by several methods;
however, Q and certainly D are more ditficult to
determine. Often, Q and D can be neglected in certain
situations. 'The ET rate 1s deermmed by dividing ET
by the peried length.
E'T can be determined by an energy balance as

ET = (Rn — G — H)/A, )

where ET is in mm sec™ (positive during evaporation
or transpiration}, Rais net radiation in W m™ {positive
when incoming exceeds outgoing radiation), (715 soil
heat flux in W m™ {positive when the soil is warming),
H is scnsible heat flux in W m™ (positive when the
alr 1s warming), and A 1s the latent heat of vaporization
in | kg™ Japproximately 2.45 x 10" J kg™ ac 25°C).
Ru can be measured with net radiometers, and G can
be measured with soil heat flux plates buried at
a shallow depth (usually about 20 to 50 mm deep)
and so1l calorimetric correction for the thermal
energy storage 10 the soil layer above the plates.
H can be measured using profile techniques {micro-
meteorological methods) or using surface tempera-
ture measurcements (these are usnally made with infra-
red thermoemeters). In Eq. (23, E'T s determined as
the residual [ive., the remainder of (Ra - G - H)/ A
Maost often, however, the Bowen ratio method is used
where

B = H/AET) = vy (K,/K) [(AT/Ae)| (

L

)

and
ET = (Ra — YA (1 + B). (h)

where B1s the Bowen ratio (fraction), yis the psychro-
metric constant in kPa "C' (approximately
(6.6 X 1077 P, where P is barometric pressure in k%a),
K, and K, are the eddy transter coefhicaents for sensible
and latene heat (usually equality between Ky and K is
assumed), respectively, and AT and Av are the vertical
gradients for temperature in “C and for vapor pressure
m kPa, respectively. The Bowen ratdo method can
reduce strumentation detail required in the micro-
meteorological profile methods; however, prease
measurements of AT and Ae are required as well as
the assumption that K, K,”' = 1.0. The Bowen ratio
energy balance method cannot be used when 8 1s
equals -1.0, which occurs most often at neutral atmo-
spherie conditions before sunnse and late evening
after sunset. Often the magnitude of the energy bal-
ance fuxes at night are too small to be reliably mea-

sured by the Bowen ratio. The Bowen ratio energy
balance method and other energy balance methods
require highly accurate measurements of Ra and G,
which commonly can coutain errors of 3% or more.
These Re and G errors directly affect the accuracy of
H and ALT.

Transprrauon (T) can be measured using a heat
balance method for certain species with a nain stem
(at least 3 mm n diameter for small plants to over
100 mm for trees). Figure 2 illustrates a heat-balance
gauge. The gauge consists of a small heater that 1s
placed in contact with the plant stemn and several ther-
mopiles {or thermocouples) that measure the radial
and vertical heat migration from the heater. A con-
stant power is applied to the heater and the transpira-
tion flux through the plant sten 15 related to the heat
migration rate along the stem accounting for radhal
heat dissipation away from the heater. The device 1s
carctully msulated to avold heat transmissions to or
from the cnvironment. The arcal transpriration can
be computed based on the plant or crop density. In
practice, many individual ganges need to be measured
and averaged to account tor plant to plant variations,

2. ET Estimation

ET (as well as E and T) is influenced by many
factors—climace factors {mamly solar radiauon, air
temperature, relative hunudity, and wind speed), soil
factors (1.c., water content, thermal properties, physi-
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FIGURE 2 Schemaric diagram of a stem heat balance gauge used

o measure plant transpiration. A, B, Ha, and Hb are thermocouple
temperature measurcment locatous; and O and He are radial ther-
mopile tempetature measurement locations: 1P s inpue power from
the heater, gd s the downward heae flow, quis the upward heat
How, (Q, 4, 14 the radial heat How, and ..., 1s the net upward hear
How: dx is the increment for upward and downward temperature
gradients and d'1 15 the tenperature gradient m “C measured
as JA = 1) 4 b - VB2 [ Sonrce: Tdynamax, Ine., Houston,
Texas. |
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cal Tayers, soil strength, and root-zone salinity), and
plant factors {i.¢., plant density, plant height, rootng
depth, leaf area, and stomatal conductanee). Crop ET
15 often characterized for hypothetical crops called
reference crops (BT for a reference crop will be called
ET.). Short grass (usually a cool season type species)
and alfalfa are the most common reference crops. The
ET of these crops when “well-supplied with water”
and with a “full ground cover” generally defines ET.
ET, 1s often computed using the Penman combimation
type equation which 1s given below for a grass ET|
€ase as

AET, = [A(Rn - GGy + (y EQ]/A + ), (5)

where A is the slope of the saturation vapor pressure
curve |d¢ 8T in kPa °C™ [usually cvaluated at the
mean air temperature, T, w °C| and Ea = 74.42
(1.0 + .53 Uy) (¢’ - ¢) in W m™ for grass reference
ET,, where U, is the mean wind speed in m sec™ at
a 2 m clevation above the ground, e is the saturation
vapor pressure in kPa at I, . and ¢, is the ambicent
vapor pressure in kPa, The Penman equation was
later modified using resistance factors to apply more
generally to any crop or vegetation and is known as
the Penman—Monteith equation which s given as

AET, = [A (Re — Gy + (y Ea)[/(A + ¥, ()

where y™ =y (1 + r /) where v, is the canopy resis-
tance to vapor transfer in sce m™', 5, is the acrody-
namic resistance to vapor transfer in sec m ™!, and La
is now defined as Ea = {{(m p, A/ P] [(¢} — ¢ )1/r, ] in
W m™, where i is the molecular mass of water vapor
to air mass [0.622] and p, is the air density in kg m ?
The acrodynamic resistance () includes the effect of
wind on the evaporation process (note: r, is inversely
related to wind speed). ET, will be crop specific be-
cause Ry will depend on the crop and seil albedo
(short-wave or solar radiation reflection ratio) and the
crop and soil emissivity {long-wave emittance factor},
the cttects of the crop on energy flux inte the soil
{(z}, the acrodynamic factors of the crop thatinfluence
¢, {(maly crop height, crop roughness, and atmo-
spheric stability), and the crop resistance factors that
wfluence r, (mainly leaf arca and stomatal resistance).
For time periods of a day, € 1s often assumed to
be neghgible; however, for longer periods {(woeeks
or months) or shorter periods (hoursy ¢ ocan be a
significant factor and should not be neglected. E'T is
defimed in terms of the crop canopy resistance, ., for
a specific reference condition.

Many other ET, estimation methods and equations
have been developed, particularly for applicadions

where climatic data may be limited and all the parame-
ters required for Eqs. (3) and (6) may be unavailable.
A few of the more widely used empirical reference
ET equations for grass are given below

Pricstlev-Tavlor AET, = @ A (R — C)/(y + &) (7)

Jensen-Haise AET, = Cy (T — T R, (8)
Hargreaves AET, = 0.0023 R, TD'"?
(1" + 17.8), (9)

where e 18 an empirical coetticient (dimensionless)
which 1s approximately .26 for wet surface condi-
tions, (Cyp and T, arc determined by empirical equa-
tions based on site elevation and the warmest month’s
mican maximum and minimum temperatures, R, is
solar radiation in W m *, R is extraterrestrial solar
radiation {solar radiation outside of the carth's atmo-
spheric layer) in W m %, and TD is the mean monthly
temperature difference (maximum minus sunimun}
w1 *C. The Priestley-Taylor cquation is most otten
applied to more humid locations; the Jensen-Haise
and Hargreaves equations are more appropriate tor
weekly or longer-term ET estimates. In addition,
cvaporation pans are widely used as methods to esti-
mate ET,: however, pan location and the site condi-
tions surrounding the pan can greatly aftect pan evap-
oration.

Emipirical crop cocfhicients are used to compute the
crop (or other vegetanon as specified) water use as

ET =|{K, K,} + K] ET, (1

where ET) s the compured reterence ET for a speci-
fied reterence crop in mm d~', K, is the basal crop
cocfficient {fraction), K, 1s a water deficit ET reduc-
tion factor {fracten), K, 1s a so1l evaporation factor
(fraction), and ET 1s the actual crop water use in
mm d~'. Figure 3 illustrates a generalized crop coetti-
cient curve. ldeally, the empirical factors (K, K. and
K} could be developed using Eq. (6) with appropriate

i_
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FIGURE3 Geucralized crop cocfticicut curve illustrating the crop
caetticient parameters. [Adapred from Wrighe, J. L. (1982), New
cvapatranspiration crop coctficients. [ ferip. Drain. Engro Dt
ASCEA08{I1R1), 57 -74. Reprinted by permission of the American
Society of Civil Engineers, New York, NY .|
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values for ¢, and 7. The basal crop cocfhicient, K, 1s
defined for the case with 2 “well-watered” crop but
dry soil surface (several days after irrigation or rain-
fall). K, is determined for a specific crop and for a
specific method of determmung ET,. For this reason,
the use of published values of K, must caretully deter-
muine the appropriate ET, and method of estimating
ET,. K, 15 defined by the reduction m ET caused by
reduced soil water, may be both soil and crop specific,
and normally decreases exponentially (or logarichmi-
cally) with increased soil drying. K, is specific for a
particular soil and will generally decline exponentially
L 78TO f_ol]o\-.\a'ing several days of drying.

Il. Irrigation Engineering

Engincering designs for irrigation systems provide
detatled information on water supply (rate and vol-
ume), application rates, hydraulic design of water de-
livery components, operation criteria for the systems,
and maimtenance schedules for the irdgation system.
F'l'impacts the water supply or demand for the irriga-
tion project (ficld, farm, or entire project on a hydro-
logic basin or region scale). This chapter will deal
only with the effects of ET on frrigation engineering
applied to ou-farm irrigation design and management;
however, the impact of oft~farm, district, or project
engineering 1s recognized to impact on-farm irnga-
ton cnginecring.

A. Irrigation Capacity

Irmgation capacty (1C) 18 defined as the gross flow
rate per unit land area, and it 1s usvally characterized
in units of liter sec™ ™ {or mm s ') or more com-
monly converted to mm &7 o d ' = 8.64 x 107
liter sec ™' m73), 1C includes all the application con-
veyinee losses (only on=fanin losses are considered in
this chapter). 1( should be optimized through the
engineermg design because 1C direetly atfects the
fixed irrigarion system costs sinee the size ot the water
supply and conveyvance structures (pipelines, canals,
pups, valves, power demand costs, power distribu-
uon component sizes, ete.) are directly related to [C.
1C 18 an irriganon rate constraint, and 1t can atfect
crop growth and yield performance for the particular
climatic regime 1 which the system 1s intended to
function as well as wrngation ctheaency (fraction of
apphed water actually being used by the crop). IC s
sometimes indireetly and/or directly constriuned by
regubations (L.e., well sizing, well spaang. turn-out

flow controls). In certain cases, irtigation volume will
alse be constrained (.c., warter allotments, water
depletion regulations). Generally, IC 1s one of the
primary factors atfecting variable irrigation costs, par-
ticularly when ground water 1s the main irrigation
water supply, through the gross flow rate which 1s
dircetly proportional to energy consumption where
pumping is necessary.

As IC 15 reduced, the abality of the irrigation system
(with 1ts cfficiency and uniformity} and irrigation
management to meet the full crop wrngation needs 1s
sacrificed. Irrigation capacity in excess of the mini-
mum [C necessary to meet the crop water needs (in-
cluding any necessary leaching for salinity manage-
ment) in all years requires  additional  capital
investment for irrigation equipment. Since the irriga-
tion system peak application rate 1s also directly pro-
portional to [C, runeft from irrigation applications
can resule 1f 1C7 is oo large;, however, the irrgation
hvdrology (the partittioning of irnigation applications
mto infiltration, runoff, deep percolation or drainage,
and ET) 15 complex and difficult to predict. The goal
of irrigation should be to achieve a high partitoning
of trrigarion applications into E'l {espeaially 1) while
minimizing application losses to runoff and drainage
resulting in high irnganon efficiency, irrigation appli-
cation cfficiency (defined as che fraction of applicd
water actually being stored 1 the crop reor-zone),
water use ctticiency (WUE 15 defined as the ratio of
crop yield to scasonal crop water use (ET) usually
expressed in units of kg m 7, where 1 g m™ per mm
cquals 1 kg m ¥ or 10 kg ha™" per mm cquals 1 kg
m ), and irrigation water usc cfficiency (IWUE is
detined as the ratio of crop vield to total seasonal
irrigation amount with the same umits as WUE). The
optimum 1€ 1s somewhat difficult to precisely deter-
mine sinee the aceeptable rnisk level assocated with
reduced crop vields resulting from soil water deficits
depends on the philosophies and financial resources
of the mdividual grower {i.e., a particular design with
a specific [C may meet the crop needs in 9 years
out of 10, on the average, with a maximum yicld
reduction of 10%). The grower needs to specify the
risk level that is acceptable, and chen che IC and system
design can then be determined to meet or exceed that
criterion. Figure 4 illusteates the simulated effeet of
net sprinkler 1C on corn yields at Bushland, Texas
(Pullman clay loam soil), for a specific irngation man-
agement serategy for 28 years of chmatic record
{1958-1985). This illustration shows for this particu-
lar case that a net 1C above 8 mm d ™' did not improve
cxpected corn vield. However, as net [C declined to
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FIGURE 4 simulated relutive com grain yvield reduction for a
Pullman clay leam soil at Bushland, Texas, as affected by nat
sprinkler irrigation capacity for 20-mm applications wirth 2 73-mm
allowable soil water depletion prior to irrigarion for a 28-yr period.
[Franm Hlowell, "1 AL Copeland, K. 8.0 Schacider, AL 1Y und
Dusek, 130 A (19849, Sprinkler irnigation management for
cort —Southern Grear Plains. Frams. ANAL 32, 147154, 160, e-
printedd by permission of the Amcnican Sociery of Agricultural
Engineers, St. Joseph, M|

4 mm d~' the mecan comn yield would be reduced
about 1% while | year in 4 (25% cxceedence proba-
bility) the corn vield could be reduced almost 30%.

IC necessary to meet the tull irmganoen needs of a
crop is largely based on (1) the maximum crop ET
rate over some spectfied planming interval, (2) the
plant available soil water that can be extracted by
the crop without any serious yield reducoion, and
{3) cffective precipitation during che planning inter-
val. The first factor 1s well detined in many sources
while the second factor 1s more difficult to precisely
characterize tor parucular crops and soils. The third
factor can be estimated it many wavs, but it is inHu-
enced strongly by the precipitadon pattern (fre-
gquency, amount, and intensity), soil factors (slope,
surface cover, soil type, etc.), and normal ET rates
during the specific time interval. Equation (1) can be
rearranged to solve for Tas the irrigation requirement.
ICC can be bracketed in several ways. At some soil
water content level (), the crop cannot take up water
trom the soil at a rate sufficient to meet the atmo-
spheric demand rate for ranspiration (the valuc of K,
m Eq. {10) will begin declining below a value of 1.0
and the valuce of r, in Lig. (6} will begin to increase
above the value defined for the reference condition),
and the crop will develop a water deficit which will
reduce growth (and eventually yvield) and ET through
mechanisms that regulate the stomatal opening and
biochemical processes in the leaves. This critical soil
water content is not necessarily the same for these two

processes—normally growth (photosynthesis) will be
reduced betore ET is greatly affected—and may even
vary with several eavironmental conditions. In addi-
ton, if the soil water content is too Jarge, exceeding
some value 6, then water more easily moves through
the profile resulting in water losses to 1) with its
associated nutrient Jeaching losses and rainfall losses
to Q may Increasc.

The irrigation management goal is therefore to
mamtain O within this range (6, — 0 while min-
imizing irrigation application losses to I and Q with [
constramed by the irngation design to be = o IC* T,
where 17 is the design time period in days and IC is
in mm d . The maximum IC can be estimated as
J(ET — Rydr over time period T in days, when no
soll water {6, ; = ) can be extracted without reduc-
ing crop growth and yield, divided by the irigation
application efficiency {as a fraction). This maximum
[C will clearly depend on effective rainfall. In most
cases, the expected etfective ramfall for short duranion
planming periods {one week or less) will be zero. As
the soil water content increases above O, available
soil water can be extracted by the crop to meet its
ET demand without reducing crop growth and vicld,
thereby reducing the irrigation amount and 1C re-
quired to meet the crop water needs. Likewise precipi-
tation, groundwater contributions (negative 13), and
water harvesting {negative Q) (see Eqg. (1)) directly
offsct E'l thereby reducing terigation needs and irriga-
tion capacity. 1C can be estimated using an cquation
developed by the USDA-Soil Conservation Serviee
given as

1C = 0.034 (ET. M/ A, (1

m

where IC is in mm d7', KT, is the monthly mean
ET for the peak month in mm month™!, and AL is
the allowable seil water depletion in mm between

irrigations which avoids crop water deficits.

B. Irrigation Scheduling

[rrigation scheduling (IS} comprises of strategic
{long-term) decisions (1.c., sclection of methods for
detecting plant water needs, planning for scasonal
water allotments to speafic fields or crops, etc.) and
tactical (short~term) decisions that mainly determie
when to irrigate and how much wrngatien water to
apply. In some cases, irrigation applications may be
desired for reasons beyond meeting crop water needs
(i.c., frost protection, crop stand establishment, salin-
ity management, chemical applications—herbicides
or pesticides, ete.). IS needs to consider the crop water
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needs, irrigation system constraints (1C and applica-
tion rate), energy conservation, so1l wawer contents,
weather and precipitation patterns, and cultural prac-
tices like harvesting, fertilizing, cte. 15 will directly
attece the crop production cconomics through its of-
fect on crop yicld and crop quahty and on irrigation
costs (labor, cnergy, and/or water).

1S strategic decisions include the method of crop
irrigation need determination, the desired range of
single irrigation application amounts for best unifor-
mity and ctficiency, and the crop yield goals. Tactical
1S decisions melude the day-to-day integrauon of irei-
gration with other fasming practices (planting, cultiva-
tion, harvescing, pest control, immediate weather
forecasts. cte.).

Figure 5 llustrares a simple example crop produc-
tion functien (relationship between crop vield and
apphed irngation water) and irrigation cconomics.
The crop production function is assumed to follow 4
guadratic function in this example. The middle graph
(Fig. 5A) shows a low hixed irngation cost while the
lower graph (Fig. 5B) shows a higher fixed irrigarion
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FIGURE S A hiypothetical exawnple of o crop production function
and irrigation ceconomics for lincar irrigation costs wich both low
{A) aud high (B) tixed and varlable costs {water costs).

cost. Both graphs (Figs. 5A and 5B) show low and
high variable irrigation costs associated mainly with
the costs of irrigation water. These examples assume
that income is directly proportional to crop vield and
that irngation costs are lincar. Several important
points can be illustrated with this simple example.
First, as either fixed or variable costs increasc, the net
profit {vertical distance between the meome and cost
curves) and range of positive net profits (horizontal
distance between the points of mtersecnion of the in-
came and cost curves) decrease. The fixed costs do
not greatly attect the optimum irrigation amount that
maximizes net profit. The optimum  irrigation
amount (the peint where the slopes of the income
curve 15 equal to the slope of the cost line) decreases
with increased variable irrigation costs. An additional
point 1s that maximum net profit is not overly sensi-
tive to the irrigation amount near the optimum rrga-
tion amount (the slopes are relatively low). Of course,
relationships like those illustrated here are simplitied
and do not consider many additional production cco-
nomic and engineering parameters.

Many irrigation systems are designed and managed
to operate near the maximum crop production level
and this 1s usually called full irrigation. As Fig. 5
shows, this may not necessarily be the maximum net
profit or the most optimum use of wrigation water;
however, it may reduce the production risks chat are
faced by the grower. As the irrigation amount is re-
duced from that necessary to produce maximum crop
yicld, the risks (reduced net profits) increase. In addi-
tion, irrigation systems apply water with dittering
distributious of application amounts called application
uniformiry, and the application uniformity can aftect
irrigation cconomics {both net profit and system capi-
tal costs) as well. Tradigonally, when lower irrigation
amotnts from those necessary for maximum crop
yield are used, the irrigation management strategy is
called limited or deficit irrigation. These strategies
rely on avoidance of eritical crop water stress, particu-
larly in the sensitive crop growth phases normally
associated with reproductive growth (i.c., anthesis in
most cereal crops). Figure 5 llustrates that a deficit-
or limited-irrigation strategy may not nccessarily
result in a redvced ner profit. Lumited- and deficit-
irrigation management can be constrained by either
volume or rate irrigation constraints. The rate con-
straint is the IC {or a well spacing or sizing regulation
constraint) while a volumetric constraint could be a
pumping volume regulation {i.c., so many m’ per unit
land arca) or a water right constraint {legal permuit).
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Additional legal or regulatory constraimis on drain-
age, runoft, or water quality {both drainage and run-
off) can impact irrigation design and management.
These later regulations are called nonpoeint source dis-
charge regulations. Irrigation system design affects
the fixed irrigation costs though the size of pipe size,
canal size, pump size, power demand charge. cte.,
and the variable irrigation costs through the pumping
rate, pumping pressure, labor, ete. Irrigation manage-
ment and IS affect net profit through the resulting
crop vield and quality and the variable irngation costs,
which are proportional to the total scasonal irrigation
applications.

1. Irrigation Timing

Many methods arc used to aid and determine irnga-
tion timing decisions, which are a critical component
of 1S. IS should be based on plant water needs rather
than indirect parameters such as soil water content,
cte. However, plant measurements are often less
quantitative, more time consuming, and often more
difficult to automate. Plant water stress symptoms
inrclude visual signs hke color changes, growth pat-
terns, leaf rolling or curling, leaf wilting, ete. Often
by the time that these visual observations are evident,
significant damage to the crop yield potential may
have already occurred. More quantitative measures of
direct plant water deficits include plant temperature,
reflected or emitted eadiation, stem diamerer, leaf dif-
fusion resistance, leaf water potential, plant transpira-
tion, cte. A major difficulty in using quanutatve plant
water stress measurenients 1s the separation of the
mfluences caused by the environmental parameters
and those caused by plant water deficits. Many tmes
some of the above plant measurements are made be-
fore sunrise to determince the rehydrated level of plant
water stress. Other daytime micasurements of plant
water deficit may rely on air temperature, relative
humidity (or combined into the vapor pressure defi-
i), or solar radiation. In some cases, dynamic atmo-
spheric changes (clouds, wind, c¢te.) greatly affect the
plant water status and its measurement. [n some in-
stances, a portion of the field may be managed with
low soil water deficits to scrve as a check or reference
field for nearby fields using plant-based 1S uming.
Plane-based measuremetits are sometimes unrehiable
when extrapolated for several days, which may be
necessary to schedule or order irrigation water antici-
pating irrigation nceds,

Soil water parameters are often used n IS anung.
Soil water can be estimated from simple soil samipling
and judgment based on visual and feel methods; gravi-
metric methods requiring soil samples to be weighed,

dricd, and reweighed; soil water potenual sensors
(tensiometers and thermocouple psychrometers); po-
rous block sensors (in cquilibrivm with the soil of
clectrical resistance, capacitance, and/or heat dissipa-
uon typesk neutron attenuation meters (gauges that
cmit low levels of nuclear radiation and count the
slow neutrons that are reflected back from water or
other hydrogen clements), or soil dielectric gauges
(time domain refAectametry). Sceveral of the soil water
sensors can be automated for measurement speed;
however, soil contact and placement are major hmita-
tions. Soil water content or potential is an indicator
of expected plant water stress. Soll water content or
potential will usually permit longer-range IS tuming
forecasts than will plant based measurements. In addi-
fion, soll water measurements can be used more di-
rectly than plant mmdicators to deternmune irrigation
amounts necessary to refill the soil profile.

[rrigation uming sensimg methods  should  be
viewed as nformaton rather than one method versus
another. Each method adds potendally greater collab-
oration or support for vach of the other measure-
ments. The grower or irrgation consultant needs to
gather sufficaent mformation, cither so1l or plant
based, to make the irrigation oming decisions. These
decisions should be presented i the contexe ot a
scheduling epportunity window. The carliest irriga-
tion date in this scheduling window will avoid appli-
catton losses to drainage and runoff while the later
date in this scheduling window wall avoid the devel-
opment of plant water stress and assoctated future
yield reductions.

2. krrigation Amount

[rrigation amount is largely dictated by the irnga-
ton application method, application efficiency., and
the avatlable soil water storage capacity. The 1rriga-
ton amount 1s largely constramed by the 1C and the
trequency of irriganen apphcations. The irrigation
application method will have a specific range of appli-
cation amounts 1 which its etficiency and umtormity
may be optmized. This optimum range could be
about 50 to 100 mm for surface rngations, 15 to
500 mm for sprinkler irrigations, or 5 to 25 mm for
microirrigation (drip, trickle, bubbler, micro-spray,
cte ). Available soil water storage dictates how much
water could be stored within the soil profile without
excesstve losses to dramage. However, 1t may be de-
sirable In many cases, particularly in subhumid and
seri-arid climates, to avoid refilhing the sol profile
to leave potential storage for precipitation to minimize
precipitation runoft losses.
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Ill. Irrigation Water Management

Ou-farm irrigation water management 1s the com-
bined utilization of irngation system design with [S
to enhance effectiveness of irngation. [rrgation water
management involves the integration of many strate-
gic {long-range) and tactical {short-range) decisions
with the farm management decisions (again both stra-
tegic and ractical), water supply, and legal and institu-
tion constraints.

Farm management decisions of cropping sequence
and varicty selections affect irrigation management.
In addition, farm cultural operations such as tillage,
pust contrel (both weeds and insccets), fertility, crop
harvesting, and other farming actvites must be inte-
grated with irrigation management to achieve the
farm production goals. In many cases, these farm and
crop management decisions may be more critical than
irrigation decisions. In the United States, many times
these farm management decisions are constrained by
government farm programs or natural resource regu-
lations.

Irrigation water supply has additional management
constraints. Off-farm water supply may involve wa-
ter “ordering” (advance forecast of water demand)
from a watcr district or 2 water management agency.
The ET of the crops being irrigated and the irriganon
methods directly affect the water order. In other cases,
the control of the water supply 15 simply the regula-
tion or linat on water pumping, partcularly trom
groumdwater sources. These pumping restrictions
have many forms from taxes or fees to absolute water
withdrawal limits or regulations. For example, m
southeastern Texas, groundwater withdrawal in cer-
tain arcas is subject to fees charged by ground water
discricts to control and reduce land subsidence; in
southwest Nebraska, the local natural resource con-
scrvation districts have imposed a fixed limit over a
S-year period on irrgation pumping volame; and i
many woestern states, rigid water right laws control
the water allocations for irrigation.

Encrgy consumption in irrigation alse has empha-
sized the need forintegrated management of irrigation
with power distribution. In many situations with
clectrical-powered irngation water supplies, electrical
load management mtegration with irrigation manage-
ment 1s necessary to reduce energy consumption (and
therefore reduce irngation vartable costs) or to control
the power demand by regulation to “otf-peak’™ time
periods. In the United States during the 1970s when
energy rates were rapidly escalating, electrical load
management became a critical component to preserve
and/or maintain irrigation power availability.

Water quality issucs have become major irrigation
management factors. The impact of irrigation on the
sustainability of irrigated agriculture has become im-
portant globally. The increased demand for the de-
clining developed, high-quality  water  resources
within the United States 1s one example of this envi-
ronmental awareness. This awareness 1s heightened
in arcas with conjunctive use of groundwater and
surface water for mulu-purpose use (irrigation, do-
mestic, municipal, and industrial}). For example,
groundwater contanination from leached nitrogen
beneath irngated lands along the central Platte Valley
mn Nebraska has heightened awareness about the ne-
cessity to integrate farm fertility management with
irrigation management; in the 3an Joagquin Valley in
central California, the leaching of naturally oceurring
toxic elements such as sclenium into drainage waters
has caused farm drainage discharge elimination with
its associated perched water table creation and land
degradation; in the Grand Valley of Colorado, perco-
lating waters bencath wrrigated lands leach naturally
oceurring salts into the Colorado River with many
downstream 1mpacts all the way to Cahfornia and
even mto Mexico, affecting international treaties and
compacts.

Often irngation management is tocused on annual
or shorter-term objectives—crop variety or species
chosen, crop yield and/or quality, irrigation method,
irrigation amount, energy costs, ctc. Longer-term ob-

jectives for drrigation management include  sus-

tainability (water availability), water quality issues,
and producer risk. Clearly, irrigation must be profic-
able or it will no longer remain viable and feasible.
ET, irrigation design, and irngation management at-
tect both the short- and long-term value of irrigation.
In many cases, the value of irmgauon far exceeds its
value to an individual producer extending to local,
regional, national, and world cconomies. It remains
increasingly important to conserve himited natural re-
sources both (soils, water, and encrgy) and to use
these resources wisely to insure long-term food and
fiber production for a growing world population.
Irrigation engineering will continue to serve an im-
portant funcuon i meeting, this global veed.
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