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PREFACE

Since the beginning of the seventies the area of irrigated land in Sweden
has increased considerably. This has led to a demand for good water manage-
ment. For irrigation application of proper amounts of water with proper
intervals is desired in order to meet the requirements for optimum crop
growth,

Irrigation scheduling deals with this problem. Soil water measurements
and computed soil water balance are two general approaches for scheduling.
On several farms in Sweden tensiometers have been useful tools in order to
record the soil moisture status. To provide evaporation data for soil water
balance calculations, small evaporimeters have been set up on different
sites in the country.

This paper begins with a review of irrigation scheduling techniques. Then
the model of the United States Department of Agriculture (USDA) computer
program for water balance computations is presented. In the proceeding of
the text an adaption of the USDA model to Swedish climatological and agri-
cultural conditions is worked out.

The work was carried out at the Division of Agricultural Hydrotechnics by
M.Sc. Joseph M. Erpenbeck. He was staying as a visiting scientist during
the winter 1981/82. Erpenbeck has earlier carried out research on estimating
crop water requirements and irrigation scheduling. Professor Waldemar Johans-
son provided data from his work with a model for soil water balance compu-
tations. He also assisted in the preparation of the report.

Available climatological and soil physical data from two sites were uti-
lTized in order to test the proposed program. The next step ought to be a

test in field trials for eventual modification.

August Hakansson
Uppsala, 1982
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ABSTRACT

Irrigation scheduling is deciding when to irrigate and how much water to
apply. The objective is maximum crop production for the farmer but other
benefits are possible toward better management of water resources. This
report reviews soil water depletion measurement and computation approaches.
Examples are given of how these irrigation schedul ing methods are used

in practice in the western United States. The USDA irrigation scheduling
computer program is adapted for Swedish conditions. Model theory and pro-
gram usage is discussed to provide the basis for establishment of an
irrigation scheduling service in Sweden. The scheduling program is run
for two potato fields near Ultuna to illustrate program operation. Re-
commendations are made toward improvement of the scheduling computer pro-
gram. The development of an irrigation scheduling service in Sweden based

on United States experience is also briefly discussed.

SAMMANFATTNING

Bevattningsstyrning &r att best8mma ndr bevattning skall ske och hur mycket
vatten som skall tillfdras. Syftet &r h8g produktion och god sk&rdekvalitet
samt god hushallning med tillgdngliga vattenresurser. | denna rapport ges
inledningsvis en 8versikt &ver metoder f&r bevattningsstyrning baserade pa
mdtning av vattenhalt eller vattnets bindning i jord samt pa berdkning av
markvattenunderskott med hjdlp av viderleksdata. Exempel ges pd praktisk an-
vdndning av sddana metoder i de vdstra delarna av USA.

Ett dataprogram f&r bevattningsstyrning utarbetat vid USDA (United States
Department of Agriculture) har anpassats fiir svenska f&rh&llanden. De teore-
tiska modellerna i detta program redovisas och diskuteras i rapporten. Dess
anvidndning illustreras med tvd exempel f8r potatis. M8jligheter till for-
bdttring och fdrenkling av programmet diskuteras. Avslutningsvis diskuteras

ocksd kortfattat utvecklingen av en bevattningsstyrningsservice i Sverige.



CHAPTER 1

iNTRODUCT{ON

Determination of when to irrigate and the amount of water to apply defines
irrigation scheduling. The goal for irrigation scheduling is to maximize

crop production. An irrigation scheduling computer program has been develop-
ed and put into practical use in the western United States. The program makes
use of climatic data to estimate current and expected soil water conditions.
This information assists the farmer in irrigation management.

This paper reviews irrigation scheduling techniques which are either soil
water measurements or soil water balance computations. Computational methods
are discussed for use by farmers or by a scheduling service. An attempt is
made to explain the theory behind the scheduling techniques and to discuss
applications.

The USDA irrigation scheduling program is given as adapted to Swedish con-
ditions. Example runs are shown to facilitate further use of the program.
Suggestions are made as to the additional work which may be needed to apply

the program for irrigation scheduling in Sweden.

Soil-Plant-Atmosphere-Water System

A growing plant utilizes radiant energy from the sun by the photosynthetic
process which converts the energy into the chemical components needed by the
plant. Excess energy is prevented from increasing the plant's temperature by
being used in evaporation of water from the leaves. Transpiration is also
responsible for providing a mechanism by which water moves from the soil,
through the plant, and to the leaves carrying needed nutrients.

The dynamic nature of the soil-plant-atmosphere-water system has been re-
presented by mathematical models. The movement of water is a response to a

potential energy gradient, as follows:

where q is the water flow (cm/hr), W is the water potential at specified
points 1 and 2 in the system (cm), and r is the resistance to flow { hr).
Soil water potential is the work required to move a volume of water from

a reference state to the conditions of the soil water. The reference state
or zero potential is pure water with a flat air-water interface at a given
elevation, temperature, and air pressure. |f energy must be added to remove
water, as in the case of soil water under unsaturated conditions, then the

water potential has a negative sign. The potential gradient, which is the
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change in water potential with distance, is the driving force causing soil
water flow (Skaggs et al., 1980).

Using terminoclogy common in system modelling, the water potential is a
state variable which characterizes the current condition of the system.
State variables are acted on by external factors (model inputs) which may
be controllable as in the case of irrigation amount or uncontrollable as
with precipitation.Resistances are rate variables which control the change
of the system. Evaporation or drainage amounts are examples of response
variables (model outputs) which are dependent on the resistances and water

potential gradients (Hillel, 1977).

Fig. 1.1. The path of water through the soil-plant-atmosphere-water system
as given by Hillel (1980b). The symbol ¥ represents the water potential at
the specified point in the system. The symbol r represents the resistance
to water flow over the illustrated path. The subscripts are defined as fol-
lows: s - soil, r - root, ¢ ~ root cortex, x - xylem, 1 - leaf, bl - bound-
ary layer, and a - atmosphere.

The system along with its components is illustrated in Figure 1.1. The
water potential decrease from the soil to the root cortex can be up to 10

to 15 bars . A similar drop can occur from the root cortex through the

Water potential is presented in terms of energy per unit volume with di-
mensions of pressure which in this case is bars. The water potential can
also be expressed as energy per unit weight. The units then become cm for
an equivalent column of water. A water column of 1020 cm exerts a pressure
of 1 bar at the bottom (Skaggs et al., 1980).



xylem to the leaves. The major water potential decrease is from the leaves
to the air which can be 1000 bars or more under arid conditions. For steady-
state flow through the plant, the water withdrawl rate from the soil is
equal to the transpiration rate. The flow rate through the plant is given by

the following:

where the subscript s represents the soil, r the root, ¢ the root cortex,

x the xylem, 1 the leaf, bl the boundary layer, and a the atmosphere. The
teaf resistance consists of the parallel combination of stomatal and cuticle
resistances. The transfer of water from the leaf to the atmosphere is also
influenced by the supply of energy from radiation and heat.

As the soil water decreases, the soil resistance increases and the gradient
from the soil to the root must increase to maintain the same flow rate. When
the soil water uptake falls below the transpiration rate then the plant will
lose water and turgor, causing the stomates to close which affects plant
growth. The major objective of irrigation scheduling is to minimize the re-

duction in transpiration due to decreasing soil water,

CHAPTER 2
IRRIGATION SCHEDUL ING TECHNIQUES

Soil water measurements and computed soil water balance are two general
approaches to irrigation scheduling. Techniques are usually taken from both
groups to balance the accuracy desired and the time required in determining
the actual field soil water condition. The use of computer calculated soil
water depletions has helped to lessen the number of visits required to a
field. Experience with actual field conditions must be gained, so soil wa-

ter measurements are still essential.

Soil Water Measurements

Soil water measurements can be used when plotted as a function of time to
predict the next irrigation date. The allowable depletion needs to be de-

termined for use with the specific measurement approach. The total measure-



ment depth must be chosen so as to include the effective rootzone. Figure
2.1 illustrates the use of linear interpolation and extrapolation to de-

termine daily soil water content.
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Fig. 2.1. Soil water content of the rootzone as a function of days after
irrigation. Circled points indicate measured values.

This section will cover five measurement methods: 1) appearance and feel,
2) gravimetric, 3) neutron scattering, 4) tensiometer, and 5) electrical
resistance blocks. Principles of measurement, field installation, calibra-
tion, and consideration of advantages and disadvantages are covered where
applicable. For tensiometers and electrical resitance blocks, some examples
of irrigation scheduling are given. One special topic, the conversion of

soil matric potential to soil water content, is discussed.

Appearance and Feel

This method is simple and requires only a hand soil probe. Skill in judging
the soil water content develops after practice. The texture of the soil
sample is first identified, then the appropriate test is done to determine
the soil water depletion. Table 2.1 shows the tests to perform on the soil
and the results depending on the depletion. Depending on the texture of the

soil, considerable practice may be needed with the soil to use this method.

Gravimetric Method

This is the traditional method and consists of using a soil probe or auger
to remove samples for weighing. The weighing is done before and after dry-
ing in an oven at 105°C for twenty-four hours or longer. The volumetric

water content of the soil is computed as follows:
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3

where 8 is the soil water content (cm /cm3), W, is the weight of the soil
sample at wet or field condition (g}, wy Is the weight of the soil sample
after drying (g), Py is the dry bulk density of the soil (gs/cmz), P,
is the density of water (1.0 gw/cm3).

When using this method, it is necessary to know the bulk density of the
soil. The size and number of samples affect the final result. The method is

laborious and time consuming (Hillel, 1980a).

Neutron Scattering Method

This instrument, commonly referred to as a nmeutron probe,consists of a sour-
ce of fast neutrons, a detector of slow neutrons, and a scaler which moni-
tors the flux of slow neutrons as scattered by the soil. One commercial unit
has battery powered electronics and shielding to contain the neutron source
together in a compact, portable unit. It is lightweight to make carrying over
a rough field to an access tube site possible.

The access tubes are commonly aluminum and consistency of material and con-
struction is required as this may affect the conversion of the reading to
the soil water content. The access tubes are installed tight fitting after a
slightly undersized hole is made with a hand or power auger and are usually
placed in the crop row to allow field cultivations. The access tube needs
to extend above the soil surface for instrument support. The extension shouid
be standardized so that rapid soil water measurements can be taken at the re-
quired soil depths. If the soil surface is difficult to define then a defi-
nite reference level should be assigned to each site. Soil depth increments
of 15 cm are adequate as the neutron probe measurements can not distinguish
soil layers of less than 30 cm (Hooli and Kasi, 1975).

Fast neutrons are emitted radially into the soil. The volume of soil mea-
sured, known as the sphere of influence, depends on the soil water content,
soil type and the particular instrument used. This may vary from a radius of
10 cm in a wet soil to 25 cm or more in a dry soil. The neutron probe can not
be used closer than 20 cm to the surface because of the loss of fast neutrons
(Hillel, 1980a).

Hydrogen nuclei are most effective in slowing the speed of neutrons. Boron,
cadmium, and chlorine may absorb slow neutrons decreasing the count. General-
ly the density of slow neutrons around the detector is most related to hydre-
gen in the soil, mainly in water but also in organic matter. For this reason

universal calibration is not possible for determination of absolute soil wa-
11



ter contents. Field or laboratory calibration is required for each soil ty-

pe. The relation for soil water content is as follows:

8=a+b (NW /NS)

where a and b are linear regression coefficients, NW is the slow neutron
count rate in the soil, and NS is the count rate in a standard absorber,
usually the protective shield. Hillel {(1980a) estimates that a boron con-
centration greater than 10 ppm (parts per million) and a total chlorine
concentration greater than 1000 ppm could affect the calibration signifi=-
cantly. The use of a standard count eliminates systematic errors which vary
day to day, and also prevents the need for recalibration after repairs. The
calibration of the neutron probe is done by voiumetric or gravimetric soil
water measurements. A single or universal calibration curve usually supplied
by the manufacturer can be used if only the change in soil water is desired
rather than absolute values (Skaggs et al., 1980). Fereres and Puech (1981)
have shown that calibration lines for various soils are not necessarily pa-
rallel to the factory calibration, so that field calibration is preferred.
This has also been the author's experience with Portneuf silt loam in south-
ern ldaho. Danfors and Rydén (1975) state that theoretical calibration can

be made from knowledge of bulk density and chemical composition of the soil
with the method of @lgaard (1965) . Bulk density measturements can be taken
with a gamma probe unit which may be attached to the end of the neutron probe.
This is a feature Of the Danish BASC combined moisture and density gauge. The
components of this gauge are illustrated by Danfors (1975, p. 116).

Statistical analysis of the variation in the standard count at the start
and end of a series of measurements will check the functioning of the neutron
probe. A mean standard count for the day can be used in the calibration equa-
tion. Care must be taken that the standard count is taken under reproducible
conditions.

The neutron probe has the advantage of providing measurements that can be
repeated at a given location and soil depth. This minimizes the effects of
soil variability on sequential soil water measurements. The large volume of
scil measured also has the advantage of providing a field representative va-
lue of soil water. Still whether the access tube is located in a site typical
of the field needs consideration. But once calibration is completed, the soil
water content is determined on a volumetric basis and non-destructively.

The cost of the equipment is high and trained personal are required. In the
United States it is required that a licensed radiation safety officer super-

vise neutron probe use with periodic safety checks. New employees need a

12



safety course and the wearing of radiation badges have become widespread
to help keep awareness of the radiation exposure hazard. This is important
since after extended use of the probe safety precautions tend to become
routine. The equipment with proper safety can be used without excessive
risk (Hillel, 1980a).

Installation of access tubes can be difficult and definite procedures
have yet to be specified. It is necessary to wait until the field is
planted and even better until the crop has emerged before installing the
access tubes. The crop stand near the site must be representative of the
field. Extreme care may be needed when measurements are taken in dense
planted crops to avoid affecting the crop condition near the site.

Partial wetting of the soil after an irrigation, especially in alternate
row furrow irrigation, makes interpretation of the neutron probe readings
difficult. Another difficulty previously mentioned is that neutron probe
measurements can not be taken near the soil surface. Attempts have been
made to develop special surface calibration equations. Holmes et al. (1967)
mention use of ''reflectors' placed over the surface. This technique has
not been used in practice. Hooli and Kasi (1975) mention that ''special cor-
rections' are made to shallow measurements of 10 cm. As one final point,
the dependability of available commercial instruments as far as necessary
repairs needs to be considered. Also the accuracy of the new lightweight
units should be noted during calibration. This information is presently

not available in the literature.

Tensiometers

A tensiometer is a tube filled with water with a ceramic porous tip in con-
tact with the soil. The tube is closed at the top with a vacuum gauge which
provides a measurement of the soil matric potential. A partial vacuum is
created in the tensiometer as the soil dries, drawing water through the po-
rous tip. After an irrigation, water flows back into the tensiometer. The
tensiometer functions up to soil matric potentials of about -0.8 bar at
which the partial vacuum is lost as air is drawn from the water in the ten-
siometer (Skaggs et al., 1980).

Installation of the tensiometer should be made by using a soil probe or
auger to reach the desired depth. Some loose soil should be placed in the
bottom before placing the tensiometer in the hole. A small amount of soil
and water poured around the tensiometer will provide good contact between
the ceramic tip and the soil (Hagood, 1969). If in fine-textured soils silt

clogging of the tip is a problem, then setting the tensiometer in sand may
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help (Hooli and Kasi, 1975). The tensiometer may need to be shielded from
the sun (Holmes et al., 1967).

The tensiometer can generally be read twenty-four hours after installa-
tion. A portable type, known as a rapid tensiometer, can be read in one or
two minutes (Marsh, 1978).

The tensiometer is best suited for irrigation scheduling on coarse-tex-
tured soils where the range of availsble water is to a great extent cover-
ed. The soil water characteristic curve (soil matric potential as a func-
tion of soil water content) is needed to convert the tensiometer readings
to soil water content. The main advantages of using a tensiometer is its
simplicity to construct and use. Costs for the tensiometer are low (Schmug-
ge et al., 1980).

Marsh (1978) gives some general recommendations of when to irrigate based
on tensiometer readings. The tensiometer tip should be placed at the mid-
point of the effective rootzone. Crops grown on coarse textured soils or
those with shallow root systems may need irrigation at readings of 25 to 40
centibars. Crops with rootzones greater than 45 cm will not require irrigat-
ing before 40 to 50 centibars. In medium textured soils with rootzone depths
greater than 75 cm, readings of 70 to 80 centibars will indicate when to ir-
rigate. Marsh (1978) later states that the tensiometer reading at which to
irrigate depends on the crop, soil, climate, and irrigation method, and is in
the range of 25 to 75 centibars. It is best if each user determines the read-
ing at which to irrigate for the specific field conditions. Marsh (1978) sug-
gests that one or two tensiometers be installed for each area of the field
that differs in soil texture and depth, crop, slope, method of irrigation,
and time of irrigation if greater than a two or three day difference.

Hagood (1969) recommends that two tensiometers located at one-third and
two-thirds of the effective rootzone best indicate average wetting and dry-
ing trends. On shallow rooted crops that require frequent irrigation, such as
potatoes in central Washington state, then one tensiometer at the 20 to 30 cm
depth is adequate. Tensiometer readings indicating when irrigation is requir-
ed are given for various crops by Hagood (1969). These are based on research
in Washington state and the depth of tensiometer installation 1s also speci-
fied. Tensiometer stations should be located where the irrigation seguence
starts and ends for fields requiring several days to irrigate. The number of
stations depends on field size and soil differences. Two stations for up to &4
hectares, four for up to 16 hectares, and eight for up to 65 hectares are re-
commended by Hagood (1969).

Simplicity in installing and using the tensiometer does not appear to insure
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its performance in scheduling irrigations. Local experience appears neces-
sary. The depth at which to install the tensiometer and the recommenda- -
tions on the reading at which to irrigate are related. Each crop, soil,

and climate condition requires specifications for proper use of the tensio-

meter in scheduling irrigations.

Electrical Resistance Blocks

This method measures the electrical resistance of a moisture absorbent
block, which is a function of the soil water content. The electrical resis-
tance is also a function of the salts in the block. The blocks can be cali-
brated against either soil water content or matric - potential. The latter is
preferred since block measurements will then complement tensiometers. The
resistance readings change very slowly in wet soil conditions making the
blocks insensitive. This limits use to the -0.5 to -15 bar soil water poten-
tial range (Holmes et al., 1967).

The blocks consist . of two electrodes surrounded by gypsum. The use of
gypsum eliminates the influence of soil salinity on electrical resistance,
since the electrodes are placed in a saturated solution of calcium sulfate.
The electrical resistance measurement is made with an alternating current
Wheatstone bridge of 1K Hertz. Selection and handling of the material for
the blocks must be standardized for reproducible results. Consideration
should be given to how long the material can withstand the soil environment.
Commercial blocks and meters are available.

Before installation the blocks should be thoroughly soaked with water. Af-
ter using a soil probe or auger to bore a hole to the desired depth, the
ltast 5 cm of soil is replaced and water added. The block is inserted into
this slurry firmly so that good soil contact is made. This is an important
step and soil probes have been designed to facilitate placement of the block
without interference from the wires. The hole is then refilled 5 cm or so at
a time and repacked. The wire leads should be staked and coded by knotting
the wires to indicate the block depth (Fischbach, 1971).

Fischbach (1971) recommends following the conversions of meter readings to
soil water as given with the particular commercial unit. Hooli and Kasi
(1975) state that calibration for each resistance block and soil type is ne-
cessary. Calibration of readings are preferably done against soil matric po-
tential in the laboratory (Skaggs et al., 1980). Temperature corrections may
also be needed (Cary, 1981). It is not necessary to calibrate individual
blocks if construction is nearly identical. Uniformity can be improved by se-

lecting blocks with similar resistances when saturated. The calibration often
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changes with successive wetting and drying (Skaggs et al., 1980). This is
due to hysterisis in the block. The relation between water potential and
water content of the block is affected by the history of wetting and dry-
ing.

Problems occur in coarse textured soils because of poor soil to block
contact and the resultant delay in response to soil water potential changes
in the soil (Haise and Hagan, 1967). Problems with poor soil to block con-
tact also occur in fine textured soils which shrink and swell. Besides this,
in sandy soils a block is needed which is more responsive to soil water po-
tentials in the -0.1 to -0.3 bar range (Cary, 1981). Hooli and Kasi (1975)
indicate that nylon, gypsum-fiberglass, and monel-fiberglass units are a-
vailable which perform at above -0.5 bars. Skaggs et al. (1980) indicate
that these are sensitive to salinity. Resistance blocks need improvements
in reliability, precision, construction, and calibration (Hooli and Kasi,
1975) .

Advantages of resistance blocks are ease of use, low costs, and repeated
measurements at the same site. The method is also suited for automatic re-
cording.

Soil osmotic potentials can also be determined from electrical resistance
measurements. The block is different from the normal one in that it must con-
sist of small pores which remain saturated throughout the range of soil mat-
ric potentials in the field. The salinity of the water in the ceramic block
is in equilibrium with the soil water. Resistance of the block is only af-
fected by the salinity. A thermistor is needed to measure the soil tempera-
ture and apply a correction for the effect on resistance.

Cary (1981) placed the blocks in the most active part of the rootzone and
shallow to keep in the dry range of readings in scheduling irrigations.
Fischbach (1971) gives depths for shallow and deep blocks which are set at
40 percent and 70 percent of the effective rootzone, respectively.

Fischbach (1971) outlines a method of using resistance blocks to schedule
irrigations for Nebraska conditions. Two shallowed and one deep blocks are
used for each station with four stations per field for furrow irrigated crops.
The stations are placed at the upper and lower ends of the field, in the same
row, and in both the first and last irrigation sets. The mean of the shallow
readings in the first irrigation set are used to start the irrigation sequen-
ce. Early in the season the irrigation should be stopped when the shallow
blocks indicate a wet condition. Later in the season the deep blocks should
be used. Having stations at the first and last irrigation sets help to deter-

mine where to start after a rain has interrupted the irrigation sequence.
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Fischbach (1971) gives meter readings and associated soil matric potentials
which indicate when to irrigate for corn and sorghum. These apply to Nebras-
ka climatic conditions and to the normal irrigation sequence of 5 to 8 days.
Resistance blocks have been recommended for irrigation scheduling in Nebras-
ka since 1965 and have had success on fine-textured soils. Computer programs
have been available in recent years at extension offices which predict the

irrigation date from resistance block readings.

Conversion of Soil Matric Potential to Soil Water Content

The relation between the soil matric potential and the soil water content is
known as the soil water characteristic curve. Because of the so called hyste-
risis, field determined values of matric potential give imprecise values of
soil water content. Thus the conversion in the field between soil matric po-
tential and water content can only be used with reservation. The wetting
history needs to be known. Skaggs et al. (1980) state that the amount of er-
ror due to hysterisis is relatively small when compared to variations in the
soil, crop, and climate.

Holmes et al. (1967) state that attempts to correlate tensiometer readings
in the field with soil water content measurements have not always worked
well, due to hysterisis. Local variability in soil texture and structure
will also cause variability in the calibration curves. The recommendation is
given that direct measurements of the desired value be made, whether it is

soil water content or matric potential.

Computed Soil Water Balance

The soil water depletion in the rootzone can be calculated as follows:

W= W, o+ (ET - P =1+ D)

J

where W is the soil water depletion on day J (mm), Pe is the effective pre-
cipitation (mm), In is the net irrigation amount (mm), and D is the drain-
age loss from the rootzone or the capillary rise from a water table. The
drainage and capillary rise term is usually neglected. Since Pe and ‘n are
usually known, the ET amount must be estimated to compute the daily soil
water depeltion. Soil water balance calculations that can be performed by a

farmer or by an irrigation scheduling service are discussed in this section.
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For farmers

A soil water accounting procedure is given by Stegman et al. (1980). For a
farmer's use, a tabular computational format is usually followed with co-
lumn heading of the date, precipitation amount, net irrigation, ET estima-
te, and soil water depletion. Important considerations in using this compu-
tational procedure are shown in Figure 2.2, The first point is that an ini-
tial estimate of the soil water depletion is required near planting or crop
emergence. Second, the soil water depletion increases by daily calculation
of ET. Third, the soil water depletion is reduced by precipitation or irri-
gation. The depletion is set to zero if precipitation or irrigation is ex-
cessive. Fourth, an irrigation is often planned so as to not fill the soil
reservoir completely but maintain space for future rainfall. The fifth point
is that an allowable depletion is selected by considering management objec-
tives such as maximum crop production or net profit. The operation practices
of the irrigation system and the maximum available water for the coarser

soils in the field also need consideration.

Soil water depletion

1 L
planting harvest
Time

Fig. 2.2. Soil water depletion as a function of time to illustrate special
points concerning the soil water accounting technique for irrigation sche-
duting. The symbol wad is the allowable depletion.

ET estimates are generally based on locally calibrated methods (Stegman
et al., 1980). One illustration of this is the ''water accounting board"
developed by Pruitt (1956) for use in Washington state. ET was computed by
using pan evaporation as a climatic standard which was then adjusted by a
seasonal crop coefficient. Jensen and Middleton (1970) stated that schedul-
ing is simplified by the near constant relation between crop ET and the

class A pan evaporation, once the crop is near full ground cover. Hagood
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(1964) presented the details of this scheduling technique so it is usable
by farmers. The ET estimation procedure depends on the crop coefficient
values developed for Washington state. Extension to another area may re-
quire new values for the crop coefficients or even questioning of the use
of pan evaporation as a climatic standard.

Scheduling techniques have also been developed using historic weather
records to determine long-term ET values. Black and Brosz (1972) described
a soil water accounting procedure for South Dakota. The long-term ET va-
lues appear to be computed from a standard ET method, usually referred to
as potential ET method, dependent on temperature and radiation. The details
of the ET estimation procedure are not revealed as the farmer would be
given the daily calculated values. Wilcox and Sly (1974) present a similar
approach for Canada but recommend long-term standard ET values that are
measured by a Bellani plate evaporimeter. |f measurements are not available,
then a multiple regression formula requiring air temperature and sunshine is
used. This method was developed for Canada by Baier and Robertson (1965).
For irrigation scheduling in lowa, Mather and DeNardo (1978) used the
Thornthwaite equation, which needs only air temperature, to calculate ET.

It is suggested that if long-term standard ET is acceptable for schedul-
ing, then actual precipitation va]ues.be used. Long-term precipitation data
gives an incorrect soil water condition for a region especially in extreme
wet or dry periods. The use of crop coefficients is implied by Black and
Brosz (1972), and by Wilcox and Sly (1974) to convert the standard ET to
crop ET.

For scheduling in California, Fereres et al. (1981a) use crop ET for a
normal year. This is also taken from historic records as the long-term
fifty percent p?obable value. The scheduling technique only works with no
rainfall and when the ET rates vary little from year to year. In the Central
Valley of California during 90 percent of the irrigation season, 10 to 14
day normal ET are within 10 percent of measured ET. Availability of long-
term ET records and accurate crop coefficients are necessary for this nor-
mal year irrigation schedule (Fereres et al., 1981b).

An irrigation schedule for a specific crop, soil, and location can be
presented as graphical or tabular irrigation dates, as éhown in Figure 2.3.
The ET curve can be updated with actual values. Pan evaporation and crop
coefficients can be used to compute crop ET. Periodic checks of field soil
water is recommended for early and late in the season when weather and sub-

sequently ET rates are more variable.
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Fig. 2.3. A normal year irrigation schedule for a given crop, soil, and
location. The example is for sugar beets planted on April 1 on a medium
textured soil in the Sacramento Valley, California (Fereres et al., 1981a).
The thick line is the cumulative ET as a function of time and the thin
tines indicate irrigation dates as also given in the table.

It is not expected that a farmer should develop this normal year irriga-
tion schedule. Fereres and Puech (1981) describe how an Irrigation Manage-
ment Program (IMP) is developed by farm advisors, Soil Conservation Service
engineers, private consultants, or other trained personnel. An IMP for a
field is defined as to crop, location, planting date, soil depth, and allow-
able depletion. A computer program is available at the California Department

of Water Resources and a farmer can request an IMP for a fieid.

For Scheduling Services

USDA lrrigation Scheduling Program

Most irrigation scheduling services use or have adapted the USDA (United

States Department of Agriculture) computer program (Jensen, 1978a). The pro-
gram was developed in southern Idaho from 1966 to 1969 to supplement a water
use study by the United States Bureau of Reclamation (USBR), now called the

Water and Power Resources Service (WPRS). Evaluation was done during 1968 and
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1969 in ldaho and the Salt River Project in Arizona (Jensen et al., 1970).
The computer program was released for use in 1970 and modified slightly in
1971 (Jensen et al., 1971). Most 1ikely each user adapts the program to
meet specific needs. The program was revised for use in Nebraska with a
microcomputer by Kincaid and Heermann (1974). Heermann et al. (1976) adapt-
ed the USDA scheduling program for use with center pivots. The Nebraska
AGNET irrigation scheduling program was developed from the Kincaid and
Heermann (1974) version {(Jensen, 1978a). The WPRS Irrigation Management
Service (IMS) computer program can also be traced back to the USDA model.

Jensen (1976) makes the following important statement: '"The computer
program is only a tool used by technical service groups to estimate the
current soil water status and predict future irrigations for individual
fields.'" The soil water balance calculations are modelled at a simple level
so that the input data requirements are reasonable. The program users must
understand how to make adjustments for abnormal conditions.

The soil water status needs to be monitored to adjust the computer re-
sults to actual field conditions. Precipitation and irrigation amounts may
also need to be measured. Local calibration of the water balance models may
need to be done (Jensen, 1976). Fereres et al. (1981b) gives the following
reasons as to why field verification of computer predictions is necessary:
1) uncertainty about the depth of water actually applied at each irrigation
2) uncertainties in evaluating the crop rooting depth
3) soil water storage capacity is estimated
4) soil water allowable depletion is estimated

5) spatial variability of soil water holding characteristics within each
field

6) uncertainties in computations of crop ET, especially in early growth
stages

7) need to evaluate effective rainfall on each farm.

The variation of soil properties that affect the soil water characteris-
tic curve and the bulk density are one aspect of field variability. The
field variation of soil water content complicates irrigation scheduling in
general. How representative is the measurement site of the general field
condition? This question can only be answered by additional measurements.
In addition the uncertainty of the irrigation scheduling method will be at
least as great as the spatial variation of the soil water on a field basis
(Cary, 1981).

Schmugge et al. (1980) give the following relation to determine the num-
ber of samples required in a field to give an estimate of the mean soil wa-

ter content with 'a specified accuracy:
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n==4(a/ ad)2

where n is the number of samples required, o is the standard deviation

of the soil water content (%), and ay is the desired accuracy (%). For
irrigation scheduling a practical limit of about two to four measurements
per field is assumed. The standard deviation of the soil water content in
the field is about 4 to 6 percent. The required accuracy as given by the
preceeding equation is then given in Table 2.2. Jensen and Wright (1978)
indicate prediction confidence of plus or minus one day using the computer
scheduling program when the soil water content has been measured after an
irrigation. This may increase to several days if the amount of irrigation
is less certain. Cary (1981) gives an example for neutron probe and gravi-
metric measurements that also have minimum prediction uncertainties of plus

or minus one day.

Table 2.2, Accuracy of the mean soil water content for a field in
relation to the number of soil water measurement sites (n) and the
standard deviations of the measurements (o).

n o (%)
4 5 6
5.6 7.1 8.5
L Lo 5.0 6.0
CHAPTER 3

fRRIGATION SCHEDULING N PRACTICE

The history of irrigation scheduling in the western United States parallels
the increasing pressures on water resources. As irrigation scheduling has
spread so has knowledge of the benefits possible.

The United States Bureau of Reclamation (USBR) in 1964 started a study
that collected and analyzed information on how irrigation waters were actual-
ly used on federal irrigation projects. The observations of low farm irriga-
tion efficiencies relate to the irrigator's inability to judge the current
soil water depletion. Application of the correct amounts of water at the
proper intervals was not possible. In 1968, the USBR began its Irrigation
Management Service (1MS) program to direct and assist irrigation projects in

establishing programs to improve the effectiveness of irrigation (Buchheim,
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1976) .
Benefits of irrigation scheduling are presented by Buchheim (1976) with
respect to three groups: 1) irrigators, 2) irrigation districts, and

3) regions. A list of possible benefits are as follows:

1) benefits for the irrigator

increased crop yields in quantity and quality

better use and/or reduction of labor

better use and/or reduction of water

reduced leaching of soil nitrogen or other soluble plant nutrients
reduced drainage requirements and problems

better water management during peak water use periods

2) benefits for the irrigation district

better use of reservoir storage

reduced demand on delivery system during peak water use periods
reduced water use

capability to forecast water deliveries

reduced drainage problems

reduced maintenance requirements

computer records of water storage and delivery

improved economics of irrigation enterprises

3) benefits for the region

improved economics of irrigated agriculture

reduced adverse environmental effects by irrigated agriculture
improved use of the natural resources

improved planning and operation criteria for irrigation.

Water and Power Resources Service

The Water and Power Resources Service's (WPRS), formerly USBR, Irrigation
Management Service (IMS) has two phases, an initial one of better farm water
management and a second one of improving distribution and storage system
water management.

The WPRS irrigation management program gives a unique possibility to ob-
serve the application of irrigation scheduling techniques over a wide geo-
graphical area. Also the experience of the WPRS is illustrated by flexibili-
ty in providing different irrigation scheduling approaches or intensities,
in modification of the computer water budget model, and in the use of soil
water measurements. |t is important to observe how reference fields and neut-
ron probe measurements are use to gain knowledge of conditions in a new pro-
ject area. One example of IMS program development is also discussed in this

section.

Irrigation Scheduling Approaches

The WPRS provides three levels of irrigation scheduling to the farmer. The
first approach, '"irrigation guide', relies on area computations of crop wa-
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ter use. The second, '‘neutron probe'', and the third, ''field irrigation
schedule'', approaches use field specific crop water use (Buchheim, 1976).

The irrigation guide gives irrigation intervals for major crops in an
area. The guide is updated weekly with climatic data from a central loca=
tion of the area. Information on crop water use is given for different
soils and planting dates. The stage of growth for the crop is that typi-
cal of the area. The irrigation guide is a supplement to other scheduling
approaches. It is necessary that the data on the climate, soils, and
crops represent the general area conditions.

The neutron probe approach measures the soil water content of the
field. A computer or graph may be used to present the measurement data
and project ahead to the irrigation date. At least two observations are
necessary between irrigations.

With a field irrigation schedule, the farmer is provided with the cur-
rent soil water condition in each field. The computer results are sent
to the farmer once or twice a week. The approach requires the most field

data to model correctly the actual field conditions.

Water Budget Model

The model used in the WPRS irrigation scheduling computer program has been
developed from the USDA model. Some major differences between the models
are in calculation of the reference crop ET, basal crop coefficients, and
allowable depletion.

The alfalfa reference crop ET (ETra) is for healthy alfalfa with 25 to
30 cm of top growth. Calculation of this ETra is done specifically with
the Jensen-Haise ET estimation method as follows:

ETra = ETJH = Ct (Ta - TX) RS

The values Ct and Tx must be carefully selected for the area. Estimation
of these two parameters can also be done from long-term air temperature
data.

Basal crop coefficients are not related to time but rather to an incre=-
ment of energy input which influences crop development. An accumulated
value of ET is used rather than a time scale. This requires that cumula-

JH

tive ETJH values are specified at effective full cover and at termination
of the season.

Allowable depletion is set by the program user for each field. An alter-
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native estimate is available from the following equation:

J - J
wad = (0.33 + _—BB_E) Ccs

wad,min 0.33 “cs

W c
ad,max cs

where W_, is the allowable depletion (mm), J is the current julian date,
Jp is the planting julian date, and Ceo is a factor dependent on crop and

soil type. The maximum limit for wad(w ) occurs at 40 days after

ad,max
planting. The factor Ces is determined as follows:

where e is a crop factor which is the product of the maximum rootzone

and the critical percent soil water depletion (mm), and wmax is the maxi-
mum available water content per unit depth of soil (mm/mm). Table 3.1 gives
the <. values for various crops. In Table 3.2 approximate values of wmax
are presented. This data was taken from Buchheim et al. (1980). No guides
are given as to selection of Wmax if a range is given. Table 3.2 is a ge-
neral guide and the recommendation is made that wmax should be determined

for the various soils in the project area.

Table 3.1. Crop factors for use in estimating allowable
soil water depletion for use with the WPRS irrigation
scheduling program (Buchheim et al., 1980).

crop crop factor (mm)
corn 450

sugar beets 450

small grains 450 to 640
pasture 370

beans koo
potatoes 240
alfalfa 730
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Table 3.2. Approximate maximum available scil water values for
various soil textural classes (Buchheim et al., 1980).

textural class max imum available soil water (mm/mm)
coarse sand and gravel 0.02 to 0.06
sands 0.04 to 0.09
loamy sands 0.06 to 0.12
sandy loams 0.11 to 0.15
fine sandy loams 0.14 to 0.18
loams and silt loams 0.17 to 0.23
clay loams and silty clay loams 0.14 to 0.21
silty clays and clays 0.13 to 0.18

Reference Fields

The irrigation scheduling computer program requires comparison of calcu-
lated values to actual data in the field. The WPRS has introduced a con-
cept known as a reference field. These selected fields should be above
average in crop and field conditions for the area, but still representa-
tive of major crops (Buchheim et al., 1980).

The reference fields allow a concentrated data collection effort on
some fields. This is a practical solution to the need for verification of
the water budget model and current seasonal information. Refinement of a
theoretical forecast to represent local conditions is necessary for pro-
viding a quality and reliable irrigation scheduling service.

Soil water depletion data collected from reference fields determine the
allowable soil water depletion and extraction pattern. Water use rate and
crop growth stage observation enable adjustments to growth stage estimates,

crop coefficients, or computed ET.

Neutron Probe Measurements

With the introduction of a lightweight neutron probe in 1975, graphical
procedures were developed for irrigation scheduling. The soil water con-
tent plotted as a function of time enables projection to a predetermined
allowable water content to schedule the next irrigation date. The irriga-
tion amount is also known (Buchheim and Ploss, 1977).

Ploss (1976) illustrated in a series of four cases how the neutron probe
irrigation scheduling is done. In this series of examples, the probe mea-

surements are used together with computed ET. It is assumed that this
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estimated ET is from the WPRS computer program.

The first case is when only one probe measurement has been done since
the previous irrigation. A '"full' value is the soil water content after
an irrigation and after excess water has drained (Buchheim and Ploss,
1977) . Field capacity values may be used as a first estimate. The allow-

able depletion is estimated by any of the following three methods:

1) from crop and soil knowledge

2) from a '"set" value, which is the allowable soil water depletion from
the top 30 cm

3) from a conservative (low) value that is corrected with further neutron
measurements.
The second method will be discussed in more detail later. The first
method assumes local experience and the third method is when more informa-
tion is needed. The depth of measurement with the neutron probe should in-

cliude the major portion of the maximum rootzone.

Soil water depletion (mm)

W=""%2"3 4 5 6 7 8§ 9 0 1 1z 3 K
Days after irrigation

Fig. 3.1. Neutron probe irrigation scheduling, first case when only one
measurement has been taken. The ET rate is 5 mm/day and the circled
point is a probe measurement.

Figure 3.1 shows an example of the daily soil water depletion for the
first case. The field capacity water content is used to convert the neut-
ron measurement on the fourth day after irrigation to soil water deple-
tion. The computed ET rate is 5 mm/day and determines the slope of the
lines. An adjustment is necessary to the soil water depletion on the fourth
day to fit the field measurement. The allowable depletion is a conservative
estimate of 75 mm. The irrigation interval is 14 days.

The second case is after two probe measurements have been taken. The full
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value can be determined by projection back to the previous irrigation as
shown for each of the measurement layers in Figure 3.2. The full value was
first assumed to be 50 mm for each layer, but later projections show full
values of 45.0, 45.0 and 52.5 mm for each of the three layers. The soil
water depletion at the first measurement changes from 25 mm to 17.5 mm.

The depletion at the second measurement is 35 mm.
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Fig. 3.2. Neutron probe measurements for the second case when two measure-
ments have been taken. The circled points indicate probe measurements.

The allowable depietion can now be adjusted. A root decimal is defined as
the ratio of the soil water depletion rate in the top 30 cm to that of the
entire measurement depth. The root decimal can only vary between 0.3 to 1.0
and only decreases with time to represent an increasing rootzone. From Figu-
re 3.2, 0.57(10/(10 + 5 + 2.5)) is the value of the root decimal at the
first measurement.

A set value is defined as the maximum soil water depletion from the top
30 cm without causing plant stress. Ploss (1976) estimates the set value as
80 percent of the maximum available water in the top 30 cm. For the current

example a set value of 45 mm is used. The allowable depletion is calculated
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as follows:

Wad = SET/RD
where SET is the set value as previously defined and RD is the root deci-
mal. The allowable depletion is then 80 mm (45/0.57).

The estimated ET can be adjusted with the measured data. The water use
between the first and last (in this case last refers to the second measure-
ment) is 4.38 mm/day. The adjustment factor ADJ for ET is then detérmined
as follows:

ADJ = ET JET
meas calc

0.85 <ADJ < 1.15

The adjustment factor in this case has a value of 0.88, using a calculated
ET of 5 mm/day. This is within the limits set for ADJ. The ET to use for
projection to the next irrigation date is 4.38 mm/day. The irrigation inter-

val is now 18 days as shown in Figure 3.3.

Soil water depletion (mm)

allowable depletion

100

1 1 2 L L 1 Il 1 I i i

o 1 2 3 4 5 6 7 &8 9 10 1 12 13 t 15 16 17 18 19

Days after irrigation

Fig. 3.3. Neutron probe irrigation scheduling, second case when two measure-
ments have been taken. The circled points are probe measurements.

The third case shows how additional probe measurements are used. The first
and last measurements are used together. The full values will not be changed
but can be by using the first two measurements after an irrigation. Figure

3.4 gives the probe measurements for each 30 cm soil layer. The soil water
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depletion at the last measurement is 55.0 mm for the profile.
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Fig. 3.4. Neutron probe measurements for the third case when three measure-
ments have been taken. The circled points are probe measurements.
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Fig. 3.5. Neutron probe irrigation scheduling, third case when three
measurements have been taken. The circled points are probe measurements.
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The root decimal is 0.47 (17.5/(17.5 + 12.5 + 7.5)) which is less than
for the second case and indicates an expanding water extraction pattern.
Note that the soil water depletion rate for each soil layer is determined
from the difference between the first and last measurements. Using the same
set value of 45 mm as for the second case, the allowable depletion is 95 mm.
The ET determined from the second case is 4.38 mm/day. The field measured
ET between the first and last measurement is 4.69 mm/day. The new value for
ADJ is the product of the previous ADJ (0.88) and the ratio of measured to
calculated ET which is 1.07. ADJ has the value of 0.94 which is then used
with the computed ET (5.0 mm/day) to get the ET for projection to the next
irrigation. The irrigation interval is now 20 days as shown in Figure 3.5.

The fourth case shows how an irrigation date is used to correct the set
value. The actual irrigation date is on day 19 after the previous irriga-
tion. Figure 3.6 shows the new set value from the top 30 cm data. Projec-
tion of the ET rate to day 19 gives a new set value of 42.5 cm. With the
root decimal value of 0.47, the allowable depletion is 90 mm. The interval
for the next irrigation period is determined with the previous ADJ value and
the calculated ET. |f the estimated ET is 5.0 mm/day, then the next irriga-

tion interval is 19 days.
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Fig. 3.6. Neutron probe measurements for the fourth case when an irrigation
has occurred. The circled points are probe measurements.

The procedure appears complicated but WPRS uses computers to do the calcu-

lations. The references cited do not consider precipitation events. Also the

value of using set and root decimal values is not explained. The advantage
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of using an ET adjustment factor, ADJ, is that estimated ET may vary with
the weather conditions but still will be corrected to field conditions.
The ET estimation procedure would eventually be corrected in the form of
refined or new crop coefficient curves (Buchheim and Ploss, 1977). Allow-
able depletion values for specific field and crop combinations also be-
come available as field data is accumulated (Ploss, 1976).

The development of allowable depletion values depends on the definition
of a correct irrigation. Gear et al. (1977) present three methods for de-
termination of the correct depletion level for an irrigation. First by the
use of tensiometers that have known field desorption relations between the
suction head reading and water content. The soil water potential at irri-
gation is then determined from the literature, such as those given by Haise
and Hagan (1967, p. 580-581). This estimated allowable depletion can be
adjusted by use of the tensiometer and neutron probe combination in a re-
presentative field location. A second method is toc observe the crop water
stress in the field. The allowable depletion should be adjusted to avoid
visible crop stress. A third method follows the farmers judgement of the

allowable depletion.

Distribution System Scheduling

The IMS program besides scheduling field irrigations extends scheduling
to farm turnouts. This allows planned deliveries which improve district
water management. Forecasts of peak demands, efficient water transfer with-
in the system, reduced operating spills, reliable and correct water de-
liveries are improvements possible for a district (Ploss et al., 1979).

Two levels of system scheduling procedures are used. [f only part of
the distribution system is scheduled on a field by field basis, then the
remaining fields kan be handled on an irrigation guide basis. Actual deli-
very water orders are also used. Field irrigation schedules may require
adjustment so that the capacity of the delivery system is not exceeded.
Water measurement both on farm and at the farm turnout complete the ma-
nagement of irrigation water.

Buchheim et al. (1980) present a computer program TIMS which performs dis-
tribution system scheduling. The program consists of fourteen BASIC language

subprograms to allow use with a microcomputer, with 16000 of memory storage.

Development of the IMS Program for the El Dorado Irrigation District

Bethell et al. (1980) provide an example of the development of an IMS pro-

gram for one irrigation district in California. Regardless of the irriga-
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tion scheduling technique an understanding of how to provide the service
to the farmers is needed. By looking at the El Dorado irrigation district

(EID) from 1976 to the present, the realities of an irrigation scheduling

service become clearer.

1976

A drought condition began in the winter of 1976 and EID asked for volun-
tary water conservation. In cooperation with the WPRS an IMS program was
started in the district. WPRS provided soil water measurement equipment
and technical knowledge. EID provided program management and transporta-
tion. Both WPRS and EID shared labor costs. The financial help provided
by WPRS was expected to decrease gradually over a three year period. Then
it was hoped the farmers would recognize the benefits of irrigation sche-
duling and individually pay for the service.

Three hundred neutron probe sites were installed for pear and apple or-
chards, and pastures. The program started late so determination of field
capacity values was not possible. Twenty-five tensiometers were installed
to provide allowable depletion data but time did not allow their use. The
neutron probe sites were read 25 to 30 times during the season requiring
2.5 people. One person worked with program management and record keeping.

The irrigation schedules were delivered to farmers as graphs. This was
not sticcessful because of poor verbal communication. Most farmers conti-

nued with their own schedul ing methods.

1977

The drought continued and water rationing was required. Research was begun
to determine the water requirements for foothill orchards. Calibration of
the neutron probes was accomplished for all major soils. The IMS program
was staffed by three new and inexperienced people. They received little
training other than how to use the neutron probe. Farmers responded better
to irrigation notes giving the next irrigation date. Due to the limited

water allocation farmers showed more interest in IMS.

1978

The drought ended and the final season began for WPRS support of the sche-
duling program. The WPRS computer program was used to provide printouts
for the farmers.

Fewer probe readings were required with the computer program, but still
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needed to refine and check the accuracy of program results. Thirty percent
of the probe sites had accurate allowable depletion points determined. The
research studies on pear and apple orchard water use were also completed.

The farmers responded well to the weekly computer schedules. More time was

still needed to refine the IMS program so that farmers would be wiiling to
pay for it.
1979

Additional farms were added to the IMS program. Pcor probe monitoring sites
were moved to more representative locations. All stations had accurate
field capacity points determined after a large rainfall early in the sea-
son. Tensiometers at 45 cm depths were used to determine refill points,
specified as readings of 60 centibars. With both field capacity and refill
values, the allowable depletion could then be determined for the probe site.

A1l farms were computer scheduled. On the same day as the soil water mea-
surements were taken, a computer printout was mailed to the farmer. News-
letters and meetings helped to explain the computer printout. Frequent field
contacts gave the farmers more knowledge about IMS and added confidence in
the irrigation recommendations. Reliability in the sending of the irrigation
schedules is important for the farmers confidence of IMS.

Proper irrigation system performance is also needed for good water manage-
ment. Measurements of irrigation system efficiencies and application rates

were started.

1980

The main objective of this irrigation season was to refine the computer es-
timates of crop water requirements. Site specific crop coefficient curves
helped to reduce probe measurements which decreased the IMS labor require-
ments by half. Additional farms and crops were added to the IMS program.
Crop water requirements for other foothill crops: plums, cherries, Christ-
mas trees, wine grapes, and pasture were also studied.

irrigation system analysis work was continued. Computer recommendations
were being used by farmers with interest and confidence. Personnel with
the IMS program were the same and farmers trusted their irrigation know-
ledge. Farmers also provided irrigation and tillage dates, so less field

checking was required.
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1981

The report by Bethell et al. (1980) was completed before the start of the
1981 season. The main question is still the motivation of the farmers to
take full financial responsibility of the IMS program. lrrigation system
analysis is not completed but it is thought that the El Dorado IMS program
is among the best in existance. The goal is to have the farmers pay for an
irrigation consultant to operate the IMS program. The California Irriga-
tion Management Information Service, the Soil Conservation Service, and
the University of California Cooperative Extension should all be able to

assist the El Dorado irrigation district.

Summary and Conclusions

The E! Dorado irrigation district provided a test and demonstration area
for the WPRS irrigation management service. The development of the irriga-
tion scheduling techniques were specific for the area. The neutron probe
measurements provided a scheduling service from the start and continued to
provide monitoring of field conditions as the IMS changed over to computer
scheduling, Research was necessary to determine crop water requirements
which refined the computer program for the area. Most of the refinements
came from soil water measurements taken for scheduling purposes.

The farmers gradually gained confidence in the irrigation recommendations.
Irrigation system analysis and subsequent improvements are necessary for
full use of irrigaticn scheduling. Despite the IMS program success after
five years, the farmers still appear reluctant to pay for the IMS program,
The benefits of irrigation scheduling are difficult to show. Bethell et
al. (1980) express the hope that farmers will continue with irrigation

scheduling.

Nebraska Computer Network and Irrigation Scheduling

Computer Network: AGNET

The University of Nebraska began in 1975 a computer network to allow use

of developed computer programs. WPRS provided financial support to add an
irrigation scheduling program. The computer network began slowly with only
a few computer terminals. Within a few years terminals were added in neigh-
boring states. At the present the network is spreading to other states and

is known internationally. The concepts of a computer network can also be
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applied to irrigation scheduling by computer.

At the University of Nebraska in 1975, the computer was used in class-
room and workshop activities. Thompson et al. (1978) stated that their pro-
gramming efforts soon led to interest by other instructors. This led to a
committee being formed to examine possible uses of the computer in exten-
sion.

Dependability and ease of use were keywords that helped to establish the
operating goals of AGNET (AGricultural computer NETwork). Lightweight por-
table computer terminals make access to the network possible wherever a
teiephone exists. Ease of use means that the computer programs are access-
ed by typing only one word and that questions and instructions are provid-

ed to help the user. The possible users of AGNET are as follows:

1) university teaching, research, and extension

2) county agents to answer farmers' questions

3) district and state extension agents to refine their recommendations
L) extension for training workshops

5) field day demonstration

6) network users for communication between themselves

7) university to send out soil test results

By 1978, constructive comments were being returned to program authors.
This led to refinements in existing models and to development of new pro-
grams. The most important use of AGNET appears to be in extension advice
to the farmer. With the computer the extension agent could answer farmers'
questions with current prices and situations.

Besides the cooperation between the university and extension other bene-
fits result from AGNET. Former university students are able to keep up with
current agricultural technology. Dissemination of current information is
possible. Adult and continuing education is assisted. The development of in-
terdisciplinary models promotes cooperation between departments in research.
For example, the irrigation scheduling program is largely an engineering mo-
del, but agronomic and economic inputs are also required.

The technique for computer model development that works well for AGNET is

given in steps as follows:

1) preliminary model outline

2) one person should develop model and make it operational as a computer
program for testing

3) the model must be written with knowledge that expansion and modification
will occur later
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4) constructive criticism from other departments on the model with im-
provement suggestions.

Nebraska Irrigation Scheduling

Water management in Nebraska is needed for the following reasons (Watts,

1976) :

1) High energy costs require better water management where high pumping
lifts exist.

2) Legal restrictions are limiting the amount of total water pumpage in
areas with declining water tables.

3) Where cost of water is low, excessive nitrogen loss occurs plus in-
creasing disease and insect problems,

The university of Nebraska conducted research on nitrogen leaching. This

revealed that 13 to 17 kg per hectare of nitrogen were leached for each

2.5 cm of irrigation water passing through the rootzone. This impiies a

direct benefit to the farmer by better managing irrigation water.
Scheduling by estimates of crop needs and with periodic soil water

checks in the field have the following problems in Nebraska:

1) Little space is available for rainfall in the soil.

2) Rainfall will run off on heavier soils and leach through light soils,
with some combination on medium textured soils.

3) Space should be made available at the end of the crop season for storage

of winter and early spring rains.

Table 3.3. Depletion scheduling example on corn
in Nebraska (Watts, 1976).

Date Allowable soil
water depletion (mm)

June 19 0
July 10 13
July 24 33
August 7 33
August 21 64
September 30 114

One solution to this problem of rainfall storage is to provide additional
storage capability in the soil by a ''depletion scheduling' approach. Table

3.3 shows how the allowable soil water depletion increases through the
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season for corn. lIrrigations in June and July supplemented rainfall and
provided an almost full profile through tasseling. At tasseling with the
rootzone at a maximum, the depletion was gradually increased during the
grain filling period. The depletion reached maximum at maturity. Watts
(1976) states that this method cannot be used on soils with less than 32
mm of holding capacity, and also on soils with low intake rates and sub-
sequent runoff problems.

Watts (1976) also presents three levels of irrigation scheduling tech-
niques. The first level involves soil water measuring. Soil probes and the
feel method are difficult to use on sandy soils. Resistance blocks are
used on medium to heavy textured soils. Tensiometers are used on light
soils but cost and maintenance problems occur. The neutron probe is for
use by commercial scheduling companies or large-scale farmers. The second
level is water use information plus monitoring. The time in the field may
be reduced by fifty percent, if daily ET estimates are available. The Ex-
tension Service provides daily or twice weekly information to radio, news-
paper, or telephone "hotline'. The farmer then calculates actual irriga-
tion amounts and checks field soil water every ten days. The third level is
the commercial scheduling service. Computer calculations provide weekly in-
structions to farmers. Instructions are necessary in the schedule if preci-
pitation occurs. The best irrigation recommendations are made by companies
doing both monitoring and ET estimates. Cost of irrigation scheduling is

repaid by reduced pumping and increased yield.

Irrigation Scheduling Survey

Surveys of irrigation management services are available for 1974 and 1977
(Jensen 1975 and 1978b). Results for commercial services are given in Table
3.4. Commercial services are independent, private enterprises that charge a
fee. Agency services are government agencies, produce companies, or irriga-
tion district organizations. Land area scheduled by agency service is given
in Table 3.5. The largest agency is the WPRS which operated at 16 irrigation
districts in 1974, 25 in 1977, and 21 in 1979. The Salt River Project in Ari-
zona has been scheduling since 1965. Total scheduled land area is about two
percent of the irrigated land in the western United States. An additional
two percent are aided by the WPRS irrigation guide approach.

‘ Some useful information concerning field monitoring is given by Jensen
(1975) from the 1974 survey. The land area monitored by one technician is

about 2350 hectares. Daily travel to monitor fields is 190 km and each

38



field is visited 1.5 times per week. The responses given by each service

company or agency were weighted by land area served.

Table 3.L4. Characteristics of commercial irrigation scheduling services
in the western USA (Jensen, 1975 and 1978b).

s 1977
Number of companies surveyed 10 1
Compa?ies with less ‘than five years of 5 3
experience
Total area of summer crops scheduled (1000 ha) 102 214
Other services:
irrigation system evaluation and design 6
plant nutrition 10
pest management 7 7
Schedul ing techniques:
soil water budget
computer program 10 8
evaporation data (class A pan) 3 2
soil water measurements
gravimetric sampling 5 (3)2 bo(4)
tensiometers 1 (L) 2 (2)
neutron probe - (-) 2 (2)
auger and probe - (8) - (7)
crop observation
plant symptons - (1) - ()

)

The parenthesis indicate monitoring measurements to support soil water
budget estimates.

Some idea of fees charged was given by Jensen (1978b). The service cost
ranges from 7 to 15 dollars per hectare. At an exchange rate of 5 Swedish

crowns per dollar, the service costs range from 35 to 75 crowns per hectare.

Table 3.5. Land area of agency irrigation scheduling in the
western USA (Jensen, 1975 and 1978b, and WPRS, 1979).

1974 1977 1979

Total area of summer crops 54 69 75
scheduled (1000 ha)
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The most common reason given by the service groups for a farmer wanting
to continue irrigatin scheduling are: 1) improved water management, 2) in-
creased yield and/or quality, 3) lower producticon costs, and 4) good ser-
vice. Reasons for discontinuing the service are: 1) belief in no direct be-
nefit, fee too high, or not reducing operating costs, 2) poor service or
communications, 3) does not fit operations, and 4) do not have time (Jensen,
1978b) .

Major problems listed by commercial services were given by Jensen (1978b)

as follows:

1) lack of farmers confidence in the first year
2) soil variability

3) difficult to arrange discussion with farmers.
With agency services the problems listed were as follows:

1) communications
2) lack of farmers confidence in the first year
3) unknown irrigation amounts

L) Tack of trained personnel and/or temporary summer employees who
lacked motivation.

CHAPTER &
IRRIGATION SCHEDUL ING MODEL ADAPTED FOR SWEDISH CONDITIONS

Modifications to the 1971 version of the USDA irrigation scheduling computer
program (Jensen et al., 1971) are necessary because of two reasons. The
first is that research results since 1971 need to be added. The second is
that the program needs to be adapted to Swedish climatic conditions. This
chapter covers the water balance equation, reference crop ET, crop ET, added
water, and allowable deplietion. Added water refers to an irrigation or pre-

cipitation event. Equation development is explained where necessary.

Water Balance Equation

The soil water depletion in the effective rootzone can be determined for each

day as follows:
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The drainage and capillary rise term (D) has been neglected. Suggestions
were made by Jensen (1972) for inclusion of this term into the USDA sche-
duling model. The empirical nature of the recommended relations present
difficulties 1in use. The estimation of ET is done by an empirical approach
that provides the basic identity of the USDA scheduling model. The precipi-
tation and irrigation terms are field measured inputs.

Implicit in the concept of depletion is the idea of maximum available
soil water. The limits of this term must be defined. Jensen et al. (1971)
state that the depletion is zero after a thorough irrigation. This fits
the concept of field capacity. In Sweden the idea of a drainage equilibri-
um, as presented by Johansson (1974), is used as the upper limit. The lower
limit is taken as the permanent wilting point. To allow laboratory determi-
nation of the maximum available soil water, the upper limit is defined as
the sum of the water contents for each soil layer determined from the soil
water potential taken as the height above the water table. The lower limit
is defined at -15.0 bars. The soil water depletion which avoids crop water
stress, the allowable depletion, is usually expressed as a percentage of the
maximum available soil water. The predicted irrigation date is when the soil
water depletion matches the allowable depletion. The irrigation amount is

computed as follows:

W
ad
I = -+ 100

where | is the irrigation amount (mm), W 4 is the allowable depletion (mm) ,

and E is the field irrigation efficiency (%).

Grass Reference Crop ET

The ET of a crop is determined by the use of a crop coefficient which ad-
justs a climatically determined, standard ET. The climatic standard in the
irrigation schedul ing program is that of a reference crop ET, which has re-
placed the concept of potentiél ET. A reference crop provides defined sur-
face conditions which can be reproduced in different locations to check the
performance of ET estimation methods. Calibration of the ET method to the
reference crop ET is also possible. Also, the crop coefficient values deve-
loped at a research location can be transferred to other areas by use of a
specified reference crop.

The USDA program uses an alfalfa reference crop. For Sweden, a grass refe-
rence crop is more suitable. The ET estimation methods in this work which

have been chosen to represent daily grass reference crop ET (ETrg) are:
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1) a locally calibrated Penman method, 2) the FAO Penman method, and 3) the
Johansson method or the Andersson evaporimeter. A grass reference crop as
defined by Doorenbos and Pruitt (1977) is "an extensive surface of 8 to 15
cm tall, green grass cover of uniform height, actively growing, complete-
ly shading the ground and not short of water'. The three different methods
have been included to allow for selection of the best method under actual

scheduling conditions.

Submodels

Some parameters are common to two or all three of the estimation methods.
The submodels include: 1) saturation air vapor pressure, 2) air vapor pres-
sure, and 3) the Penman weighting function.

The saturation air vapor pressure is a function of air temperature and a
relation was developed from one given by Murray (1967). This formula is

originally from Tetens (1930) as follows:
el = exp [ (19.078955 T_ + 429.41016) /(T + 237.3)]

where e; is the air saturation vapor pressure {mbar), and T, is the air tem-
perature (OC). The term exp represents the exponential function. The rela-
tion was compared to other e; formulas and is one of the most accurate and
simplest to use (Erpenbeck, 1981). It is assumed in using this formula that
Ta is always greater than freezing.

The air vapor pressure is computed from the relative humidity with the

following relation:
. t .
e, =el RH/100

where e, is the air vapor pressure (mbar), and RH is the relative humidity
(%) .

The Penman weighting function is defined as:

4
A+p

Y= 1615.25 Pa/L

P, = 1013 - 0.1152 (h) + 5.44E-6 (h)2

L = 2.49037E6 - 2.13L46E3 (Ta)
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A =e! [4098.0250/(T_ + 237.3)%] -

'
a
where W is the Penman weighting function, A is the slope of the satura-
tion vapor pressure curve (mbar/oC), Y is the psychrometric constant
(mbar/°C), P is the air pressure (mbar), L is the latent heat of vapori-
zation (J/kgw), and h is the altitude (m). The number 5.44E-6 represents
5.4k '10_6. The relation for P, is from Doorenbos and Pruitt (1977). The
equation for L is given by Jensen (1974).

Locally Calibrated Penman Method

The first ET method is the Penman (1948) method calibrated externally by
linear regression. Calibration can also be done internal to the equation
by deriving a wind function. The external calibration is simpler and is

done as follows:
ET =a + b ET
rg c c p

— - - T o
ETp = w(Rn G) + (1 - W) fu,p (ea ea)

fu o = 0.2625 + 0.1409 u

where ETrg is the grass reference crop ET (mm/day), a. and b_ are linear re-
gression calibration coefficients (aC has units of mm/day), ETp is the Pen-
man method, estimated ET (mm/day), R s the net radiation (mm/day), G is

the soil heat flux which is positive in sign when the soil is warming
mm/day)

—ar )’ and u is the wind-

(mm/day) , fu,p is the Penman (1948) wind term (
speed at 2 meters height (m/s).

The calibration coefficients, a. and bc’ can be derived from measured ETr
and calculated ETp values. Kristensen (1979) at Copenhagen, Denmark measured
weekly values of ETrg with a geighing lysimeter from 1966 to 1978. The co-
efficient of determination (r°) value is 0.938, for the regression between

ETrg and ETp using long-term values. The relation is as follows:
ET = -0.083 + 0.921 ET
rg P

Kristensen (1979) used measured values of net radiation and soil heat flux
as inputs to the Penman method.

Net radiation is calculated as follows:
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B _ _ _ 4
Rn = (1 aS) RS € (1 ea) OATa

where a, is the crop albedo, RS is the solar radiation (mm/day), € is the
surface emissivity, e_is the atmospheric emissivity, o is the Stefan-

mm/day . . o) .
t
Boltzmann cons ant(—zrjr—J and Ta is the air temperature ( K). According

to Jensen (1974) the albedo of a grass reference crop is 0.23 and the sur-
face emissivity is 0.98.

The value of o 1is 2.00239E-9 S5 The relation for net radiation, with

. . o] .
Ta in units of C, is now as fo]?ows:

L
R, = 0.77 R, = 0.98(1 - ¢ ) 2.00239E-9(T_ + 273.16)

The atmospheric emissivity is determined from:

)

m
il

€ (1.44% - 0.46 R
S

a ao /so

)] 1/7

™
i

o = 1-28 e /(T + 273.16
where € is the clear sky emissivity, and R is the ratio of solar to
ao s/so

clear sky solar radiation. The relation for €20 is from Brutsaert (1975).
The constants 1.44 and ~-0.46 were determined at Kimberly, Idaho by Erpen-
beck (1981),

A relation is needed for clear sky solar radiation. Using historic solar
radiation data, the Rso envelope curve can be expressed as a polynomial

equation, as follows:

2 f 3 4
Reo =a, + a1(J) + az(J) + aB\J) + ah(J)
where R__is the clear sky solar radiation (mm/day) , a, to a, are the re-
gression coefficients, and J is the julian date, which is the days after

Januari 1. The ratio. R is then found as follows:
s/so

Rs/so = Rs/Rso

A limit is placed in R as follows:
: s/so

if > 1.0, then RS = 1.0

Rs/so /s0o
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Soil heat flux is estimated as follows:
G= (T, - Tp) c,

Tp - (Ta,J-l * Ta,J-Z * Ta,J—B)/3

where G is the soil heat flux (mm/day), Tp is the mean air temperature for

the previous three days (OC), and <, is an empirical, specific heat coeffi-

cient (Eﬂééil). The equation for G was developed from the following rela-
tion: ¢
AT
G =k Az
where kt is the thermal conductivity, which has a value of 400 ga]
cm C day

or 6.8 &M mm/day
) o
c

over which the temperature difference AT applies. The value of Az is

approximately 45 cm. The coefficient < is then 0.15 Emégil
C

. The variable Az is the depth below the soil surface

FAO Penman Method

Doorenbos and Pruitt (1977) presented modifications to the Penman equation
which make use of secondary, meaning long-term, weather parameters. The

method again represents a grass reference crop. The equation is as follows:

(1 =W) f epgle, - eo) |

fu,FAO = 0.27 + 0.2333 u
where ¢ is an empirical coefficient determined from secondary weather data.
FAO symbolizes variables determined in a particular way for this ET esti~-
mation method.

The net radiation is determined from:

R

= b 0.5
o FA0 = 0-75 R, - 2.00239€-9 (T, + 273.16) [0.34 - 0.044 (e,) ]

(-0.35 + 1.8 RS/Ra)

where Ra is the extra-terrestrial radiation (mm/day). The computation proce-

dure for Ra is given in Appendix C. The air temperature is the average of
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the minimum and maximum air temperatures.

The coefficient ¢ is presented in Table 4.1 from Doorenbos and Pruitt
(1977) as a function of long-term values of solar radiation (Eg), daytime
windspeed (uday),—ﬁaXImum relative humidity (RHmax), and day to night
windspeed ratio (r). These values are determined from 10-day or 30-day pe-

riods from the data records. Values of u

can be computed from u and r
day

as follows:

Table L4.1. The coefficient ¢ in the FAQ Penman ET method as a function
long-term weather parameters (Doorenbos and Pruitt, 1977).

of

RH = 30 % RH =60 % RH =90 %
maXx Mmax max
R
S 3 6 9 12 3 6 9 12 3 12
mm/day
a
day T = 4.0
m/sec .
0 .86 .90 1.00 1.00] .96 .98 1.05 1.0511.02 1.06 1.10 1.10
3 .79 .84 .92 .97 .92 1.00 1.11 1.19{ .99 1.10 1.27 1.32
6 68 .77 .87 .93 | .85 .96 1.11 1.19| .94 1.10 1.26 1.33
9 .56 .65 .78 90| .76 .88 1.02 1.14| .88 1.01 1.16 1.27
= 3.0
0 .86 .90 1.00 1.00| .96 .98 1.05 1.05]|1.02 1.06 1.10 1.10
3 .76 .81 .88 94| .87 .96 1.06 1.12| .94 1.04 1.18 1.28
6 .61 .68 .81 .88 .77 .88 1.02 1.10 | .86 1.01 1.15 1.22
9 L6 .56 .72 82| .67 .7 .88 1.05| .78 .92 1.06 1.18
T =2.0
0 .86 .90 1.00 1.00] .96 .98 1.05 1.05|1.02 1.06 1.10 1.10
3 69 .76 .85 .92 1.83 .91 .99 1.05{ .89 .98 1.10 1.14
6 .53 .61 .74 8k .70 .80 .94 1.02 | .79 .92 1.05 1.12
9 .37 .48 .65 .76 | .59 .70 .84 .95 71 .81 .96 1.06
r=1.0
0 .86 .90 1.00 1.00| .96 .98 1.05 1.05|1.02 1.06 1.10 1.10
3 b 71 .82 .89 | .78 .86 .94 .99 .85 .92 1.01 1.05
6 43 53 68 .79 | .62 .70 .84 .93 | .72 .82 .95 1.00
9 .27 .41 .59 70| .50 .60 .75 .87 | .62 .72 .87 .96

Johansson Method

A climatic standard that has been developed and used in Sweden is the Anders-

son evaporimeter as described by Andersson (1969) . Estimation of evaporation
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from this device was developed by Johansson (1969). This relation was deve-
loped at Ultuna with evaporimeter and meteorological measurements in 1961
over a grass surface. The regression equation with an r2 of 0,914 is as

follows:

E . =0.14 + 0.22 R+ 0.092 u(e' - e )
S a a

where EJ is the evaporation from Andersson evaporimeter as computed by the
Johansson method (mm/day). The conversion factor of 0.7 is given by Johans-

son (1969).

Expected Reference Crop ET

The distribution of ETrg during the growing season can be represented by a
normal equation. Daily long-term mean values of ETrg can then be used to
determine the equation coefficients. The equation for expected ETrg is as
follows:
Jd -t

ET = ET - (o _maxy2

BT = ETrg max ©XP [ - i
where the overbar indicates a long-term value as also done earlier. The three

equation coefficients: ET , and At are shown in Figure 4.1. The

rg, max’ tmax
parameter At can have a different value before and after tma

ETrg

£ Trg, max |

037 ETog max |

Fig. 4.1. Expected reference crop ET as represented by a normal distribution
equation. Equation coefficients are shown.

Weather Data

The same weather data is required for each of the three ETrg methods. Daily

measurements of air temperature, relative humidity, windspeed, and solar ra-
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diation are needed. In Sweden, the daily sum of solar radiation is recorded
and three measurement times daily: 0800, 1400, and 1900 are available for
the remaining parameters.

Modén (1939) presented a formula to calculate the mean air temperature
from the three readings for the day and the minimum temperature, as follows:

Ta = c1 T8 + c2 T]A + c3 T19 + C4 Tmin

where Tg is the air temperature at 0800 (°

O
r c), Tﬂ+ at 1400 ("¢), T19 at
1900 (

C), and Tmin is the minimum air temperature (°c). The coefficients Cy
Cyo c3 and Cp depend on the longitude and the month. This method is awkward
to use because of the variation in the coefficients. A simpler approach is
adapted, as follows:

T = (T8 + T14 + T,..)/3

a

19
The mear of the three readings are used. This approach is also used for the
relatively humidity and windspeed data, as follows:

RH = (RH8 + RH ) + RH )/3

19

u = (u8 *ugy u19)/3

The mean air temperature for use in the FAD Penman method is the average of
the minimum and maximum air temperature.
The windspeed must be converted to a standard height of 2.0 meters. The

following relation assuming a logarithmic wind profile is used:

2 z
— )
¢, = n GHp /0 Gp

where u is the windspeed at 2 meters (m/s), <, is the windspeed height ad-
justment coefficient, and z is the actual measurement height (m). Solar radi-
ation is converted from units of langleys/day to an equivalent mm/day of eva-

poration by using the factor 0.0171.

Crop ET

The grass reference crop ET is converted to actual crop ET by using a crop
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coefficient as follows:

where k_is the ""dimensionless ET crop coefficient" (Wright, 1981). The

values for kC depend on crop growth and soil water conditions and may be

estimated from:

kc B kcb ka * ks
where kcb is the generalized basal crop coefficient, ka is the crop coeffi-
cient dependent on available soil water, and kS is the crop coefficient which
allows for increased evaporation from the soil surface after a rain or irri-
gation. Figure L.2 gives an idealized picture of the seasonal variation in
kc’ with both adequate and limited soil water. The symbol ka in Figure 4.2

represents qualitatively the reduction of kC during limited soil water con-

ditions.
\ A
b = — — = = — e e o Nais ittt
i ,\ ]
I I, Iy
8rh ¥ ¢ fy ]
1 ) P \
i { A 1
b= | i
.§ :l‘_Kc
L 6F 1 -
=
@ L iy N
S I
a 4R} b
o I
s} Lyt ]
T
| \
2r, \\ 1
F .Complete . Partial Irrigations I
Irrigation or Rai
o T } S S SV S t
Planting Emergence ‘ Rapid Growth ‘ Effective ‘ Maturation
Full Cover

Fig. 4.2. ldealized seasonal variation in the crop coefficient under condi-
tions of adequate and limited soil water (Wright, 1981).

Basal Crop Coefficients

The basal crop coefficient represents conditions when the soil surface is
dry, but adequate soil water is available for crop growth., The kcb 'erop

curve'' can be determined from daily measurements of crop ET. The reference
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crop ET may be measured for the same time period or estimated by a calibrat-
ed estimation method. Figure 4.3 shows the drawing of a generalized kCb curve

from experimental data.

RATIO, E /E

Fig. 4.3. A generalized basal crop coefficient curve as determined from
lysimeter measured crop coefficient values for beans at Kimberly, idaho
(Wright, 1981).

Burman et al. (1980) presented kcb values for various crops at two loca-
tions. The crop curves from Kimberly, ldaho were expressed with respect to
an alfalfa reference crop, while those from Davis, California were given
with respect to a grass reference crop. The Kimberly data is converted to
a grass reference crop as the climatic standard by use of the approximate
conversion factors given i Table 4.2 (Erpenbeck, 1981). The conversion fac-

tor is expressed in equation form as follows:

ka/g - ETra/ETrg

Table 4.2. Conversion factors from an alfalfa to a grass reference
crop for Davis, California (Erpenbeck, 1981) .

Month k Month k

a/g a/g
January 1.701 July 1.202
February 1.441 August 1.214
March 1.295 September 1.230
April 1.247 October 1.267
May 1.218 November 1.428
June 1.208 December 1.653
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The basal crop coefficients are usually given as a function of a normaliz-
ed time scale. This helps to account for variation in crop development bet-
ween years or locations. The original USDA scheduling program used two time
scales: 1) percent time from planting to effective full cover, and 2) days
after effective full cover. The length of the planting to emergence period
can vary considerably. So the crop curves have been converted to a percent
time from emergence to effective full cover for the first half of the sea-
son. Percent time from effective full cover to harvest is not used because
the harvest date is not necessarily related to crop maturity. A more growth
related index would be desirable, but the adjustment of the predicted effec-
tive full cover date enables the model to match actual field crop develop-
ment.,

The effective full cover date occurred for most crops at Kimberly after
the rows closed when the leaf area index was 3.5 to 4.0 (Wright, 1981). The

date at which the kC first reaches a maximum can also be used as the effec~

tive full cover date? The number of days from emergence to effective full
cover for various crops in a region can be used as a guide for first esti-
mates of effective full cover dates. Again, the predicted effective full
cover date should be adjusted if crop growth is faster or slower than normal.
Doorenbos and Pruitt (1977) presented values needed to construct crop coef-
ficient curves for various crops. The growing season is divided into four

stages as illustrated in Figure 4.4 and described as follows:

1) initial stage

crop cover is less than 10 percent
soil surface is mostly bare

2) crop development stage

crop cover is from 10 to 70 or 80 percent
ends at effective full cover

3) mid-season stage
from effective full cover to start of maturation
L) late stage
from start of maturation to full maturity or harvest

The mid-season and harvest-maturity kC values are given for various annual

b
crops by Doorenbos and Pruitt (1977). These can be compared to research re-

sults from Kimberly, l|daho and Davis, California. Also, kcb values from
Prosser, Washington are available (Erpenbeck, 1981). Table 4.3 compares the
mid-season kcb values for annual crops. Table 4.4 shows the harvest-maturity

kcb values. The Doorenbos and Pruitt FAO kC values are given for Swedish

b
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and semi-arid conditions. Confidence in the FAO kCb values is judged by com-
parison of the semi-arid figures to the western U.S. locations. Some idea

of the climatic adjustment necessary to the kC curves for Swedish condi-

b
tions is then possible. The FAO climatic adjustment depends on long-term

minimum relative humidity (Eﬁﬁin) and windspeed (u).

Crop coefficient

i 1 1 i J—
initial crop mid - season late
development

Growth stage

Fig. 4.4. FAO idealized crop coefficient curve (Doorenbos and Pruitt, 1977).

Table 4.3. Mid-season stage basal crop coefficients for annual crops, with
respect to a grass reference crop. The FAO values are estimates.

Crop FAQ Kimberly Davis Prosser
Swed i sh2 semi—ariué
beans (dry) 1.10 1.15 - 1.10 1.17
beans (snap) 0.98 1.00 1.14 - -
corn (field) 1.10 1.15 1.14 1.17 1.03
peas 1.10 1.15 1.14 - -
potatoes 1.10 1.15 0.96 - 1.17
small grains 1.10 1.15 1.22 - 1.21
sorghum 1.10 - 1.05 1.11
sugar beets 1.10 1.15 1.21 1.13 1.15
tomatoes 1.20 - 1.16 -
a Eﬁﬁin = 50 to 55 percent and u = 2.3 to 3.8 m/s
b Eﬁﬁin = 20 percent and u = 1.4 to 1.5 m/s

52



Table 4.4. Harvest or maturity basal crop coefficients for annual crops,
with respect to a grass reference crop. The FAQ values are estimates.

Crop FAQ Kimberly Davis
Swedish2 semi-aridE

beans (dry) 0.28 0.25 - 0.37

beans (snap) 0.88 0.90 0.31% -

corn (field) 0.58 0.60 0.96% 0.53

peas 1.00 1.05 0.24< -

potatoes 0.72 0.75 0.30 (0.86%) -

small grains 0.22 0.20 0.19 -

sorghum 0.55 - 0.73

sugar beets 0.95 1.00 1.00 1.01

tomatoes 0.65 - 0.61

a ﬁﬁﬁin = 50 to 55 percent and u = 2.3 to 3.8 m/s

b Eﬁﬁin = 20 percent and u = 1.4 to 1.5 m/s

¢ perhaps grown for seed

d perhaps cut for silage

e frost date value

A near majority of mid-season kcb values from the three western U.S. loca-
. . . . . .
tions are within - 2 percent of the FAD semi-arid values. Another third are

within % 5 percent of the FAO values. The kC value for Kimberly snap beans

b
exceeds the FAO value by 14 percent, due perhaps to difference in crop de-

finition. The Kimberly snap beans kcb does match the FAO dry beans kCb value.

Prosser field corn and Kimberly potatoes kCb values are 10 and 16 percent

low, respectfully. It is concluded that the published mid-season kcb data

generally agree with the semi-arid FAO kC values. For Swedish conditions,

b

a 4 percent reduction in the mid-season kC value is suggested by FAO. The

b

reason for this climatic adjustment is that kC is affected by wind. This is

due to increased turbulence over a taller and Eougher crop as compare to a
smooth grass reference crop surface. This affect is more pronounced in dry
than in humid climates. This is one reason why alfalfa has often been prefer-
red as the reference crop in that its aerodynamic roughness is closer to
most field crops.

It is more difficult to compare the harvest-maturity kcb values as pub-
1ished for Kimberly and Davis with those from FAO. The condition of the crop
when this final k , value was selected does not appear to be standardized. For

ch

sugar beets a 4 percent reduction in the kc value is suggested for Swedish

b
climatic conditions.
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@ Kimberly, Idoho ( snap beans )

@ Davis, California ( dry beans )

Basal crop coefficient
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Fig. 4.5. Basal crop coefficient curves for beans with respect to a grass

reference crop.
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Fig. 4.6. Basal crop coefficient curves for field corn with respect to a
grass reference crop.
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Fig. 4.7. Basal crop coefficent curves for sugar beets with respect to a
grass reference crop.
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There exists some variation in the seasonal kCb curves for crops where
ET measurements were done at both Kimberly and Davis. Figures 4.5 to 4.7
show the differences in crop curves for beans, field corn, and sugar
beets. Snap beans at Kimberly and dry beans at Davis are actually diffe-
rent crops, so the deviation is justified. Field corn and sugar beets in-
dicate the difficulties in using a time scale rather than a growth related

scale.

Table 4.5. Before effective full cover, daily basal crop coefficients with
a grass reference crop, derived by lysimeter measurements at Kimberly,
daho.

Percent time Basal crop coefficients

emergency =

to effective small snap peas potatoes sugar corn  winter—

full cover grains beans beets wheat
10 0.23 0.23 0.21 0.34 0.18 0.20 0.83
20 0.29 0.28 0.22 0.544 0.19 0.21 0.88
30 0.42 0.42 0.24 0.51 0.21 0.22 0.94
Lo 0.68 0.53 0.30 0.61 0.24 0.27 0.99
50 0.88 0.64 0.42 0.72 0.32 0.37 1.05
60 1.04 0.78 0.59 0.81 0.L44 0.51 1.10
70 1.15 0.90 0.77 0.88 0.60 0.71 1.16
80 1.20 1.03 0.93 0.93 0.82 0.87 1.19
90 1.21 1.12 1.07 0.95 1.03 1.01 1.21
100 1.23 1.14 1.15 0.96 1.21 1.14 1.23

a Time scale for winter wheat is percent time from start of growth to
effective full cover.

Table 4.6, After effective full cover, daily basal crop cofficients with
a grass reference crop, derived by lysimeter measurements at Kimberly,
{daho.

Days Basal crop coefficients

after

effective small snap peas potatoes sugar corn  winter

full cover grains  beans beets wheat
10 1.23 1.14 1.12 0.96 1.21 1.14 1.23
20 1.20 1.14 0.99 0.96 1.21 1.14 1.21
30 0.96 0.79 0.60 0.91 1.21 1.13 1.15
4o 0.60 0.4k 0.44 0.90 1.17 1.11 0.60
50 0.30 0.22 0.24 0.89 1.14 1.09 0.24
60 0.12 0.18 0.12 0.88 1.09 1.02 0.12
70 0.12 0.12 0.12 0.86 1.07 0.94 0.12
80 0.62 1.04 0.38
90 0.31 1.01 0.25
100 0.25 0.96 0.19
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Table 4.7. Before effective full cover, percentage from minimum to maxi-
mum basal crop coefficient values with a grass reference crop, derived

by lysimeter measurements at Kimberly, Idaho. Minimum (k
) basal crop coefficient values are also given:

mum (kbc,max

min

) and maxi-

Percent time
emergence

Percent from minimum to maximum basal crop coefficients

to effective small shap peas  potatoes sugar corn  winter2
full cover grains beans beets wheat
10 4.8 5.2 3.1 20.5 0 2.1 0
20 10.5 10.4 4.1 33.3 1.0 3.1 12.5
30 22.9 25.0 6.2 42.3 2.9 L2 27.5
49 L7.6 36.5 12.4 55.1 5.8 9.4 40.0
59 66.7 L7.9 24,7 69.2 13.8 19.8 55.0
60 81.9 62.5 L2.3 80.8 25.2 34.4 67.5
70 92.4 75.0 60.8 89.7 40.8 55.2 82.5
80 97.1 88.5 77.3 96.2 62.1 71.9 90.¢
90 98.1 97.9 91.8 98.7 82.5 86.5 95.0
100 100.0 100.0 100.0 100.0 100.0 100.0 100.0
k . 0.18 0.18 0.18 0.18 0.18 0.18 0.83
cb,min
cb ,max 1.23 1.14 1.15 0.96 1.21 1.14 1.23

a Time scale for winter wheat is percent time from start of growth to
effective full cover.

Table 4.8. After effective full cover, percentage from minimum to maxi-
mum basal crop coefficient values with a grass reference crop, derived

by lysimeter measurements at Kimberly, ldaho. Minimum (kCb min) and maxi-
mum (k ) basal crop coefficients are also given. ’
cb ,max
Days Percent from minimum to maximum basal crop coefficients
after
effective small snap peas potatoes sugar corn winter
full cover grains beans beets wheat
10 100.0 100.0 100.0 100.0 100.0 100.0 100.0
20 97.3 100.0 87.0 100.0 100.0 100.0 98.2
30 75.7 65.7 48,0 93.0 100.0 98.9 92.8
40 43,2 31.4 32.0 91.5 84.0 96.8 43 .2
50 16.2 9.8 12.0 90.1 72.0 9Lk.7 10.8
60 0 5.9 0 88.7 52.0 87.4 0
70 0 0 0 85.9 Liy o 78.9 0
80 52.1 32.0 20.0
90 8.5 20.0 6.3
100 0 0 0
kcb,min 0.12 0.12 0.12 0.25 0.96 0.19 0.12
kcb,max 1.23 1.14 1.15 0.96 1.21 1.14 1.23
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In the irrigation scheduling computer program for annual crops, the Kim-
berly kCb curves are used. The kcb values from Burman et al. (1980) are
adapted to a grass reference crop. The kcb data for small grains, snap
beans, peas, potatoes, sugar beets, corn, and winter wheat are shown in
Tables 4.5 and 4.6. The suggested adjustments for Swedish climatic condi-
tions are not made, but in Tables 4.7 and 4.8 the kCb values are given
curves are

as a persentage from minimum to maximum kC values. The kC

used in this way in the program. If it is :ecessary to redzce the mid-
season kcb values then a new maximum kcb can be entered. In all the tables
the scale percent time from emergence to effective full cover is used. Be-
fore emergence the minimum kCb of 0.18 is used, which was derived from
Kimberly and Davis initial growth stage data. The basal crop coefficient

curves are presented graphically in Figures 4.8 to 4.1k,

Basal crop coefficient

ork

P S T S O VO S TP E G S S
00.’02030405060708090100102030405060705090100
Percent fime from emergence fo effective Days after effective full cover
full cover

Fig. 4.8. Basal crop coefficient curve for small grains with respect to
a grass reference crop, measured at Kimberly, ldaho.
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Basal crop coefficient
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Fig. 4.9. Basal crop coefficient curve for snap beans with respect to a
grass reference crop, measured at Kimberly, Idaho.
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Fig. 4.10. Basal crop coefficient curve for peas with respect to a
grass reference crop, measured at Kimberly, ldaho.
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Fig. 4.11. Basal crop coefficient curve for potatoes with respect to a
grass reference crop, measured at Kimberly, Idaho.
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Basal crop coefficient
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Fig. 4.12. Basal crop coefficient curve for sugar beets with respect to
a grass reference crop, measured at Kimberly, ldaho.

141
13k
12r
77

10
09
08
07
06
0.5]

Basol crop coefficient

04
03
02

arr

P S S S Y Sy S S S S T SO S S S
00702;730405060708090700702030405060708090100
Percent time from emergence to effective Days after effective full cover
full cover

Fig. 4.13. Basal crop coefficient curve for corn with respect to a
grass reference crop, measured at Kimberly, ldaho.
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Fig. 4.14. Basal crop coefficient curve for winter wheat with respect to
a grass reference crop, measured at Kimberly, l|daho.
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For perennial crops, the model given by Doorenbos and Pruitt (1977) is

used. Figure 4.15 illustrates the variation in kC as affected by cuttings.

Four separate curves can be identified in the figzre: 1) from start of
growth to effective full cover, 2) from effective full cover to cutting,
3) from cutting to effective full cover, and 4) from effective full cover
to killing frost. The Kep values given by Wright (1981) for alfalfa are
used to determine the actual shape of the curves. Table 4.9 gives the
percentage from minimum to maximum kcb values for the first and third
curves and Table 4.10 for the fourth curve. The second curve is simply
the value of the maximum kcb' Table 4.11 gives the minimum and maximum
kcb values as indicated in Figure 4.15 for pasture, clover, grass, and
alfaifa. The alfalfa values were taken from Wright (1981) and the remain-
ing values from Doorenbos and Pruitt (1977) for Swedish general climatic

conditions.
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growth first second third killing
starts cutting cutting cutfing frost
Time

Fig. L.15. Generalized alfalfa basal crop coefficient curve with respect
to a grass reference crop. Curve numbers, and minimum and maximum kcb
values are also indicated.

60



Table 4.9. Before effective full cover, percentage from minimum to maximum
basal crop coefficient values for perennial crops, with respect to a grass
reference crop.

rs

Percent time from start of Percent from minimum to maximum basal

growth or cutting to effec- crop coefficients

tive full cover curve 1 curve 3
10 14.5 0
20 29.0 12.0
30 Ly 9 28.3
Lo 58.0 45,7
50 66.7 67.4
60 75.4 71.7
70 84.1 80.4
80 91.3 90.2
90 97.1 97.8
100 100.0 100.0

Table 4.10. After effective full cover, percentage from minimum to maximum
crop coefficient values for perennial crops, with respect to a gras refe-
rence crop.

Days after effec- Percent from minimum to maximum basal crop
tive full cover coefficients :
‘ curve k
10 100.0
20 100.0
30 31.0
40 0

Table 4.11. Minimum and maximum basal crop coefficients for perennial
crops, with respect to a grass reference crop.

Crop Basal crop coefficients>

kcb,min1 kcb,minZ kcb,min3 kcb,max

pasture (grazed grass, 0.52 0.52 0.52 1.08
grass-legumes, or

alfalfa

clover, grass-legumes 0.55 0.55 0.55 1.10

(cut)

grass (cut) 0.58 0.58 0.58 1.08

alfalfa (cut) 0.53 0.30 0.38 1.22

a Refer to Figure 4.15 for the definitions of k . and k values.
= cb,min cb ,max
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Crop Coefficient Related to Available Soil Water
The relation used in the USDA scheduling model is as follaws:

]n(wa + 1)

Ky = Thion)

where Wa is the percentage of available soil water, which has a value of
100 when the soil water is at the upper limit. The change of ka with soil

water is shown in Figure 4.16.
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Fig. 4.16. The crop coefficent k, as a function of percent available
soil water.

Crop Coefficient Related to a Wet Surface

The increase in ET when the crop or soil surface is wet after an irriga-

tion or rain is modelled as follows by Jensen et al. (1971):

if kcb ka < k1

k, = (k] - Kep ka) exp(- At)

where k1 and A are empirical parameters, and t is days after the rain or
irrigation. The parameter A represents the combined effects of evaporative

demand and soil characteristics. The coefficient k1 was originally given
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the value of 0.9 with respect to an alfalfa reference crop. With a grass

reference crop, k1 has a value of 1.09., The relation for ks when kcb ka
is less than 1.09 is simplified by replacing the term exp(-At) with a

coefficient k2, as follows:
ks = (k1 B kcb ka) k2

The values for k2 are given in Table 4.12.

Table 4.12. Values for the coefficient k, for each

day following an irrigation or rain. 2
Days after irrigation or rain k2
0 1.0
1 0.8
2 0.5
3 0.3
>4 0

Expected Crop ET

During future time the crop coefficient is computed by:

The kS term is neglected and ka is set at the value for the end of the pre-

sent time. The ET is then calculated from the following:

Added Water

The crop ET decreases the soil water content of the rootzone each day. A
precipitation or irrigation adds to the water content, perhaps even exceed-
ing the maximum amount that the soil can retain. The excess is lost to

deep percolation below the rootzone. The amount of precipitation or irriga-
tion needs to be measured for the field.

The measured values may need to be reduced due to losses from evaporation,
runoff, or deep percolation. The USDA model does not make any internal ad-
justment of measured to effective precipitation. This is left to the users
judgement. For conversion of measured to net irrigation amounts, an effi-
ciency term for the irrigation system is used. The net irrigation is then

computed as follows:
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100

Lol
n E
where E is the field irrigation efficiency (%) which is the ratio of the
amount of water available for use by the crop to the amount applied. The
applied depth depends on where the measurement is taken and is often spe-

cified at the field inlet as done by Doorenbos and Pruitt (1977).

Allowable Depletion

The aliowable soil water depletion is where crop water stress begins and
defines the date and amount of the next irrigation. The scheduling program
provides two options for input of the allowable depletion. The first
method is that an amount of soil water depletion is specified directly.
This may be constant throughout the growing season or change in response
to root development or critical growth stages of increased crop sensitivi-
ty to water stress. The ability to select the proper allowable depletion is
gained after experience with the specific field.

The second method requires that a percent allowable depletion is speci-

fied. The allowable depletion is determined by the following:

wad - Wpad.wmax

where W_, is the allowable soil water depletion (mm), W is the percent

allowable soil water depletion, and wmax is the maximump:3ailable soil wa-
ter content (mm). With soil layer values for W, and a model for root de-
velopment, wmax is then calculated. The maximum available soil water content
is determined for each soil layer as follows:

wmax,i ; 9de,i - 9wp,i)AZi/mO

where 8, is the drainage equilibrium soil water content (%), ewp is the
permanent wilting point soil! water content (%), Az is the thickness of
the soil layer (mm), and the subscript i refers to the soil layer number.
Both gde and ewp are expressed in percent by volume. The maximum available
soil water content for the rootzone is calculated by summing up the wmax,i
values. A fraction of the lowest soil layer may be needed to determine wmax
for the exact depth of the rootzone.

The rootzone model for annual crops before effective full cover assumes

that the roots develop from a minimum value at emergence to a maximum at
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effective full cover at a rate that is similar to the increase in the basal

crop coefficient, as follows:

z .
r,max r,min

yd =

cb cbh,e
z .+ (z
r r,min k

- )
cb,fc kcb,e

where z is the rootzone depth (cm), z_ . is the minimum rootzone depth
b

at planting, Zr,max is the maximum rootzone depth at effective full cover,
and the subscript e refers to emergence and fc refers to effective full

cover. The minimum rootzone is assumed to be 15 cm and the maximum depends
on the crop. For annual crops after effective full cover and for perennial

crops, the rootzone depth is-as follows:

If the soil has a limiting barrier to root development, then the rootzone

depth is not allowed to exceed this limit.

CHAPTER 5

EXAMPLE OF THE |RRIGATION SCHEDULING COMPUTER PROGRAM

Four separate computer files have been written for the Ultuna RC-8000 com-
puter system. The first file is the irrigation scheduling computational pro-
gram called BEVATTNING and is written in FORTRAN language. The second file
is the needed data file called DBEVATTNO with input values given in a free-
format style. The number at the end indicates that the data file is updated
as the season progresses. The third file is called JBEVATTN and consists of
the job control statements needed to link the program with the data file and
then run the program BEVATTNING. The fourth file, called LBEVATTN, is a
listing of needed input data and variable definitions., This final file is
only for record keeping. Listings of BEVATTNING and JBEVATTN are given in
Appendix D.

This chapter gives an example of program operation and calculation for an
irrigated potato field at Kungshamn (near Ultuna) in 1970. Input data, out-
put results, and preparation for the next run are presented for a sample

ten day period in June. The examples mentioned are given in Appendix E.
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Required Data

The input data is broken into four subgroups: 1) program control data,

2) regional data, 3) climatic data, and 4) farm data. Example 1 gives the
contents of the input data file, DBEVATTNO, for the period June 1 to Ju-
ne 10, 1970. Appendix B gives a listing of file LBEVATTN which summarizes

the definitions of each variable in the input data file.

Program Control Data

The first line of DBEVATTNO is the program control data. This is the number
of regions (1), the computational date (162), the computational year (1970),
and the print control switch {(0). Note that in freeformat style only a

space is necessary between each variable. In LBEVATTN under the variable S1,
four print options are given. This allows choice from a summary printing

to a detailed day by day printout. Example 2 gives a sample of a daily print-

out (S1=3) and Example 3 gives a summary printout (S1=0).

Regional Data

The second 1ine of DBEVATTNG in Example 1 is the start of a seventeen line
group that makes up the regional data. The first line is the region name
(ULTUNA) which is usually the same as the weather station used. The number
of letters possible in alphanumeric names is given in Appendix B in the
LBEVATTN file. Spaces are of no importance for alphanumeric entries. The
next line consists of weather station information, mainly elevation (15),
latitude (59.82), and windspeed measurement height (8.5). The units asso-
ciated with each number are given in the LBEVATIN file. The region is de-
fined by the area over which the weather data from one station can be used.
The next three lines are equation coefficients that are derived from past
records of the weather station. The equations are to fit curves of expected
grass reference crop ET, expected precipitation, and clear sky solar radia-
tion. All of which are with respect to the time of the year. If past data
is not available, then curves must be assumed until several years of weath-

er data is collected. The derived relations for Ultuna are as follows:

expected grass reference crop ET

— _(J - 166,2
ETrg = 3.1 exp ( (_A—t_) )
if J < 166, then At = 70
if J > 166, then At = 98

66



expected precipitation

P = 0.5687 - 3.9E-3 (J) + 1.183E-4 (J)2 - 3.08E-7 (J)3

clear sky solar radiation

R = 0.7595 - 4.488E-2 (J) + 2.1569E-3 (4)2

SO

- 1.1738E-5 (J)3 + 1.6994-8 ()™

Where scientific notation is required as for the expected precipitation
coefficient -3.9E-3, then it is entered in the data file as -3.9'-3 as re-
quired by the ALGOL Tanguage program for freeformating available on the
RC-8000 system.

{ mm/day )

40 b
30 F
20

10 +

Fig. 5.1. Long-term grass reference crop ET (ET}Q) for Uppsala as a func-
tion of time. The solid curve is from the normal equation and the circled
points are historic 1961 to 1978 values.

The relation for Ef}g was developed, in a very approximate way, with
data from Eriksson (1981). Long-term (1961-78) monthly Penman ET values
were converted to ET}Q. Figure 5.1 compares the data used to the derived
normal equation. The regression for P was done with long-term (1885-1964)
15 day data from H&kansson et al. (1968). The r2 value is 0,78 and visual
comparison of the data with the regression curve is made in Figure 5.2.
Clear sky solar radiation data in 1970 and 1971 were taken from ""Meteoro-
logical Observations at Ultuna''. An envelope curve is usually drawn after
all the RS data is plotted, but the availability of cloud cover data

allowed selection of only RSO values. These are plotted along with a smooth
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curve fitted by hand through the points in Figure 5.3. The regression cur-
. 2 .

ve with an r value of 0.997 was derived from the hand drawn curve. The re-

gression analysis was done with the minitab statistical computing system

available on the Ultuna FC-8000 computer. Polynomial regressions of various

degrees were compared by their r2 values,

P
{ mm/day)

20t

10 +

Fig. 5.2. Long-term precipitation (P) for Uppsala as a function of time. The
solid curve is from the polynomial regression equation and the circled
points are historic 1885 to 1964 values.
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Fig. 5.3. Clear sky solar radiation (RSO) for Ultuna as a function of juli-

an date. The solid curve is hand drawn through measured 1970 and 1971 values
as indicated by crosses.
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The next twelve lines contain long-term climatic data with one line for
each month. Values are given at Ultuna for April to November. Long-term
maximum relative humidity, windspeed, day to night wind ratio, and solar
radiation have been obtained from Aniansson and Norén (1955). The maximum
relative humidity was assumed to be at the 2100 reading. The day to night
wind ratio is from the 1400 reading divided by the average of the 0800 and
2100 readings. These long-term values are used in the FAO Penman ETrg meth-
od.

Climatic Data

This subgroup of input data is of a variable number of lines depending on
the number of days of weather data for the program run. In Example 1, four-
teen lines make up the climatic data with ten days of weather data. The
first line in this group consists of only one value, the forecast grass re-
ference crop ET for the next five days relative to the long-term or normal
value. If conditions are expected to be cloudy where in a normal year sunny
weather would occur, then the ETrg value for the future five days can be
reduced by the factor given. The next line gives a qualitative description
of the future conditions. In Example 1 no change in the expected ETrg equa-
tion value were made as indicated by the ratio of 1.0 and the qualitative
description of ''NORMAL CONDITIONS'.

The following line gives the regional climatic condition. The starting
date of the climatic data (152) is the first value. The three previous days,
julian dates 149, 150, and 151, of air temperatures are given next (13.3,
15.0, and 13.9) for computation of soil heat flux in the Penman ETrg method.
Next, the starting date of the summations is given (121), then the seasonal
summations of the Penman ETrg method (111.42), FAO Penman ETrg me thod
(159.18), Johansson ETrg method (84.46), and precipitation (4.5). These sum-
mations are up to day 151.

The following line contains the number of days of weather data (10) and
the starting julian date (152). The starting julian date for the climatic
data is required again so as to be a reminder to update the weather data
with each run. The next ten lines in Example 1 contain the weather data for
days 152 to 161. The first value is the julian date. This is followed by
five air temperature readings at 0800, 1400, 1900, meximum, and minimum.
Then three values of relative humidity and three of windspeed with readings
for both at 0800, 1400, and 1900. Next is the solar radiation and the preci-
pitation amount for the day. The weather data is from ""Meteorological Obser-

vations at Ultuna''.
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Farm Data

In the two previous subgroups, regional data and climatic data, it is ne-
cessary to repeat the data lines if more than one region is being used. In
this subgroup repetition occurs by farm-field combination. Example 1 shows
only one farm-field combination, which is Kungshamn-K2. In Example 4 the
data file listing of DBEVATTNL (fourth sequential data file for the sea-
son) shows the complications of introducing another field on the Kungshamn
farm, Kungshamn-K1, and two more farms each with one field, L&vsta-L8 and
Ultuna-U12. The explanation that follows deals only with the simple case
presented in Example 1, The farm-field data was taken from Johansson
(197H).

The first line indicates the number of farms in the region (1). Each farm
requires a variable number of data 1ines depending on the number of fields.
Only one field is presented in Example 1 so eight lines are required for
the farm. The first two lines are the farm name (KUNGSHAMN) and the number
of fields (1). The next two lines contain the field name (K2) and crop name
(POTATOES) . The next four lines consist of basic field data, soil data,
field irrigation data, and field condition.

The first item of basic field data is the crop number (4), which is de-
fined under variable NCR in LBEVATTN and alsc in Table 5.1. The next four
values are julian dates for planting (131), emergence (151), effective full
cover (171), and harvest or final irrigation date (198). The next value is
the starting julian date (132) for season summations of field rainfall,
crop ET, and net irrigation amounts. This value probably matches the next
julian date which is for the initial soil water depletion (132). This is
followed by the initial soil water depletion for the maximum or limiting
rootzone (7). The soil water depletion entry can be used later in the season
to set the program depletion to a measured value. The next two values in the
data line are the irrigation efficiency (80) and the minimum irrigation
amount (15). Both of these would be determined from the irrigation method
being used. The final three values consist of the minimum (15), maximum

(60), and limiting (30) effective rootzone depths.
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Table 5.1. List of crops that are part of the irrigation
schedul ing program.

Crop number Crop

small grains

snap beans

peas

potatoes

sugar beats

corn

winter wheat

pasture {grazed grass, grass-legumes, or alfalfa)

clover or grass-legumes (cut)

O W o0~ O U W N =

—

grass (cut)
alfalfa (cut)

—
—

An extra data line is now required if the field has a perennial crop.
This can be seen in the fields of pasture for farms Ldvsta and Ultuna in

Example 4. Space is provided for five cuttings. The julian date of the

cutting and the following effective full cover is recorded for each cutting.

For a perennial crop in the previous line, the emergence date becomes the
start of growth and the harvest date becomes the end of growth. Tables 5.2
and 5.3 contain crop date information for annual and perennial crops, res-

pectfully (Johansson, 1974).

Table 5.2. Crop date information from research at Ultuna for annual crops.

Crop Days from ...
planting to emergence to effective effective full
emergence full cover cover to harvest
small grains 10 20 87
potatoes 20 20 85

Table 5.3. Crop date information from research at Ultuna for perennial crops.

Crop Days from ...
start of growth effective cutting to effective full
to effective full cover effective cover to end
full cover to cutting  full cover of growth

pasture 14 4g 5 50

grass (cut) 14 20 5 25
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The soil data allows five pairs of values for each soil layer. The values
are depth to the lower boundary and maximum available soil water. For field
K2 a drainage equilibrium of 0.7 meter was used to determine the maximum
available soil water by Johansson {1974).

The field irrigation data includes the percent allowed soil water de-
pletion (50),the allowed soil water depletion (0), the julian date of the
previous irrigation (0), and the previous net irrigation amount (0). The
option is available to use either a percent allowable depletion or an
allowable depletion value. The one that is not used is given a zero value.
The previous irrigation values also have zero values since an irrigation
has not yet occurred. The last fifteen values of this data line are the
rain and/or irrigation amount differences. The difference between the
field and the region precipitation amounts are entered for each day. If
irrigation amounts occur quite often, then entry of these values is also
possible.

The field condition is the final data line for the field. Values are
given for the soil water depletion (14.80) and the past three days of
adjusted rain and/or irrigation amounts (0, 0, and 0.7). Season summations
from the date indicated in the basic field data line (132) to day 151 are
given for field values of rainfall (2.3), crop ET (13.60), and net irriga-
tion amounts (0). The adjusted rain and/or irrigation amounts are used to
compute the crop coefficient related to a wet surface. The rain and/or
irrigation amount has been adjusted downward by the increase in ET due to

this coefficient.

Program Calculations

The results of running the BEVATTNING program with the DBEVATTNO data
file are given in Example 2 for a complete printout and in Example 3 for
a summary printout. The listing JBEVATTN contains the commands for the
RC-8000 computer system to run the program. The printout in Example 2 is
discussed in five sections: 1) input data, 2) weather data, 3) grass re-
ference crop ET, 4) field soil water depfetion calculations, and 5) irri-

gation scheduling.

Input Data

At the beginning of Example 2, the first data input line is printed with
an explanation for each variable, This is also done for the regional, cli-

matic, and farm input data. Some arrays that are read internal to the pro-
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gram are also printed out, since these are input data as well. Where the

array name is used, the definition may be found in LBEVATTN.

Weather Data

The computation date (11 JUN 1970) is the day when the program is run. The
weather data for this day is not yet available. The weather data is printed
in the original form and after being converted to the format usable in cal-
culation of ETrg' The mean values of air temperature, relative humidity,
windspeed, and solar radiation are also printed for the update period from
day 152 to 161.

Grass Reference Crop ET

Printouts are done for submodel and each of the three ETr method calcula-
tions. A summary printout is also made of the ETrg results. In the submodel
printout the air vapor pressure (ea) and the saturation vapor pressure (e;)
are given. Also, the deficit air vapor pressure which is the difference bet-
ween e; and e, The Penman weighting function (W) is also given and its need-
ed values of the psychrometric constant (V), the slope of the saturation va-
por pressure curve (A), and the latent heat of vaporization (L). The cali-
brated Penman printout includes soil heat flux (G), net radiation (Rn), and

the wind function (fu ). The soil heat flux when negative indicates heat

flow from the soil. Céiponents of Rn include the clear sky solar radiation
(RSO), the ratio of solar to clear sky solar radiation (Rs/so)’ clear sky
atmospheric emissivity ( an)’ and atmospheric emissivity ( ea). Both the
original 1948 Penman equation and the calibrated Penman ET values are print-
ed. The FAQO Penman method printout includes net radiation and the wind func-
tion term. Net radiation is estimated by using extra-terrestrial radiation
(Ra). Components of R_ are the declination of the sun (8), the sunset hour

angle (hs), daytime hours at zero declination (h , and the radius vector

do)
of the earth (rve). The adjustment factor (c) and the final FAO Penman ETrg
value are also printed. For the Johansson method, solar radiation, windspeed,
air vapor pressure deficit and the ETrg value are printed. The summary print-
out contains the three ETrg values plus precipitation. Daily, period. and
season values are given. The forecast or expected ETrg for the next five days

is also printed.
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Field Soil Water Depletion Calculations

The daily soil water depletion and calculated values are printed to enable
a check of program operation. The components of the water balance equation:
initial depletion, crop ET, precipitation, and irrigation are given for
each day. The variables used to compute crop ET are the time scale, the
percent from minimum to maximum basal crop coefficient, the rootzone depth
(Zr)’ the maximum available soil water (wmax), the percent available soil
water (wa), and the grass reference crop ET (ETrg)' The time scale is per-
cent time from emergence to effective full cover or days after effective
full cover. Four crop coefficients are printed which are the basal crop co-
efficient (kcb), the crop coefficient related to available soil water (ka),
the crop coefficient related to a wet surface (ks)’ and the composite crop
coefficient (kc). The initial (Wi_1) and final (wi) soil water depletion
values are listed for each day. The allowable soil water depletion (Wad)
is also printed.

In Example 2 for field K2, the depletion exceeds the allowed amount on
day 160. Note the changing values of allowable depletion for days 152 to
156 which reflects the increasing rootzone. Another aspect of the field
soil water depletion calculations is illustrated in Example 5. The same
field is used but ETrg is computed by the Johansson method. The soil water
depletion does not exceed the allowable depletion during the update period
from day 152 to 161. So the irrigation date is still sometime in the future.
Forecasting is done with no precipitation and with expected precipitation
(P) during the future. In Example 5, the daily depletions are printed for
each of these two predictions. The output stops when the allowable deple-
tion has been exceeded or at the harvest or final irrigation date., Some co-
lumns are missing to indicate that the variables are not being used. The
expected precipitation is added each day and, as shown in the example, this
sets the predicted irrigation date back five days as compared to the no

rain condition.

Irrigation Scheduling

This section of the printout provides the essential information for irriga-
tion scheduling. The farm name and computation date is given for record
keeping. The fields for the farm are then listed. in Example 2 only field
K2 is shown. The crop name is given with current and allowed values of the
soil water depletion. The forecast crop ET and kC values are printed to

allow adjustment of the schedule if rain or irrigation should occur before
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irrigation begins. The predicted irrigation dates without and with rain in
the future are given. The irrigation amount for the predicted irrigation
date without rain is printed. Expected precipitation and expected ETrg in-

formation are also given.

Preparation for the Next Computer Run

The conclusion of the printout includes required input data from the pres-
ent computer run, which assists in preparations for the next irrigation
schedule update. The regional climatic data replaces line number 210 in
Example 1. The field condition replaces line number 410. The lines are
printed to allow direct replacement in creating the next runs data file,

Referring again to Example 1, changes need to be made in several other
lines for the next run. Line 10 requires a new computation julian date.
The regional quantitative and qualitative forecasts in line 190 and 200,
respectively, may need updating. The weather data from line 220 to 320
must also be changed. The field irrigation data for each field requires
new information on irrigation and precipitation events. The difference
between the field and region precipitation amounts will need to be entered
carefully to place the values on the correct days. This field irrigation
data in Example 1 for field K2 is on line 400.

If soil water measurements are made in the field, then the program soil
water depletion can be set to the measured value in the basic field data,
as shown in line 380. If the crop development in the field is noted to be
different than the programs value, then the date of effective full cover

can also be adjusted in line 380.

Example of Program Calculations

Measured soil water depletion data from research fields near Ultuna are pre-
sented by Johansson (1974) . Two fields in 1970 are used as examples of the
irrigation scheduling computer program calculations.

Two potatoe fields at Kungshamn had irrigations scheduled by the farmer.
The first field K1 has a very low maximum available soil water content of
25 mm in a 40 cm rootzone. The second field K2 has a greater wmax value of
51 mm in a 30 cm rootzone, but has a shallow water table of 67 cm through-
out the season. Both fields have rootzones that are limited due to soil pro-
file conditions. The time from planting to harvest is only about 70 days as

the potatoes were harvested early. The daily program calculated values of
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Fig. 5.4. Daily calculated (calibrated Penman ET_ ) and observed soil
water depletion values for field Kungshamn-K1 wit
Allowable depletion and maximum available soil water are also shown.
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Fig. 5.5. Daily calculated (calibrated Penman ET.,) and observed soil
water depletion values for field Kungshamn-K2 wit
Allowable depletion and maximum available soil water are also shown.
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Fig. 5.6. Daily calculated (Johansson ET, ) and observed soil water de-

pletion values for field Kungshamn-Kt wit
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depletion and maximum available soil water are also shown.
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Fig. 5.7. Daily calculated (Johansson ET. ) and observed soil water

depletion values for field Kungshamn~K2 with potatoes in 1970. Allow-
able depletion and maximum available soil water are also shown.
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soil water depletion are presented in Figures 5.4 and 5.5 for fields K1

and K2, respectively. The observed depletions are also plotted. The cali-
brated Penman ETrg value is used in these calculations. Figures 5.6 and
5.7 show the calculated depletions when the Johansson ETr values are used.
Comparison of the calculated and observed depletions is done in Tables 5.4
and 5.5 for fields K1 and K2, respectively. The depletion change between
measurement dates is also given.

Examination of Figures 5.4 through 5.7 shows areas where the program
calculations deviate from the measured values. Early in the season before
emergence, the soil evaporation is overpredicted regardless of the ETrg
method chosen. in Figure 5.4 for field K1, the July 8 measurement (57 days
after planting) compares well to the calculated value. Similarly in Figure
5.5 for field K2, the June 8 measurement (28 days after planting) also com-
pares well. Similar statements can be made concerning Figures 5.6 and 5.7,
but with the limited number of soil water depletion observations no conclu-
sions on program performance can be made. Also special conditions of the
two fields is that K1 has a low water holding capacity and K2 has a shallow
water table complicates any comparison between the program results and the
measured data.

In Figures 5.4 to 5.7, the allowable depletion and maximum available soil
water levels are also illustrated. Note the rapid rootzone development. The
crops in both fields appear to be water stressed for a major portion of the
season as the calculated and observed depletions fall below the allowable

depletion.

CHAPTER 6

RECOMMENDAT IONS TOWARD DEVELCPMENT OF AN IRRIGATION SCHEDULING SERVICE I[N
SWEDEN

The irrigation scheduling computer program presented in this paper is the
first step in providing direct assistance with irrigation management for
farmers in Sweden. This also applies for use of the model for simulation

or forecasting in irrigated research trials. In this chapter the possible
future development of the computer program is discussed. Recommendations
are given toward modification of program operation and of the scheduling
model. The eventual goal may be the realization of an irrigation scheduling
service in Sweden. Practices in the western United States, as presented in

earlier chapters, illustrate how a scheduling service gains experience in
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an area with using the computer program and with farmers needs. Recommenda-

tions are given on how a scheduling service might function in Sweden.

Irrigation Scheduling Computer Program

The present computer program could be made easier to operate, both in input
of data and output of results. The present data input uses a freeformat
subroutine particular to the Ultuna RC-8000 computer system. This is an im-
provement over the original program which used formated input developed

for punched cards. An interactive data entry mode on-a remote terminal could
further improve the creation and updating of data files. If interactive, the
computer program could stop and ask a question when data is required. This
allows non-technical persons to operate the program.

The input data is presently placed in one data file. This could be re-
placed by separate data files for regional, climatic, and farm data. Inter~-
active pregrams for entry of new data into the correct file could be written.
Programs to display the data for checking wouid also be necessary. These se-
parate data files would enable scheduling of one farm or field. In actual
scheduling conditions operating on a real time basis, the needed data and
field checks may not be available on a definite time interval to allow the
running of all scheduled fields at one time. The computer program has only
been tested with past historic data. For real time situations the program
needs to be both convenient and flexible in operation.

The irrigation scheduling printout must match the farmers needs. Some ex-
planation of the output will be necessary, but perhaps the wording or presen-
tation could be made clearer. The English wording must be converted to Swe-
dish. The farmers may require calculation of operating hours for the fields
irrigation system. If precipitation occurs before the predicted irrigation
date, the farmer needs to change the schedule. The delay in the irrigation
date in response to various precipitation amounts could be printed. The field
may need to be separated into irrigation sets to accomplish accurate schedul-
ing under variable rainfall conditions.

The present version of the scheduling program may need to be changed con-
siderably.to meet the demands of the scheduling service and the farmers.

The model may also need changes to better represent actual field conditions.
The basic calculation approach of crop ET, with the use of a reference crop
ET estimated from weather data and an empirical crop coefficient, has

functioned well for irrigation scheduling in the western United States. Ve-

rification of the model is necessary with measured soil water depletion
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data for irrigated fields in Sweden. Modifications may then be required to
the empirical relations used in computation of ETrg and ET.

In Chapter 4, grass reference crop ET is computed with three different
methods. Because of the lack of measured ETrg data in Sweden, some flexi-
bility in choise of ETrg is given to the program user. The calibrated Pen-
man method can be modified with local data. The Johansson method may prove
to be the best temporary method for Sweden. The FAO Penman method may be
valuable if the program is used outside of Sweden.

The basal crop coefficient curves may need to be adjusted for Swedish
climatic conditions and suggestions have been given in Chapter 4. Informa-
tion on crop stages is essential for first year operation of the program.
A growth related rather than a time related scale for determination of
k | could be developed. Refinement of the kC

cb b
scheduling service from the monitoring soil water measurements, but this

curves can be made by the

may lead to the kC curves becoming correction factors for errors elsewhere

in the model. The BPRS concept of reference fields where data collection

is concentrated on selected fields may provide better quality data. Daily
values of crop ET from a weighing lysimeter is the best way to derive the
kCb curves.

The exclusion of drainage and capillary rise from the water balance equa-
tion may be one source of error. Deep percolation below the rootzone is
assumed negligible when the soil water content is at the upper limit of the
maximum available soil water content. The upper limit in the presence of a
water table is the drainage equilibrium. In the absence of a water table,
the upper limit is often taken as the field capacity. Miller and Aarstad
(1971) found that the time after an irrigation to sample for the field ca-
pacity is affected by ET rates, soil properties, and initial penetration
depth of the irrigation water. So the time after an irrigation or precipi-
tation event where the soil water depletion starts at zero is not easily
specified. Stegman et al. (1980) suggested that the drainage amount should
be calculated for each day until negligible, meaning less than or equal to
0.1 mm/day. Relations to compute drainage are available, such is given by
Jensen (1972), but must be calibrated for each soil profile. Jensen (1972)
also preseﬁ}ed an equation for computation of the upward flow from a water
table. Similarly, parameters in this relation must also be derived for each
soil profile.

In the original scheduling program, the allowable depletion was an input

value and determined by experience with each field. Field calibration en-

abled the allowable depletion to act as a calibration factor for the entire

81



model. It is difficult to specify the allowable depletion without some
previous experience, because of the need to consider the crop, rootzone
development, and soil type. The use of percent ailowable depletion, as
presented in Chapter 4, simplifies determination of the allowable deple-
tion. Still the uncertainties in the upper and lower limits of the maxi-
mum available soil water need to be considered.

The reduction in crop ET as soil water content decreases is represented
by a logarithmic function. The relation for k, is given in Figure 4. 16.
Of ten ka is represented by a two stage relation. From zero to a critical
soil water depletion, ka has a value of 1.0. After the critical depletion,
ka decreases linearly to a value of zero at the lower lTimit. The selection
of the critical depletion defines this relation for ka. Since reduction of
ET limits crop yield, the critical depletion is the same as the allowable
depletion. Slabbers (1980) presented a relation to determine the critical
depletion which is dependent on soil and plant characteristics, and the
ET rate. This type of model for ka and the allowable depletion is a pos-

sible improvement for the scheduling program.

Irrigation Scheduling Service

Jensen (1975) made the important conclusion that improved irrigation water
management depends on a service approach to the farmer. Past experience
with providing the farmer with technical knowledge or measurement devices
have largerly proved ineffective. The USDA irrigation scheduling program
was developed and has proved successful for this reason.

In Chapter 4, two large-scale irrigation scheduling efforts were reviewed.
The WPRS provides scheduling services to irrigation districts and the Neb-
raska AGNET system to extension personnel or farmers directly. The WPRS uses
the incentive of financial support to demonstrate the operation and perhaps
benefits of better irrigation water management. The AGNET system provides a
convenient and easy to use service that is handled by extension agents with
good contact to farmers. Either approach appears possible for Sweden.

The WPRS approach has the advantage of being better able to adapt to new
situations. As stated earlier the computer program presented in this report
is a tool tﬁgt requires experience and perhaps modification for proper use.
In reviewing the development of a scheduling service by WPRS for the El Do-
rado irrigation district (EID), the service changed with time. This was in
response to increases technical knowledge of the area and better understand-

ing of the farmers needs. Confidence of the farmers appears to be essential
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and this is achieved with good communication between the service and far-
mer .

The scheduling techniques for EID progressed from soil water measurements
with the neutron probe to calculations by the WPRS scheduling program. The
neutron probe continues to be used to refine and check the accuracy of
program results. Technical knowledge concerning the field capacity, allow-
able depletion, and crop water requirements for scheduled fields increased
with time. The method of communication with the farmer changed from graphi-
cal to irrigation dates to computer printouts. Confidence by the farmers
in using the irrigation recommendations improved. Education, reliability of
service, and experience of the service personnel add to farmer confidence.
The EID scheduling service was started during the severe drought years of
1976 and 1977 in California. In 1981, the future of the service was not
certain because of doubts about farmer willingness to take financial res-
ponsibility for the service.

The Nebraska AGNET approach is an alternative to the direct WPRS service,
The main benefit of a computer network is in education of the user. The
irrigation scheduling program could be one of many available programs. The
scheduling program could be similar to the one presented in this report or
be of a simpler nature requiring soil water measurements as input data. The
user would learn and hopefully gain motivation towards rational irrigation
scheduling.

Regardliess of whether the WPRS or AGNET approach are used in Sweden, the
intensity of irrigation scheduling must also be decided. Watts (1976) pre-
sented three scheduling levels:

1) soil water measurement
2) water use information plus soil water monitoring

3) scheduling service using computer calculations plus soil water monitor-
ing.

The WPRS provides an irrigation guide service that gives average irrigation
dates for an area, but field measurements are not made. Perhaps in Sweden
all three scheduling levels must by tested to find the approach that gives
the best results. Results which show the farmers follow improved water

management practjces.
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APPENDIX A

List of Symbols

Symbol Description

ADJ adjustment factor for ET

a linear regression coefficient, y-axis intercept

a. linear regression coefficient for the calibrated Penman ET

method (mm/day) rg

desired accuracy (%)
a crop albedo

a, to a, coefficients for the polynomial regression equation for Rso

b lTinear regression coefficient, slope of line

bC linear regression coefficient for the calibrated Penman ETr
me thod

Ct Jensen-Haise ET estimation method coefficient

c FAO Penman ET method adjustment factor

Cos C factors used in the WPRS calculation of wad

< empirical, specific heat coefficient (mm/day)/oC

<, windspeed height adjustment coefficient

<, to ¢y coefficients for the Modén air temperature equation

D drainage loss from the rootzone or capillary rise from a water
table (mm/day)

E field irrigation efficiency (%)

EJ evaporation by an Andersson evaporimeter as estimated by the
Johansson method (mm/day)

ET evapotranspiration (mm/day)

ETJH Jensen-Haise method ET (mm/day)

ET, Penman method ET (mm/day)

ETP—FAO FAO Penman method ET (mm/day)

ET alfalfa reference crop ET {mm/day)

ETrg grass reference crop ET (mm/day)

rg ,max coefficient for expected ETrg equation

e, air vapor pressure (mbar)

el saturation air vapor pressure (mbar)

fu Penman wind term (mm/day)/mbar

G soil heat flux (mm/day)

h altitude {(m)

hdo daytime hours at zero declination (hr)

hg sunset hour angle (deg)

I irrigation amount {(mm)
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net irrigation amount (mm)

julian date, which is the days after January 1
crop coefficient related to available soil water
conversion factor from an alfalfa to a grass reference crop
crop coefficient

basal crop coefficient

crop coefficient related to a wet surface
thermal conductivity (cm mm/day)/°C

coefficients in the ks equation

latent heat of vaporization (J/kgw)

slow neutron count rate in a standard absorber
slow neutron count rate in the soil

number of soil water measurement sites

air pressure (mbar)

effective precipitation (mm)

water flow (cm/hr)

root decimal, which is the ratio of the soil water depletion
rate in the top 30 cm to that of the entire measurement depth

relative humidity (%)

extra-terrestrial radiation (mm/day)

solar radiation (mm/day)

net radiation (mm/day)

clear sky solar radiation (mm/day)

ratio of solar to clear sky solar radiation
resistance to flow (hr)

long~term day to night windspeed ratio

coefficient of determination

radius vector of the earth

allowable soil water depletion from the top 30 cm of soil (mm)
air temperature (°c)

mean air temperature for the previous three days (°C)
Jensen-Haise ET estimation method coefficient

days after rain or irrigation

coefficient for expected ETrg equation

windspeed (m/s)

long-term daytime windspeed (m/s)

Penman weighting function

percentage of available soil water,

allowable soil water depletion {(mm)
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Wy weight of the soil sample after drying (g)

W soil water depletion on day J (mm)

wmax maximum available soil water content (mm or mm/mm)

wpad percent allowable soil water depletion

WW weight of the soil sample at wet or field condition (g)

z windspeed measurement height (m)

z rootzone depth (cm)

Subscripts

calc calculated

de drainage equilibrium

e emergence

FAQ Food and Agriculture Organization of the United Nations and
referring to Doorenbos and Pruitt (1977)

fc effective full cover

i soil layer

max max i mum

meas measured

min minimum

minl k . values for the three points indicated in Figure 4.15

to minZ2 cb,min

p planting

wp permanent wilting point

8 reading at 0800

14 reading at 1400

19 reading at 1900

Superscripts

: saturation vapor pressure

— long-term value

Miscellaneous

S declination of the sun (deg)

A slope of the saturation vapor pressure curve (mbar/°C)

AT temperature difference for the soil heat flux equation (°C)
At coefficient for the expected ETrg equation (days)

Az soil layer thickness (mm)

latitude (°N)
14 psychrometric constant (mbar/°C)

€ atmospheric emissivity
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clear sky emissivity

surface emissivity

dry bulk density of the soil (gs/cmB)
density of water (gw/cmB)

o ..
Stefan-Boltzmann constant (mm/day)/ C or standard deviation of the
soil water measurements (%)

water potential {cm or bar)

3

soil water content (cms/cm or %)

coefficient in the kS equation
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APPENDIX B

Computer Program Variable Definitions, LBEVATTN Listing
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APPENDIX C
Extra-terrestrial Radiation

The performance of these equations will need to be checked against tabu-
lated values for the high latitudes of Sweden. From List (1951) the rela-

tion for extra-terrestrial radiation is as follows:
2 .
R, = 1.26714 (hdo/rve)°0,01745 hesin (0.01745 @) -
sin {(0.017458) + cos (0.01745 @) -
cos (0.0174568 )-sin (0.01745 hs)

where: Ra is the extra-terrestrial radiation (mm/day)
hdo is the daytime hours at zero declination (hr)
e is the radius vector of the earth

h is the sunrise or sunset hour angle (deg)

® is the latitude (°N)

§ is the declination of the sun (deg)

The arguments for the sine and cosine functions are in radians, and a con-
version factor of n /180 is used. The constant 1.26714 is developed from
2 Jo/7t where JO is the solar constant with a value of 1.99042 mm/hr. The
fraction hdo/7r is a conversion from radians to hours. The 2 doubles the
results of integration over the period from noon to sunset of the Ra equa-
tion presented by List (1951).

A polynomial regression of tabulated values from List (1951) of rye VErsus
julian date gives the following relation with an r2 of 0.9997: .

fo = 0.98387 = 1.17403E-4 (J) + 5.27747E-6 (J)°

- 2.682856-8 ()3 + 3.61634E-11 (J)

The parameter h ° depends on latitude which is expressed as a second degree

d
poiynomial using tabulated data from List (1951). The r2 value is 0.9909 for

the regression equation:
hy, = 12.126 - 1.85191E-3 (0} + 7.61048E-5 (@)

The expression for h_ was also developed from List (1951) as follows:

hS = 57.296 arccos (- tan (0.01745®) tan (0.01745®)

99



The declination of the sun is a function of time of year. Using tabulated
data from List (1951), a fourth degree polynomial equation with r2 of
0.9996 is as follows:

= -22.7893 + 4.27921E6-k (J) + 6.07616E-3 (J)2

- 3.50364E~5 (J)3 + 5.04922E-8 (J)h
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SUBROUTINE ETAVG(I,.JDAY,DPLSF,AVMEF ETA)
£ UBROUTINE To DETERMINE EXPECTED ET

o SUBROUTINE MUMBER &
[

COMMON “T_C‘T AV, ETRG,AKCL, AKCE  BRED

COMMON s/ 71(4\tUT2{45,_TQLMi4‘ FOT(4),dM(4)
[ CALCULATE BASAL CROP COEFFICIENT

CALL tB(i”AY,_T,F‘T ARCLY
C
i MODIFY BASAL CROP COEFFICIENT FOR AVAILABLE S0IL WATER
C NOTE: jﬂIL AAT I DEFLtTTDP AMD MAXIMUM AVAILABLE 5010
C WATER ARE MAINMTAIMED AT THE YALUES FOR THE END
< o THE FRESD E“T F“MP%TQTXHN PC’IHB

av=(1.0- éPL'F’Q“M Fre100.

IF{AYLLT.E.Y AV=0.

{ ALOG(L. DTAV,,QLOthDl.B)

AKC=AKCI¥AKCE
I
C CALCULATE EXPECTED ET

OLT=DTI(I)
TF (JDAY.GT..M(I
ETRG=ETRGM (1) /¢
ETA=AKCFETRG

€ MODIFY ET EY FORECAST FACTOR (FIRST FIVE DAYS ONLY)
TF(JDAY-JoF LE.5) ETASETARFET(D)

)} BLT—WT ()
EXPOOCIDAY-JIMOIN Y /DLT Y %20

e

RETURN
) END
E

SUBROUTINE SAVE (NREG,NTF ,MZ,51)
C SUERGUTINE TO RETAIN INFORMATION FOR NEXT RUN
o SUEROUTINE HUMEER 7
5

FOMMON

FOMMON SUMAC4)  SUMPC(4Y , SUMPE(4)

& SUMR(4)

COMMON /015377
c PAGE CONTROL

1 LEGLDL Y WRITE(MEZ, 1000)
1000 FORMATIIHL?

e REGIONAL CLIMATIC CONDITION
WRITE(MZ,1010

1010 FORMAT(1HD,

WRITE(MZ,1

5 SUMPF (1)

1020 FORMAT(LH

’FtCIﬂNa‘ =

T

FIELD CONDITION
WRITE (M7, 1030)
1030 FWRNHx(‘“”,

1080 FORNBTC 1
RETURN
END
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APPENDIX E
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Example 4

DBEVATTNA input Data File Listing
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| denna serie publiceras forsk-
nings- och ftrsdksresultat vid
avdelningen f&r lantbrukets hyd-
roteknik, Sveriges Lantbruksuni-
versitet. Tidigare nummer i se-
rien redovisas ldngst bak i rap-
porten och kan i mdn av tillgéng
anskaffas fran avdelningen.
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