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INTRODUCTION

Due to the supplemental nature of
sprinkler irrigation in humid and sub-
humid areas, the selection of optimum
on-farm system investment levels is often
a perplexing design problem for planners.
Current methods of design and adapta
tion assure system capacities large enough
to meet water demands during peak con
sumptive use periods (2). Since probabil
ities of rainfall are largely ignored, the
capacities which are selected on this basis
usually possess a high likelihood of
physical adequacy in all years. It is
questionable whether these designs also
achieve attainable levels of economic effi
ciency.

High likelihoods of complete physical
adequacies are particularly apparent when
center pivot sprinkler systems are used in
humid and northerly subhumid areas.
Table I, for example, shows the pumping
rates (expressed in U.S. gallons per
minute and acre inches per day equiva
lents) which are generally available for 40
and 160 acre (16.2 and 64.8 ha) systems.
The higher pumping capacities in this
table exceed the design peak use rates of
many areas (5). Thus, where high per acre
investments can not be justified, multiple
field operation of individualsystems may
be feasible and economically attractive.
But, when multiple field management is
attemptedit is also obvious that the effec
tive capacities of a given system will be
influenced by soil water holding capacity,
crop sequence, planting date of each
crop, system management scheme, port
ability and climate. Hence, many interact-

Work upon which this report is based was sup
ported by funds provided by the United States
Department of Interior, Office of Water
Resources Research as authorized under Public
Law 88-379, the Water Resources Act of 1964.
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TABLE I. AVAILABLE CENTER PIVOT SYSTEM CAPACITIES

Nominal Nominal

System Pumping System System Pumping System

Size Rate Capacity Size Rate Capacity

(acres) (gpm) (inches/day) (acres) (gpm) (inches/day)

401 300
3

0.34
2

160 500
3

0.15

40 400 0.45 160 700 0.21

40 500 0.56 160 800 0.24

40 600 0.67 160 900 0.27

40 700 0.78 160 1000 0.3O

40 800 0.89 160 1200 0.3b

160 1300 0.39

160 1400 0.42

160 1500 0.46

35.6 net acres irrigated per revolution

131.9 net acres irrigated per revolution

3 Pumping rate is expressed in acre inches per day. A 75 per cent
water application efficiency is assumed.

ing factors will influence the selection of
an optimum investment level.

A generalized relationship among all
factors is difficult to obtain. Likewise,
attempts to separate the influences of
each variable can become very time con
suming. With computors, computational
models can be developed to simulate
processes or systems in considerable
detail. Such models, which simulate the
operating characteristics of specific types
of irrigation systems and which permit
the imposition of management scheme
variations, should offer improved
methods of analyzing the suitability of
given systems for specific applications.

This paper describes the development
of a computational model which

simulates the operation of center pivot
systems. This model is believed to be
particularly suited to studies which seek
to determine when and where given
systems may be used to irrigate more
than one tract of land. Because most

manufacturers sell a basic unit capable of
conveying a wide range of pumping rates,
it is assumed that pivot system utiliza
tion may be optimized by determining
how much land a given unit can irrigate.
This is opposed to the conventional de
sign routine of finding out how much
system is needed for a given tract of land.
Following the description of the model
development, an example application of
the model to the climatic data of a test
area (Oakes Irrigation District of North
Dakota) is illustrated.
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EVELOPMENT OF THE SIMULATION
PROGRAM

Figure 1 schematically illustrates the
>arameters which were utilized to simu-

ate center pivot system operation. In
="igure 1,

fC = numeral identification of each
field irrigated by a system

\ = unit of area traversed in one

hour of system operation

JJ = total number of hours required
to make one revolution

These parameters were subsequently
incorporated into a soil moisture balance
equation as follows:

SMC(K,J)i = SMC(K,J)i4 + Pi +

SPl(K)i - ET(K)i (1)

where:

SMC(K,J)j =soilmoisture content of the Jtn
unit in the K™ field on day I

Pi =effective precipitation amount

on day I

SPl(K)i = net sprinkler application

amount applied per revolution

to the Kth fieldon day I

ET(K)i = evapotranspiration amount in
the Kth field on day I

This soil moisture balance model

formed the basis for a computer
simulation program which was written.
This program is illustrated by a concept
ual flow diagram in Figure 2.

The flow diagram in Figure 2 shows
that the computer program was expanded
considerably beyond the computation of
a basic soil moisture balance. The pro
gram includes the following components:

(1) The Definition of Input Vari
ables. The input data (exclusive
of climatic data) to the program
are defined in three parts:

(a) Parameters which charac
terize soil moisture storage
capacities, crop production
functions, and data required
to compute irrigation effi-
ciences.

(b) Parameters which identify
the capacity and operating
characteristics of a particu
lar system.

(c) Parameters which determine
the imposed scheme of
system management.

| I | 1 | 1 SPRINKLER
LATERAL

HOURLY LATERAL

POSITION

Figure 1. Schematic of center pivot system
operation

(2) Water Balance Computa
tions. This part of the program
is based on the following
assumptions:

(a) A maximum available soil
moisture storage capacity
(SMCT) can be defined for
each soil and cannot be

exceeded.

(b) An allowable soil moisture
depletion level can be de
fined for each crop-soil
combination. Examples of
this approach can be cited
(3).

(c) A high probability of soil
moisture replenishment
exists during the non-
growing season for the soil-
crop combinations con
sidered. Hence, a soil mois
ture balance need be

computed for the growing
season only and root zone
advance during the early
growing season need not be
simulated. The soil moisture

content (SMC) on day one
of each season is set equal
to the maximum available

soil moisture storage capac
ity (SMCT).

(d) All precipitation is con
sidered effective until soil

moisture replenishment to
SMCT occurs. The remain

der is considered excess.

(e) Evapotranspiration (ET)
values can be based upon
any suitable method of esti
mation for which the input
data are available. The pro
gram assumes that a long
term weather record sup
plies precipitation data and
daily estimates of ET for
each crop and that these
data are stored on magnetic
disks for retrieval.

CANADIAN AGRICULTURAL ENGINEERING, VOL. 12, NO. 2, NOVEMBER 1970

(startJ

REAO INPUT PARAMETERS WHICH

DEFINE SIMULATION CONOITIONS

SET M ^ YEAR 29

I
READ THE M YEAR OF ET(K,II
AND P( I ).

SET I - OAY I

COMPUTE WATER BALANCE FOR EACH

J UNIT OF EACH FIELD K

DETERMINE THE DROUGHT OAY AND STRESS

STATUS OF EACH J UNIT OF EACH FIELD K

RE DUC TION LIKELY~^r=* VES

REDUCE YIELD IN APPROP

RIATE J UNITS OF EACH

FIELD K ACCOROINC TO

APPROPRIATE CROP PROD

UCT ION FUNCTION.

-*^ I

BEGIN OR CONTINUE IRRIGATING THE

APPROPRIATE FIELD AT THE RATE Of

24 J UNITS PER DAY.

CONTINUE TO COMPUTE WATER BALANCE

IN ALL IRRIGATED J UNITS AND ALL

UNIRRIGATED J UNITS Of EACH flELO K.

COMPUTE PROBABILITY DISTRIBUTIONS

OF YEAR END FlELO AND SYSTEM SUM

MARY DATA.

X
WRITE PROBABILITY DISTRIBUTIONS.!

Figure 2. Flow diagram of the computer
program

When a simulation test is

run water balance computations
are made on each day of the
growing season. A standard
length of growing season, equal
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to the average frost free period,
is defined for each test area.
Time scaling of individual grow
ing seasons is achieved by setting
the stored ET values for each
crop equal to zero before the
average planting date and after
the average harvest date.

Figure 1 illustrates that
system operation is simulated by
dividing each field K into a num
ber of sub-units (J = 1 to JJ)
equal to the hours required to
make one revolution. Thus, if
one revolution requires 64
hours, each field is divided into
64 sub-units. When irrigation
water is applied, the center pivot
system applies a specific amount
to 24 sub-units per day. Water
balance computations during
irrigation periods are maintained
simultaneously in all sub-units;
i.e., those which have been irri
gated, those being irrigated, and
those yet to be irrigated. When
ever an irrigation is needed, the
time required for movement of
the system is simulated conserva
tively by advancing day I to the
following day before an irriga
tion can begin in a given field.

The irrigation amounts
applied per revolution (SP1) are
determined by the system capac
ity, speed of rotation, and the
attainable application efficiency.
A routine is provided in the pro
gram to adjust gross application
rates for spray drift, evapora
tion, and interception. Estimates
of these losses are based upon
data and methods developed by
Frost and Schwalen (1) and
Horton (4). As an added con
straint, a maximum attainable
efficiency level of 75 per cent
has been assumed representative
of Dakota conditions (6). This
level can be readily altered for
other areas.

(3) "When" to Irrigate Determina
tion. The simulation program
assumes that a pivot type system
will be utilized in multiple field
operation, that is, it will be used
in two or more fields. Hence, a
routine was developed to deter
mine when irrigations must com
mence so that the occurrences of

soil moisture depletions below
allowable limits are minimized
and/or such that variousmanage
ment schemes can be tested. The
routine developed involves a
computation of the following
parameters:

KK

DSUM1 = S
K=l

DAYST(K) (2)

DSUM2

KK

2

K=l

DAYSl(K) /KK ... (3)

where:

DAYST (K) • the days of system opera
tion required to eliminate
the soil moisture deficit

existing in field (K) on
any given day

DAYS1 (K) = number of days of soil
moisture remaining above
the allowable depletion
limit as based upon a pro
jected ET rate equivalent
to the previous three day
average

KK = number of fields being
served by one pivot system

A stage-like calculation of
the following relationship is then
made. First for all fields if:

DSUM2 - (DSUM1 + XXI) <0 (4)

where:

XXI - an adjustment parameter permit
ting one to test a variety of man
agement regimes. It has dimension
of days.

the program flow jumps to the
routine which determines which

field should be irrigated. If ex
pression 4 is greater than zero,
the field having the least DAYST
and most DAYS1 is discarded

from further consideration. XXI

is adjusted to again make expres
sion 4 compatible with the de
sired management scheme3.
Then expression 4 is re
evaluated. If the value of expres
sion 4 is less than or equal to
zero, irrigation is begun in the
appropriate field. If the value of
expression 4 remains greater

Note — XX1 can be plus or minus in sign.
This parameter either increases or decreases
DSUM1. If DSUM1 is decreased, irrigations
are in effect delayed until a greater degree
of soil moisture depletion takes place.

than zero the above routine is
continued; i.e., the DAYST and
DAYS1 values of the next wet

test field are discarded after each

evaluation.. If expression 4 re
mains greater than zero through
all possible evaluations, no irri
gation is indicated. Day I is then
incremented and the program
computes the new water balance
in each sub-unit of each field K,
whereupon the "when" to irri-
gate routine is again
re-evaluated.

(4) "Which" Field to Irrigate Deter
mination. When the above

routine indicates a need for irri

gation, the program determines
the driest field by comparing the
estimated days of soil moisture
remaining above the allowable
depletion limit in each field.

Irrigation then begins in the
appropriate field at the rate of
24 sub-units per day. After each
revolution a comparison is made
between the net application rate
per revolution and the amount
of soil moisture deficit remain

ing. If the net application rate
per revolution exceeds the
remaining soil moisture deficit,
irrigation is terminated. This
comparison is also made each
day. Thus, if sufficient rainfall
should occur to reduce the re

maining soil moisture deficit to
less than the net application
rate, irrigation is terminated.
The number of revolutions per
irrigation can be further
regulated by defining the maxi
mum number of revolutions al

lowed per irrigation as part of
the input data to the program.

(5) Drought Day, Stress Period, and
Yield Potential Evalua

tions. This routine is provided
in the program to permit relative
evaluations of system per
formance. These evaluations are

based on the assumption that
periods of moisture levels below
the allowable depletion limit are
much more likely to produce
plant water stress and conse
quent yield depressions than
periods when soil moisture levels
exceed these limits. On this

basis, simple relative compari-
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sons are computed by accumul
ating soil moisture deficits which
occur below the allowable deple
tion limits (called regime mois
ture deficits) and days on which
soil moisture levels fall below

allowable depletion limits (called
drought days).

To provide a means of
evaluating the relative economic
potential associated with alterna
tive system capacities and man
agement schemes, additional
programming was developed to
utilize production functions
developed specifically for crops
expected to be grown in areas of
irrigation development in North
Dakota (see example in Figure
3). These functions relate crop
yield to the occurrence of mois
ture stress periods at given
growth stages. Because inade
quate records of required atmo
spheric or weather parameters
tend to preclude a precise assess
ment of stress likelihood, stress
period evaluations in this model
are based upon the drought day.
Drought days are accumulated
for each sub-unit (J) of each
field. A stress period occurrence
and yield depression are assumed
to take place whenever X con
secutive drought days accumul
ate before a given sub-unit is irri
gated. Thus a user of this model
must select the specific values of
X which are estimated as appro
priate for a given crop-soil-
climate combination. This
routine of the program thus per
forms the following functions:

(a) accumulates drought days in
each sub-unit (J)

(b) accumulates soil moisture
deficits below the allowable
depletion limits

(c) evaluates time of occurrence
of stress periods

(d) computes yield reductions
on the basis of production
function input data.

(6) Yearly Summary Computa
tion. The program provides the
following year end summary for
each field irrigated by a system:

(a) number of irrigations
(b.) total acre-inches pumped

too 100

90- -90

80- -80

70- 70

60 -60

50- 50

_- 40- 40

30-

i
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Figure 3. Effect of a single moisture stress at various growth stages on grain yield reduction
of small grains (taken from Stegman, E.C., A. Bauer, D.O. Anderson, and G.A.
Johnsgard. A. Physical and Economic Analysis of Alternative Irrigation Methods
in a Sub-humid Climate. Partial Technical Completion Report for OWRR Project
No. B-007-NDAK, September 1969. Agricultural Engineering Department, North
Dakota State University.)

(c) estimated yield potential -
average of all J units

(d) number of calculated stress
periods — average of all J
units

(e) number of drought days -
average of all J units

(f) inches of precipitation
excess — average of all J
units

(g) inches of soil moisture de
ficit accumulation below
the allowable depletion
limit - average of all J units

(h) date of each irrigation
(i) date of each stress period
(j) number of days pumped per

irrigation
(k) acre inches applied at each

irrigation

(7) Long Record Summary. The
program provides a summariza
tion of the following parameters
in the form of probability distri
butions after each long record
simulation:

(a) number of irrigations per
year

(b) total days of system opera
tion per year

(c) acre inches of water applied
per year

(d) yield potential per year
(e) number of stress periods per

year

(f) number of drought days per
year

(g) inches of precipitation ex
cess per year

(h) regime moisture deficit, i.e.,
inches of accumulated soil

moisture deficit occurring
below the allowable deple
tion limit per year

(NOTE: values (d) through (h)
are an average for all J units)

Probability distributions are also
computed for the following parameters
which characterize the irrigation system
operation as a unit:

(a) number of system moves per
year

(b) total days of system operation
per year

(c) total acre inches of water
pumped per year

PROGRAM APPLICATION

The simulation program for center
pivot sprinkler systems has been applied
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to several selected combinations of soils

and crop rotations representative of the
Oakes Irrigation District in North Dakota.
Detailed results of these simulations are

not given here because these data are of
localized value. However, to illustrate
some of the potential applications for
simulation programming the following
example is provided.

Suppose a 1200 US gpm (4542 liters/
min) water supply is available to irrigate a
soil having a 4.5 inch (11.4 cm) available
water storage capacity in the Oakes Irriga
tion District. A planner asks the question,
"Can one center pivot system be used to
adequately irrigate two adjacently located
160 acre (64.8 ha) tracts of land if the
crops to be grown are small grains and
corn? " To evaluate this problem the fol
lowing inputs are required by the
program:

(a) system capacity and operating
characteristics

RCAP = 3.12 ac-in/hr (3.21
ha-cm/hr) = capacity

SP = 1.52 inches (3.86 cm)
= gross application per revolu
tion

JJ = 64 hours = time per
revolution

(b) available soil moisture storage
capacity in each field

SMCT = 4.5 inches (11.4 cm)

(c) production functions for each
crop, i.e., the relationship of
yield to a performance para
meter such as the occurrence of

drought days, stress periods, or
regime moisture deficits — see
Figure 3. The production func
tions can, however, be omitted if
no transformation of a perform
ance parameter to yield is avail
able.

(d) daily estimates of evapotrans
piration for a long period of
weather data. In this example a
37 year (1929-1965) period of
record was available.

(e) system management scheme
criteria

DEP = 65 per cent = estimated
allowable soil moisture depletion
limit -

X = 5 = estimated number of
drought days needed to-produce
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a stress period. Note —at a mid
season ET rate of 0.2 inches/day
(0.5 cm/day) a total depletion of
3.9 inches (9.9 cm) would take
place before a stress period was
assumed to occur

XX = -1 = value of XXI for the

first stage evaluation of expres
sion 4.

XXA = -3 = the adjustment
value added to XXI for the

second stage evaluation of expres
sion 4. XXA is expressed in days
and may be plus or minus in
sign. These values for XX and
XXA were chosen so that irriga
tions would begin when about 5
days of moisture were still avail
able above the allowable deple
tion limit.

Following a 37 year simulation run the
probability distributions of parameters
associated with the long record summary
(see program development section) may
be studied. Of initial interest to a planner
are the number of system moves to be
expected and an indication of the per
formance level attainable with the given
system capacity and management scheme.

Figure 4 illustrates the number of
system moves plotted against the cor
responding probabilities which were
obtained for this example. Also included
in Figure 4 is a partial tabulation of
seasonal drought day accumulations in
each field versus the probability of a
larger value. This tabulation shows that
accumulations of five drought days have
less than a 10 per cent probability of oc
currence in either field. When drought
days were converted (data not shown) to
stress periods, less than a five per cent
probability for a stress period could be
expected. These data thus indicate that a
completely adequate performance level
could be achieved in nearly all years with
the management scheme which was
utilized. With this management scheme,
Figure 4 shows that numbers of system
moves will vary widely over a period of
many years and that approximately five
moves per season can be expected on the
average (see 50 per cent probability).

In this brief example, it is apparent
that this type of data can be readily ob
tained for other crop-soil combinations
which are representative of the Oakes
area. Differing system capacities can be
studied to determine the minimum water
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supply needed to adequately irrigate one
or more tracts of land. Differing manage
ment schemes can be evaluated to find an

optimum scheme, i.e., one which achieves
a high likelihood for adequate system per
formance with minimal numbers of

system moves between land tracts irri
gated with a single system.

The long record summary for each
simulation run provides a planner with
much additional data upon which to esti
mate the physical adequacy, operational
practicality and economic potential for a
particular system application. System
capacity will, for example, determine
investment and fixed costs. The probabil
ity distributions of parameters such as (a)
number of irrigations, (b) total days of
pump operation, and (c) total acre inches
of water pumped may be used to estimate
operating costs and labor requirements. If
production functions are available, some
estimate of returns can be obtained.

The probability distributions as com
puted by the program also provide a
planner with the opportunity to apply
relevant system costs, labor requirements,
yield potentials and crop price forecasts
at the actual time of an analysis. Thus, if
simulations for a cross section of condi

tions (soils, crops, management schemes,
and system capacities) can be made for an
area, planners should be able to ascertain
the optimum investment level with a
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greater degree of accuracy than is pre
sently possible. It is recognized that
limitations in available theory and input
data preclude the ultimate degree of
accuracy desired, particularly, in the area
of production function and stress period
evaluations. However, the authors believe
judicious assumptions can be made and
that simulation programming can con
tribute considerably to the proper adapta
tion of center pivot systems to new areas
of irrigation development.

SUMMARY

This paper was written to illustrate the
type of detail which can be readily incor
porated into a computer program for
simulating sprinkler system operation.
The program was developed around a soil
moisture balance equation which was ex
panded to include the time factor asso
ciated with water applications by

sprinkler systems. Details were given con
cerning the input requirements and type
of output produced by the model.
Routines for variation of system manage
ment and evaluation of performance were
discussed. An example application of the
model was given to illustrate some of the
potential uses for simulation program
ming in system design and selection.
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