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MATCHING CROPPING SYSTEMS TO WATER SUPPLY

USING AN INTEGRATIVE MODEL

ABSTRACT

This paper describes the process of matching cropping

systems to available irrigation water supply.

The Penman and the Jensen-Haise methods for calculation

of potential evapotranspiration (Etp ) from climatic param

eters are presented, along with methods for calculating crop

water requirements once Etp is known. The principles of

determining irrigation water requirements of single crops

and of combinations of crops are given. Examples given are

from Pakistan. Due to the complexity of the process a

simulation model was developed to match cropping systems to

water supply. Model structure is described and examples

are shown for both single and multiple cropping systems.

Details of the methods of calculation along with program

documentation and listings are appended.

The use of the linear programming (L.P.) technique for

optimizing cropping mixes within fixed water supply con

straints is also presented, again using an example from

Pakistan. The two methods are shown to be complementary,

with the simulation model providing essential input

information for the L.P. optimization.
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MATCHING CROPPING SYSTEMS TO WATER SUPPLY

USING AN INTEGRATIVE MODEL

John O. Reuss l

I. INTRODUCTION

The subject of cropping systems is complex. Interactions

between physical, biological, economic and social systems are

involved, and the factors limiting the choice of cropping

systems are highly varied and often difficult to discern. As

a product of the Colorado State University Water Management

Research Project, this manual focuses on the study of crop-

ping systems in relation to water supply. This focus imme-

diately eliminates many important aspects of cropping systems

studies such as nutrient cycling and related fertility as-

peets, pest management, and ecological stability. While

perhaps unfortunate in some respects, this limitation is

appropriate to the project and the experience and expertise

of project personnel.

Even in this more restricted sense we find the subject

to be complex, requiring inputs from several disciplines. A

further limitation is that the cropping patterns which we

have studied and used for illustration are almost entirely

derived from the Pakistan experience. Fortunately, there is

a good deal of commonality in the methods used for such

studies, and the techniques applied here should be applicable

across a broad range of crops and climatic environments.

l/Professor of Agronomy, Colorado State university, Fort
Collins. Formerly Chief of Party, CSU Water Management
Research Project, Lahore, Pakistan.
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Probably the first step in any evaluation of cropping

systems relative to water supply is to determine the cli:

matic potential for crop water use, or what is commonly

referred to as the "potential evapotranspiration," (Etp ).

Many methods have been developed for this purpose. We have

included here discussions of two methods generally accep~ed

as naving broad application, and that have proven useful in

Paki$tan. These are generally known as the Penman and the

Jensen-Haise methods. Unfortunately, reliable application

of these methods requires the availability of appropriate

climatic data, and in general is a job for a specialisto

The next step is to determine the water use pattern of

the crops of interest. These are generally related to the

potential use (Etp ) by a simple ratio or coefficient gener

ally known as the "crop coefficient," (kc ). While measure

ments of crop water use are very helpful, reasonable esti

mates can often be obtained by a general knowledge of the

crop growth patterns over time. When water use patterns for

the individual crops are available it is necessary to combine

these to obtain a water use pattern for any cropping system

of interest. As the potential number of cropping systems

that might be applicable in a given situation may be large,

this can be a difficult and laborious task.

Often, our goal is to estimate irrigation supply

requirements for purposes of design of irrigation systems, or

to match cropping system needs to some fixed water supply.

Unfortunately, it is not sufficient to know crop use patterns

•

i
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to evaluate irrigation supply requirements; as these are

substantially modified by factors such as rainfall, soil

moisture storage, or special irrigation practices such as

the almost universal preirrigation for planting practiced

in Pakistan.

In order to evaluate these crop water uses and irrigation

supply requirements for various cropping systems we have

found it appropriate to develop a simulation model (Walker,

Reuss and Ahmad, 1979). This model allows us to carry out

the necessary calculations for crop use and irrigation re

quirements over time for any combination of the crops included

in the model.

Finally, the economic dimension must be considered. The

linear programming technique is commonly used by economists

to select cropping combinations that match crop water use to

supplies in a manner that will maximize income within certain

given constraints. The use of this technique requires crop

water use information as discussed above, but in addition

requires rather detailed input of costs, prices, yields, etc.

It is not feasible in a manual such as this to describe

each of these methods in sufficient detail so they could be

utilized by persons previously untrained in their use. Rather

the goals of this manual are: first, to give the nonspecial

ist an overall perspective of what is required for even a

moderately comprehensive evaluation of cropping systems in

relation to water supply: and second, to allow the persons

involved in various specialties such as crop consumptive use,
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or linear programming, to better understand how their

contribution can best fit together to provide a use~ul

overall evaluation.

•



(1) the Penman

5

II. ESTIMATING POTENTIAL EVAPOTRANSPIRATION

A key quantity in the daily water balance of an irrigated

field is the potential evapotranspiration. This may be de

fined as the water use of some standard reference crop growing

as if water were not limiting. This reference crop would be

an established crop with full ground cover. Close-grown

actively growing crops with a full ground cover usually tran

spire similar amounts of water even though they may be

entirely different species. The estimate of the evapotran

spiration of such a crop tends to isolate climatic factors

from all others. The consumptive use under these conditions

is called the potential evapotranspiration (Etp ). (Note that

climatic factors do not enter into the definition, but that

they determine the day-to-day variations in Etp .) Common

reference crops are alfalfa with 12 to 18 inches of growth,

or grass, completely shading the soil.

There are a large number of methods for estimating Etp

which are reviewed by Jensen (1973) and will not be detailed

here. However, in the western United States and in Pakistan

two approaches have been commonly employed:

method; and (2) the Jensen-Haise method.

In our own approach to the use of these methods a

computer program is used for the calculations. This program

is one of the modules used in connection with the simulation

model described below (Section IV). However, it can be used

separately from the rest of the model. The inputs are the
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daily climatic information and these may be for a specific

year or long term means (or other appropriate measures of

central tendency). The output is a daily listing of Etp and!

or a data storage file containing this information. A com-

puter is not absolutely essential for use of these methods,

but with the availability of modern programmable calculators

or small desk top computers at reasonable cost, it will gen-

eralLy be advantageous to utilize some type of automated data

processing equipment.

The Penman Method
l

The penman equation is a statement of the total energy

available for evaporation and transpiration by the crop. The

equation is called a "combination equation" because it in-

cludes both solar energy and advective energy (that made

available due to air movement).

Penman (1948) first derived an equation for the

evapotranspiration of a short, well-watered crop (generally.

assumed to be grass) based on a combination of energy balance

at the crop surface and the heat-mass transfer processes due

to air movements. The equation which resulted and is used

today is written for a reference crop:

(II.l)

in which

lIThe descriptions of the Penman and Jensen-Haise methods of
- calculating Etp given here are taken from Walker, Reuss

and Ahmad (l97~).
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Etp = potential evapotranspiration, langleys/day

~ = slope of the saturation vapor pressure curve at
a specified temperature, d(mb)/d(C)

y = psychrometric constant, mb/C

Rn = net radiant energy, langleys/day (ly/day)

G = soil heat flux, ly/day

U2 = wind run at a height of 2 meters, km/day

a,b = empirical regression coefficients requiring local
calibration

o

e z - e z = average daily vapor pressure deficit, mb.

In order to conve~t langleys/day to equiva 'lt depth units,

mUltiply by 0.0171 to obtain rom/day.

The Penman combination method requires data describing:

(1) solar radiation, (Rs )' (2) temperature; (3) wind; and

(4) relative humidity. These data are then utilized in

empirical functions to define the actual parameters given in

Eq. 1. A summary of these functions and their origin is

given in several literature sources, possibly the most

complete being Jensen (1973).

Net radiation. The net radiation term, Rn , can be

determined from relationships presented by both Jensen

(1973) and Kincaid and Heermann (1974) • Since the data

actually describing solar radiation can be either measured

values of solar radiation, hours of sunshine, or percent

sunshine, the approaches utilized to arrive at Rn are dif

ferent. For the case when actual solar radiation values are

recorded, the first step is to plot an envelope curve through
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the maximal values over a season. This curve defines the

"clear day" solar radiation and is often expressed as an

expon'ential function of the following form:

R
BO

= A exp- [DaYe- B ] 2

where.,.

R = clear day solar radiation, ly/day;so
Day = actual or modified Julian date;

A = seasonal peak value of Rso ;

B = Julian date corresponding to A; and

(II •.2)

c = empirical coefficient used to fit the shape of
the curve

The coefficients in Eq. 2 vary with location and latitude,

but can be estimated from Table ILl (by Jensen, 1973). A plot

of Eq. 2 at the latitude of Lahore, Pakistan, is shown in

Fig. II.l.

If the radiation data are reported in daily hours of

sunshine, the' approach involves first approximating Rs by

the data. Utilizing a Julian date such that Day 1 = January 1,

the days of the year can be expressed in terms of the equiva

lent radians, (e), circumventing the earth's rotation about

the sun:

e = ih- (Day) - 1.377139376 (II.3)

The declination angle (~) of the earth relative to the sun

is determined by

~ = 0.40927971 sin e (II.4)



Table 11.1 Mean solar radiation
2
for cloudless skies (taken from Jensen, 1973)

expressed in cal cm- day-l.

Lati- Monthtude
oN Jan. Feb. Mar. Apr. May June July 'Aug. Sept. Oct. Nov. Dec.

H
~
~

60 58 152 319 533 671 763 690 539 377 197 87 35 H

55 100 219 377 558 690 780 706 577 430 252 133 74
GJ

~50 155 290 429 617 716 790 729 616 480 313 193 126 H

477
0

45 216 365 650 729 797 748 648 527 371 260 190 z
40 284 432 529 677 742 800 755 674 567 426 323 248 :E:
35 345 496 568 700 742 800 761 697 603 474 380 313 '"1-3

30 403 549 600 713 742 793
t':l

755 703 637 519 437 371 ~

25 455 595 629 720 742 780 745 703 660 561 486 423
6320 500 634 652 720 726 760 729 697 680 597 537 474 JO

15 545 673 671 713 706 733 706 684 697 623 580 519 c
H

'-0
10 584 701 681 707 684 700 681 665 707 648 617 565 ~

t':l
5 623 722 690 700 652 663 645 645 710 665 650 606 :s:

t':l

0 652 740 694 680 623 627 623 623 707 684 680 619 z
1-3
til

Lati- Monthtude
Os Jan. Feb. Mar. Apr. May June July Aug. Sept. Oct. Nov. Dec.

t':l

5 648 758 690 663 590 587 577 590 693 690 727 677 z
t':l

10 710 772 681 640 571 543 526 558 680 690 727 710 ~
GJ

15 729 779 665 610 516 497 497 519 657 687 747 739 J-<:

20 748 779 645 573 474 447 445 481 630 677 753 761 ~z
25 761 779 626 533 419 400 406 439 600 665 767 777 t:J

30 771 772 600 497 384 353 358 390 567 648 767 793 :E:
~

35 774 754 568 453 335 300 310 342 530 629 767 806 1-3
t':l

40 774 729 529 407 281 243 261 290 477 603 760 813 ~

45 774 704 490 357 229 183 203 235 447 571 747 813 tJ:l
~

50 761 669 445 307 174 127 148 177 400 535 727 806 t-t

55 748 630 397 250 123 77 97 123 343 497 707 794 ~
60 729 588 348 187 77 33 52 74 283 455 700 787 (")

t':l
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where ~ is also expressed in radians. The possible number

of sunshine hours per day depends not only on ~, but the

latitude of the test site as well. Latitude is first con-

verted to radians by multiplying by 2TI/365, thus:

~ = 8TI/365 (Latitude in Degrees)

Then the half day length in radians is:

Half-Day = cos-1 (z)

in which

z = -tan(~) tan(~)

The possible sunshine hours per day is defined as:

= 0.13333 (Half-Day)
Sm 2TI/365

(11.5)

(11.6)

(11.7)

(11.8)

And finally, the fractional sunshine percentage, S, is com-

puted as the ratio of actual measured values to 8m• Once

given this value, solar radiation can be estimated from:

R
S

= (0.35 + 0.61S)Rso

If 8 is given as data, solar radiation can be calculated

directly from Eg. 11.9.

(11.9)

The next step is to define the clear day net outgoing

longwave radiation:

where,

4= E' aTk
(11.10)

E'

0'

= net clear day outgoing longwave radiation, 1y/daYi

= -0.02 + 0.261 exp 1-7.77 x 10-4 (273 - Tk)2 (11.11)

= temperature in degrees Kelvin (OC + 273)

= 8tefan-Bo1tzman constant = 11.71 x 10-8 1y/oK.
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Based on Eqs. 11.2 and 11.10, the longwave radiation occurring

on a particular day equals:

and

Rs
Rso

(11.12)

(11.13)

in wbich a = crop albedo (generally taken to be 0.23). The

values 1.2 and -0.2 in Eq• .II .12 are suggested values for arid

areas and will be different in more humid climates.

Soil heat flux. The exchange in heat from the soil is

based on two assumptions: (1) the soil temperature to a

depth of 2 meters varies approximately with average air

temperature; and (2) the volumetric heat capacity of the

soil is 0.5 cal cm-3 °C-l • The soil heat flux, G, is then

written as (Jensen, 1973):

•

G =
Ti - l - Ti +l

lit x 100 (11.14 )

where,

G

T. 11.-

Ti +l

lit

= soil heat flux, ly/day;

= mean temperature for the previous period, °C;

= mean temperature for the following period, °C,
and

= days between the preceding and following period
(twice the period interval).

Calculations of constants. Kincaid and Heermann (1974)

present convenient expressions for determining llill + y,

y/ll + y, and saturation vapor pressure. These expressions

are as follows:
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y / (!:I + y) = O. 6054 3 - O. 017 28T + O. 00014 69T 2

!:I/ (!:I + y) = 1 - y / (!:I + y)

and

eO = 6.328 + 0.424T + 0.01085T2 + 0.0005l9T3

when T represents the daily value of temperature in °c

being used in the computations.

Vapor pressure deficit. The evaluation of the term
o

- e ) in the Penman equation can be made in severalz

(11.15)

(11.16)

(11.17)

ways. For many purposes, the following expression can be

used:

e 2
- e ) =z

o 0

2
o

• rh (11.18)

in which,
o 0

= saturation vapor pressure at maximum and
minimum temperatures, mb~ and

rh = maximum relative humidity (usually taken as
the 6-8AM values) expressed as a fraction.

The Modified Jensen-Haise Method

The Jensen-Haise procedure is a temperature and solar

radiation equation adjusted for location and elevation by

vapor pressure functions (Jensen and Haise, 1963):

( 11.19)

in which,

E = average daily potential evapotranspiration of a
tp well-watered alfalfa crop having 30-50 em of top

growth, em/day;

T = mean daily temperature, °c;

= total daily solar radiation in langleys multiplied
by 0.00171 to get em/day;
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Tx = intercept of the temperature axis

= 2.5 - 0.14(e2 - e l ) °C/mb - elev(m)/550 (11.20)

= saturation vapor pressures at the mean maximum
and mean minimum temperature, respectively, for
the warmest month of the year, in mb:

= temperature coefficient

1= Cl + C2CH

Cl = 38 - (2°C x elev (m) /305)

C2 = 7.6°C

CH
50 mb= (e2 - e l )

(11.21)

(II. 22)

(11.23)

(II. 24)

This equation has been found to work well in the

western United states. Its applicability in Pakistan has

been described by Clyma and Chaudhry (1975) and by Reuss et

ale (1976). A summary of the coefficients Tx ' and CT are

given in Table 11.2 for the metric units (Gill, 1977). It

should be noted that in areas of high humidity, such as the

monsoon areas of Pakistan, evidence suggests that CT should

be diminished substantially (Jensen, 1973). Consequently,

one might consider reducing CT by 24% when the average

relative humidity is 40 to 50%, by 36% when the relative

humidity averages 50-60%, and by 41% when the relative

humidity is greater than 60%.



15

Table 11.2. Geographic coefficients for Jensen-Raise equation
in Pakistan (after Gill, 1977).

Location

Lahore

Lya11pur

Sargodha

Mu1tan

Peshawar

Kariff1

0.01926

0.01926

0.02016

0.01998

0.02142

Rabi 2

0.02232

0.02196

0.02250

0.02214

0.02232

Kariff1

-6.100

-6.122

-6.711

-6.554

-6.622

T x

Rabi 2

-8.739

-8.511

-9.183

-8.883

-8.544

!/Ju1y - September

~/October - June

\
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III. ESTIMATING ACTUAL FIELD EVAPOTRANSPIRATION

General Methodology

After potential evapotranspiration has been estimated,

the next step is to estimate the evapotranspiration that will

occur in the field, which we will designate as Eta- This is

a combination of the crop evapotranspiration Et that would

normally occur, plus the excess -transpiration that would

occur from crop and soil surfaces that may temporarily be

abnormally wet as a result of irrigation or rainfall. We

will designate this wet surface transpiration as Etr • Thus

we can write:

(111.1)

Crop evapotranspiration is related to the potential

One further refinement that should be recognized is

growth stage coefficients.

(111.2)

(111.3)K == K Kc co s

Et == k Ec tp

evapotranspiration by the relationship

Because the k values change quite markedly with growthc

stages of the crop they are sometimes referred to as crop

that the Kc as used in Eq. (111.2) above is actually a func

tion of moisture stress_ If moisture is limiting crop water

use will be depressed. Therefore, the crop coefficient Kc

is commonly considered to be the product of two terms: Kco '

the crop coefficient when moisture is not limiting and Ks '

the stress coefficient.
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The procedure for estimating Et and/or K ,once E is
c tp

known, depends largely on the data base available. If appro-

priate data defining crop water use as a function of time is

available, the crop coefficients can be calculated from the

ratio of Et/Etp • Unfortunately, reliable data of this type

is often limited or entirely lacking. In this case the pro

cedure is generally to estimate K or K from a knowledgecco

of the growth habits of the crops concerned.

An idealized curve showing a crop coefficient over time

is given in Fig. 111.1. These curves generally start at a

K value of 0.1 or 0.2 at or shortly after emergence. Inco

some instances the wet soil or wet crop evapotranspiration

Etr is lumped in with the crop evapotranspiration. If this

is the case the higher value of 0.2 or even 0.25 is typical.

If only the crop evapotranspiration is considered the value

will more likely be near 0.1. As the ground cover of the

crop increases the K value increases, and for most crops
c

reaches about 1.0 when the crop attains full effective

ground cover. A tall growing crop that exhibits substantial

aerodynamic roughness such as maize or sugarcane may exceed

a value of 1.0, typically reaching 1.1 or perhaps 1.2.

The crop coefficient will usually maintain this level

until maturation sets in and some leaves start to senesce,

at which time the values decline. The extent of this decline

depends on whether or not the crop is completely dry at har

vest time. Physiological maturity often occurs sometime

before harvest, and irrigation would be discontinued at that

point.
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Note that the upward rise of the crop coefficient in

Fig. 111.1 is sigmoid. This sigmoid shape is common but not

universal. For rapidly growing, close sown crops the upward

rise may be nearly linear, while for spaced or slow growing

crops it is more likely to be sigmoid. If crop water use

data are not available it is usually possible to develop an

acceptable approximation if the growth habit and the usual

date the crop attains a full effective cover is known. Pub

lished values of crop coefficients determined in other areas

are often useful in this regard (Jensen, 1973; Doorenbos and

Pruitt, 1977). Our own development of crop coefficients for

six crops in Pakistan is based on a combination of local crop

use data and a generalized knowledge of the crop growth habits

in the area. Details are given in Appendix A.

Consumptive Use for Pakistan Crops

As part of our overall program of modelling crop water

use and irrigation requirements for Pakistan, a computer

program has been developed to calculate consumptive use for

eight common crops in Pakistan (Walker, Reuss and Ahmad,

1979). These crops include:

1. citrus with a cover crop

2. citrus without cover

3. cotton

4. berseem (Egyptian clover)

5. maize

6. rice
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7. sugarcane

8. wheat

These programs actually utilize several of the same

routines described below in the simulation model. They are

simply an automated procedure for performing the standard

crop water use calculations and outputting the results in

tabular form. The input required for these calculations is a

file of weather data containing the necessary information for

calculation of Etp by either the Penman or Modified Jensen

Haise procedures as described above. The operator then indi-

cates the crop and projected harvest and planting dates. The

program listings for the Hewlett Packard 9825A equipment are

included in Appendix B.

While the detailed calculations are rather formidable,

the general scheme is straightforward. It basically involves

calculating the Et and crop coefficients K , for each day.
p co

The product of these two values is the daily consumptive use,

assuming the crop is not stressed and the soil and crop sur-

faces are not excessively wet. These crop consumptive use

values are accumulated and output for time intervals selected

by the operator.

The methods for calculating Etp have been described

above in some detail. The new element here is the inclusion

of routines for calculating crop coefficients on a daily

basis given only planting dates. A substantial body of

information on crop consumptive use and growth stage coeffi-

cients in Pakistan is available from reports on several
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research projects. As usual, substantial variability both

within and between investigation is encountered, but such

variability is typical of what may be expected considering

the methodology available to the experimenters. Utilizing

these data a series of mathematical functions were developed

describing crop coefficients over time. For annual crops,

the information required for these calculations include the

number of days after planting, and in some cases, the dates

of planting in relation to the planting season for the par

ticular crop. Where local data were inadequate for this

purpose, these functions were developed from a consideration

of local crop growth patterns and crop coefficients developed

in other areas. Details of these functions are given in

Appendix A.

Crop consumptive use for 1975 weather data from Sargodha

for cotton, wheat and sugarcane is shown in Tables 111.1 to

111.8. The crop coefficients, Etp and Et values shown

represent those for the indicated days since planting and

are not cumulative values or interval means. As Etp and Et

values vary substantially from day to day, these columns

give only a general indication of values encountered as the

season progresses.

Finally, these tables contain a column showing rooting

depth. These values are not used in calculating the consump

tive use of water but are included to enable the user to

estimate the available soil moisture storage of the root

zone as the season progresses. For most annual crops, the
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method of calculation is to assume an initial 15 cm rooting

depth which increases linearly to a maximum value reached at

about the time of full effective cover.

From tables such as these for a number of crops the crop

water use pattern for different cropping patterns can be cal

culated. This is done by breaking the season into short time

intervals, typically about two weeks, and weighting the water

use ,by each crop by the area to be planted to that crop. A

tab1e or a graph of water use by time periods is then con

structed. Tables or graphs of this sort are commonly used to

estimate irrigation water requirements. However, as irriga

tion demand often differs significantly from crop water use

due to a number of factors, we have chosen to use a slightly

different procedure as detailed in the next section. None

theless, the ability to estimate crop water use in a manner

such as this is essential for any evaluation of cropping

patterns in relation to water supply.
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Table IILL Estimated Et during 1975 for citrus w/c.

Days Root E
tp Actual Cumulative

since depth K Et Et to dateco
planting (em) (rom/day) (rom/day) (rom)

0 135 Oe70 2.7 1.9 1.9
14 135 0.72 2.8 2.0 26.4
28 135 0.74 2.6 1.9 57.2
42 135 0.76 3.0 2~3 82~6

56 135 0.77 4.8 3~7 126.6
70 135 0.79 4.3 3~4 182~9

84 135 0.80 6.0 4~8 245.5
98 135 0.82 6.9 5.6 319.8

112 135 0.83 7.9 6.5 406.3
126 135 0.84 7.3 6~1 494.2
140 135 0.84 8.5 7.2 597.8
154 135 0.85 8.0 6.8 696~7

168 135 Oe85 10.4 8.9 805.9
182 135 0085 7.3 6.2 909.6
196 135 0.85 5.6 4~8 988.7
210 135 0.84 5.8 4.9 1060.3
224 135 0.84 4.7 4.0 1134.0
238 135 0.83 5.5 4.6 1192.8
252 135 0082 4.8 4.0 1250.2

266 135 0.81 5.1 4 0 1 1305.4

280 135 0.80 5.5 4 0 4 1365.3
294 135 0.78 4.8 3.7 1420 0 5

308 135 0.77 4.0 3.0 1468.3

322 135 0.75 3.9 2.9 1506.8

336 135 0.73 2.2 1.6 1536.1

350 135 0.71 2.4 1.7 1561.7

364 135 0.69 1.3 0~9 1581.4

364 135 0.69 1.3 0.9 1581.4

Calcul. use Penman Etp and assume:
Planting date of January 1.
Harvest date of December 31.
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Table III. 2. Estimated E
t

during 1975 for citrus woe.

Days Root E Actual Cumulative
since depth K

tp
Et Et to date

planting (em)
co

(rom/day) (rom/day) (rom)

0 135 0.61 2.7 1.7 1.7
14 135 0.63 2.8 1.8 23.3
28 135 0.65 2.6 1.7 50.4
42 135 0.67 3.0 2.0 72.9
56 135 0.68 4.8 3.3 111.7
70 135 0.70 4.3 3.0 161.4
84 135 0.71 6.0 4.3 216 q 6
98 135 0.72 6.9 5.0 282.2

112 135 0.73 7.9 5.7 358.5
126 135 0.74 7.3 5.4 436.1
140 135 0.74 8.5 6.3 527.5
154 135 0.75 8.0 6.0 614.8
168 135 0.75 10.4 7.8 711.1
182 135 0.75 7.3 5.5 802.6
196 135 0.75 5.6 4.2 872.4
210 135 0.75 5.8 4.3 935.6
224 135 0.74 4.7 3 q 5 1000.6
238 135 0.73 5.5 4.0 1052.5
252 135 0.73 4.8 3.5 1103.1
266 135 0.72 5.1 3.6 1151.8
280 135 0.70 5.5 3.8 1204.7
294 135 0.69 4.8 3.3 1253.4
308 135 0.68 4.0 2 q 7 1295.6
322 135 0.66 3.9 2 q 6 1329.5
336 135 0.64 2.2 1.4 1355.4

350 135 0.62 2.4 1.5 1378.0

364 135 0.61 1.3 0.8 1395.3
364 135 0.61 1.3 0.8 1395.3

Calcul. use Penman Etp and assume:
Planting date of January 1.
Harvest date of December 31.
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Table III.4. Estimated Et during 1975 for berseem.

Days Root Etp Actual Cumulative
siace depth Kco Et Et to date

p1cmting (em) (mmlday) (mm/day) (1lU'ft)

0 15 0.80 2.8 2.2 2.2
'7 26 0.80 2.5 2,,0 17.6

U 36 0.80 2.0 1.6 30.6
2J. 47 0 .. 80 1.7 1,,4 42.7
2B 57 0.80 2.5 2,,0 53.5
36 68 0.80 1.8 1,,4 66.7
~ 78 0.80 3.6 2.9 82.1
4e 89 0.80 2.7 2.1 99.3
Sf) 99 0.80 1.3 1 .. 0 114.1
63 105 0.80 2.6 2.1 127.6
70 105 0.80 2.9 2.3 142.6
77 105 0.80 3.7 3,,0 165.0
84 105 0.80 505 4.4 190.6
91 105 0.80 6.9 5.6 219.5
98 105 0.80 4.7 3.8 247.7

105 105 0.80 6.1 4.9 281.0
112 105 0.80 6.2 4.9 311.6
119 105 0,,80 5.9 4,,7 346,,9
126 105 0.80 6.6 5.3 385.3
133 105 0.80 7.7 6,,2 427.2
140 105 0.80 4.8 3.9 468.1
146 105 0.80 6.9 5.5 500.4

Ca1cu1. use Perunan Etp and assume:
Planting date of December 5.
Harvest da,te of April 30.
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Table III.5. Estimated Et during 1975 for maizeo

Days Root Etp Actual Cumulative
since dep:.b K Et Et to date

Rlantinq (em)
co

(rom/day) (rom/day) (rom)

0 15 0 0 34 4.9 1.7 1.7
7 26 0 0 39 5.6 2.2 17.1

14 36 0.46 6.3 2.9 34.9
21 47 0.56 505 3.1 58.3
28 57 0.69 4.8 3.3 79.5
35 68 0.84 4.4 3.7 106.8
42 78 1.01 6.2 6.2 138.8
49 89 1 0 05 4.6 4.8 173.8
56 99 1.10 5.6 6.2 210.4
63 105 1.09 4.3 4.7 248.9

70 105 1.02 5.8 5.9 287.7

77 105 0.95 4.5 .4.2 323.8

84 105 0.86 6.1 5.3 356.1
91 105 0.77 4.7 3.6 383.7

98 105 0.67 4.1 2.8 406.2

103 105 0.60 4.0 2 04 419.5

Calcul. use Penman Etp and assume:
Planting date of July 25 0

Harvest date of November 5.
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Table III.6. Estimated Et during 1975 for rice.

Days Root Etp Actual Cumulative
simce depth Kco Et Et to date

p1aRting (em) (nun/day) (nun/day) (nun)

0 15 0.79 7.1 5.6 5.6
7 23 0.93 5.7 5 03 40.0

ll4 30 1.08 4.9 5.2 84.2
:21 38 1.23 6.4 7.8 D204
~8 45 1.37 5.8 7.9 186.0
35 53 1.52 6.0 9.2 253.2

.:112 60 1.65 4.2 6.9 307.9
~9 68 1.77 5.8 10.2 369.6
56 75 1.87 5.3 909 428.6
63 83 1.94 4.3 803 496 06
70 90 1.98 4.3 8.5 561.4
77 90 2.00 5.9 11.9 633.9
84 90 1.98 5.5 11.0 704 06
91 90 1.94 4.8 9.4 779.3
93 90 1.87 6.1 11.4 844.5

105 90 1.77 4.7 8 03 908.7
107 90 1. 74 5 02 900 925.9

Ca1cu1. use Penman E
t1

and assume:
Planting date of Ju y 10.
Harvest date of October 25.

..
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Table III. 7. EstimatedEt during 1975 for sugarcane.

Days Root E
tp Actual Cumulative

since depth Kco Et Et to date
planting (cm) (rom/day) (rom/day) (rom)

0 15 0.32 5.8 1.9 1.9
7 19 0.37 6.1 2.3 18.2

14 23 0.42 7.2 3.0 38.3
21 27 0.47 7.9 3.7 62.4
28 31 0.52 7.3 3.8 85.5
35 35 0.58 7.1 4.1 119.1
42 39 0.64 8.0 5.1 153.8
49 43 0.69 9.5 6.6 197.7
56 47 0.75 8.2 6.2 240.6
63 51 0.80 8.4 6.8 286.3
70 55 0.85 7.7 6.6 337.9
77 59 0.90 10.3 9.2 394.7
84 63 0.94 8.4 8.0 454.1
91 68 0.98 8.2 8.0 512.8
98 72 1.01 8.1 8.2 564.8

105 76 1.03 5.5 5.6 608.2
112 80 1.04 5.7 6.0 653.0

119 84 1.05 5.2 5.5 696.2

126 88 1.05 5.3 5.6 739.8

133 90 1.04 7.3 7.6 788.9

140 90 1.04 4.6 4.8 826.8

147 90 1.03 4.4 4.5 861.0

154 90 1.01 4.7 4.8 895.0

161 90 1.00 6.1 6.0 931.8

168 90 0.98 4.3 4.2 964.2

175 90 0.95 5.3 5.0 997.4

182 90 0.93 5.2 4.8 1031.1

189 90 0.90 4.8 4.3 1066.1

196 90 0.87 4.6 4.0 1096.1

203 90 0.84 5.2 4.4 1127.4

210 90 0.81 4.0 3.3 1153.9

217 90 0.77 4.2 3.3 1177.8

224 90 0.74 3.9 2.9 1198.5

231 90 0.70 3.4 2.4 1215.4

238 90 0.67 2.6 1.7 1230.8

245 90 0.63 2.1 1.3 1243.1

252 90 0.60 2.4 1.4 1255.1

259 90 0.56 2.3 1.3 1264.2

266 90 0.53 2.3 1.2 1273.1

268 90 0.52 2.2 1.1 1275.3

Calcul. use Penman E
t

and assume:
planting date of AP~il I.
Harvest date of December 25.
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Table III.8. Estimated Et during 1975 for wheat.

D&ys Root Etp Actual Cumulative
since depth Kco Et Et to date

planting (em) (rom/day) (mm/day) (mm)

0 15 0.10 4.7 0.5 0.5
7 24 0.16 3.3 0.5 3.9

14 32 0.25 3.6 0.9 8.9
21 41 0.36 3.4 1.2 15.1
28 50 0.47 3.5 1.6 22.8
35 58 0.59 2.1 1.2 32.4
42 67 0.71 2.0 1.4 43.0
49 76 0.80 2.7 2.2 55.0
56 84 0.87 2.7 2.3 66.5
63 93 0.93 2.2 2.0 80.9
70 102 0.96 3.8 3.6 100.7
77 105 0.97 3.0 2.9 120.7
84 105 0.98 2.2 2.2 138.0
91 105 0.97 1.7 1.6 153.9
98 105 0.96 3.8 3.7 174.1

105 105 0.94 4.3 4.1 201.2
112 105 0.91 5.0 4.5 231.4
119 105 0.87 5.9 5.1 264.1
126 105 0.82 5.8 4.8 293.6
133 105 0.76 5.7 4.3 326.0
140 105 0.70 6.0 4.2 354.0
147 105 0.63 7.7 4.9 384.3
154 105 0.57 7.1 4.1 412.6
158 105 0.53 7.2 3.8 429.0

Ca1cu1. use Penman Etp and assume:
Planting date of November 8.
Harvest date of April 15.
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IV. MATCHING CROPPING SYSTEMS TO IRRIGATION WATER SUPPLIES-

AN INTEGRATIVE MODEL

The procedures described above for evaluating potential

evapotranspiration and crop consumptive use are only the pre

liminary steps required for matching cropping systems to irri

gation supply. The next steps involve: first, the development

of irrigation water supply requirements; and second, evaluat

ing the appropriateness of present or proposed cropping systems

in terms of availability of water during peak demand periods,

and efficient utilization of limited water supply resources.

We have chosen to integrate the crop consumptive use

calculations with the irrigation supply requirements, on

either a single crop or crop mix basis, by use of a simulation

model. The initial version of this model has been described

by Walker, Reuss and Ahmad (1979). The present version re

tains the same basic concepts, structure and flow patterns;

but differs substantially in detail as a result of a step-by

step reevaluation of the processes and assumptions involved.

While time trace evaluations of irrigation requirements for

individual crops may be constructed by less elaborate methods

we believe a model such as this to be the most thorough and

accurate method available. It is also the most feasible

method available for evaluating irrigation supply requirements

of a number of present, and/or, proposed cropping systems.

The objectives of the model may be summarized as follows:
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1. to evaluate irrigation water requirements

throughout the cropping season for the major crops

grown in the Punjab of Pakistan, and

2. to evaluate the compatibility of any cropping pat

tern consisting of combinations of these crops with

any given water supply.

The factors that determine the irrigation water

req~rements of any given mix of crops are complex. Therefore,

any model that simulates this system is unavoidably complex.

Fortunately, the processes involved in the model are reason

ably well known and understood. The complexity arises from

the number of processes involved, often operating concurrently,

and not from a difficulty in describing any of these processes

in a simulation. The result, after careful assembly and

thorough checking, is a model which we have a high degree of

confidence will supply reliable simulations of the system. A

general description of the model is provided at this point.

Detailed documentation and program listings are provided in

the appendices.

The model is programmed in the HPL language for use on

the Hewlett Packard model 9825A desktop calculator (see

Appendix B for details). The reason for the use of this sys

tem was that equipment of this type was located at the Project

Office in Lahore. Fortunately, the language is sufficiently

similar to other standard computer languages, such as BASIC

or FORTRAN, that a conversion to other languages could be

accomplished by almost any experienced programmer.
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The basic concept of the model is one of water budgeting.

We have chosen to simulate 50 fields, each 0.2023 hectares

(ha) in size. The 50 fields comprise 10.12 ha (25 acres),

the size of the corrnnon "square" in Pakistan. Inputs to the

model are relatively simple. Two data files are required.

The first data file contains daily values of E and precipi
tp

tation, and is generated from weather files as described

above. Actually, the program that generates this file from

weather data may be considered as a module of the model.

Such a file may represent a typical year or one may wish

to simulate selected dry or wet years to determine the effect

of these special conditions. Long term averages of Etp are

probably appropriate for use as input, but long term averages

of precipitation tend to smooth out the effects of rainfall

intensity, and would result in some distortion of the effec-

tiveness of the utilization of rainfall by crops.

The second data file required contains the irrigation

water supply information on a daily basis. This data file

is set up to allow for two components of the irrigation water

input, i.e. "constant flow," and "demand" water. Constant

flow water is water that is supplied to the system without

regard to need. Consequently in most instances this water

must be applied to the land whether pr not there is a need

for it by crops. Demand water, however, may be used or not

at the au1tivator~ discretion, and in the model would not be

used unless needed for crops or preirrigation. In Pakistan,

canal and public tubewe11 waters are generally supplied on a
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constant flow basis, while private tubewell water may be

considered demand water. In simulating the Pakistan system

we have generally assumed that the water supply for a full

wee~ would be available on a single day, an assumption con

sis1lent with the common rotation or "waribundi" system.

Other data inputs required include:

1. maximum and minimum irrigation permitted in em;

2. soil field capacity and wilting point in weight

percentage;

3. critical soil moisture depletion levels (CMSD) for

each cropo These are defined as the percentage of

available soil moisture storage that has been

depleted when irrigation is required;

4. an "economic priority" for each crop. This is used

in allocating water if supplies are less than demand;

5. number of fields to be planted to each crop;

6. the initial conditions, including number of fields

in each crop, and the soil moisture depletion (SMD)

of each field at the start of the simulation run.

Eight crops plus fallow are provided for in the model.

These crops and their associated crop codes are:

l. citrus with cover

2. citrus without cover

3. cotton

4. berseem (Egyptian clover)

5. maize

6. rice
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7. sugarcane

8. wheat

9. fallow

An appropriate planting season for each crop (except

citrus which is perennial), is defined internally in the

model. Harvest dates for each field are calculated inter

nally, based on planting dates and the characteristics of the

particular crop.

A simulation with this model starts on October 1. At

the start the individual fields are allocated either to a

crop that would be growing at that time or to fallow, and the

soil moisture depletion (SMD) is set for each field. The

SMD is defined as the percentage of the available soil mois

ture storage that has been used, so the percentage remaining

is defined as (IOO-SMD). The initial SMD values for each

field are usually taken from the ending values of a prelim

inary run using the same weather and cropping pattern. This

avoids any inaccuracies arising from arbitrary or inappro

priate initial conditions.

After initial conditions are set the program proceeds

to calculate the state of the entire system on a day-by-day

basis. For each day the program calculates the moisture

status of all fields based on the Etp and precipitation for

that day, the moisture status on the previous day, and crop

parameters appropriate to the crop and the stage of growth.

The steps involved for determining the status of each field

include:
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1. Checks for print date. If the current date is

designated for print output, various information

on the current status of the system is printed,

based on preselected output options.

·2. Check for harvest date, "harvest" and reallocate the

field to fallow if the appropriate date has been

reached.

3. Calculate the depth of rooting appropriate to the

current crop growth stage.

4. Calculate the crop coefficient appropriate to the

current crop growth stage including adjustments for

wet soil or water stress.

5. Calculate the crop water use for the current day

based on the Etp value from the data file and the

crop coefficient.

6. Calculate new soil water content based on removal

due to crop use and input of the precipitation for

the current day.

7. If new water content exceeds field capacity, remove

the excess as "deep percolation."

8. "Plant" new crops on fallow fields during the

appropriate planting season, but only if they have

been previously preirrigated (see below), and then

attained the appropriate state of dryness. If a

new crop is planted on a given field the harvest

date for that field is calculated and stored.
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The program goes through steps 1 to 8 above for each

of the 50 fields. At this point it checks the water supply

for the current date. If no irrigation water is available

on the current day, the date is advanced by one and the pro

gram returns to step 1 above for the new date. If irrigation

water is available the program proceeds through steps 9 to 11.

9. Sets irrigation priorities. An irrigation priority

between 0 and 100 is set for each field for which the SMD

equals or exceeds the present CSMD value. The protocol for

setting priorities is complicated but factors considered

include SMD, CSMD and economic priority (Appendix A). During

planting seasons priorities are also assigned for prep1ant

irrigation of fallow fields.

10. Irrigation application. Fields are irrigated

starting with the field with the highest assigned priority.

Soil water content of the root zone is calculated. If less

than the preset minimum irrigation is required to bring the

root zone to field capacity, the minimum is applied. If more

than the minimum is required, 1 0 25 times the amount needed to

achieve field capacity (80% application efficiency) is allo

cated, unless this amount would exceed the preset maximum,

in which case the maximum is applied. The new water content

of the root zone is calculated and any amount in excess of

field capacity removed as deep percolation. Fields are irri

gated in descending order of priority until either all

available supplies, including both constant flow and demand,

have been allocated or until all fields assigned priorities

greater than zero have been irrigated.
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11. At this point if all constant flow water has been

allocated the current date is incremented by one and the pro

gram returns to step 1 above for the new date. If constant

flow water remains the program temporarily sets the CSMD for

all crops to 60% of the normal values and returns to step 9

for a reassignment of priorities, and then to step 10, which

is then modified to stop allocation when constant flow sup

plies are exhausted. This procedure has the effect of uti

lizing excess constant flow water on fields approaching the

soil moisture depletion at which irrigation is required

(CSMD). If constant flow supplies still remain when all

fields assigned priorities on the basis of the reduced CSMD

values have been irrigated, priorities are assigned for

application to fallow for disposal.

It is certainly unrealistic to expect the reader to

discern the usefulness and/or the limitations of such a model

from the above brief description. A brief discussion of some

of the properties of such a simulation may be helpful.

In the first place, while one may stipulate the maximum

area of each crop to be planted, this does not necessarily

guarantee the planting of the prescribed area. This is be

cause the actual planting is subject to the availability of

land and of water for preirrigation. Thus, if there are

insufficient fallow fields available during the planting

season for a particular crop, the area of that crop will be

restricted to the area available for planting. Similarly,

if water supplies are insufficient to provide preirrigation
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during the planting season, the area of the crop will be

restricted. These are both reasonable representations of

the field situation and immediately eliminate from consider

ation cropping systems that are infeasible due to availability

of land or of water for preirritation. If cropping systems

that exceed these limitations are entered, the simulations

will only show the maximum area that can be realistically

achieved.

The third factor that will limit the feasibility of a

particular cropping system, at least from a water supply

standpoint, is the occurrence of excessive water stress by

one or more crops as a result of periods when irrigation

water demands are greater than supply. While the accepta

bility of a given level of stress is to some degree subjec

tive, the model allows uS to quantitatively evaluate the

probable intensity and duration of stress that would be

expected with a given cropping pattern or water supply. This

can be achieved on a field-by-field basis by outputting the

SMD for each field at any desired interval. We have also

provided for a stress summary at each output day. For this

purpose we have defined three stress levels as follows:

So - No stress. This category applies to fields which

were either irrigated on the most recent irrigation

day or on which the SMD was less than the CSMD, so

•
8

1
- Moderate stress. Fields in this category had

reached the critical SMD value for the most recent
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irrigation date, but water was not available for

irrigation. These fields, however, have not yet

reached the stress level defined as S2 below.

S2 - Severe stress. Soil moisture depletions (SMD)

exceed a critical value defined as:

Critical value = CSMD + (lOO; CSMD)

At each output date a summary of the number of fields in

each crop in stress categories SO' Sl and S2 is provided •
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V. IRRIGATION REQUIREMENTS FOR SINGLE CROPS

In order to translate the crop consumptive use into

irrigation requirements several additional factors must be

taken into account. The most obvious of these factors are

rainfall and soil moisture storage, but special conditions

peculiar to certain crops or cropping systems, or other local

factors, may also be significant. The most important of these

local factors found in Pakistan is undoubtedly the almost

universal practice of preirrigation followed by sowing when

the soil has dried sufficiently for planting operations but

still retains sufficient water for germination and emergence.

The essential characteristic of the model is that it

takes these factors into account in a realistic fashion.

In the model preirrigation and subsequent drying to an

appropriate moisture content are preconditions for "planting."

Soil moisture storage is taken into account through inputs

of the field capacity and permanent wilting points of the

soil; and by the inclusion of rooting zone depths that

change in a realistic fashion with crop growth stage. In

one respect, rainfall is accurately accounted for in that it

utilizes actual rainfall input data, or the operator may

adjust rainfall inputs to simulate a particular situation,

such as an unusually wet or dry year. Problems do remain,

however, in that rainfall patterns for virtually any year

will be found to be atypical in some respect. Long term

means (or other measures of central tendency), might be

used but in the author's opinion this is not advisable.
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The reason is that rainfall intensity patterns are masked by

means, and these factors playa major role in determining

the crop utilization of water from rainfall. This is because

soil moisture storage capacity ~s limited, so that rainfall

in e)Ccess of storage capacity, or rainfall falling on fields

that are already wet from previous rainfall or irrigation,

cannot be used by the crop. In the model, this is handled

by r;emoving water in excess of storage capacity as "deep

percolation." Thus, heavy rains, or a rapid succession of

rain, results in lower utilization. The use of means tends

to spread the rainfall input over time, thus artificially

inflating utilization.

We have chosen to utilize weather records for an actual

year and use that file for all runs discussed in this manual.

In so doing we must accept whatever atypical characteristics

occur in that year, and take these into account as best we

may in the interpretation. We have chosen the 1975 weather

data from the Sargodha station, located about 40 km from a

major work site at Mona. Weekly rainfall starting with

October for this year is shown in Fig. V.!. Total rainfall

for the year was 55.45 cm. Possible atypical characteristics

lie in the relatively heavy late March rainfall and perhaps

the 3.4 cm rainfall in April. The bi-modal distribution of

the monsoon rainfall in July, August and early September may

be somewhat unusual but some dry periods often do occur

during the monsoon season.
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Simulation runs for three single crop systems, cotton,

wheat and sugarcane, have been run for illustration of the

use of the model in determining irrigation requirements of

single crops. The cotton water use pattern and irrigation

requirement in cm per week are shown in Fig. V.2. The crop

water use in this case includes that evaporated from wet

soil or crop surfaces. It corresponds to the Eta term in

Eq. 111.1. Total cotton water use for the season was 77.7 ern.

This appears to be significantly lower than the 83.1 cm shown

in Table 111.3. Most of this discrepancy arises because the

simulation program is set to cut off irrigation to cotton in

mid October in line with normal farmer practice. The compar

ison for 14 October is 63.5 and 66.7 cm. The remaining 3.2 cm

discrepancy apparently arises from the fact that the mean

planting date for the simulation was a few days later than

the May 1 date used in the calculation for Table 111.3.

In early model runs for the purpose of determining

irrigation requirements for a single crop the crop was

allowed unlimited water, all in the demand mode, on the

premise that the program would simply discontinue irrigation

when irrigation requirements had been satisfied. The amount

of application would then represent the irrigation require

ment. The program operated correctly in this regard but it

was found that an unrealistic water use pattern resulted.

After a rainfall event no irrigation water would be utilized

for some time. All fields would then reach a state of dry

ness requiring irrigation (CSMD) at the same time and very
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large amounts would be utilized in a single week. All fields

would then be wet and again no irrigation water would be

utilized for two to three weeks. These oscillations would

persist until the next major rainfall event or until harvest.

In order to prevent these oscillations, a limited water sup

ply was imposed with part of the supply (usually half) in the

demand mode and the remainder constant floW. After a rainfall

constant flow water would start to be utilized when water

removal reached 60% of CSMD. The supply allowed was varied

over successive runs by reducing supplies in times of excess

and increasing supplies during stress periods until a supply

pattern was attained that minimized stress without excessive

oscillation. This supply pattern would generally supply more

water than needed but would not allow excessive short term

peaks. It is important to understand, however, that the

irrigation requirement reported was not the supply pattern

but the actual amount of simulated application. The system

was successful in removing the oscillations while resulting

in only occasional stress on a few fields.

Another factor that will affect irrigation water use

requirements is the soil moisture level that prevails prior

to the preirrigation. In practice this will be determined

by the status at time of harvest of the previous crop and

by rainfall during the interim fallow period. For these

single crop simulations the SMD was set at 50% of available

moisture storage capacity for a soil depth of 105 cm at the

start of the planting season. Irrigation demand exceeded



f
f

47

evapotranspiration during April and Mayas a result of

requirements for preirrigation. A rainfall event in late

April retarded planting of some fields that had been pre

irrigated, so average planting date was delayed for a few

days.

The drop in irrigation application in late May and early

June reflects low water use by the young crop and the use of

stored water from preirrigation and the April rainfall event,

plus a couple of small rainfall events. A slight buildup then

occurs in late June followed by a drop in July resulting from

the onset of monsoon rains. Another short buildup coincides

with a break in the monsoon rains occurring in late July and

early August. Finally a heavy demand occurs in September and

early October after the monsoons are over. The sharp drop in

October stems from a provision in the model that cotton irri-

gation is discontinued in mid October. The overall irrigation

requirement was 37.5 cm. Rainfall during the period was 46.8

for a total of 84.3 em water input. Output includes 77.7 cm

of crop water use, plus about 21.3 cm "deep percolation" for

a total of 99.0 cm. This excess of output over inputs would

arise from lower soil water content at the end of the simu-

lation than the 50% SMD for a depth of 105 cm assumed for a

starting condition. This discrepancy does not represent any

"error," as cotton fields would commonly be very dry by the

final harvest. Rather, it is a consequence of the problems

encountered in estimating irrigation requirements for a

single crop in isolation from a cropping system. As of the
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cessation of irrigation at mid October the outputs were

84.8 cm, almost exactly the same as the 84.3 em input.

The irrigation requirements and consumptive use of

wheat are shown in Fig. V.3. The excess of irrigation re

quinement over crop water use (Eta) during the planting season

is more marked than in the case of cotton due to the lower

potential evapotranspiration during this planting season.

Irri>gation requirements remain below Eta for the rest of the

cropping season with the exception of a very short period in

late March. The peak irrigation requirements in March may

have been attenuated to some degree by the late March rain

fall. It is obvious, however, that much of the January and

February requirements of the crop are met through stored

soil water.

The dips in the Eta curve in early February and late

March apparently are associated with cool weather and low

evaporation rates during rainy periods.

The total consumptive use for the crop was 44.0 cm

which compares well with the 43.0 cm shown in Table III.8

for wheat. Deep percolation for the period was 8.6 cm for a

total output of 51.6 cm. Inputs were 40.6 cm of irrigation

water applied and 8.7 em of rainfall for a total of 49.3 cm.

The close correspondence of inputs and outputs indicates

that soil water storage before preirrigation was very

similar to that after harvest.

The most significant information from Fig. V.3 is that

in order to meet wheat demands about 2.5 ha/em of water per
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hectare of wheat will be required for perhaps 3 to 4 weeks

in November, and a similar amount will be required from about

the last week in February until the end of March. Through

December and most of January probably no more than 1 cm per

week can be used effectively.

The irrigation and consumptive use pattern for sugarcane

is shown in Fig. V.4. The consumptive use requirements and

irrigation requirements appear to be more similar for sugar

cane than they are for cotton or wheat, with the only major

difference being that irrigation drops well below the crop

use during the monsoon rains. With sugarcane, the planting

season coincides with the onset of high evaporation rates,

and after planting frequent irrigation is required for the

young crop that develops a root system rather slowly. Thus

there is very little drop in the need for irrigation water

immediately after planting season. Immediately after mon

soons the irrigation requirements build up due to all fields

drying at the' same time.

This simulation resulted in a total crop water use of

123.9 em, as compared to the 127.5 shown in Table 111.7.

The deep percolation amounted to some 39QO cm for a total

output of 162.9 cm. Inputs were 113.2 cm of irrigation plus

50.5 em rainfall for a total of 164.7 cm. The relatively

high deep percolation values arise from two sources. The

first and most obvious of these is the intense monsoon season.

However, the early season irrigations when the root zone is

still shallow are inherently inefficient, resulting in

nearly 15 cm deep percolation prior to the monsoon.
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In general, we can see from these illustrations that

the correspondence between irrigation requirements and crop

consumptive use is highly crop specific and it is difficult

to generalize among crops or to predict the correspondence

witnout a thorough analysis of the specific situation. Cer

tainly crop consumptive use and rainfall patterns must be

ava~lable as a starting point for estimating irrigation

requirements, but these must be combined with a careful and'

systematic evaluation of all available information in a given

situation. We have used the simulation model for this

purpose and find it to be an effective tool.
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VI. SIMULATION OF SYSTEMS INVOLVING SEVERAL CROPS

The second objective of the simulation model, as shown in

Section IV above, is to evaluate the compatability of any crop-

ping pattern consisting of the major crops grown in Punjab,

with any given water supply. Appropriate criteria for eval

uating the compatability of a cropping system with a given

irrigation supply might include:

1. Avoidance of excess stress during the cropping

season.

2. Availability of water for preirrigation during the

planting season.

3. Efficiency of utilization of supplies, i.e.,

avoidance of overlong periods when supplies exceed

irrigation requirements.

For purposes of illustration we have chosen to simulate

three cropping patterns that had previously been determined

as "optimum" for three water supply levels through the use

f ' '00' 2o L1near programm1ng tec 1ques. These L.P. solutions had

heen obtained prior to the availability of the simulation

program, so the input of water requirement for each crop

and period that is required for the L.P. had been estimated

by much less precise methods. It therefore appeared appro-

priate to cross check the "optimum" cropping pattern determined

by L.P. for compatability with water supply, by use of the

simulation model.

2!Readers not familiar with the use of L.P. methods for
- optimizing area of various crops planted within a given

set of constraints, such as water supply, may wish to read
Chapter VII below before continuing with this section.
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The cropping patterns corresponding to the optimal L.P.

solutions for three different water supply levels are shown

in Table VI.l along with the associated shadow prices. The

shadow price of a resource in a linear program is equivalent

to ,its use value in the optimal solution. In the case of

irr:igation water the shadow price is an index of the cost of

st~ss to the crops of withholding a single unit of that water.

If both the linear programming model and the simulation model

acourately represent the system we should find that the

periods of high shadow prices correspond to periods of high

stress and/or periods of high irrigation demand.

Note that in Table VI.l the percentage of area in crop

exceeds 100%. This arises because we are simulating a year

round cropping system in which, with the exception of citrus,

more than one crop can be grown on a given field during a

one year time period. In Pakistan "cropping intensity" is

commonly evaluated in a manner similar to this with the

provision that perennial crops such as citrus are counted

twice; once for the kharif (summer), and once for the rabi

(winter) cropping seasons. Using this method, cropping

patterns I, II and III would be assigned "cropping intensities"

of 119, 147 and 177%, respectively.

It should also be noted that in all three L.P. solutions,

16% citrus appears. Because of the high value nature of

citrus, an unconstrained solution would assign all, or

nearly all, of the water resource to this crop. Therefore

these solutions were arbitrarily constrained to a maximum of

16% of the land area in citrus.



• 55

Table VIol. Linear programming solutions :2or three water
supply situations.

Linear programming run No.
I II III

Water supply -1 4.27 5.03 5.79(em month )

Crops (% of area)
Citrus 16 16 16
Cotton 13
Rabi fodder 13 19 24
Kharif fodder 14 18 20
Rice 22 26 28
Sugarcane
Wheat 38 52 60

Total 103 131 161

Shadow prices (Rs ha·cm"' l )
January
February 32.5 35.3 37.4
March 67.7 60.3 55.8
April 33.1 14.5 1.5
May
June 24.5 25.1 26.0
July
August
September
October
November 18.7 10.3 4.0
December 21.0 21.0
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The water supply of 4.27 em per week at the root zone

shown as L.P. run No. I in Table VI.l was simulated by allow

ing a water supply of 12.6 ha cm week- l for the 10.12 ha area

being simulated. Of this 12.6 ha.cm, 7.0 were programmed as

constant flow and 5.6 as demand water. The simulation program

provides for citrus with and without cover, while the L.P.

does not make this distinction. Therefore in all simulation

runs the 16% citrus is evenly divided between citrus with and

without a cover crop. The 12.6 ha.cm per week input assumes

an overall application efficiency of 80%.

The water bUdget for simulation of cropping pattern No. I

is given in Table VI.2. Total water use for the 10.12 ha

area was 1111 ha.cm of which 934 were evapotranspiration'and

177 deep percolation. It should be noted that in the present

form there is no provision for runoff in the model, and all

excess water over field capacity is assumed to be lost as

deep percolation. Thus, deep percolation may be overestimated.

Even so, the' 177 ha.cm represents some 33% of the amount of

irrigation water applied or about 16% of the total of irriga

tion plus rainfall. This should be adequate to provide leach

ing of salts if irrigation water is of good quality, unless

the groundwater table is near the surface. Inputs include

561 ha.cm from rainfall and 539 ha.cm of irrigation water for

a total of 1100 ha.cm. The slight discrepancy in input and

output (11 cm), apparently arises because of the changing

depth of root zone, as the model does not explicitly keep

track of water content below the current root zone. The
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Table VI.2. Water budget for simulation cf cr0P?inq patte~n ~o. I a55~,,':"n=:; a ""ater
supply of 12.6 ha.cm per week.

Crop water Deep I.r:.::igation
Crop Area use (Eta) percolation Total use applied

ha ha·cm cm ha.cm cm ha.cm cm ha.cm cm

Citrus w/c .81 114,~ 141. 9 16.4 20.2 131. 3 162.1 87.5 108.0

Citrus wo/c .81 103.0 127.2 15 0 5 19,1 118.5 146.3 7?-.1 39.0

Berseem 1. 42 61.1 43.0 3.2 2.3 64.3 45.3 52.6 37.0

Maize 1. 42 51. 4 36.2 24.9 17.5 76.3 53.7 30.4 21. 4

Rice 2.23 184.1 82.6 43.0 19.3 227.1 101.8 146.4 65.7

Wheat 3.84 163.7 42.6 14.8 3.9 178.5 46.5 142,0 37.0 v'
",'

Total crop 10.77 678 .. 1 63.0 117.7 10.9 795.8 73.9 531. 0 49.3

Fallow 25508 59.6 315 04 8.1

Total 10.12 933.9 92.3 177.3 17.5 1111.2 109 0 8 539.1 53.3
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assumption is made in the model that as root zones become

deeper the water content of the depth increment is 80% of

the available soil moisture storage capacity. In this case

the discrepancy between inputs and outputs is about 1% of

inp~ts, a precision that we judge to be more than

satt~factory.

The total for individual crops in this simulation is

low~r than that calculated for unstressed crops in Section

III (Table VI.3), for all crops except wheat. Exact corre

spondence cannot be expected due to the variability in

planting dates in the simulation. Even so, we would expect

some decrease to occur due to stress. The percentage of

decrease ranges from zero for wheat to 14% for maize.

The time traces of irrigation water delivery and actual

evapotranspiration are shown in Fig. VI.l. Maximum evapo

transpiration occurs from August to October, and late

February through March. The heavy use period in late summer

and early fall represents use by rice and maize (kharif fodder).

The high evapotranspiration in the February-March period

represents heavy use by wheat and berseem as the weather

warms in the spring. The irrigation water delivery curve

shows three maximum demand periods, all of them truncated due

to the 12.6 ha.cm per week limitation. The first maximum

occurs during October and November and represents post

monsoon irrigation of rice and maize followed by preplant

irrigation of wheat and berseem (rabi fodder). The maximum

in irrigation water applied, found in March, is in response

to the heavy February and March demands of wheat and berseem.
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Table Vr.3. Comparison of calculated evapotranspiration by
individual crops without stress,l and simulated
water use by those crops within cropping systems.

Unstressed1
Cropping system

Crop I II(a) II(b) III
- - - - - - - - cm - - - - - - -

Citrus w/c 158 142 143 147 146

Citrus wolc 140 127 128 132 130

Cotton 83 70

Berseem 50 43 42 45 43

Maize 42 36 36 38 39

Rice 93 83 85 91 86

Wheat 43 43 43 44 42

Water supply
ha.cm per week 12.6 15.25 20.25 17.15

!/Unstressed values from tables in Section III.
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The third peak occurs during the rice and maize planting

seasons in July.

A somewhat closer correspondence is found when we

compare time traces of crop water use minus rain (Eta-rain)

to irrigation application as shown in Fig. VI.2, but sub

stantial differences are still found. Here the most obvious

times where use exceeds irrigation are late September and

early October, and during February and March. Part of this

later Eta minus rain peak is attenuated by March rainfall.

The most important period where irrigation application ex

ceeds Eta minus rain is during November when actual use is

low but irrigation demands are controlled by the need for

preirrigation for wheat and berseem, and again during the

planting season for rice and maize in July.

The adequacy of irrigation supply for a given cropping

system must be interpreted in light of the crop stress that

develops during the season. Time traces of the stress index

and number of fields in crop are shown in Fig. VI.3. Three

general stress periods are noted; September-October, March

April, and July. The September-October stress period occurs

when insufficient water is available for post monsoon irri

gation of rice and maize, plus competition from the early

part of the wheat planting season. The July stress repre

sents competition between irrigation of rice and maize

planting. Stress definitely appears excessive during these

periods. The March-April stress occurs on wheat and berseem

clover, plus a need to "catch up" with the irrigation of
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citrus as wheat and berseem are harvested. In light of the

number of fields in crop at this time this stress may not be

excessive, as the alternative of reducing acreage would very

likely result in greater loss of income than would reduction

of yield due to stress.

The high stress in July and again in October suggests a

discrepancy between the L.P. model and the simulation model.

Part of this discrepancy lies in differing assumptions con

cerning kharif fodder. The L.P. model assumes a somewhat

earlier planting of fodder for this purpose which could avoid

some of the competition with rice. This would imply perhaps

more use of sorghums or millets, crops not presently included

in the simulation. In this respect the L.P. model appears

realistic, as in the simulation water supplies are not fully

utilized during this period. The other discrepancy is that

water requirements for rice appear to be scheduled too early

in the L.P. model. This could be a serious problem as indi

cated by heavy stress on rice in September and early October

even when using a weather pattern with rather heavy late

monsoons. It would appear that some modification of the

input assumptions for the L.P. model would be indicated

(Chap. VII), particularly to shift rice requirements a

couple of weeks later in the season.

The second cropping pattern simulated is that shown as

No. II in Table VI.1, having a water supply of 5.03 cm per

month. In most respects this cropping pattern is similar to

the one discussed above. No new crops are represented, but
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the percentage of area of all crops except citrus increased.

As explained above, citrus acreage was set at a maximum of

16% in all L.P. runs. The largest increase was in wheat,

some 52% of the area being planted to that crop, as compared

to 32% in the previous simulation. Cropped area in the rabi

season was 8.9 ha and 6.07 in kharif. Cropping intensity

for the 10.12 ha area was therefore 148%. In this case a

maximum of 15.25 ha.cm week- l was allowed, with 10 ha.cm as

constant flow and the remaining as water available on demand.

Crop water use totaled 1037 ha.cm, while deep percolation

was 212 cm for a total use of 1249 cm (Table VI.4). Irriga

tion supplied 672 cm, which added to rainfall gives a total

input of 1233 cm. The discrepancy of 16 cm represents just

a little over 1% of the input, which we consider acceptable

precision.

An additional run was made using this cropping pattern,

but allowing an extra 5 ha.cm per week as demand water,

allowing a total available supply of 20.25 ha.cm per week

(Table VI.5). In this case crop water use totaled 1077 ha.cm

and deep percolation 230 ha·cm for a total output of 1307

ha.cm. Inputs were 761 ha.cm irrigations and 561 ha.cm for

a total of 1321 ha.cm.

The water use by individual crops (Table VI.3) for the

15.25 ha.cm per week supply was very similar to that for

cropping system No. 1 above. Where extra water was made

available (supply = 20.25 ha.cm week-I), the use was in

creased slightly but still tended to be below that for
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Table VI.4. Water budget from simulation of cropping pattern No. II with water supply
of 15.25 ha.cm per week for a 10.12 ha area.

-
Crop water Deep Irrigation

Crop Area use (Eta) percolation Total use applied
ha ha.cm cm ha~cm cm ha.cm cm ha.cm cm

Citrus w/c .81 115.5 142.6 14.9 18.4 134.4 161. 0 79.9 98.7

Citrus wo/c .81 103.3 127.5 15.8 19.5 119.1 147.0 71.5 90.7

Berseem 2.02 84.9 42.0 4 04 2.2 89.3 4402 74.1 36.7

Maize 1. 82 66.3 36.4 31.1 17.1 97.4 53.5 36.5 20.0

Rice 2.63 224.3 85.3 60.0 22.8 284.3 108.1 184.5 70.1

Wheat 5.26 225.3 4'-.8 21.0 4.0 246.3 46.8 194.6 37.0 0'1
0'1

Total crop 13.55 81906 146.2 965.8 643.1

Fallow 217.9 65.4 283.3 29.5

Total 1037.5 211. 6 1249.1 672.4

. .
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Table VI.5. Water budget from simulation of cropping pattern No o II with water supply
of 20 025 ha.cm per week for a 10.12 ha ar.ea.

Crop t"ater Deep . Irrigation
Crop Area use (Eta) percolation Total use applied ... ~f..A. f

ha ha.cm cm ha.cm cm haocm cm ha.cm cm

Citrus w/c .81 118.8 146.7 17.0 21. 0 13506 167.4 94.4 116.5

Citrus wole .81 106.6 131.6 22.3 27.5 128.9 159.1 84.8 104.7

Berseem 2.02 91. 4 45.2 4.8 2.4 96.2 47.6 7.3 35.8

Maize 1. 82 68.3 3705 30 04 16.7 98.7 54.2 3206 17.9

Rice 2.63 240.1 91. 3 71. 8 27.3 31109 118.6 229.6 87.3

Wheat 5.26 232.0 44.1 24.6 4.7 256.6 48.8 199.8 38.0
0"1
~.

Total crop 857~1 170.8 1027~9 713.5

Fallow 219.9 59.6 279.5 47.6

Total 1077. o~
,

230 04 1307.4 761.1
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unstressed crops. Crop water use (Eta) and irrigation

delivery curves for the two water supply levels are shown in

Figs. VI.4 and VI.5. The general pattern is similar in both

cases and is also quite similar to that discussed above in

relation to cropping pattern No.1. The high demand period

in November ends more quickly for the 20.25 cm supply situa

tion than when only 15.25 cm were available. This resuits

from an earlier completion of preirrigation for wheat and

berseem with the higher water supply. One rather obvious

difference is the dip in irrigation requirement that occurs

in July in the case of the 20.25 ha.cm per week supply but

not where only 15.25 ha.cm per week were available. With

the higher supply crop needs were more nearly met on a week

to-week basis, thus irrigation requirement could respond

more rapidly to July rainfall. The late August-early

September rains were much heavier and resulted in an abrupt

drop in irrigation requirements at both supply levels.

Plots of irrigation requirement and Eta minus rainfall

for the two water supply situations are shown in Figs •. VI.6

and VI.7. At the higher water supply level (Fig. VI.7), the

March-April irrigation requirement comes closer to matching

the Eta minus rainfall curve than it does for the more

restricted supply (Fig. VI.6). However, in both cases irri

gation requirement is markedly above (Eta - rain) in both

the November and July planting seasonsQ

Number of fields planted and stress indexes are shown

in Figs. VI.8 and VI.9. With a water supply of 15.25 ha.cm
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week- l , we again find high levels of stress in October, late

March, and July-August. With the increased water supply of

20.25 the March and July-August stress periods are substan

tially attenuated, but the October stress period remains at

an undesirably high level. The reasons for high stress at

these periods are the same as those discussed above, i.e. a

relatively high percentage of rice and competition between

rice and maize causing the summer and fall stress periods,

with the high use period of wheat and berseem clover causing

the March-April stress. The same adjustments seem to be in

order here, decreasing area in rice and moving at least part

of the summer fodder to an earlier planting period.

The final simulation reported here is for cropping

pattern No. III as shown in Table VI.l. This cropping pat

tern represents the optimum L.P. solution for a water supply

of 5.79 ha.cm month- l at the root zone, and was simulated by

allowing an irrigation supply of 17.15 ha.cm week for the

10.12 ha area. This amount of supply again assumes 80%

application efficiency, and includes a constant flow supply

of 12 ha.cm per week plus 5.15 ha.cm week- l available on

demand. This cropping pattern differs from those discussed

previously in that 13% of the area is allocated to cotton,

a crop that did not appear in the previous L.P. solutions.

The water budget for cropping pattern No. III is given

in Table VI.6. Total evapotranspiration for the 10.12 ha

area was 1069 ha.cm while 256 ha.cm would have percolated

through the profile for a total output of 1325 ha.cm. Water



Table VI.6. Water budget for simulation of crooping pattern No. III. Total available
water supply was 17.15 ha.cm week-1 for a 10.12 ha are••

Crop water Deep Irrigation
Crop Area use (Eta) percolation Total use applied

ha ha em em ha em em ha em em ha cm cm

Citrus w/c .81 118.0 145.6 20.7 25.5 138.6 171.1 93.6 115.3

Citrus wo/c .81 105.6 130.4 20.5 25.3 126.1 155.7 79.2 97.8

Cotton 1.42 99.1 69.8 21. 7 15.3 120.8 85.1 40.9 28.8

Berseem 2.43 103.9 42.7 8.2 3.4 112.1 46.1 82.0 33.7

Maize 2.02 78.0 38.6 33.2 16.4 111.1 55.0 41.4 20.5

Rice 2.83 242.9 85.8 69.3 23.3 312.3 110.3 203.4 71.9 -..J
CT\

Wheat 5.26 218.8 41.6 25.9 4.9 244.7 46.5 205.1 40.0

Total crop 15.58 966.2 199.5 1165.8 745.5

Fallow 102.6 56.6 159.2 18.2

Total 1068.8 256.2 1325.0 763.8

. . . .
..
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inputs were 764 ha.cm from irrigation plus rainfall of 561

ha.cm for a total of 1325. In this case the balance between

inputs and outputs was exact.

The leaching component of 256 ha.cm represents 34% of

irrigation delivery or 19% of total water input and should

be adequate for salt control. -Wate~use by individual

crops (Table VI.3) is again below that for unstressed crops.

This is most noticeable in the case of cotton, as the simu

lation program discontinues water applications to that crop

in mid-October.

Evapotranspiration and irrigation delivery curves for

this cropping system are shown in Fig. VI.10, while delivery

and evapotranspiration minus rain are shown in Fig. VI.11.

The curves retain many of the same features encountered in

the previous simulation. Irrigation deliveries in this case

did remain above minimum levels through May due to the

planting of cotton. This feature is desirable as May sup

plies in the other systems are generally under ~ti1ized.

Unfortunately, late September and early October demands by

cotton compete with already short supplies for rice and maize

at that time. The result is an accentuation of high stress

levels in October (Fig. VI.12). It is entirely possible that

in many cases inclusion of cotton may be advantageous as the

utilization of spring water supplies comes at a time when

water supplies tend to be under utilized, and lack of water

for irrigation of cotton at that time may not be serious as

this crop is deep rooted and may well perform satisfactorily

if irrigation is discontinued prior to mid-October.
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At this time it is appropriate to reevaluate the shadow

prices for water as shown in Table VI.l.

There is a general correspondence between periods of

high shadow prices and high demand for water. High shadow

prices occur in the February through March, June, and

November-December periods. High demand periods from the

simulation are just slightly different. The February-March

period corresponds but the other two periods differ somewhat,

peaking in July, and October-November. The difference be

tween the June and July periods for the two systems is re

lated to factors already discussed, i.e. the assumption of

earlier planted rabi fodder crops and early rice planting in

the L.P. model. These same factors contribute to the higher

October demands and high October stress in the simulation.

In light of the simulation results one suspects that a

reevaluation of the L.P. inputs would result in similar crop

ping systems, but shadow prices would be higher in October

November. One might also expect some lowering of shadow

prices in February and March, as while stress does occur in

this period it is by no means extreme.
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VII. LINEAR PROG~1MING TECHNIQUES FOR MATCHING

CROPPING SYSTEMS TO WATER SUPPLY

This section explains the basic idea of a linear program

for crop selection and/or water pricing. The intent is not

to give a rigorous mathematical or theoretical treatment.

Rather the object is to introduce readers familiar with

on-farm water management to the potential of linear programming

techniques for this purpose. 3

Rational management of water resources at the farm level

presupposes knowledge of alternative strategies for allocating

water to crops. In particular, there may be potential for

combining crops whose peak irrigation demands are comple-

mentary, for selectively stressing some crops in order to

stretch a fixed supply of water, and for substituting more

or less water intensive crops for one another. Assuming (for

the moment) that detailed knowledge about such strategies is

available, the task of simultaneously considering all possi-

bilities is formidable. Fortunately linear programming

furnishes a convenient format for stating such problems so

that they can be solved by readily available computer routines~

As a sort of bonus each optimal linear programming solution

includes a set of "shadow prices" which tell the analyst

3!Numerous texts are available for various aspects of linear
- programming. A standard general reference is Luenberger

(l973). More specialized references dealing with agricul~

ture are Agrawal & Heady (1972) and Beneke & Winterboer
(l973).

4/Most major computer companies (e.g. IBM, Control Data,
- Univac) have special mathematical programming systems and

some desktop computers also have linear progr&mming packages
(e.g., Hewlett Packard).

•
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which constraints most strongly affect the value of the

optimal solution.

An eXqmple will help to understqnd the use of linear

programming for on-fqrm wqter management. The particular

example used is a linear program constructed by the Colorado

State University on-farm water management team for application

to the Pakistan Punjab.

Cropping Activities

The basic building blocks of the crop selection linear

program are cropping activities. These are just a summary

of the inputs to, and outputs from, a unit area of a given crop.

For example, one hectare of wheat needs a hectare of land

from November through April, it needs fodder for animals used

in plowing, it needs labor during two busy periods of the

year (April-May and October-November), and it needs irrigation

in four months: November, December, February and March.

This information can be displayed as a budget:

Yield = 2775 kg ha- l

Water December: 10.2 ha cm at the root zone
November: 7.6 ha em at the root zone
February: 7.6 ha cm at the root zone
March: 7.6 ha cm at the root zone

April-May labor: 20 man hours

October-November labor: 20 man hours

Summer fodder: .1 unit (hectares of maximum yield
summer fodder)

Winter fodder: .15 unit (hectares of maximum yield
winter fodder)

A table can be used as a shorthand for summarizing many such

cropping budgets. The columns of the table are the cropping
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activities, while the rows of the table are the inputs and

outputs. For example, Table VII.I is made up using wheat

along with cotton, summer fodder, sugarcane, rice and winter

fodder.

Although it should be clear how most numbers were

arrived at for wheat, there is a need for explanation on

several points. First of all, the first row is net revenue

and it is treated differently from other rows. It is simply

(yield x market price) - (cash costs). In the case of all

but fodder crops the value is assumed to be positive. Fodder

crops are assumed to be a requirement of other crops (feed

for bullocks) and not marketable. Therefore, fodder has

only a cost and no direct revenue.

The remaining rows have a different sign convention

from that used in the net revenue row--all inputs appear as

positive numbers, all outputs appear as negative numbers.

Therefore, the fodder activities produce a net of .85 acres

of high yielding fodder per acre cropped (.15 units are used

as the fodder required to plow the land for raising fodder).

Other crops differ in their net fodder requirements according

to whether that crop has a by-product used as fodder (e.g.,

rice, wheat and sugarcane).

Water use entries in the table have been adjusted for

expected rainfall, and therefore represent net irrigation

water requirement at the root zone in each month.



Table VII.1. Simplified "budget" for optimizing cropping pattern by means of linear
programming. Columns are cropping activities while rows are inputs
and outputs.

Cotton S. Fodder Sugarcane Rice Wheat W. Fodder

Net revenue Rs.1 696 -Rs.441 Rs.1090 Rs.828 Rs.1391 -Rs.441

Water (ha.cm)
May 3.45 7.26 21.23 18.69
June 6.93 15.82 19.'53 17.09
July 10.01 11. 28 15.09 25.25
September 9.47 14.55 12.01 17.09
October 7.37 14.99
November 7.62 22.86 10.16 7.62
December 15.24 7.62 7.72
January
February 7.62 7.62 7.62
March 12.70 7.62 7.62
April 20.32 15.24

Labor (man hours)
April-May 49.4 37.1 49 Q 4 61. 8 49.4 37.1
June-July 37.1 74.1 49.4 111. 2
Oct.-Nov. 74.1 37.1 49.4 49.4 49.4 37.1

Land (ha
Summer 1 1 1 1
Winter 1 1

Fodder
Summer .15 -.84 .15 .15 .1
Winter .15 .05 .15 -.85

- - . ,
~ ~ ~ ~ ~ -- -

00
U1
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Water Delivery Activities

There are several ways to handle water supplyo One is

to simply specify an amount of water available in each

month. S In doing so one must always be careful to see that

water requirements and water supply are specified in the

same unit, in this case, hectare centimeter at the root zone.

The method used in the Colorado State on-farm water management

L.P. model was to use a single water delivery activity which

made available the same amount at the root zone in every

month, and which was limited by a "capacity" restraint. This

had the advantage of being close to the real water supply

situation in the Pakistan Punjab. Surface water was available

in fixed amounts in each month, with no cost associated with

use of water (aside from a land tax). Another advantage of

using a capacity constraint is that its price gives a summa-

tion of the values of water in each of the water supply periods.

Alternative supply activities might be inclusion of a

tubewell supply for supplemental water. Tubewells are

subject to a variable cost of pumping and should be speci-

fied separately for each period. For example, a tubewell

activity that supplies one ha.cm of water in March would

have a negative entry in the net revenue row, a "-1.0" in

the March water row, and "1.0" in a special row which sets

a limit on the water which can be supplied by the tubewell.

Again, it is important to be sure that supply is in the same

S/Initial stocks of resources are usually entered in a special
- column at the left of a linear programming table. See

Table VI.2 for an example.
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terms as demand. I~, ~or example, irrigation application

efficiency is 85%, then the number entered in the March

water row is -.85 ha.cm at the root zone to every ha.cm

pumped. Or, alternatively, the number in the March water

row could be -1.0 at the root zone which the cost of pumping

the necessary water would be the cost of pumping a ha.cm

divided by .85.

At this point the usefulness of a tool such as the

physical model described in the previous section becomes

obvious. The linear program requires inputs of the amount

of water required by each crop in each time period. These

may be gotten in a variety of ways depending on the data base

available to the investigator. Long term records of amounts

applied to various crops might be used, but in fact are often

difficult to locate in developed countries and nonexistent in

developing countries. As a result it is often necessary to

rely on reports from farmers and agronomists as to the number

and timing of irrigations commonly applied. This method is

useful but far from adequate.

A more exact method is to calculate expected use by the

'methods explained in Section III above but these still need

to be adjusted for rainfall and local factors such as pre

irrigation. Fortunately, the model takes these factors into

account directly and the output from single crop runs can be

used directly to determine appropriate water inputs for each

cropping activity and time period. One of the reasons for

developing the physical model was that the usefulness of

such a tool became apparent while working with L.P. models.
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Unfortunately, due to early termination of the project it

was not possible to reformulate and rerun the earlier L.P.

efforts based on output from the physical model.

Cropping Activities with Plant Stress

So far no mention is made of how water demand

coefficients are derived for cropping activities. Those

demands given in Table VI.1 represent the no-stress levels

of irrigation for the Sargodha area of the Pakistan Punjab,

given "average" weather and existing "average" husbandry

practices, but actual irrigation strategies are likely to be

more sparing with water due to shortages in key months.

Therefore, it is well to estimate yields and returns for

strategies which attempt to adjust irrigations to accommodate

peak demands on water. Table VII.2 contains an elaboration

of Table VII.1 containing stress activities. For example,

the nonstress wheat activity uses 10.16 cm in November, a

month in which water is often a limit. Another activity,

wheat 3, is defined which uses 7.62 Cm in November and none

in January and February. The resulting yield is 80% of that

of the nonstress activity (wheat 1). Two other activities

are specified: wheat 2 which has milder stress and which

gives 90% of maximum yield and wheat 4 which uses no November

irrigation, is significantly stressed and which gives 60% of

the maximal yield. Similar treatments have been given to

the other crops in Table VII.2 using data from Pakistan,

Australia and the United States.



Table VIL2. Example of inputs for L.P. programming showing stressed cropping activities with reduced water
inputs and reduced revenues.

Cropping Activities

Kh Kh Kh Kh Sugar- Sugar- Sugar- R R R R
Resources otton otten Cotton Fodder Fodder Fodder Fodder cane cane cane Rice Rice Rice \>1heat Wheat \'1heat h'heat Fodder Fodder Fodder Fodder Delivery

1 2 3 1 2 3 4 1 2 3 1 2 3 1 2 3 4 1 2 3 ·1
N~t revenues (R~) 696 594 495 494 -445 -432 -432 1329 1082 934 828 704 605 1391 1218 1063 912 -494 445 -432 -432

f,'J", te r, Nay 3.5 3.5 7.3 4.7 3.5 .9 21.2 16.2 11.1 18.7 13.6 8.5 -1

\oi'ater, June 6.9 4.4 4.4 15.8 6.9 4.4 4.4 19.6 14.6 9.5 17.1 12.0 9.5 -1

1h1ater, July 10.0 7.6 2.4 11. 3 4.9 2.4 15.1 10.0 4.9 25.2 17.6 12.5 -1

Water, Sept. 9.5 6.9 4.4 14.6 6.9 4.4 1.9 12.0 6.9 1.9 17.1 12.0 6.9 -1

t-1ater, Oct~ 7.4 4.8 4.8 15.0 7.4 4.8 -1

Water, Nov. 7.6 5.1 22.9 15.2 7.6 10.2 10.2 7.6 7.6 7.6 7.6 -1

"'Jater, Dec .. 15.2 7.6 7.6 7.6 7.6 7.6 7.6 -1

toJ"ater, Jan .. 7.6 7.6 -1

\'later, Feb. 7.6 7.6 7.6 7.6 7.6 7.6 -1

\'~ater, Barch 12.7 7.6 7.6 7.6 7.6 7.6 7.6 7.6 7.6 -1

Water, April 20.3 12.7 7.6 15.2 15.2 7.6 7.6 -1

Labor
April-;'My 13000 49.4 49.4 49.4 37.1 37.1 29.7 29.7 49.4 44.5 39.5 61.8 6LF! 49.4 49.4 49.4 39.5 39.5 37.1 37.1 29.7 29.7
Labor
June-July 6000 37.1 32.1 32.1 74.1 74.1 59.3 59.3 49.4 49.4 39.5 111.2 98.8 86.5
Labor
Oct ... -Nov. 1500 74.1 74.1 61.8 37.1 37.1 29.7 29.7 49.4 49.4 44.5 49.4 44.5 "37.1 49.4 49.4 49.4 49.4 37.1 37.1 29.7 29.7

Land, Kharif 200 1 1 1 1 1 1 1 1 1 1 1 1 1

Land, Rabi 200 1 1 , 'r ' 1 1 1 1 1

Fodder, Kharif -35 +0.15 +0.15 +0.15 -0.85 -0.8 -0.75 -0.7 +0.15 +0.15 +0.15 +0.1! +0.15 +0.15 +0.1 +0.1 +0.1 +0.1

Fodder,Rabi 35 -0.15 -0.15 -0.15[ I /-0.0' -0.n5 -0.05,-0.1 -0.15 -0.1~ -0.15 -o.a~ -0.85 -0.75 -0.70

!

co
~
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The important point is not the origin or precise forms

of the stress inducing strategies, rather it is that such

activities need to be represented in a linear program in

order to represent the real economic choices facing farmers

in their alternative irrigation strategies. Certainly the

idea of diminishing returns to additional water application

is familiar to economists who understand that the maximum

yield solution is seldom economical if water is scarce. It

is precisely this idea that can be captured by specifying

alternative activities for each crop.

Difficulties of Estimating Yields for Stressed Crops

Water response functions (or production functions in

economic jargon) have been estimated many times for most

crops. Unfortunately, such response functions are time,

site, and variety specific. Furthermore, water is usually

measured as an aggregate (total water applied) rather than

estimating response functions which have several water

inputs corresponding to irrigation at various plant growth

stages. Unfortunately, such response functions do not help

much in estimating the yields appropriate to cropping activ

ities designed to stress plants at various points in their

season.

In the absence of reliable information on water response

functions, what does the analyst do? One common practice is

to use farm budget information and thereby define alterna

tives in terms of existing practices. This should lead to

reasonably good results in getting a linear program to mimic

solutions used by farmers. But it does leave the analysis
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vulnerable to error when water resources are to be expanded

outside the limits of farmers' experience. There will

probably be a tendency to undervalue increases in water

supply because the strategies represented do not reflect the

potential returns to changing irrigation practices in order

to reduce stress. We see, therefore, that information

concerning the relationship of irrigation to stress and

stress to yield is important to assessing the value of

potential increases in water supply.

The physical model can be helpful here in cross checking

whether water use patterns assumed in any set of L.P. crop

ping activities will be somewhat near those found in the

physical model for a given water, supply. However, the

physical model as presently formulated, will not estimate

yield decrements resulting from stress. Such a feature would

be highly desirable for interfacing with L.P. models and

techniques are available by which such estimates might be

incorporated. Addition of this feature would add considerable

complexity to the model, which would in turn require conver

sion to use on larger computer systems. It should also be

understood that yield modelling techniques are as yet

generally less precise than water use modelling. Therefore

the level of accuracy that could be expected for the yield

outputs would be lower than that for the water use parameters.

Using Linear Programming Prices to Value Water

As mentioned earlier, every optimal solution to a linear

program has a set of associated "prices" which correspond

to the resources or constraints of the problem. In the crop
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selection problem, prices have a straightforward and economic

interpretation: they indicate the value to the optimal

solution of their associated resource. For example, if the

solution "price" of March water is Rs.35, this means that an

added acre inch of water available in March would result in

an increase of Rs.35 in the optimal value of the problem.

Or put another way, if one were to consider removing one

acre inch of water from the farm in March, its opportunity

cos't to the farm would be Rs. 35.

These prices give at least two important indices. The

first is the relative importance of water in different

periods. Typically, only 3 to 5 water constraints will be

totally used in any optimal solution. This means that other

supplies will be excess and therefore assigned a zero value.

In fact, if there were another region (or farm) whose seasons

(or crops) differed, it might be that excess water could be

profitably traded between regions (farms) (assuming no costs

of transportation or transactions). Or, it could be an

indication that storage is in order--(use of tubewells in

conjunction with surface water is a kind of storage).

Another index is the sum of the prices on water

restraints. This is a measure of the value of the overall

delivery capacity. It can be used to judge the value of

changes such as addition of tubewells, improvement of

delivery efficiency of watercourses, or increased applica

tion efficiency. Clearly, the pricing feature of linear

programming is a useful way to estimate benefits for various
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changes in on-tarm water management, but it must be

emphasized that diminishing response of crops to added water

is important in predicting benefits. It has been observed

in Pakistan that farmers tend to expand acreage less than

proportionately to increased water supplies. (Johnson,

1977). This should not be surprising if farmers have been

stressing crops because part of their adjustment to greater

water supplies should be to reduce the amount of stress to

crops on existing cropped area.
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Beneke, Raymond R. and R. Winterboer. 1973. Linear program
ming applications to agriculture. Iowa State Univer
sity Press. Ames. 244p.
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AI. CROP GROWTH STAGE COEFFICIENTS

Basic Crop Coefficients

The basic crop growth stage coefficients as calculated

in this section apply to unstressed crops where neither the

crop nor the soil surface is excessively wet. This coeffi-

cient is designated Kco ' It is calculated in the model by

the subroutine designated "crop." This subroutine is used

both in the main simulation model and in the submode1 used

for calculation of the tables shown in section III. Adjust-

ments for wet surfaces or for water stress are described in

the next section.

The basic data used for the development of the function

used to calculate these coefficients was taken from a

variety of published reports, plus unpublished data collected

by CSU Water Management Research Project staff or their local

cooperators. Reports utilized include the following:

Anonymous. 1978. Consumptive use of water under
optimum management conditions for major crops in
Pakistan. Technical Report, July 1977 to April
1978. Agricultural Research Council, Ministry of
Agriculture, Islamabad. 2 Vol. Part I, 153 p.,
Part II, 107 p.

Anonymous. 1976. Consumptive use of water under
optimum management conditions for major crops in
Pakistan. Technical Report, July to Dec., 1976.
Agricultural Research Council, Ministry of
Agriculture, Islamabad. 167 p.

Bowers, S. A. and S. Ahmad. 1976. Consumptive use of
water under optimum management conditions for major
crops in Pakistan. Water Management Research in
Arid and Sub-Humid Lands of Less Developed Countries,
Annual Technical Report, Appendix 21, Colorado State
University, Fort Collins.
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deMooy, C. J., H. M. Bhatti, M. A. Cheema, M. Kha1id
and W. T. franklin. 1976. Consumptive use of
water by major crops in Pakistan. Water Management
Research in Arid and Sub-Humid Lands of Less Devel
oped Countries, Annual Technical Report, Appendix
20, Colorado State University, Fort Collins.

Haider, G., M.A.R. Farooqi and C. J. deMooy. 1976.
Estimation of consumptive use of water for wheat
under optimum management conditions. Water Man
agement Research in Arid and Sub-Humid Lands of
Less Developed Countries, Annual Technical Report,
Appendix 22, Colorado State University, Fort Collins.

Considerable variability was found, both within and

between data sets. This is not surprising as the methods

available to the investigators generally depended on gravi-

metric sampling. A generalized curve of crop coefficient

as a function of time for each crop was synthesized from

these data sets. The functions described below were then

fit to these curves.

Citrus

Citrus groves in Pakistan can be divided into those

having a fodder crop of alfalfa or berseem growing under the

tree canopies during the late fall and early winte'r, and

those without such a cover crop. Data from local experiments

are plotted in Fig. A1 for the cultivated condition. In

most cases only the young developing orchards include a

cover crop. The crop growth stage curve does not vary

widely over an annua cycle and can be approximated by an

exponential relation of the form:
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K
CO

= a exp _( b:Ti )2
in which

a = maximum value of K ;co

b = number of days since planting or beginning of

(4\1 )

growth to when the maximum value of Kco occurs;

c = empirial fitting constant; and

Ti = current Julian date.

For the case without a cover crop the values of the

coefficients a, b, and care 0.75, 180, and 400, respec-

tively. A plot of this function is shown in Fig. AI.

For the case with a cover crop the value of the coefficient

a is changed to 0.850 This has the effect of displacing the

curve shown in Fig. A.l upward by 0.15 units.

Cotton

Cotton is generally planted in Punjab between late

March and early June, depending upon the geographic area

and other factors such as water availability. The cotton

K data indicate a single curve as shown in Fig. A2.co

This curve cannot be represented by a simple exponential of

the form shown in Eq (Al) above, so polynomials were fitted

to four separate sections. For the first six weeks after

planting, K
co

for cotton is calculated by a simple linear

expression.

K = 0.20 + 0.002381 D
co

in which D is days from planting to current date.

(A2)
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Between 42 and 98 days of the planting, the curve is

expressed as a third order polynomial to function of days

a =

after planting D.

K + a + bD + cD 2 + dD 3
co

whe-re,

-6.9462 x 10-2

b = 1.94799 x 10-2

c = -3.20859 x 10-4

d = 2.2544 x 10- 4

(A3)

For the periods 98'::' D~140 and D >140, the Kco relation is

also described in the form of Eq. A3,

a = 2.37505 x 10-5

c =

and,

b = -3.903237 x 10-3

2.400357 x 10-4

d = -1.128125 x 10-6

98<D <140

Fodder crops such as alfalfa or berseem (Egyptian

clover), which is planted in November and December would

a = 6.304 x 10-5

b = 2.17174 x 10-2

c = -1.1893 x 10-4

d = 1. 37862 x 10-7

Fodder (Berseem)

D >140

generally have relatively unique K functions becauseco

these are the reference crops for estimating Etp • For a

period of about 30 days at the beginning of the growing
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season and for a period of about 20 days following a cutting,

Kco varies linearly from 0.5 to 1.0 (Kincaid and Heermann,

1974). In Pakistan, however, a fodder field is only

partially harvested at anyone time. In other words, a

specific field is likely to exhibit a continuous range of

conditions from freshly cut to the mature stand. Under

these conditions, this model defines fodder K values atco

0.80 throughout the growing season.

Maize

Maize plantings range throughout July and August, but

unlike cotton, the K curve is affected by the date ofco

planting as shown in Fig. A3. In order to simulate these

curves for the full range of planting dates, the curve was

divided into four segments. The first segment encompasses

the first six weeks after planting. This segment is the

same regardless of planting date although offset in time.

The expression used for this first 42 days is:

K = a + bD + cD2 (A4)
co

in which

a = 0.34

b = 5.2551 x 10-3

10- 4
D<42

c = 2.551 x

For the next segment (42~D~56) which is also common for all

planting dates, a linear function is utilized:

K = 0.70 + 0.00714286(D)
co

(A5)
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The third segment of the curve is uniquely determined by

the planting date. However, its development requires an

explanation first of the fourth segment. It is assumed that

maize will require at least 56 days (eight weeks) to reach

full cover as modeled by Eqs. A4 and AS. The next assump-

tion is that six weeks or 42 days are required from the

period of highest Kco until harvest (refer to Fig. A3J.•

Thus, it is assumed that the growing season is at least 98

days as evaluated by the equations describing the first,

second, and fourth segments. Any extra time of growth is

given a K value of 1.1. In other words, the effect of
co

of early planting is to extend the peak demand period.

Mathematically, in this third periodo

K = 1.1
co

(A6)

in which Th is the Julian date of harvest. For the fourth

section a variable B is defined as 42 minus days to harvest.

A second order polynomial function of D of the same form as

Eq. A4 is then used to calculate Kco with

a = 1.1093

b = -9.0239 x 10-3

c = -7.3935 x 10-5

Rice

Rice in the Punjab is usually planted between June 24th

and July 23rd and then harvested in late October or early

November. The K curve for rice, assuming that the crop
co
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is transplanted rather than seeded, is shown in Fig. A4.

A single exponential curve of the type expressed by Eq. Al

fits the rice curve over its growth season:

•

[
77-01 2

Kco = 2.0 exp- 80 j

Su!arcane

For the purpose of this model, it is assumed that

(A7)

sugarcane plantings occur during March or April and that

harvest occurs near the end of December. The effect of

ratooning is neglected. A plot of the Kco relation for

sugarcane is shown in Fig. AS again indicating some effect

of delayed planting. Equations like Al were fitted to the

K relation for both the increasing and decreasing segments.
co

In order to shift the increasing segment in accordance with

planting date, the Julian date and the coefficients band c

in Eq. Al need to be modified as follows:

T! = T.-69
~ ~

(AB)

(A9)

(AID)

(All)

the same as Eq. All except

that c is fixed at 175.
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Hheat

The K function for wheat in the Punjab is the mostco

difficult to model. The crop can be planted from mid

October to early December. Harvesting is near mid April.

The complexity of the wheat K curve is illustrated inco

Fig. AG. Early season plantings require a longer period

to reach maximum K than later plantings whereas the lateco

season plantings tend to maximize at a lower K value.co

The increasing K segment of the curve is modeled withco

an exponential form similar to Eq. Al except the argument

is cubed:

K = a expco
(A12)

The value of the maximum K (a) is adjusted linearly asco

follows:

(T -288)
a = 1 - P980

and the coefficients T!, b, and c similarly:
1.

T! = T, - 288
1. 1.

b = 105 + (Tp - 2-8)/3.5

c = 80 - (T - 288)/1.81
P

(A13)

(A14)

(A15)

(AlG)

The decreasing side of the curve is simulated with

Eq. AI-I with a, T! , and b as defined in Eqs. A14 and A15
1.

and:

c = 100 - (T - 288)/2.45 (AI?)
P
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Stress AdjustmenttoKco

The stress factor Ks is applied to the unstressed crop

coefficient K to calculate the crop coefficient K usedco c

in the model.

Kc = Kco Ks

This stress coefficient is calculated from the

relationship

= 10gIl + 100 (1 - S)J
log 101

(AlB)

(A19 )

where S is the soil moisture deficit (Sl-ID), and may vary from

a to 1. A plot of the stress coefficient as a function of

SMD is shown in Fig. A7. When the soil is wet (SMD near 0),

the stress coefficient is near 1.0, i.e. K is nearly thec

same as K • As the SMD approaches 1.0, the stress coeffico

cient drops rapidly. At an SMD of 0.90, i.e. 90% of avail-

able soil moisture has been depleted, Ks is .5, indicating

crop water use would be 50% of the unstressed value. When

SMD = .95, crop water use is about 39% of the unstressed

value.

Wet Soil Adjustment

Prior to full effective cover and during senescence

crop coefficients may be well below 1.0. However, even

though K values are low, if soil and crop surfaces are wet,
c

Eta will be relatively high. In the model it is assumed

that crop and soil surfaces are likely to be wet if SMD

values are below 0.0625. If this condition is met, and the

crop coefficient as calculated above is less than 0.9, a wet
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soil adjustment is made. The wet soil adjustment is added

to the normal Et as calculated for the crop.

(A20)

where

Eta = total crop evapotranspiration

Etr = wet soil adjustment

Et = normal evapotranspiration

The method of calculation assures that the sum of the

two components will not exceed the potential evapotran

spiration (Etp)' The first step is to calculate a wet soil

factor W.

W = 0.8 - 16S (A21)

If the crop coefficient adjusted for stress is greater

than 0.9, W will be set to zero. Etr is then calculated

from Eq. A22.

(A22 )

Evaporation from Fallow

The rate of evaporation from fallow depends on the

moisture status of the field. The evaporation from wet

fields will approach the potential evapotranspiration.

As the fields become drier the rate will decrease rapidly.

In the present form the model provides for evaporation

from fallow equal to 90% of Etp if the SMD is less than .05.

As the SMDincreases from .05 to .15 the evaporation will

decline to about 75% of Etp • At SMD = .15 the evaporation

drops to 20% of Ttp and declines linearly to zero as SMD

increases to 1.0.
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Root Zone Depth

Root zone depth for each crop is calculated daily in

the model using the subroutine "ROOT DEPTH." This subrou

tine is included in the submodel used for calculation of the

tables shown in section III, as well as in the main simula

tion model. In general, it is assumed that the depth of

root zone is 15 cm at planting. A maximum depth and the

number of days after planting required to reach this maximunt

is specified for each crop (Table AI). The depth of root

zone increases linearly over time, starting at 15 cm and

reaching the maximum depth on the specified number of days

after plantingo

Citrus and wheat are exceptions. The depth of root

zone is held constant for citrus at 135 cm. In the case of

wheat the number of days to maximum root zone depth is 85

for planting on October 16, and declines by about 1/2 day

for each day planting is delayed thereafter.

The yearly water balance for model runs is moderately

sensitive to assumptions concerning the amount of water

contained in the root zone depth increment. At present we

are assuming that the amount of water contained in this

increment is equal to 80% of the available moisture storage

capacity for the increment. This assumption has resulted

in close correspondence between yearly inputs and outputs.

Fallow is not considered in the "ROOT DEPTH" subroutine.

Available soil moisture in fallow is based on a depth of

105 cm.
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Table AI. Maximum root zone depth and days after planting
to attain that depth as used in the simulation
model.

Maximum
Crop depth Days

cm

Citrus, w/c 135 NA I

Citrus, wo/c 135 NA

Cotton 140 120

Berseem 105 60

Maize 105 60

Rice 90 70

Sugarcane 90 130

Wheat 105 variable2

!/Not applicable, citrus root zone depth assumed constant.

~/Wheat days to maximum depth calculated by:

Days = 85 - {Tp -288)/1.96

where Tp = Julian date of planting.
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Planting Dates

See Irrigation Priority section below.

Irrigation Priority

The irrigation priorities are assigned in a subroutine

designated "Irrigation Priority." This subroutine is called

to set irrigation priorities on each day on which water is

available for irrigation. This is one of the most complex

sections of the model, and because of the need for assignment

of priorities for pre-irrigation of fallow fields, the

control of planting dates and number of fields in each crop

are included in this subroutine.

The planting season for each crop is controlled by the

values of variables that are assigned in this subroutine.

These values are entered as days after October 1. Present

values are shown in Table A2. The dates as shown in Table

A2 do not directly control planting season, but rather con

trol the dates during which preirrigation for a given crop

may be applied. Once a field has been preirrigated for a

particular crop, the actual planting date will be controlled

by the date at which it dries to a preset SMD value,

presently set at .15.

The model includes some control on the distribution of

planting within the prescribed planting season g The maximum

area of each crop is assigned by the operator at the start

of each run. At the start of the planting season the area

that may be allocated to a given crop, including land to be
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Table A2. Planting seasons for nonperennial crops as
presently assigned in the model.

Days after October 1
Crop Start End

Cotton 198 240

Berseem 35 95
Maize 282 310

Rice 268 296

Sugarcane 156 205

Wheat 15 67

Table A3. Key planting dates, associated days from
planting to harvest, and change in days after
planting for each day change in planting date.

Key Days after
Crop planting date planting lldap

Cotton April 16 233 .54

Maize July 9 114 .60

Rice June 25 120 .60

Sugarcane March 5 292 .60

Wheat Oct. 15 181 .68
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preirrigated for that crop, may be no more than 25% of the

maximum. The amount that may be allocated to the crop

increases linearly with time until the planting season is

63% complete, at which time the maximum area may be allocated,

providing land is available. The assignment of fallow fields

to be preirrigated for a specific crop is temporary. If

irrigation water is not available for preirrigation on the

date of assignment, the field mayor may not be reassigned

to that crop on the next date when irrigation water is

available.

When the irrigation priority subroutine is called, the

model first checks to determine whether the current date is

included in one or more planting seasons. If it is, avail-

able fallow fields are assigned to those crops within the

limitations described above. At this point all fields will

fall within one of the following four categories:

a. Field in fallow, and not assigned to any crop.

b. Fallow field that has been assigned to a crop and
has been preirrigated but not yet planted to the
assigned crop.

c. Field has been planted to a crop.

d. Fallow field assigned to a crop but not yet
preirrigated.

The model now considers each of the 50 fields in turn.

If condition a or b above apply, the field is assigned

a priority of zero.

If the field is in crop (condition c), and the SMD is

less than the CSMD (critical soil moisture deficit) the
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priority is zero. If the SMD is greater than or equal to the

CSMD, Ego A23 is used to calculate the irrigation priority,

p = E + (IOO-E) (S~C)
100-C (A23)

where C is the critical soil moisture deficit, and S the

current soil moisture deficit.

The economic priority (E), lies between 0 and 100 and

is set by the operator for each crop. As used in Eq. A23

the SMD and CSMD values must be expressed in percent. This

function assigns a priority equal to the economic priority

when S~1D is equal to CSMD. As SMD increases to 100%, the

priority increases linearly to 100.

If condition d prevails, i.e. the field is in fallow

but has been assigned to a particular crop for preirrigation,

irrigation priority is assigned based on the economic

priority (E), and the fraction of the planting season that

has passed.

P = E + R(lOO~E)
L

(A24)

Here, R is the days remaining in the planting season and L

is the length of the season in days.
i

If constant flow water remains after all fields assigned

priorities greater than zero have been irrigated, the irri-

gation priorities subroutine is called a second time. The

CSMD is then set temporarily to 60% of its normal value,

and priorities are again calculated. This has the effect

of assigning irrigation priorities to fields that do not

actually require irrigation at present, but would probably

need water in the near future.



120

Finally, if constant flow water still remains after all

fields assigned priorities up to this point have been irri

gated, the irrigation priority subroutine is called a third

time. In this case, priorities are assigned to fallow on

the'basis of SMD, so that any remaining constant flow water

will be assigned to the driest fields.

Harvest Dates

At the start of each run and at each date on which one

or more fields are planted, the harvest date subroutine is

called. This subroutine calculates and stores the harvest

date for each field in crop.

All nonperennial crops, except berseem, use the same

general scheme for harvest date determination. A key

planting date (Table A3) is chosen for each crop, usually at

the start of the planting season. Associated with this key

planting date is a specific number of days from planting to

harvest. This number of days is decreased for planting

after the key date and increased for earlier planting. The

change in number of days from planting to harvest is in the

range of 0.5 to 0.7 days per day change in date of planting.

This scheme shifts harvest dates in the same direction as

planting, but by a lesser amount.

Berseem clover is presently handled in a slightly

different fashion. Fields planted prior to December 1 are

harvested April 23 while later sown fields are harvested

April 30. Citrus harvest dates are simply set to a high

value that is never reached in the simulation.
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While not part of the harvest date subroutine, it

should also be noted that the date of physiological matur

ity for all nonperennia1 crops except cotton is assumed to

occur 10 days after harvest and no irrigation is applied

after that time. Irrigation for cotton is discontinued

after the middle of October.

Water Supply

The water supply for each day starting October 1 and

ending September 30 is simply entered in the appropriate

element of a 365 element array. The constant flow com

ponent (ha.cm) is entered as the integer, and the demand

component (ha.cm/100) as the fractional part of the number.

Thus the number 15.05 in array element 35 would indicate

that 15 ha.cm constant flow water and 5 ha.cm demand water

are available on the 35th day after October 1.



122

APPENDIX B

PROGRAM GUIDE, DOCUMENTATION AND LISTINGS
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BI. PROGRAM GUIDE

Programs

The program set consists of three related programs, as

discussed below. One of these, the simulation program, is

separated into three components for storage on tape files.

These componenL;':; ure then loaded into mem(~ '-".1." as required.

1. Program for Calculating Et for Tables

This program operates independently of the other

programs. The input is a tape file of weather data on a

daily basis. The outputs are tables of potential evapotran

spiration, root zone depths, and crop wateL use for any of

8 major crops in Pakistan. Planting and harvest dates as

well as output frequency are selected by the operator.

As presently used the input file contains precipitation,

solar radiation (in Langleys, fractional sunshine, or sun

shine hours) maximum and minimum temperatures, wind run, and

relative humidity.

The operator may select either the Penman or the Jensen

Haise method for calculating Etp • The Penman method uses

radiation, temperature, relative humidity and wind run input.

The Jensen-Haise method requires only temperature data on a

daily basis, but does require the input of area specific

coefficients.

2. Program for Calculating Etp for Tape Files

This program also operates independently of other

programs in the set. However, the output for this program

is a tape file of potential evapotranspiration and
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precipitation on a daily basis. Again, the operator may

select either the Penman or Jensen-Haise method for calcu

lating Etp • The tape output file is used as an input file

for the main simulation program described below. The same

fil~ of daily weather information is used as an input for

thi~ program as for program #1 above.

3. Simulation Program

This program will simulate a one year cropping cycle for

50 fields of 0.202 ha (1/2 acre) each, using any combination

of eight major crops grown in Pakistan. The program is

divided into three sections for tape storage. The first sec

tion is the main simulation program which is loaded into memory

by the operator. The second section in the initial conditions

subprogram that is automatically loaded at line 212 if the

operator elects to either set up new initial conditions and

control parameters; or to output this information. The third

file contains the "irrigation priority," "crop," and "root

depth" subroutines 0 These are loaded automatically as re

quired and become an integral part of the main program. A

schematic diagram of the loading sequences of the input files

to the main simulation program is shown in Figure BI.l.

Inputs required for the simulation program are:

a. The file of precipitation and Etp on a daily basis

generated by program #2 above.

b. A file of control parameters. These are entered

through the initial conditions subprogram and

stored on tape.
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IC AND CP

Abbreviations

IC Initial Conditions

CP Control Parameter
r P Irrigation Priority
RD Root Depth
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RUN MAIN

PROGRAM

Yes LOAD IC
SUBPROGRAM

LOAD ALPHA
NUMERIC

OUTPUT FILE

Figure BIgI g Schematic diagram of the loading sequences of the input
files to the main simulation program.
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c. A tape file of field-by-field initial conditions.

These may be entered through the initial conditions

subroutine, or the final conditions from a previous

run may be stored on the tape file for input into

a later run.

d. A tape file containing water supply information on

a daily basis. This file must be set up by the

operator.

e. The alpha-numeric description used for output of

initial conditions and control parameters is also

part of the program set.

The program provides for a wide variety of output combina

tions. At each day for which irrigation water is available

the program automatically prints out the field number, crop

code, and amount applied, for each field to which water was

applied as well as the total applied on the aate. Initial

conditions and control parameters may be output if desired.

Information that can be supplied at operator selected

intervals include:

a. Cumulative precipitation and Etp to date.

b. Number of fields in each crop.

c. Cumulative evapotranspiration and 'deep percolation

on a crop-by-crop basis.

d. Number of fields in each stress class on crop-by

crop basis.
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Information available for each field includes crop, crop

coefficient, dates of planting and harvest, root depth, SMD,

available water in root zone, and irrigation priority.

File Usage

Several file control statements are included in the

various programs. In some instances the operator specifies

track and file numbers, while in other cases, these are in

cluded as part of the program coding. In the latter case

any change in file number will require one or more program

changes. A list of files as currently used and as called

for by the program listings follows.

Track 0

File 0 Initial conditions subprogram. Load file

statements at line 34 and line 37 of the main

program specify this file.

1 Main simulation program. This file is loaded

by the operator.

2 Subroutines for main program. This file in

cludes "Irrigation Priority," "Crop," and

"Root depth subroutines." A load file state

ment at line 66 of the main program specifies

this file.

3 String array for alpha-numeric. A load file

statement at line 69 of the initial conditions

subprogram specifies this file.

4 Program for Et tables. Operator loads this

program.
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5
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Program for Etp tape file.

this program.

Operator loads

File 0 Etp and precipitation file, used in main

simulation program. Program specifies,

track 1, operator specifies file number.

1 Water supply file used in main simulation

program. Program specifies Track 1. Operator

specifies file.

2 Control Parameters entered in initial condi-

tions subprogram acid used in main simulation

program. Program specifies Track 1, operator

specifies file.

3 Initial conditions entered in initial condi-

tions subprogram and used in main simulation

program. Program specifies Track 1, operator

specifies file.

4 Extra file for control parameters.

5 Extra file for initial conditions.

6 Weather file for Sargodha. 1975, used in

programs for Et calculations. Radiation is

in sunshine hours. Operator specifies track

and file.

7 Weather file Sargodha, 1975. Solar Radiation

in Langley's per day.
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Equipment Notes

The software reproduced here is for the Hewlett-Packard

9825A desk top calculator with 23228 total bytes of core

memory. Options required are the advanced programming ROM

(Read only Memory), and extended input-output capability for

operation of the 9871 printer or a similar unit. A string

variable ROM is essential. The equipment utilized is also

equipped with a matrix ROM but this is not required. A full

132 character line printer is essential. The programs as

written assume the printer output is on unit number 6.

The original programs were written under the assumption

that they would be used at the CSU field party office in

Lahore, Pakistan, and were programmed for the equipment

available there. They are not generally compatible with

other types of equipment 0
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Precipitation, not used in this program.

Solar radiation is langleys or sunshine.

Sunshine may be in hours ( x 10) or in

decimal fraction ( x 10).

1 - 3

4 - 6

Elements

BrI. DOCUMENTATION OF PROGRN1 FOR EVAPOTRANSPIRATION TABLES

The input for this program is a file of weather data

on a daily basis as detailed below. The outputs are tables

sHowing root zone depth, crop coefficient (Kco )' Etp ' and

adtual Et ; for any of eight major crops grown in Pakistan.

Output interval is specified by the operator. Examples of

output are shown in Section III.

Main Program

Lines 0 Program identification

1 Dimensioning of arrays

A$ [365,19] Two dimensional string array 19,

elements repeated 365 times. Used for

weather data storage as follows:

track and file selected by operator into the A$

string array.

x 10)

x 10)

Maximum temperature in °c

Minimum temperature in °c

15

D$[lO]

16 - 19

13

7 - 9

10 - 12

Relative humidity in percent ( x 10)

Wind run in miles ( x 10)

String array for temporary storage of

alpha-numerics.

2-3 File control. Loads climatic data file from tape
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4 Enter year of weather data. Used only for table

output, not relevant to calculations.

5 Enter form of radiation data into variable r31.

O. Solar radiation (langleys)

1. Fractional Sunshine

2. Sunshine hours

6 Select method of calculating Etp ' 0 for Penman, 1

for Jensen-Raise.

7-8 If Jensen-Raise method is selected, coefficients

specific to the area must be entered. See section II.

Coefficient Variable used

CT (kharif) r24

TX (kharif) r25

Ct (rabi) Z

TX (rabi) y

9 Enter number of crops for which tables are desired,

variable r20.

10 Loop control. Passes through remainder of main

program the number of times indicated by number of

crops to be output (r20).

11 Enters

crop code in rl

month of planting (alpha-numeric) in the D$ string

array

day of the month in r2

12 Calls date conversion subroutine. The three argu

ments (0,1,r2) in the U statement indicate:



13-14

15

16

17

18

19-26

27

28-33

34

35

36
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o converted date will not be printed on 16 column

printer

1 conversion is to be from alpha-numeric to Julian

date where Jan. 1 = 1

r2 Julian date will be returned in variable r2

Enter harvest date in alpha-numeric. Julian date

will be returned from date conversion subroutine

in r3.

Sets variable r4 to Julian harvest date. If Julian

harvest date is less than planting date, r4 is set

to harvest date plus 365.

Enters table number in variable B (not required,

used only in output).

Enter output frequency in days. Stored in variable L.

Prints table title.

Enters alpha-numeric identification appropriate to

crop code in D$ string.

Prints crop name in table title.

Prints column headings for tables.

Sets variables U, V, and W to zero.

Loop control Loop ends on line 55. Program passes

through loop once for every day between planting

and harvest.

Sets variable N to number of days after Oct. 1.

Used to identify current elements in data arrays.

These arrays are set up starting with 1 on Oct. 1,

and ending with Sept. 30 data in element 365.
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37-38 Data read from A$ input array elements appropriate

to current day into variables as follows:

Variable elements

B Solar radiation [N, 4, 6J

c Haximum Temperature [N, 7, 9J

D Minimum Temperature [N, 10, 12]

E Relative Humidity [N, 13, 15]

F Wind run [N, 16, 19]

39 If the Jensen-Haise method of calculating Etp has

been selected, program skips to line 46.

40-45 The maximum and minimum temperature for 1, 2 and 3

days prior to the current date are read from the

A$ array. The daily means are calculated and stored

in variables J, H, and G respectively. If the N

value for the current day is less than 4, i.e.

current day is Oct.l, 2 or 3, no data element will

exist for one or more of the previous days. In that

day the mean temperature for the current day is used.

46 Sets variable r32 to the radiation input indicator

(r31). Calls "Penman" subroutine to calculate Etp •

Arguments carried into the subroutine are detailed

below. Because this subroutine was adapted from

another program some of the arguments may not be

used, but they must be included. After the subrou

tine is called the next two lines are skipped.
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Arguments :eor Penman subroutine

Main Subroutine

47 Lines 47 and 48 are used only if the Jensen-Raise

method is used to calculate Etp •

If the current N is less than 274 (Oct 1 - July 1),

the values of r26 and r27 are set to the rabi values

of CT and TX• If N is greater than 274 (July 2 

Sept 30) r26 and r24 are set to the kharif values.

48 Sets r32 to the radiation form indicator. Calls

"Jensen-Raise" subroutine to calculate Etp •

Arguments are as follows:

G pll

R p12

J p13

E p14

T pIS

Not used

Unit indicator, 0 English, 1 metric (metric

also indicates temperature in 0 Celcius).

Print in subroutine, 0 No, 1 Yes (not used).

Time interval, 0 daily, 1 longer (not used).

Maximum temperature for current day.

Minimum temperature for current day.

Radiation form indicator, l-RS ' 2-Fractional

sunshine, 3 Sunshine hours.

Radiation

Wind run (English miles or kilometers)

~~odified Julian date (starts Oct. 1).

Mean temperature, current day minus 3.

Mean temperature, current day minus 2.

Mean temperature, current day minus l.

Relative humidity.

Etp returned in T.

pI

p2

p3

p4

pS

p6

p7

p8

p9

plO

o

1

B

F

N

o

o

C

o

r32
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Arguments for "Jensen-Raise" subroutine

Main Subroutine

1

r32

B

r36

r27

(C+D)/2

N

pI

p2

p3

p4

p5

p6

p7

Unit indicator, a-English, 1 metric.

Controls return of Etp in inches

or em.

Radiation Unit indicator. l-Rs '

2-Fractional Sunshine, 3-Sunshine

hours.

Radiation

CT Constant. Input by operator

Tx Constant. Input by operator

Mean temperature fo~ current day

Modified Julian date (starts Oct 1).

T p8 Etp returned in T.

49 "Crop" subroutine called to calculate crop growth

stage coefficient Kco ' Eta is calculated from Etp

times Kco ' Arguments for "crop" subroutine are:

Main Subroutine

rl

I-r2

K

r2

r3

I

pI

p2

p3

p4

p5

p6

crop code

days from planting to current date

used for return of Kc

Julian planting date

Julian harvest date

Current Julian (If harvest Julian

date lower than planting date, I

is Julian date plus 365).
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Main Subroutine

..

Root depth returned in S

Crop code

Days from planting to current date

Julian date of planting

Unit indicator, O-root depth

returned in inches, I-root depth

returned in cm

pI

p2

p3

p4

p5s

1

rl

I-r2

r2

50 Calls "Root depth" subroutine. Root depth returned

in variable S. Arguments for "Root depth" subrou

tine are:
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Date Conversion

The date conversion subroutine is similar to that used

in the main Simulation Program except that this version

51 Accumulates Eta in R

52 Writes out days after planting, root depth, crop

coefficient (K CO ) , Etp ' Eta and accumulated Eta on

first day (line 52), intermediate days as controlled

by variable L, and on final day.

55 Increments counter V for output frequency. Loop for

daily calculation ends.

56-64 Prints the following information at the end of table:

Method of calculating Etp •

Planting date (alpha-numeric).

Harvest date (alpha-numeric).

Subroutines
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will convert either from alpha-numeric to Julian date

or from Julian to alpha-numeric.

Crop

Root Depth

The above subroutines are described in detail in the

documentation of the main Simulation Program) Appendix

BIV). This description will not be repeated here.

Penman Subroutine

Line

205 Subroutine identifier.

206 A 2 in variable p7 indicates radiation data is in

sunshine hours. In this case "fractional sunshine"

subroutine is called. Arguments carried into the

subroutine are sunshine hours and Modified Julian

date. Radiation (p8) is returned in fractional

sunshine, therefore p7 is reset to 1.

207-208 If input is metric (oC for temperature and km for

wind run), temperature variables pS, p6, p9, plO,

pll, and p12 are converted to Fahrenheit. Wind run

is converted to miles.

209 Not used in this program (if time interval is

longer than 1 day and units are English, pll and 12

converted to °C).

210 When time interval is 1 day (always the case in this

main program), Soil heat flux (G in equation 1114)

is calculated and stored in r18.

211 Alternate calculation of G. Not used here.
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212 The values o~ y/(A + Y)are calculated from an

empirical 2nd order function of temperature and

stored in p19. (1-p19) is stored in p(20). See

equations II.lS and II.16. Empirical constants

differ from Eq. II.lS due to use of temperature in

OF in the subroutine.

2l~-2l4 Calculates saturation vapor pressure at T max and

T min using an empirical 3rd order function of tem

perature (see Eq. II.17).

215 Calculates vapor pressure deficit (Eq. II.18) and

stores in p21.

216 Current T max and T min are converted to degrees

Kelvin and stored in p22 and p23 respectively.

217-218 Clear net outgoing long wave radiation (Eq. II.lO)

is calculated and stored in p24.

219 Modified Julian dates (starting Oct 1) is converted

to Julian date (starting Jan 1).

220 Clear day solar radiation is calculated (Eq. II.2).

221 If radiation data input is Rs (Langleys per day),

long wave radiation on the current day is calculated

(Eq. II.12) and stored in p26.

222 If radiation is in sunshine hours. Solar radiation

is calculated using Eq. II.9 followed by current

date long wave radiation by Eq. II.12.

223 Net radiation calculated by subtracting long wave

from .77 (Rs )'

224 E
tp

in Langleys per day calculated ~rom Eq. II.l.

•



225-226

139

Etp converted to equivalent depth of water for

English or metric units depending on p2, and

returned in p15.

227 Return on main program.

Jensen-Haise subroutine

235 Subroutine identifier.

236 The Julian date (starting Jan 1) is calculated from

the Modified Julian date (starts Oct 1). Julian

date is stored in p9.

237 If radiation is not in sunshine hours, skip the

next line.

238 If radiation is in sunshine hours, the "Fractional

Sunshine" subroutine is called. Argument carried in

are sunshine hours and modified Julian date. Frac-

tional sunshine is returned in p3, and the ratiation

indicator variable p2 is reset to 1.

239-241 If variable p2 is 1, the present form of the radia-

tion variable will be fractional sunshine. In this

case clear day solar radiation is calculated from

Eq. II.9 and actual solar radiation from II.2.

(See section II).

242 Etp in Langleys per day is calculated using Eq. II.19.

243-244 Etp in Langleys converted to a depth of evaporation

in either inches or cm depending on the unit

indicator pl.

245 Control is returned to Main program.
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Fractional Sunshine

The "fractional sunshine" subroutine is used to convert

radiation input in sunshine hours to fractional sunshine. It

may be called from either the "Penman" or "Jensen-Haise" sub

routine. Arguments carried in are sunshine hours and modi

fiej Julian date. (pI and p2 respectively, in the subroutine.)

**IIDPortant. As presently operational this subroutine applies

to latitude 3loN. Line 231 would need to be changed for use

with a different latitude.

Line

228 Subroutine identifier.

229 Machine is set to radians mode. A new variable (p8)

is defined as 2IT/36S.

230 Declination of the earth relative to the sun (~) is

calculated and stored in p4, using Eqs. 11.3 and

11.4. (The constant 1. 377 is modified to 2. 96 due

to use of modified Julian date rather than Julian

date. )

231 Latitude in degrees is converted to radians and

stored in pS. (Eq. 11.5)

232 Half day length (Eq. 11.6 and 11.7) is calculated

and stored in p6.

233 Possible sunshine hours are calculated and stored

in p8.

234 Fractional sunshine (actual hours divided by possible

hours) is calculated and stored in'plfor return.

235 Return.
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BIll. DOCUMENTATION OF PROGRAM FOR CREATING POTENTIAL

EVAPOTRANSPIRATION FILES

This program is very similar in many aspects to the

program for creating tables of crop evapotranspiration. How

ever, only potential evapotranspiration (Etp ) is calculated.

Etp and precipitation are then stored on a tape file for use

in the main simulation program. The input is again the file

of weather data on a daily basis.

Main Program

Line

o Program identifier

1 Dimensioning of arrays

A$[365,19J Two dimensional string array, 19 elements

repeated 365 times. Used for weather

data storage as follows:

Elements

1 - 3

4 - 6

7 - 9

10 - 12

13 - 15

16 - 19

D$ nO]

Precipitation in rom

Solar radiation in Langleys or sunshine.

Sunshine hours may be in decimal fraction

(x 10) or in sunshine hours (x 10)

Maximum Temperature in °c (x 10)

Minimum Temperature in °c (x 10)

Relative humidity in % (x 10)

Wind run in miles (x 10)

Used for temporary storage of alpha-

numeric



142

T$I365,9J Output f~le. Precipitation stored in

elements IN,1,3] and Etp in IN,4,9],

where N is current date

2- 3 File control. Loads climatic data file from tape

track selected by operator into the A$ string array.

4 Enters form of radiation data into variable r3l.

O. Solar Radiation (Langleys)

1. Fractional Sunshine

2. Sunshine hours

5 Select method of calculating Etp ' 0 for Penman, 1

for Jensen-Haise.

6- 7 If Jensen-Haise method is selected, coefficients

appropriate to the area must be entered. See

section II.

Coefficient Variable used

CT (kharif) r24

TX (kharif) r25

CT (rabi) Z

TX (rabi) y

8 LOOp control. Loop ends on line 23. Program passes

through the loop once for every day of the year

starting on Oct 1. Index variable I increments

from 274 to 638.

9 Sets variable N to number of days after Oct 1. Used

to identify current elements in data arrays. They

are set up starting with 1 on Oct 1 and ending with

365 on Sept 30.
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10 -11

12
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Data read from A$ input array elements appropriate

to current day into variables as follows.

Variable Elements

B Solar radiation IN, 4, 6J

C Maximum temperature IN, 7, 9J

D Minimum temperature IN, 10, 12J

E Relative humidity IN, 13, 15J

F Wind Run IN, 16, 19]

If the Jensen-Haise method of calculating Etp has

13 -18

been selected, program skips to line 21.

The maximum and minimum temperatures for 1, 2 and

3 days prior to the current date are read from the

A$ array. The daily means are calculated and stored

in variable J, Hand G, respectively. If the N

value for the current day is less than 4, i.e. cur

rent day, is Oct 1, 2 or 3, no data element will

exist for one or more of the previous dayso In that

case the mean for the current day is used.

19 Sets variable r32 to the radiation input indicator

(r31). Calls "Penman" subroutine to calculate Etp •

Arguments carried into the subroutine are detailed

below. Because this subroutine was adapted from

another program some of the arguments may not be

used, but they must be included. After the sub

routine is called the next two lines are skipped.
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Arguments for Penman subroutine

Main Subroutine

Lines 47 and 48 are used only if the Jensen-Raise

a

1

a

a

a

a

r32

B

F

N

G

R

J

E

T

20

pI

p2

p3

p4

pS

p6

p7

p8

p9

pIa

pll

p12

p13

p14

pIS

Not used

Unit indicator, a English, 1 metric (metric

also indicates temperature in 0Celcius)

Print in subroutine, a no, 1 yes (not used)

Time interval, a daily, 1 longer (not used)

Maximum temperature for current day

Minimum temperature for current day

Radiation form indicator, l-Rs ' 2-Fractional

sunshine, 3-Sunshine hours

Radiation

Wind run (English miles or kilometers)

r10dified Julian date (starts Oct. 1)

Mean temperature, current day minus 3

l1ean temperature, current day minus 2

Mean temperature, current day minus 1

Relative humidity

Etp returned in T

method is used to calculate Etp •

21 Sets r32 to the radiation form indicator. Calls

"Jensen-Raise" subroutine to calculate Etp •

Arguments i:lre as .foJ.,lows:
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Arguments for "Jensen....Baise" subroutine

Main Subroutine

1

r32

B

r36

r27

(C+D)/2

N

T

pl

p2

p3

p4

p5

p6

p7

p8

Unit indicator, a-English, 1 metric. Controls

return of Etp in inches or cm

Radiation Unit indicator. l-Rs ' 2-Fractional

Sunshine, 3-Sunshine hours

Radiation

CT Constant-Input by operator

TX Constant-Input by operator

Mean temperature for current day

Modified Julian date (starts Oct 1)

Etp returned in T

22 Precipitation for current day transferred from input

array to output array. Etp stored in output array

T$, elements IN, 4, 9].

23 End of loop. Control returns to line 8 until all

365 days have been completed. Control then passes

to next line.

24 Operator enters track and file number for tape

storage of output array.

25 Display reminder that storage files must be marked

on tape

26 Record file command

27 End of program.
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Subroutines

Three subroutines as listed below are utilized. These

are identical to those used in the program for calculating

evapotranspiration for tables, and are documented in detail

in bhat section.

Penman

Jensen-Haise

Fractional Sunshine
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BIV.I. DOCUMENTATION OF SIMULATION PROGRAM

Main Program

Lines

1-2 Dimensions the following arrays.

P150] Stores ~rrigation priorities

F150] Stores the crop code of the crop in each field

or the code of the prospective crop if the

field is designated for preirrigation.

S150] Stores available soil water in the root zone

of each field (em).

HI50] Stores harvest dates. Julian dates starting

January L

WI365J Stores water supply available each day. The

integer portion indicates constant flow (ha.cm),

while the fractional portion indicates demand

water available (ha.cm/100). Thus 10.055

indicates 10 ha.cm constant flow and 5.5 ha.cm

demand water.

AI9J Used for accumulation of evapotranspiration

by individual crops.

BI9J Used for accumulation of deep percolation

under individual crops.

QISJ Used in irrigation priority subroutine to

store the number of fallow fields that may be

designated for pre irrigation for each crop.

T$I365,9J Used for storage of daily input of precipita

t~on and rainfall. Rainfall in .1 rom stored in

elements 1 to 3 and Etp in mm in elements 4 to 9.
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I$15Q,12J Stores daily status of each of 50 fields

as follows:

Elements

1-2

3-6

7-12

Enters Track 1 file numbers used for storage of con

trol parameters and initial conditions into variables

r38 and r39 respectively.

Prints tape file control instructions.

Sets variable M to 1.

Prints input instructions.

If "Yes" was not entered for new initial conditions

and control parameters, the contents of the present

control parameter file as indicated in r38 is loaded

Crop code.

Date of planting (Julian).

Soil Moisture depletion (SMD) as a

fraction of available soil storage.

M$ I 9 ,11] Stores alpha-numeric crop names for printout of

crop information.

M$I37,3l] Stores alpha-numeric information for printout

of initial conditions.

3-13 Stores crop names in M$ string array for use in print

out.

14-19 Controls tape printer for printout of start up

directions.

20-21 If new files are to be set up for initial conditions

and control parameters, "Yes" is stored in D$ string

array.

22-25

26-30

31

32

33
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from tape into variables rl - r37, and the present

initial conditions file indicated by r39 is loaded

from tape into the I$ string array.

34-35 If "Yes" was entered for new initial conditions and

control parameters, the "Initial Conditions" sub

routine (here trk 0 file), 0 is loaded from tape at

line 212. M is set to 0 to indicate the section of

the initial conditions subroutine that sets up new

files is to be activated rather than the output sec

tion. The subroutine is then called for execution.

36-39 "Yes" is entered at line 37 if output of initial

conditions is called for. This will load and call

the initial conditions subroutine 0 M is set to 1 to

activate the output section of the subroutine.

40-42 Enters print interval (days) in r40. The extended

field map may be suppressed by setting flag 1 (enter

sfg ! and execute), and/or the basic map suppressed

by setting flag 10 (entersfg !, execute).

43-45 The number of the file containing Etp and precipita

tion data is entered in r41 and the water supply file

number in r42.

46-47 Prints main heading for output.

48-50 If extended field map has not been suppressed the key

to this map is printed as follows: Field/crop/Root

depth/Kc/Plant. Harvest (Julian da~es). This indi

cates Field Number/crop code/root depth in em/crop

coefficient/and the dates of planting, plus the pro

grammed date of harvest for each field.
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Sets up headings for output of intermediate results.

Loads the file containing daily Etp and precipitation

into the T$ string array and the file containing

daily water supply information into the W[ ] array.

G6 Loads the file containing the irrigation priority,

crop coefficient and root depth subroutines (here

trk 0, file 2) at line 212.

67 Calculates the available soil water capacity (em) per

em of root depth (r64), from field capacity (r19)

minus wilting point (r20), assuming a bulk density

of 1.45. The print control counter (r51) is then set

to the value of the printout interval (r40) to trigger

initial print out.

68 This loop sets the value of the FI ] array element

corresponding to each field to the crop code as indi

cated in the corresponding elements 1 and 2 of the

initial conditions string array, I$.

69 Loop control. This loop extends from line 69 to the

end of the main program at line 132. It starts the

value of the variable L at 274 on Oct. 1, and incre-

ments daily to a value 638 on Sept. 30.

70 Calculates the current Julian date (Jan 1 - 1), from

the value of L, and stores it in r55.

71 If the current value of the print counter (r51) is

equal to the print interval (r40), the "Intermediate

Results" subroutine is called for print out. The

counter is then reset to zero.
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72 On the first day (L = 274) the "Harvest dates"

subroutine is called to calculate harvest dates for

all crop fields. These are stored in the integer por

tion of the HI ] array element corresponding to the

field number. In order to conserve memory space the

fractional portion of this array element is used to

store crop priority for print out.

73 The variable N is set equal to the number of days

from Oct. 1. The potential evapotranspiration in rom,

for the current day, is then read from the T$ string

array, converted to cm, stored in the H variable and

the accumulated value since Oct. 1 is stored in r66.

74 The precipitation for the current day (in tenths of

rom), is read from the T$ array, converted to cm and

stored in V. The accumulated value is stored in r67.

The variable P is initialized.

75 A loop with index variable M is started here and

extends to line 103. The calculations within this

loop are repeated once for each of the 50 fields. At

the start of each pass through the loop, variables 0

and U are set to zero.

76 The crop code for the current field (M) is read from

the 1$ array elements IM,1,2] and stored in J. The

soil moisture depletion is read from 1$ IM,7,12] and

stored in r63. The planting date is read from

I$IM,3,6] and stored in V.

77 If crop code is 0 (for preirrigated but not planted)

or 9 (fallow); root depth (r52) is set to 105. The
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program then jumps 11 lines to bypass root depth and

crop coefficient calculations for other crops.

78-79 The Julian harvest date for the current field (M) is

read from the integer portion of the M element of the

H[ J array, and stored in X. If the harvest date is

lower than the planting date, 365 is added to X.

Similarly, if the planting date is less than the

harvest date and L is greater than 365, 365 is added

to X. These manipulations serve to correct the Julian

harvest date to the same basis as the L counter which

starts at 274 on Oct. 1 and ends at 638 on Sept. 30.

80 Harvest routine. If the current value of L is greater

than or equal to X, the crop code for that field

stored in the I$ array is replaced with 9 (fallow).

The number of fields in fallow (r38) is incremented

by one and the number of fields in the crop just har

vested (r(J+28)), where J is the crop code, is de

cremented. When harvest occurs the program jumps

back to line 76. The root zone will then be set for

fallow at line 77.

81 The number of days difference between the current

Julian date (r55) and the planting date (V) for the

field under consideration (M), is calculated and

stored in X. If X is negative the currrent date will

be after Jan. 1 and the planting date prior to Jan. 1.

In this case 365 is added to X. The value of X is

now the number of days after planting.
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82-83 The "Root depth" subroutine is called. Arguments

carried into the subroutine include crop code J, days

from planting X, Julian planting date V, an indicator

(1) that results are to be returned in cm (this indi-

cator is not used in the version of the subroutine

used for the simulation program, but it must be in-

cluded), and r52. Root depth is returned in r52. If

the current date is the planting date the available

soil water (cm) is calculated from the SMD (r63), the

potential available water per cm (r64), and root depth.

On all subsequent days the II root depth" subroutine is

called twice for each field, first for the current

date, next for the previous day. The available soil

water in the previous day's root zone is calculated~

It is incremented by the available soil water in the

one day depth increment, assuming the increment con-

tains 80% of potential available water. Total avail

able water in the root zone (cm) is stored in the M

element of the SI ] array.

84 The II crop ll subroutine is called to calculate the crop

coefficient Kco • Arguments carried into the subrou

tine include crop code J, days from planting (X), r57

for return of K , planting date (V), harvest dateco

(int(HIM])), and current Julian date (r55). If a SMD

value greater than 1.0 is encountered it will be reset

to LO.
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85 The stress effect on crop coefficient is calculated

according to the formula

S = logrl+100(1-SMD)]
log 101

S is stored in r58. Next a wet soil factor (W) is

calculated according to the formula

W = .8 - 16 (SMD)0

If the value of W is negative, W is set to zero.

W is stored in r59.

86 If the product of crop coefficient (Kco ) times the

stress factor S is less than .9, the wet soil factor

is set to zero.

87 This line calculates the evapotranspiration for

fields presently in crop (codes 1 through 8). First

excess evapotranspiration due to wet soil (Etr) is

calculated.

Normal Et is calculated as

Et = S Kco(Etp )

Total evapotranspiration (Eta) is then

Eta = Et + Etr

Eta is stored in r62. Tte program then skips 2 lines

where Eta for fields with crop codes 0 and 9 are

calculated.

88 Evapotranspiration (cm) for fallow (code 9) and pre-

irrigated fields (code 0) is calculated and stored

in r62. This calculation depends on SMD as follows:
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o ~ SMD < 0.05

Et = 0.9 (Etp )

0.05 ~ SMD < .15

Et = I097 -1.4 (SMD)] (Ecp )

.15 -< SMD < 1.0

Et = .23 (l-SMD) (Etp

89 If the crop code of the current field is zero, indi-

eating a field that has been preirrigated for a crop,

the crop code is temporarily set to the value of that

crop. This allows the Et accumulated over fields for

each crop to include the evaporation from fields to

be planted to that crop. Crop codes for preirrigated

fields are stored in F[ ] array.

90 Update of available water content. The daily evapo-

transpiration (r62) for each field is subtracted from

the available water content of the root zone (S[M]

and the precipitation. added. If the resultant avai1-

able soil water is less than zero, available soil

water is set to zero, and only that portion of the

Eta required to reach zero is retained in r62. This

is to assure that when Eta is accumulated later,

amounts that would reduce available soil water below

zero are not included.

91 Soil moisture depletion (SMD) is calculated here.

(ASW)
SMD = 1 - WT (D)

A

where ASW is the available soil water (em), eA is the

available storage capacity (dimensionless), and D is
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the depth of the root zone (em). SMD is dimensionless.

The evapotranspiration for the field (ha.cm), is

the available water storage, i.e., the water content

exceeds field capacity. In this case the excess is

considered to be deep percolation. The SMD is reset

to zero and the excess amounts are accumulated in the

array corre-accumulated in the element of the A[

sponding to the crop code. The factor 0.20234 has

the dimensions of ha per field. The fxd 3 at the

start of the line determines that 3 numbers at the

right of the decimal will be retained when SMD is

loaded into elements IM,7,12l, of the 1$ string array.

92 If the SMD at this point is greater than zero, it

means that the available soil water is greater than

BI ] array element corresponding to the crop code.

93 The value of the string array elements 1$ [M,7,12],

where M is the field number, is set to the SMD. If

the crop code had been changed from zero (pre irrigated)

to the crop to be planted (see line 89 above), it is

reset to zero.

94 The next section (lines 95-98) control printing of the

extended field map. If the next day is not to be a

print day, or if the extended map has been suppressed

by setting flag 1 (see lines 48-50 above), the pro

gram skips to line 99.

95 Format for printing extended field map.
,

, .,
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96-97 Information for 5 fields is printed on each line.

These lines advance the paper one line after 5 fields

are printed. The P counter is then set to zero.

98 Write statement for extended field map.

M - field No.

J - crop code

r52 - depth of root zone

r57 - crop coefficient, Rco

int(HIM]/lOOO) - Harvest date

val(I$[M,3,6]) - date of planting

The P counter is incremented by 1.

99 The next three lines control planting. If crop code

is not zero (preirrigated), the program skips three

lines.

100 Planting routine. Fields with crop code O(for pre

irrigated) will be planted if SMD ~ 0.15. Crop code

of field to be planted will be taken from the M ele

ment of the FI ] array and stored in I$[M,1,2].

Current Julian date (r55) will be stored as the date

of planting in I$[M,3,6l. The fxd 0 command at the

start of the lines determines that the digit imme

diately to the left of the decimal will be stored.

Variable U is set to 1 to indicate a field has been

planted.

101-102 If the U indicator is set to 1 above (field planted),

the number of fields in fallow is decremented by 1.

The number of fields in each crop is stored in r28

through r37, and the crop code of the field just

--~~
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planted is in the M element of the FC ] array. The

statement 1 + r(FIM]+28) ~ r(FIM]+28), will increment

the number of fields in the appropriate crop by 1.

Flag 6 is set to indicate one or more fields have been

planted to control calling of "Harvest dates" subrou

tine after the current loop has ended at line 103.

103 Loop control. Ends the current loop started at line

75 when the M variable exceeds 50, i.e. all fields

have been updated. If the next day will be a print

day output paper is advanced two lines.

104 If any fields were planted on the current date, flag

6 was set at line 101, and the "Harvest dates" sub

routine will be called at this point.

105 Print date counter r51 is incremented. Flag 6 is

cleared. Flags 2 and 3 are cleared and variable R

set to 0 prior to start of irrigation section of the

program o

106 Format for print statements at line 126 and line 132

below.

107 Constant flow water supply for the current date

(ha.cm) is read from the integer portion of the N

element of the WI ] array, and entered in variable H.

The demand water (in units of .01 ha.cm) available is

read from the fractional portion of the same array

element, converted to cm, and stored in G. Hand G

are summed and stored in H.

108 If the total water remaining is less than the amount

required to apply the minimum depth of irrigation to
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one field (operator input, variable r2), the program

skips to "Point 1" at line 131.

109 The current Julian date is written out.

110 The "Irrigation Priority" Subroutine is called. It

will return a value between D and 100 for irrigation

priority of each of 50 fields, stored in the element

of the PC ] array corresponding to the field number.

III If less than .5 ha.cm water available, irrigation will

be discontinued, and control will pass to "Point 1".

The program returns to this line after water is

applied to each field (for consistency this line could

duplicate line 108 above).

112 If flag 2 is set (see "Point 0", line 129 below), and

the total water remaining (H) is less than the original

demand component (G), control is passed to "Point 1"

and irrigation is discontinued •

113 Variables J and K are set to zero. Variable J is then

set to the value of the highest priority in the PC J

array. If no priority values in the array are greater

than zero, control is passed to "Point 0".

114-116 A loop is set up to sequentially compare values in the

PI J array with J. When a value equal to J is found,

the J variable is set to the number of the array ele-

mente J now contains the number of a field with a

priority equal to the maximum value presently in the

PI ] array. Control is then passed out of the loop

to line 117.
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117 At this point field J has been selected for irrigation.

The SMD for field J is read from the I$ array element

fJ,7,12] , and stored in r65. The priority for field

J is set to zero, and the maximum depth (cm) of irri

gation allowed (input variable rl) is stored in Q.

The maximum value of SMD allowed at this point is

0.9999.

118 The cm of available water in the root zone of field J

is stored in S[J] , while the fraction of available

water remaining is given by (l-SMD). The depth of

application K, required to achieve field capacity is

now calculated.

If the amount of water available is less than that

required for the maximum allowable irrigation (input

variable rl in cm),Q is reset to the amount remain

ing. Q now represents the maximum supply (ha.cm)

that may be applied to the current field J.

119 If the depth K required to achieve field capacity is

less than the minimum application r62, the efficiency

E is calculated as K/r2. The value of the SMD is set

to zero in the 1$ string array elements fJ,7,12].

The drainage D is the difference between the minimum

r2 and K. Control then passes to line 123.

120 If the depth K required to achieve field capacity is

greater than the minimum application, but less than

80% of the current maximum supply Q, the efficiency

is set at 0.8, the SMD for field J is set to zero in

•
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the I$ string array, and the drainage is set to one

fourth of the amount applied. Control then passes

to line 123.

121 If the amount required K is greater than .8 Q but less

than Q, efficiency is set at K/Q. The SMD is set to

zero and the drainage is assumed to be the excess

over field capacity, i.e. Q minus K. Control passes

to 1230

122 If none of the above conditions apply (lines 119-121),

the amount required K must exceed Q. In that case

efficiency is assumed to 100%, and' a new SMD (r63) is

calculated assuming the full available supply Q was

added to the root zone. The new SMD is now stored

in I$ J,7,12 Drainage is zero

123 The crop code for field J is read from the I$ array

into variable X. Drainage is converted to ha.cm and

accumulated in the element of the BI ] array corre

sponding to the crop code X.

124-125 If drainage is zero (line 122 above), efficiency is

100% and the amount of water used (P) is the supply

Q, converted to ha.cm. If drainage is not zero, P

is given by D/(l-E).

126 The amount used P, is subtracted from the supply H.

Field number, crop code and amount applied are printed.

Amount applied on a specific date is accumulated in R.

127 If the crop code for the J field just irrigated as

read from the I$ string array is the same as the code

in the J element of the FI ] array, control passes
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upward 16 lines to Ill, where a check will be made to

determine if sufficient water remains to irrigate

another field.

128 The crop codes for the J field in line 127 above will

differ in the two arrays if the I$ element contains

a 9 for fallow and the prJ] element indicates a crop

code 2-8. In this case the IJ,1,2] elements of the

I$ string array are set to zero, indicating a field

preirrigated for the crop indicated by the value of

PIJ]. Control passes to III above.

129 IIPoint 011. Control passes to here from line 113 above

if all priorities found in the P[ ] array are zero,

while water is still available. If flag 2 was set

previously, control will be passed on to line 130.

If flag 2 is zero, flag 2 will be set and control

passed upward 21 lines to line 108. The irrigation

priority subroutine will again be called with flag 2

activating a temporary reduction of CSMD to 60% of

the normal value.

130 Control will be passed to this line only if constant

flow water remains after all fields have been irri-

gated that were assigned priorities greater than zero,

using the reduced CSMD. If flag 3 is zero, flag 3

will be set, the minimum irrigation (r2) will be tem-

porarily doubled, and control passed upward to line

108. When the irrigation priority subroutine is

called a third time, flag 3 will activate the section

that assigns priorities to all fallow fields with

.. .
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CSMD greater than zero. If flag 3 has previously

been set control passes on to line 131.

131 This line completes the irrigation routine. The

amount of water remaining is stored back in the

element of the W array corresponding to the current

date. If the program has temporarily doubled r2 in

line 130 above, r2 will be returned to its original

value.

132 If the amount of irrigation water applied on the

current date is greater than zero,·the total will

be printed (R).

133 Loop control. All calculations for the current day

are complete. If the current value of L is less than

638 the program increments L and returns to line 69.

134 End of Main program.
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Subroutines in Main Program

Date Conversion

Lines
135-148 The date conversion subroutine converts Julian dates

to the appropriate alpha-numeric month and day. The

alpha-numeric is stored in the D$ string. Three

arguments are carried into the subroutine from the

call statement. If the first argument is 1, the

alpha-numeric date will be printed out. The second

argument is not used in this version, and the third

(M) contains the Julian date.

Intermediate Results

This subroutine controls printing of the intermediate

status of the system at an interval specified by the

operator. An example of this output is shown in

Table BIV.1.

152-156 These lines provide for output of current date,

followed by accumulated Etp and precipitation to date,

both in em. Variables p6 and p7 are initialized at

zero.

157 Loop control for print out of information on a crop-

by-crop basis. Loop ends at line 169.

158 Sets variables pI through p4 to zero prior to stress

accumulation for each crop; p5 is set to CSMD. Skips

stress calculation if crop code is 9 (fallow).

159-166 This loop calculates number of fields and accumulates

stress information for each crop. Each field is

checked for crop; if the current crop (line 157) is

•
. ,~.

..,,
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168

169

170-171

172

173-186

165

in the field, pI is incremented. If the CSMD is less

than CSMD, or irrigation priority was less than .01

at last irrigation date, stress class is 1 and p2 is

incremented. If SMD is greater than CSMD but less

than (1-CSMD)/2, stress class is 2 and p3 is incre

mented. If S~ID is greater than (1-CSMD)/2 stress

class is 3, and p4 is incremented.

Write statement. Crop, number of fields, accumulated

Eta and deep percolation, and number of fields in

each stress class are printed.

Eta and deep percolation are accumulated over crops.

End of loop for crop-by-crop output.

Format statements for totals with and without fallow.

Total Eta and deep percolation with and without fallow

are printed. If flag 10 has been set field map is

suppressed and program skips to return statement at 187.

These lines control printing of the basic field map

(Fig.BIV.l). The basic field map appears as two numbers,

each with 3 digits to the right of the decimal. The

integer and fractional portions of these numbers

represent different pieces of information. The inte

ger of the first number represents the crop code as

read from the I$ array. The fractional portion of

the first number is taken from the fraction of the

corresponding element of the H[ ] array and shows the

(irrigation priority)/IOO as of the last date when

irrigation water was applied to any field. The



Table BIV.I. An example of output of intermediate results. The first line gives field No., crop code and
water applied (ha.em) on day 283. The next section shows accumulated Eta and deep percolation,
as well as stress levels, on a crop-by-crop basis. The field map below shows crop code
(integer), and irrigation priority (fraction), followed by em available soil moisture in root
zone (integer) and soil moisture deficit (fraction).

283
30/ 6/ 3.04----34/ 6/ 3.04----35/ 6/ 3.04----20/ 6/ 3.04----21/ 6/ 3.04----22/ 6/ 1.97---- 'I'O'I'AL= 17.15

Date Eto to
Da te
(cm)

Pree to
D'ite
(em)

Croo Number
of

Fields

Et to
Da te
ha-cl:1

Deep Perc
to Da te

ha-cm

Status of Field Soil Moisture Ueoletion
No. of Fields in str~ss c1~ss

Hone ~oderate Heavy

Octo~er 15

Field No.

CroD.Prior 0
STOR"1m.S'-ID 0

Crop .Pr ior 10
STORm:n.5:1D 10

Croa.Prior 20
STOR'l\m.s'm 20

Crop.Prior 30
STORmm.S/1D 30

Croo.Prior 40
STORllm.S r.\D 40

7.23 0.00
Citrus w/c 4 4.11 0.00
Citrus wo/e 4 3.71 0.00
Cotton 7 8.73 0.00
B~rseem 0 0.00 0.00
;·Iaize 10 11. 16 O. 00
Rice 14 34.42 3.76
Suqar Cane 0 0.00 0.00
\~hea t a 0.00 o. 00
F'illo.., 11 2.76 0.00
Totals

,

\'/i to Fa 110w 64.88 3.76
Without F'illow 62.12 3.76

1 2 3 4 5 6

1. 438 L 438 1.438 1. 438 2.000 2.000
112.539 112.539 112.539 112.539 129.472 129.472

3.468 3.461 3.443 3.468 6.526 3.461
B1. 679 82.676 85.665 8lo67'! 66.592 82.674

6.855 6.855 6.855 5.627 5.627 5.627
127.219 93.428 8.945 33.825 33.825 33.825

5.627 5.627 5.627 6.858 6.853 5.622
33.325 33.1325 33.325 125.232 125.232 33.322

9.000 9.000 9.000 9.000 9.000 9.000
135.289 135.289 135.239 135.289 135.239 135.289

. ..

0 4 a
4 0 a
0 7 0
a a 0
a a 10
5 5 4
0 0 0 ......

~0 0 a ~

0 0 0

7 3 9 10

2.000 2.000 3.463 3.46tJ
129.472 129.472 81.6B 01. 67-J

6. 526 6.526 6.526 0.855
66.592 66.392 66.592 127.219

6.547 6.547 6.629 6. lI58
59.633 59.633 45.724 12~. 232

5.622 5.622 5.594 9.000
33.822 33.822 36.308 135.289

9.000 9.000 9.000 9.00lJ
135.289 135.289 135.28':1 135.28':1
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integer portion of the second number is the current

available soil water in the root zone (rom), while

the fraction is the soil moisture deficit (SMD,

dimensionless).

lB7 Return to main program.

Harvest Dates

The harvest dates subroutine is called at the start of the

simulation and each day on which a crop is planted in one or

more fields. No arguments are carried into this subroutine

from the cll statement. The harvest date for each field

presently in crop is calculated and returned in the integer

portion of the HI ] array element corresponding to the field

number.

lBB Subroutine designation.

lB9 Loop control. Sets up a loop in which the index

variable M is incremented from 1 to 50. Loop

terminates at line 210.

190 Sets variables p2 and K to the values of the crop code

and Julian planting date, respectively, of the current

field M. The fractional part of the M element of the

HI ] array is used to store crop priorities for out

put purposes. This fractional part is temporarily

stored in variable p3.

191 Not used in present version.

192 Transfers control to line 194 if crop code is not 1

or 2 (citrus).

193 Assigns harvest dates of 1000 for citrus.
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194 Transfers control to line 196 if crop code is not

3 (cotton).

195 Sets cotton harvest date to 233 dap (days after

planting) less .54 days for each day planting is

delayed after day 106 (April 16), or plus .54 days

for each day of earlier planting.

196 Transfers control to line 198 if crop code is not

4 (Berseem).

197-198 Berseem harvest dates, calculated on line 197 for

planting before day 335 (Dec. 1) and line 198 for

later planting. These formulative are somewhat

different than those for other crops. In this form

planting prior to Dec. 1 will be harvested on April

23 and later planting on April 30.

199 Transfers control to line 201 if crop code is not

5 (maize).

200 Sets maize harvest at 114 dap, less .6 days for each

day planting delayed after day 190 (July 9), or plus

.6 days for each day of earlier planting.

201 Transfers control to line 203 if crop code not 6 (rice).

202 Sets rice harvest at 120 dap, less .6 days for each

day planting delayed after day 176 (June 25), or plus

.6 days for each day of earlier planting.

203 Transfers control to line 205 if crop code not 7

(sugarcane).

204 Sets sugarcane harvest to 292 dap, less .6 days for

each day planting delayed after day 64 (March 5) or

plus .6 days for each day of earlier planting.
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205 Transfers control to line 207 if crop code not 8

(wheat) •

206 Sets wheat harvest to 181 dap, less .68 days for each

day planting delayed after day 288 (Oct. 15) or plus

.68 day for each day of earlier planting.

If none of the above crops apply, set harvest date to O.

"Point 2": after any harvest date calculation above,

control is transferred to this line. If any harvest

dates are calculated for a date in excess of 365, 365

is subtracted from that date as of day 274 (Oct. 1).

209 Harvest date is converted to an integer. The frac

tional part stored as variable p3 (see line 190), is

added, and the sum stored in array element (H nil.

210 End of loop - (line 189).

211 Return to main program.

Irrigation Priority

The irrigation priority routine is called on each day for

which irrigation water is available. No arguments are carried

into the subroutine in the c11 statement. The subroutine

returns priorities from 0 to 100 in the element of the PI ]

array corresponding to the field number.

The routine may be called up to three times for one day if

constant flow water remains after all fields with priorities

set are irrigated. Flag 2 will be set if it is called a second

time and flag 3 if called a third time.
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Lines

212 Start of subroutine.

213-214 Values assigned to variables in these lines are start

and end of planting seasons in days from Oct. 1.

Variables r77 to r82 contains starting dates for

crops 3 to 8, respectively, while variables r83

through r88 contain final dates.

215 The number of fields in nonperennial crops (codes 3-8)

is stored in r31-r36. These are now entered into

r71-r76.

216-219 This loop sets the value of the crop code in the ele-

ment of the F[ ] array corresponding to the field

number equal to the value read from the I$ array,

unless the value read from the I$ array is 0, indi-

eating a field preirrigated for a crop. In the latter

case the number of fields assigned to the crop, as

indicated in r(68+F[Il), will be incremented by 1.

220-227 This section sets up the Q[ l array so that the

element corresponding to the crop number contains the

number of fields presently in fallow that may be

assigned to that crop as of the current date. It

'.
",

,
,c'

first calculates for each crop the ratio of fields

presently assigned to the maximum for each crop

(maximums are assigned in control parameters). If

the ratio is greater than or equal to 1.0, or if the

present date is not within the planting season, the

element of QI ] corresponding to that crop is set to

•
~i

I

I
~ ,I ..

"

I..
.. :
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232

233

234

229

230-231

.....

zero. The fraction of the planting season that has

passed (p2) is then calculated. The fraction of the

maximum that has been planted or will be currently

assigned is limited to 025 + 1.19 (p2). Under this

scheme a maximum of 25% may be planted at the start

of the season, up to 67% may be planted when 35% of

the season has passed and 100% when the season is

63% complete.

228 Loop control. From here to line 249 each field is

considered in turn as the index variable I is incre

mented. Variable K is set to SMD, and J to crop code •

The next two lines are utilized only if flag 3 is set.

Utilized if flag 3 is set. This flag indicates all

fields requiring irrigation, even at reduced CSMD,

have been irrigated. Priorities will then be set for

applying excess constant flow water to fallow. Prior

ities are simply 100 times SMD. Nonfallow fields are

assigned priority zero. Program loops to next field.

If crop code is zero indicating field preirrigated

but not yet planted, program will loop to next field.

If fallow, program loops to fallow section, line 240.

Variable A is set to the CSMD appropriate to the crop

in the current field. If flag 2 is set all fields

requiring water have been irrigated and constant flow

water remains. The CSMD is then reduced to 60% of

the normal value.
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235 If the SMD of the current field is below the CSMD,

the priority for that field is set to zero, and the . ,

. '
.'

P = E + (100 - E) (leOK - A)
100 - A

program loops to the next field.

harvest date for the current field, priority is set

current field equal to the crop code J. The J ele

ment of the Ql ] array is decremented by 1 and the

crop.

the field will be assigned to that crop by setting

the element of the FI ] array corresponding to the

number of fields assigned to the crop, variable

according to the formula

for that crop. The program then loops to the next

fields. Crop codes 3 to 8 are considered sequen-

the crop is zero, no fields are to be preirrigated

If the QI ] array element for the crop is non-zero,

where E = Economic priority (0 < E < 100)- -

K = SMD (0 ~ K ~ l)

A = CSMD (0 ~ A 2. 100).

This loop sets priority for pre irrigation of fallow

to zero, and the program loops to the next field. If

after day 290.

fields for which the SMD is greater than the CSMD,

tially. If the Q[ ] array element corresponding to

the current crop is cotton, priority will be zero

289 Priority (P) is set for irrigation of nonfallow

236-2'38 If the present date is 10 days or less prior to the

240 ... 246
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r(J + 68), is incremented. Priority is calculated

by,

p ;::::; E + D(lOO-E)
S

The E is economic priority, D is days remaining in

the planting season, and S is length of planting

season.

If a non-zero priority is set the program loops to

the next field. If no priority for preirrigation is

set, priority for fallow will be zero.

247-248 Non-zero priorities are divided by 1000 and stored in

the fractional part of the element of the harvest date

array HI], corresponding to the current field. This

is for output only. Priorities used in the program

are stored in the PI ] array.

249 Loop termination. Returns to line 228 until index

variable I exceeds 50.

250 Return to main program.

Crop

The crop growth stage coefficients are calculated in the

"crop" subroutine. The rationale for these calculations is

given in Appendix A. In this section we deal with the details

of programming.

The subroutine is called once each day for each field.

The call statement in the main program carries 6 arguments

into the subroutine. These variables as they appear in the

main program and subroutine are:
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J pI Crop code of current field

251 Subroutine identifier.

252 Variable p13 is set to the current Julian Date. If

Number of days from planting to

current date

Used for return to Kco

Julian date of planting

Julian date of harvest

Current Julian date

X p2

r57 p3

V p4

int(HIMJ) p5

r55 p6

Lines

this is greater than the Julian harvest date, p13 is

set to the current date plus 365.

254-261 These lines transfer control to the sections of the

p3 = 0.75 exp _ (180-p6)
400

cient is zero and control returns to main program.

to harvest,i.e.the length of growing season. If the

routine appropriate to the current crop code, pl.

days after planting (p2) are greater than the length

cover as a function of current Julian date p6.

Calculates K for citrus without cover.co

Control will be transferred back to the main program

of season, harvest has passed. Therefore crop coeffi-

(ret statement) after the appropriate calculation.

253 (p13 minus p14) now represents the days from planting

262-263 Calculates crop coefficient (p3) for citrus with

264-265



175

266-267 Start of cotton section.

6 If days after planting (p2) is less than or equal to

42, crop coefficient is calculated as a linear

function of p2.

p3 = 0.20 + .002381 p2

268-270 If the days after planting exceeds 42, Kco is calcu

lated as a third order polynomial function of D.

K = a + bD + CD2 + dD3co

The values of the coefficients a, b, c and d change

at 89 and 140 days. These coefficients are given in

the crop coefficient section of Appendix A.

271-272 Fodder (Berseem) section.

Crop coefficient Kco set to 0.8.

273 Start of maize section.

274 If days after planting (p2) is less than 42, Kco is

calculated as a second order polynomial function of

days after planting D.

p3 = 0.34 + 5.521 x 10-3(D) + 2.551 x 10-4(D)2

275 Between 42 and 56 days after planting, Kco is calcu

lated as a linear function of p2.

p3 = 0.70 + 007143 D

276 For current dates greater than 56 days after planting

but less than or equal to 42 days before harvest,

KCO is set to 1.1.

277-278 This section calculates Kco for maize within 42 days

of harvest. A variable p7 is defined as 42 minus

days to harvest. Kco is then calculated as a second

order polynomial function of p7.

p3 = 1.1093-9.0239 x 10-3(p7) -7.393548xlO-5 (p7)2
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279-280 Rice section. The Kco value for rice is calculated

as an exponential function of days after planting D.

p3 = 2 exp _ (77 - D)2
80

281 Start of sugarcane section.

262 In order to adjust the upward portion of the curve

for changes in date of planting, three new variables,

p7, p8 and p8, are defined (see Appendix A).

The first two are a function of planting date (p4).

p7 = 133 + p4 - 69
2.33

p8 = 120 + p4 ~ 69
2.45

The variable p9 is current date minus 69.

p9 = p6 ... 69

283-284 If p9 is less than 154, Kco is calculated from

Kco = 1. 05 exp (P9
p
;P7)

If p9 is greater than or equal to 154, p8 in the above

equation is replaced by 175.

285 Start of wheat section.

287-289 Again to provide for shifts in the increasing sec-

tions brought about by planting dates, five new

variables are defined. The first four of them are a

function of planting dates p4 as follows:

p7 = 1 _ (£4 - 288)
980

p8 = 105 + (P4 - 288)
3.5

p9 = 80 _ (p4 ~ 288)
1.81

plO = 100 _ (P4 -288)
2. -rs-
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The variable p12 is the number of days between Oct. 15

(Julian day Oct. 15), and the current date.

If p12 is less than pS, Kco is calculated from

8 9p3 = p7 exp-(p - p )
p12

If p12 is greater than or equal to pS, Kco is given by

p3 = p7 exp - ,p12- IS)
pIa

Root Depth

The Root Depth subroutine calculates the effective depth

of root zone for cropped fields. It is called twice daily for

each field in crop. The first time it calculates the depth of

root zone for the current day, the second time for the previous

day, the difference between the two being the daily increment.

Five arguments are carried into the subroutine from the main

program as follows:

Main Subroutine

J pI Crop code

X or (X-I) p2 Days after planting

v

a or 1

r52 or rS9

Line

p3

p4

p5

Julian date of planting

Index variable, a for return in inches,

1 for cm (Version in simulation program

only returns metric, but argument must be

included).

Variable for return to depth of rooting

291 Subroutine identifier.

292-299 Transfers control to the section appropriate to the

crop code in pl.
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300-302 Citrus section. Pepths of rooting returned is 135 cm.

303-331 All nonperennial crops except wheat use the same

scheme. If days after planting (p2) are less than a

specified value, root depth (p5) is calculated by:

p5 = .~ (B) + 15
A

where A is the number of days required to reach maxi-

mum root depth, and B is the maximum depth minus 15 cm.

Under this scheme root depth starts at 15 cm and

increases linearly until the maximum depth is reached.

332-338 This section calculates root d.epth for wheat. In

this case the number of days to maximum rooting depth

(p6) is dependent on the date of planting (p3).

After days to maximum root depth has been determined,

the depth of rooting calculation is identical to that

described above for other crops.
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Initial Conditions Subprogram

The initial conditions subprogram is an essential part of

the main simulation program. It consists of two subroutines,

"Initial Conditions," and "Output of Initial Conditions." Due

to core space limitations the subprogram is stored in a

separate tape file. If the operator indicates that new initial

conditions are to be set up, or that initial conditions are to

be output, this file is loaded, starting at main program line

212 (see lines 34-35 and 36-39 of main program). When the

initial conditions subprogram is no longer needed, the main

program loads subroutines "Irrigation Priority," "crop," and

"Root Depth" from a separate tape file. These are loaded

starting at line 212.

Initial Conditions Subroutine

This subroutine is used to load control parameters into

variable rl-r37, and field-by-field initial conditions into

the I$ string array. These control parameters and initial

conditions are then stored on tape files specified in the main

program by the operator.

Lines

o Subroutine identifier.

1 This loop initializes the initial conditions array

(I$), for each of 50 fields. An" is placed in ele

ments 1 and 12, and all elements between are cleared.

2- 3 Operator enters maximum and minimum depth of irriga

tion (em). These are loaded into variables rl and

r2 respectively.
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4-11 Operator enters economic priorities assigned to each

crop. These may vary from 1 to 100, and are entered

into variables r3 to rll.

12-· 19 Operator enters critical soil moisture deficit (CSMD)

for each crop. These are in percent of available

storage in root zone, and are entered into variables

rll to r18.

20-· 21 Field capacity and wilting point of the soil in

weight percentage are entered in variables r18 and

r19 respectively.

22- 29 Maximum acreage of each crop to be grown in the 25

acre area simulated are entered in variables r21to r28.

30- 37 Number of 1/2 acre fields sown to each crop at the

start of the simulation (Oct. 1) are entered into

variables r20-r36 respectively.

38 Number of fields in fallow are calculated by subtract

ing number in each crop from 50. Number in fallow is

stored in r37.

39 If more than 50 fields have been entered as currently

planted, program displays this information and returns

to line 30.

40- 46 This routine assigns crop codes to elements II, 1, 2]

of the 1$ string array, where I is the field number.

The number of fields assigned to each crop will be

equal to the number designated to that crop in

variables r29 to r36.

47- 49 Fields not assigned to a specific crop above are

assigned crop code 9 for fallow.

•
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50 fxd 0 sets machine so that only digits to the left of

the decimal will be entered into string arrays in the

next section.

51- 61 This loop checks crop code entered in I$ string array

for each of the 50 fieldso Julian planting dates

appropriate to the crop corresponding to the crop code

are entered into elements II,3,6], (where I is field

number), as follows:

Code Crop Julian planting date

1 citrus wlc 1

2 citrus wolc 1

3 cotton 106

4 Berseem 335

5 Maize 190

6 Rice 176

7 Sugarcane 64

8 Wheat 288

9 fallow 999

62- 65 This loop first sets fxd 3 to indicate three digits

to right of decimal are to be loaded into string

arrays. The Soil Moisture Deficit (SMD) values for

all fields (string array elements) [1,7,12] is then

set to 0.5.

**Note operator may wish to modify this initial SMD.

66 Machine is set for tape track 1. Control parameter

variables rl-r37 are then recorded on a 1 tape file.

The file number was stored in r38 by the main program.
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The initial conditions consisting of crop code,

Julian planting date and SMD for each field are

stored in the I$ string array. They are now recorded

on the tape file indicated by variable r39. Machine

is then set to trk O.

67 Return to main program.

Out~ut of Initial Conditions Subroutine

'This subroutine is stored on the same tape file as the

IIInitial Conditions ll subroutine, and together they form the

initial conditions subprogram. If the operator indicates that

initial conditions are to be output, the tape file is loaded,

starting at line 212, and this subroutine is called. The

contents of the control parameters stored in variables rl to

r37 are printed on the left side along with alpha-numeric

description, while the field-by-field status including field

number, crop, date of planting and SMD. An example is given

in Table BIV.2.

Line

68 Subroutine identifier.

69 Tape file 3 trk 0, is loaded into the N$ array. This

array simply contains the alpha-numeric information

describing the contents of the r variables.

70- 76 This section prints the headings for the output

tables.

77 Format statements for the line~by~line output.

79 Loop control. Index variable I takes values from 1

to 50 to control field~by~field output. Loop ends
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on line 84. Crop code for current field I is read

from elements II, 1, 3] of the I$ array and stored

in variable u.

80 Julian planting date is read from elements [I, 3, 6]

of the I$ array and stored in pIa. If field is

fallow, pIa will be 999. In that case a II will be

entered into the 1st and lath elements of the D$

string, clearing all elements between. The program

would then skip the next statemento

81 This statement calls the date conversion subroutine.

Arguments are (0,0, pIa). The first a suppresses

the print statement in the subroutine. The second

(not used here but must be included), indicates con

version from Julian to alpha-numeric month. The

alpha-numeric for the month is returned in D$, while

the day of the month is returned in pIa.

82 Write statement used if I is less than or equal to 37.

On the left side the alpha-numeric description for the

control parameter variable rl is printed from N$[ ]

along with the contents of rl. On the right, I is

printed as field number, followed by alpha-numeric

for the crop U printed from M$I]. The alpha-numeric

for the month of planting is printed from D$ followed

by the day from pIa. ~he SMD is printed fromI$[I,7,12].

83 If I· is gre'ater than 37 the control parameters are com

plete. Only the field information on the right is: printed.

84 End of loop started on line 79.

85 Advance paper 9 lines and return to main program.
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BV. PROGRAM LISTINGS

1. Et for Tables

2. Etp for Tape

3. Main Simulation Program

4. Initial Conditions Subprogram
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PROGRAM FOR Et TABLES, page 1

0: "Program For Calculating Et For Field Crops In Pakistan":
1: dim A$[ 365 ,19J ,0$[ 101
2: e~t "Tape Track of Data File?",A1trk A
3: e~t "Climatic Data File?",A11df A,A$
4: en't "Year of Data?" ,r19
5: el'lt "radiation form? O=Rs,l=S(fracl ,2=S(hrs)" ,r31
6: ent "Etp by Penman(Ol or Jensen-Haise(l)?",A
7: if A=llent "Jensen-Haise CT (karif)?", r24, "Jensen-Haise Tx (karif)?" ,r25
8: if A=l;ent "Jensen-Haise CT(rabi)?" ,Z, "Jensen-Haise Tx (rabi)?",Y
9: ent "Number of Crops To Be Output?",r20
10: for M=l to r20
11: ent "Croc Code?",rl1ent "Planting Oate,Month?",0$,"Day?",r2
12: ell 'DATE CONVERSION'(0,1,r2)
13: ~nt "Harvest Date, Month?",0$,"Oay?",r3
14: ell 'DATE CONVERSION'(0,1,r3)
15: r3+r41if r3<r21r3+365+r4
16: ent "Table Number?",B
17: ent "Output Frequency in oays?",L
18: fmt 9,15x,"Table ",f2,O,". Estimated Et during ",f4.0," for ",clO
19: if r 1=1; "Citrus w/e"+O$
20: if r 1=2; "Citrus woe"+O$
21: if r 1=3; "Cotton "+0$
22: if rl=41"Berseem "+0$
23: if rl=5;"Maize "+0$
24: if r 1=6; "Rice "+0$
25: if r 1=71 "Sugar Cane"+O$
26: if rl=8;"Wheat "+0$
27: wrt 6.9,B,r19,0$lwrt 61wrt 6
28: fmt 2,1 7x, "Days" , 7 x, " Foot", 4 x, "Keo", 6 x, "Etp", 8x , "Actual", 5x, "Cum ula ti ve"
29: fmt 3,16x,"Since",6x,"Oepth",llx,"(mm/day)",7x,"Et",7x,"Et To Date"
30: fmt 4,15x,"Planting",5x,"lcm)",23x,"(mm/day)",7x,"(mm)"
31: fmt 5,15x,"-------------------------------------------------------------"
32: wrt 6.21wrt 6.31wrt 6.41wrt 6.5;wrt 6
33: fmt 6,16x,f4.0, 7x, f4,O ,5x, f4. 2 ,5x, f4.1 ,8x ,f4.1, 7x, f6.1
34: O+U+V+W
35: for I=r2 to r4
36: I-273+N1if N<=01365+N+N
37: val (A$ [N .4,6] ') 110+8: val (A$ [N ,7,9] 1/10 +C: va 1 (A$ [N ,10,12] ) /10+0
38: va1(A$[N,13,15J1/IO+C1va1(A$[N,16,19]1*.1609+Flif r31=0;10*8+B
39: if A=lljmp 8
40: if N-3<=01 (C+0)/2+G1;mp 2
41: (val(A$[N-3,7,9J)+val(A$[N-3,lO,12J»/20+G
42: if N-2<=0: (C+Ol/2+H: jmp 2
43: (val(A$[N-2,7,9] 1+va1(A$[N-2,10,12) ll/20+H
44: if N-1<=Ol (C+Ol/2+J1;mp 2
45: (val (AS[N-l. 7,911 +val (AS IN-l,lO ,12J » /20+J
46: r31+rJ21c11 'Penman'(O,l,O,O,C,0.r32,B,F,N,G,H,J,E,Tl1jmp 3
47: Z+ r 261 Y+r 27; if N>= 2741 r 24 +r 261 r 2 5+ r 27
48: r31+r321cll 'Jensen-Haise'(l,r32.D,r26,r27,(C+0)/2,N,T)
49: ell 'crop'(rl.I-r2.K.r2,r3,I);'l'*K+R
* 3965

•
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PROGRAM FOR Et TABLES, page 2

50: cll 'ROOT OEPTH'(r1,I-r2,r2,1,S)
51: U+R+U
52: if W=O;wrt 6.6,I-r2,S,K,T,R,U;1+W
53: if V=L;wrt 6.6,I-r2,S,K,T,R,U;0+V
54: if I=r4;wrt 6.6,I-r2,S,K,T,R,U
55: l+V+V;next I
56: wrt 6.5;wrt 6
57: if A=O;wrt 6," Ca1cul. Use Penman Etp and Assume:"
58: if A=l;wrt 6," Ca1cul. Use Jensen-Haise Etp and Assume:"
59: c11 'OATE CONVERSION"(0,0,r2)
60: fmt 8,19x,"Planting Date of ",c10,f3.0
61: wrt 6.8,0$,r2
62: c11 "OATE CONVERSION'(0,0,r3)
63: fmt 8,19x,"Harvest Oate of ",c10,f3.0
64: wrt 6.8,D$,r3
65: next ~I

66: end
67: "OATE CONVERSION":
68: if p2=0;gto "TO REGULAR"
69: if cap (D$) ="JANUARY" ;p3+p3
70: if cap (0$) =" FEBRUARY" ;p3+31+p3
71: if cao(D$)="MARCH";p3+59+p3
72: if cap(D$) ="APRIL";p3+90+p3
73: if cao(D$)="MAY";o3+120+p3
74: if cap (0$) ","JUNE" ;03+151+p3
75: if cap(0$)="JULY";p3+181+p3
76: if cap(0$)"'''AUGUST'';p3+212+p3
77: if cap(0$)="SEPTE~lBER",p3+243+p3

78: if cao (0$) ="OCTOBER" ;p3+273+p3
79: if cao (0$) ="NOVEHBER" ,03+304+p3
80: if cao(0$)="DECEMBER",p3+334+p3
81: if p1=l,prt "Julian Date =",p3
8 2: ret
83: "TO REGULAR":
84: if p3<=31; "January"+0$,p3+p3,gto "RET"
85: if p3<"'59,"February"+0$,p3-31+p3,gto "RET"
86: if p3<"'90, "Harch"+0$,p3-59+P3 ;qto "RET"
87: if 03<"'120;"Aori1"+O$,o3-90+p3,gto "RET"
88: if p3<"'151,"May"+D$,p3-120+p3,qto "RET"
89: if p3<=181, "June"+D$;p3-151+p3 ;gto "RET"
90: if p3<=212,"July"+OS,?3-181+p3;gto "RET"
91: if p3<=243, "August"+D$ ,03-212+p3 ;gto "RET"
92: if p3<"'273,"Seotember"+D$,p3-243+p3,gto "RET"
93: if p3<=304;"October"+0$,03-273+P3,gto "RET"
94: if p3<=334, "November"+DS;p3-304+p3 ;qto "RET"
95: if 03<=365;"Oecember"+0$;03-334+p3
96: "RET":
97: if pl"'I,prt 0$,p3
98: ret
99: "crop":
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100: "This Subroutine Must Be Supplied The Following In The' Call Statement":
101: ." 1. crop code":
102: "2. days since planting":
103:'" 3. Variable for Recieving Kco":
104: ," 4. Julian Date of Planting":
105:·" 5. Julian Date of Harvest":
106: " 6. Present Julian Date":
107: p5+p13; if p13<p4; 365+013+p13
108: if p2<0;0+p3;ret
109: 'if p2>013-p4;0+p3;ret
110: if pl=1;qto "berseem
Ill: if pl=2;qto "citrus wolc"
112: if pl=3;qto "cotton"
113: if pl=4;qto "berseem"
114: if pl=5;gto "maize"
115: if 01=6;qto "rice"
116: if 01=7;qto "sugar cane"
117: if pl=8;qto "wheat"
118: "citrus wolc":
119: • 75*exp(-( (p6-180) 1400) ~2) +p3 ;ret
120: "cotton":
121: if 02<=42;.2+. 002381p2+p3 ;ret
122: if p2<98;-6.9462e-2+02(1.9479ge-2+P2(-3.208Sge-4+2.2S44e-6*p2»+P3;ret
123: if 02>140;6. 304e-5+p2 (2. 17174e-2+02 (-1.1893(-4+1. 37862e-7*p2) ) +p3 ;ret
124: 2.3750 Se-5+p2( -3. 903237e-3+p2 (2.400357e-4-1.12812Se-6*p2» +p3 ;ret
125: "berseem":
126: • 8+,:3; ret
127: "maize":
128: if p2<=42;.34+5.2551e-3*02+2.551e-4*p2p2+p31ret
129: if p2<=56;. 7+. 00714286*p2+p3 ;ret
130: if p13-p6>=42: 1.1+p3;ret
131: 42-p13+p4+p2+p7
132: 1.1093+p7(-9.02393e-3-7.393548e-5*p7)+p3;ret
133: "r ice":
134: 2exo(-( (77-1'2) 180) ~2) +p3 ;ret
135: "sugar cane'~:

136: 133+(p4-69)/2.33+~7;120-(p4-69)/2.45+p8;p6-69+p9

137: if p9<154;1.05*exp(-((p9-p7)/p8)~2)+p3;ret

138: 1. OS*exo(-( (p9-1'7) 1175) ~2) +p3;ret
139: "wheat":
140: 1-(p4-288) /980+p7; 105+(04-288) /3.5+.01+08; 80-( p4-288) II. 81+p9
141: 100- (p4 - 288) 12.4 5+pl 0; P 6+p11;i f 011< p4 ; P 11+365+p11
142: pl1-288+012
143: if p12<p8;p7*exp(-( (p8-p12) /p9) ~3) .p3;ret
144: p 7 * e xp ( - ( (pI 2- p8) / pI 0) ~ 2) + p3 ; ret
145: "ROOT DEPTH":
146: "This Subroutine Must Be Supplied 'I'he Fo11owng":
147: "Information In The Call Statement":
148:" 1. Crop Code,pl":
149:" 2. Days Since Planting,p2":
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150 3. Planting Date ,p3":
151 4. System of units,0=Eng1ish;1=Metric":
152 '''':
153: "Root Depth in centimeters or inches":
154: "\~i1l Be Transfered Back As p5":
155: '''':
156: if ol=l;gto "BERSEEM"
157: if 01=2:gto "CITRUS W/C"
158: if pl=3;gtc "COTTON"
159: if p1=4;gto "BERSEEM"
160: if p1"'5;gto "MAIZE"
161: if pl"'6;gtc "RICE"
162: if pl"'7:gto "SUGAR CANE"
163: if 01"'8;gto "HHEAT"
164: "CITRUS W/C":
165: 150+p5
166: if p4=O;p5/2.54+p5
167: ret
168: "COTTON":
169: if p2<"'120;jmp 3
170: 180+p5;i f p4"'0;p5/2. 54+p5
171: ret
172: p2/120*165+15+p5;if p4"'0:05/2.54+p5
173: ret
174: "BERSEEM":
1 75: if p 2<3 0; j mp 3
176: o2/30*105+15+p5;if 04"'0;p5/2.54+p5
177: ret
178: 120+p5;if p4"'0;05/2.54+p5
1 79: ret
180: "MAIZE":
181: if p2<"'60;jmp 3
182: 120+05;if p4=0:p5/2.54+p5
183: ret
184: p2/60* 105+15+p5; if p4"'0 :p5/2 .54+p5
185: ret
186: "RICE":
187: if 02<=70:jmp 3
188: 90+p5;if p4=0:p5/2.54+p5
189: ret
190: p2/70*75+15+p5; if p4=0:p5/2. 54+p5
191: ret
192: "SUGAR CANE":
193: if p2<=130;jmp 3
194: 90+p5;if 04"'0:p5/2.54+p5
195: ret
196: p2/130*75+15+p5;if p4=0;05/2.54+p5
197: ret
198: "WHEAT":
199: 85-(p3-288) /1. 96+(:6
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200 if p2<=p6:jrnp 3
201 120+pS:if p4=0:pS/2.S4+pS
202 ret
203: p 2/p6 * 10 S+1S+p5: if p4=0:p 5/2.5 4+pS
204: ret
20S: "Penman":
206: if p7=2:cll 'Fractional Sunshine' (p8 ,pl0) :1+p7
207: if p 2=1; P S* 9/ S+32+pS: p6* 9/ 5+32+p6;p 11* 9/5+32+pll
208: if p 2=1; 0 12* 91 5+32 +P12; p13* 9/5+32+p13; 0 9/1. 6 09+p9
209:· if pHO: if p2=0: (pll-32) S/9+pll: (p12-32) 5/9+p12
210: if p4=0; S«pll+p12+p13) /3- (pS+p6) /2) +p18; jm" 2
211: lOO(p12-pl1)/p13+p18
212: . (05+06) 12+p19:. 9S9-.0125p19+. 00004534p19 A2+p19: 1-p19.p20
213: -.6959+.294 6pS-. 00 5195p5 pS +B 9/ tn" 6*oS p5 p5+p21
214: -.69S9+.2946p6-.00S195p6p6+B9/tn"6*p6p6p6+p22
215: (p21+p22) /2-p14p22/100+p21
216: (pS-32) S/9+273+p22: (p6-32) S/9+273+p23
217: -7.77/tn"4*(273-(p22+p23) /2)A2+p24
21B: (-.02+.261exp(p24» *11. 71/tn"B* «p22+p23) 12) A4+p24
219: plO+273+p30:if p30>365:030-36S+p30
220: 78 Sexp(-( (p30-166) /lBO) A2 ) +p25
221: if p7=0:p24(1.2p8/p25-.2)+p26
222: if p7=1: (.3S+.61*p8l p2S+pB :p24 (1.2p8/p25-.2) +p26
223: .77p8-p26+p8
224: p20( oB+p18) +p19* IS. 36(. 9+.011p9) p21.p27
22S: if p2=0:. 000673p27+p15
226: if P 2=1:. 0171p27+p15
227: ret
228: "Fractional Sunshine":
229: rad;2*rr/36S+p8
230: .40927971* sin (p8 p2-2. 96 08 463S7) +p4
231: 31p8+pS
232: acs(-tan(pS) tan(04) )+p6
233: .133333p6/p8+p7
234: pl/p7+p1;ret
23S: "Jensen-Haise":
2 36: pH 273+p9: if' p 9>3 6 S HJ 9- 36S.p9
237: if p 2t 2; j mp 2
238: cll 'Fractional Sunshine'(p3,p7);1+p2
239: if p2tl; jrnp 3
240: 785exo(-( (p9-166) /180) A2l +pl0
241: (. 3S+. 61p3) pl0+p3
242: p4(p6-pS)p3+p8
243: if pl=O; .000673p8+p8
244: if pUO: .0171p8+p8
245: ret
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0: "Proqram For Calculating Eto In Pakistan":
1: dim 1\$[365,191 ,0$l101 ,'1'$[365,9]
2: ent "Taoe Track of Data Fi1c?",A;trk A
3: ent "Climatic Data Pile?" ,1\;ldf A,A$
4: ent "raoiation form? 0=~s,1=S(f,rac),2=5(hrs)",r31

5, ent "Eto by Penrnan(Ol Dr J~nsen-Haise(ll?",A

6: if A=l;ent "Jensen-f1aise CT(karif)?",r24,"Jensen-Haise Tx(karif)?",r25
7: if A=l;ent "Jensen-Haise CT(raoi)?",Z,"Jensen-Haise Tx(rabi)?",Y
8: for 1=274 to 6 38
9: 1-273+N; if N<=O; 365+N+N
10: val U" $ [ .~ ,4 , 5 I ) /1 0 +B; val ( 11.$ [N ,7 , 9 I ) /1 0 +C ; val (A $ [[~ , 1 0 , 1 2J ) /10 +D
11: va1(A$[N ,13,151 )/10+E;va1(TI$[N,16,19j )*.1609+F;if r31=0;10*B+B
12: if A=l;;rno B
13: if N-3<=0; (C+0)/2+G;jmo 2
14: (val (1\ $ [ t~ - 3 ,7 , 9 J ) +va 1 (AS [ N- 3 , 10 , 121 ) ) /20 +G
15: if N-2<=0; (':+0) /2+H; jmo 2
16: ( val (A S [ N- 2 , 7 , 9 1 ) +val (A $ (N- 2 , 1 0 , 1 2] ) ) /2 0 +H
17: if N-1<=0; (':+0)/2+J;;mp 2
18: (va 1 (A $ [ N-1 ,7 .9] ) +va 1 (A $ rN-1,10 , 12] ) ) /20 +J
19: r31+r32;c11 'Penman'(0,1,0,0,C,D,r32,B,F,N,G,H,J,E,'r);jmp 3
20: Z+r26;Y+r27;if N>=274;r24+r26;r25+r27
21: r31+r32;c11 'Jc~J1,'en-,laise'(1,r26,r27,B,T,0,0,(C+0)j2,r32,N)
22: A$[i~ ,1,31+'rS!,I,J ,11 ;str ('1')+T$[N,4,9J
23: next I
24: ent "Track of N~w Eto Fi1e?",A;trk A;ent "Number of New Etp Fi1e?",8
25: dso "Is File ~LIl[kcd,lf' Yes Press cont";sto
26: ref B,TS
27: end
28: "Pen~an":

29: if 07=2;e11 'Fracticna1 Sunshine'(o3,p101 ;1+J:7
30: if 02=1;05-9/5+32.~5;06*9/5+32+06;pl1*9!5+32+p11

31: if 02=1;012-9/5.32.012;013-9/5+32+P13;09/1.609+09
32: if oHO: if 02=0: (011-3215/9+011; (012-3215/9+1"'12
33: if p4=0;5((01l+oI2+o13)/3-(05+06)/21+P18;;mp 2
31, 100(012-0111/013+018
35: (05+p61 /2 +019; • '159-. 012 5pI9+. 0 00 a4 5 34 p19 ~2 +p19; 1-pI9+02 0
36: -.6959+.2 94fi 05-. 005195 p5 p5+ 891 tn~ 6 *p5p5 p5 +p21
37: -.6959+.294506-.00 5195p6 06+8 9/ tn~ 6 -0606p6+022
38: (021+p22./2-o14n22/100+021
39: (05-32. 5/'H273+p22: (06-32) 5/9+273+023
40: -7.77/tn~4-(273-(022+023)/2)~2+o24

41: (-.02+. 261exo(0241'-11. 711tn~8- ((022+023) 121 ~4+024

42: 010+273+030; if 030>365;030-365+030
43: 785exo(-((030-1S6\ 1180) ~21 +,,25
44: if 07=0;024(1.203/025-.2)+026
45: if 07=1;(.35+.6lk08)025+p8;024(1.20B/p25-.2,+p26
46: .7703-026+03
47: 0201:1:>3+018) +019-15, 36( .9+.011p')) p21+p27
48: if 02=0; .000673027+015
49: if 02=1; .0171027+015
*4986
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50: ret
51: "Fraction31 Sunshine":
52: rad;2*1l/365+o3
53: .40927971*sin(03p2-2.960346357)+P4
54: 3108+p5
55: acs(-tan(05' tan(p41 ).06
56: .13333306/03.07
57: ol/p7+pl;ret
59: "Jensen-Haise":
59: o7+273.09;if 09>365;09-365. 09
60: if oU2;;mo 2
61: cll 'Fractional Sunshine'(p3,p7);1.02
62: if o2#l;;mo 3
63: 735exo(-( (09-1661 /160) ~2) .010
64: (.35+.61031 p10.03
6 5: 0 4 ( 06 - 05 I 03.03
65: if 01=0; .000673p8+pB
67: if oHO:.0171pS.p8
68: ret
* 12420
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~\IN SIMULATION PROGR~M, paqe 1

no?"

days."

set uo files forthese variables,yes or

w/c ".M$IJ]
wojC"+~l$[J]

"+MSIJj
"·M$[J I
".M$ [J I
".M$IJ J

Cane ".M$[Jj
·.t~$ ( J j
".M$[J]

0: II P fI:
1: di.ll DS/IOI ,TS[365,91 ,I$[50,12J ,F[50] ,F[50J ,S1501 ,H1501 ,W1365j ,AI9) ,B19]
2: dim 'IJ$[9,111 ,~~$( 37,311 ,018J
3: for J"l to 9
4: if J"l:"Citrus
5: if J=2:"Citrus
6: if J=3:"Cotton
7: if J=4:"Berseem
8: ifJ=5;"Maize
9: if J =6; "R i ce
10: i f J =7; " SU q a r
11: if Joo8;"Wheat
12: if J=9;"Fallow
13: next J
14: ort "This orogram is started on Oct land runs 365
15: SPC ;soc
16: ort "This version uses all water suoplied";soc ;soc
17: ort "You will need tospecify control oarameters, init-ial conditions"
18: prt ".and outout oat-ions."
19: soc ;spc
20: ort "Do you need to
21: SPC ;spc lent OS
22: ort "Which trk 1 filefor the control parameters?";spc ;spc
23: ent r38
24: ort "Which file for initial condi- tions?";spc ;spc lent r39
25: fxd 0
26: prt "Mark file ",r38
27: prt "for 300 bytes"
28: ort "Mark file ".r39
29: prt "for 660 bytes"
30: ort "if you already haven"t.":fxd 2
31: SPC ;soc ;l.M
32: prt "Fress COl~TINUC when completed.";sto
33: SPC ;SPC ;it cap(O$lf"YCS":trk l:ldf r38,rl.r37:1df r39,I$
34: trk O:if cap(D$I="YES";O.M:ldf 0.212,35
35: if cap(D$)="YCS";cll "In.itial Conditions"
36: prt "Do you wish to output initial conditions and
37: ort "control paramo yes or no?" lent OS
38: if cap(DSI="YES":if M=l;ldf 0,212.39
39: if cao(O$I="YCS":cll 'Output of Initial Conditions";spc :spc
40: ort "At what interval,in days, shouldinterrnediate results be out-"
41: ort "put?";ent r40:spc :spc ;cfq l;cfq 10,prt "sfql-Execute- to "
42: prt "suppress extended field map. sfolO to suppress basic map":sto
43: spc ;SPC ;prt "Which File Has Etp&Prec Data?":ent r41
44: spc ;soc
45: ort "Which File Has ~ater SUDPly Data?";ent r42
46: fmt 1.40x,"Pun1ab Irrigation Scheduling Subproqrarn"
47: wrt 6.1
48: if f1 q 1,1 mp 3
49: f:nt 1,1.I.Sx."Extended Field '.lJo Key",5x, "Field/CropjRoot",z
*13035
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Pree to crop NU'llber·, z
Status of Field Soil Moisture",z

[,t-p to
Deep Perc

50: fmt 2,"Depth/Ke/Plant.Harvest(Julian dates)"iwrt 6.1iwrt 6.2
51: llmt l,45x, "Outout of Intermediate Results"
52: w~t 6.1iwrt 6:wrt 6
53: f,'llt 1," Date
54: f;nt 2," Ct to
55: Em t 3," Depletion"
56: wrt 6.1iwrt 6.2iwrt 6.3
57: fmt l,16x,"Date",6x. "Date",19x, "of",7x, "Date",6x,"to Date",6x,"No.",z
58: f':l\t 2," of Fields in stress class"
59: ~rt 6.1iwrt 6.2
60: fm t 1,16 x," (em) " ,6 x, " (em) " ,17x, "Fields", 5x, "ha-em" ,6 x, "ha-em" ,ax, Z
61: fmt 2,"None I'oderate Heavy":wrt 6.1iwrt 6.2
62: fm t 1," --------------------- _ -------------------------------- .. , z
63: fmt 2,"-----------------------------------------------~------------"

64: wrt G.l.wrt 6.2
65: trk l:ldf r41,T$:ldf r42,W[*]
66: trk O:ldf 2,212,67
67: (r 19-r201 *. 0145+r64: r40+r51
68: for 1=1 to 50:val(I${r,l,2])+F[I]:next I
69: for L=274 to 638
70: L+r55;if L>365:L-365+r55
71: if r51=r40:ell 'In,termediate Results' :0+r5.1
72: if L=274:cll 'Harvest D'ltes'
73: L-273+N:val('rS!c~,4,91)/10+Z:rG6+Z+r66
74: val(TS[, ,1,31 )/100+Y:r67+Y+r67:0+P
75: for ~·1 to 50:0+0+U
76: val ( IS [ /1, 1, 21 ) +J : val( I S [ M,7 ,121 ) + r 63: val (I $ [ M, 3 ,61 ) +V
77: if J=O or J=9: 105+r52:r 52 (1-r63) r 64+S [Ml limo 11
78: int(H[M]l+X:if V>int(H[M]):365+X+X
79: if V<H [11] and L>365: 365+X+X
80: if L>=X:str(91+IS[M,1.21 :1+r37+r37:r (J+28)-1+r(J+28) iimp-4
81: r55-V+X:if X<=0:365+X+X
82: ell 'ROOT DEPTH'(J ,X,V,l.r52);if V=r55i (1-r63) r64r52+5 [~l] ijmp 2
83: ell "ROOT DEPTH"(J,X-l,V,l,r89)i(1-r63)r64r89+.8r64(r52-r89)+S[M]
84: ell 'eroo'(J,X,r57,V,int(II[M]l,r55l:if r63>=1:1+r63
85: log (l+100( 1-r63l1/1og (101) +r58:. 8-16r63+r59i if r59<=0: 0+r59
86: if r57r53>=.9:·0+r59
87: r59(1.9-r57r531 *Z+r60:z*r57r58+r60+r62;;mp 3
88: .23(1-r63IZ+r62:if r63<.15i (.97-1.4r63)Z~r62;if r63<.05i.9Z+r62
89: if J=0:E'[Mj+J:l+0
90: S[M]-r52+Y+S[Mliif S[M]<=Oir62+S[M]+r62iO+S[M]
91: fxd 3:1-5!1n/r64r52+r63:r62*.202343+!\.[J]+i\,[J]
92: if r63<=Oi-r63r64r52*.202343+3[J]+B[JliO+r63
93: str(r63o +I$[M,7,121;if 0=1:0+J
94: if r40#r51+1 or flgHO.;mp 5
95: fmt l,f4.0,"/",fl.0,,,/,,',f3.0,"/",f5.3,"/",f7.3,z
96: if P<5:jrno 2
97: fmt iwrt 6iO+P
98: wrt 6.1,~.J,r52,r57,int(H[M])/1000+val(I$[M,3,61):1+P+P

99: if JHijmp 4
*16967
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100: fxd O;if r63>.15;str(r551+I$[M.3.6J;1+U;str(FIMJ1+I$[~1.1.2J

101: if U=1;r37-1+r37:sfg 6
102: if U=1;1+r(FIM1+28)+r(F[M]+28)
103: next M;if r40=r51+1;fmt /./:wrt 6
104: if flq6:cll 'Harvest Dates"
105: 1+r51+r51:cfq 2:cfq 3;0+R:cfq 6
106: fmt 2.f2.0,"/".f2.0."/".f5.2."----".z;fmt 3." TOTAL~".f7.2

107: int(W[N])+H:I00frc(W[NJl+S:H+G+H
108: if H<=.20234r2:gto "Point 1"
109: f mt 1. / • f 3. 0: w r t 6. 1, r 5 5
110: ell "[rriqation Priority"
Ill: if H<=.5:qto "Point I"
112: if H<=C and flg2=1:gto "Point I"
113: O+J+K;max(p [*\ j+J :if J=O:qto "Point 0"
114: for M=l to 50
115: i f PI M '=J and J #0; !~+J : j mp 2
116: next ~l

117: val(I$[J.7.121)+r65:0+P[J]:rl+0:if r65>=1:.9999+r65
118: S[JJ/(1-r651-3[Jl+K:if H<.2023430:H/.202343+Q
119: if K<=r2:K/r2+c:str(0\+I$[J.7.121:r2-K+D:jmo 4
120: if K>r2:if K<=.80:.8+E:str(Oj+I$[J.7.12J:K/4+0:jmp 3
121: if K<=Q:K/O+E:str(0\+I$(J.7.121:0-K+D;jmo 2
122: fxd 3:1+E;1-(S[JI+O\/(S[JJ+Kj+r63;str(r63j+I$[J.7.121 :0+0
123: va1(IS[J,1.21j+X:D*.202343+B[)(1+B[X]
124: .202343Q+P;if D=O:jmo 2
125: .202343D/(1-Ej+P
126: H-P+H:wrt 6.2.J,F [J I.P:P+R+R
127: if val(IS[J,l,2!j=F[J):jmo -16
128: fxd 0;str(0\+I$[J,l,2);jmp-17
129: "Point 0": if f1q2=0:sfq 2:imo -21
130: if flq3=0:sfq 3:2r2+r2;jmp -22
131: "Point 1":H+c~r,~]:if flg3:r2/2+r2
132: if R>O:wrt 6.3,R
133: next L
134: end
135: "DATE CONVERSION":
136: if p3<=31:"JanuarY"+0$:p3+p3:qto "RET"
137: if 03<=59:"February"+D$:p3-31+p3:qto "RET"
138: if 03<=90: "Mareh"+D$:03-59+p3 ;qto "RC'r"
139: if p3<=120:"Aori1"+D$:p3-90+p3:gto "RET"
140: if p3<=151: "1~aY"+D$;p3-120+p3:qto "RET"
141: if o3<=181:"June"+0$:o3-151+p3:qto "RET"
142: if 03<=212:"Ju1y"+D$:03-181+P3:qto "RET"
U3: if o3<=243:"Auqust"+P$;o3-212+o3;1to "RET"
144: if o3<=273:"Seotember"+0$:n3-243+c3:gto "RET"
145: if 03<=304; "Oetober"+D$;o3-273+o3:qto "RE'r"
146: if p3<=334:"November"+D$:p3-304~p3:gto"RET"
147: if 03<=365; "Deeember"+D$;o3-334+03
148: "RET":
149: if p1=1:ort 0$,p3
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;~A.IN 5HlULATION PROGRAM, oaqe 4

ISO: ret
lSI: "Intermediate Results":
lS2: r5S+M:0+06+07
lS3: ell 'DATE: CONVERSION'(O,O,M)
lS4: fmt 1,el0,f3.0,2x,f6.2,2x,f6.2
ISS: wrt 6.1,D$,.~,r66,r67

156: fmt 1,32x,c11,Sx,f2.0,Sx,f7.2,4x,f7.2,9x,f2.0,9x,f2.0,8x,f2.0
lS7: for J=l to 9
lS8: 0+pl+p2+p3+p4:r(J+101/100+oS:if J=9:r37+p1:;mp 9
lS9: for "1=1 to SO
16 0: val ( I $ [ r~ , 7 , 121 ) +H
161: if va1(1$["1,1,2] ltJ:imp S
162: 1+01+p1
163: if ll<=oS or fre(H[M])<=.01:1+02+P2:jmp 3
164: if H<=oS+(l-oSI /2:1+p3+p3;imo 2
16 S: 1+p4+p4
166: next H
167: wrt 6.1,'1$[Jj,01,lI.[J],B[Jj,02,p3,p4
168: A[J]+06+n6;B[J]+07+07
169: next J
170: fmt 1,32x,"Tota1s",/,32x,"with Fal1ow",12x,f7.2,fl1.2
171: fmt 2,32x,"I'iithout Fallow";9x.f7.2,fl1.2
172: wrt 6.1,06.07;wrt 6.2,06-'\[91 ,p7-B[91;if flql0:jmp 15
173: fmt /:wrt 6:fmt "Field No. ",z:wrt 6
174: for M=l to 10:fmt fll.0,z:wrt 6,M:next M
175: for J=1 to SO by 10
176: fmt /:wrt 6:J+9+P
177: fmt "Croo.Prior ",f2.0,z:wrt 6,J-1
1 78: for ~I =J toP
179: fmt fl1.3,z
180: wr t 6, val ( I $ [ M, 1 ,2 II +f r e ( H[ MJ ) ; n ext M
181: fmt :wrt 6:fmt "STORmm.S·'1D ",f2.0,z:wrt 6,J-l
182: for M=J to P
183: fmt fl1.3.z:wrt 6,int(S[M]*10)+val(I$[~1,7,1211:nextM
184: next J
18S: fmt /,/ ,/:wrt 6
186: for 1=1 to 24; Ernt "-----" ,z:wrt 6;next I;fmt / ,/;wrt 6
187: ret
188: "Harvest Dates":
189: for ~1=1 to SO
190: val(I$[M,1,21·)+02:val(I$[M,3,6])+K:frc(H[M])+p3
191: "":
192: if 02>2: imo 2
19 3: 1 0 0 0 +H [r1] : q to" Po i n t 2"
194: if p2#3:imo 2
195: K+233-.S4(K-I061+H[t1]:qto "Point 2"
195: if n2#4;jmo 3
197: if K>=33S; K-214-l. 02 (K-33SI+1I [HI :qto "Point 2"
198: K+1S1-1.02(K+31'+H[M]:qto "Point 2"
199: if 02#S:imD 2
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'·10,1'1 SI~\ULA'rrO,,< PROG~l\'1, oaq'= S

200: !\ +114 - . 6 ( K-1 90\ +II r ~1] ~ '1 to" P:) in t 2"
201: if o2H~ imo 2
202: K+120-. 6(K-17S1 +H[Ml ;qto "P0int 2"
203: if ::)2 P; i mo 2
204: 1<+292-.6(1<-641 +H[~11 :'1to "Point 2"
20S: if 02Hl:ilTIP 2
206: K+181-.68(K-288\-36S+H(Hl:i.11P 2
207: O.. H['I]
203: "Point 2":if L=274 and H[t1J>36S~HrM]-36S+H[~11

209: int(H[Ml+.491+03+H[~1l

210: n:xt ~!

211: ret
212: "Irriq3.tion Priority":
213: 198+r77:3S+r73~282+r79:26g+rqO:lS6+r31:1S+r82:240+r83:95+r84:310+r~S

214: 295+r36:20S+r37:67+r38
21S: r31+r71~r32+r72:r33+r73:r34+r74:r3S+r7S:r36+r76

216: for 1=1 to 50
217: if val(IS[I,1,21)#O~val(IS[I,1,21)+Ff11

218: if val(IS!1 ,1,211=0:r (68+F[I])+1+r(68+F[II)
219: next I
220: for J=3 to 3
221: if r (J+201 <=0: imo 6
222: r(J+68)/2r(J+20)+01~ifol>=1:0+Q[JI:imp S
223: if N>r(J+80) or N<r(J+74):0+Q[Jl:imo 4
224: (N-r(J+74)) I(r (J+80) -r (J+74) )+02~ .2S+1.1902+p3
22S: if 03>1:1+n3
226: int«p3-o11 (2r(J+20))+.49)+Q[JI
227: next J
228: for 1=1 to SO:val(IS[I,7.12])+,<:v"l1(ISrI,1.21)+J
229: if fl03=0:imo 3
230: if J#9~0+P[11:oto "Next Looo"
231: 100K+P{I 1:qto "Next Lo:)o"
232: if J=O~qto "t.ext Looo"
2 33 : if J = 9 ~ q to" 9. fall ow "
234: r (J+I0\ +.''\~if fl02:. 6r (J+I0)+A
23 S: if 100'< <\ : 0 +P [ I 1: '1 to" Ne x t Looo"
236: H[I]+P4:if L>36S;04+36S+04
237: if J=3 and r5S>290:0+P[I]:gto "Next Loop"
238: if 04>L and o4-L<=10:O+P[IJ:'1to "t,ext Looo"
239: r(J+2)+(lOO-r(J+2))*(100K-A)/(100-A)+P[I]:qto "Next. Looo"
240: "9. ~'allo\v" :O+P f I 1
241: for J:J to 8
242: if Q[Jl<=O:4mo 3
243: 1+ r (J +G 8) + r (J +68) : r (J +2) +{tl-r (J +74) ) (100- r (J +2) ) I ( r (J +80) -r (J +74)') +" [ I 1
244: J+FI1]:OfJ]-1+0[Jl:qto "Next Looo"
245: next J
246: "Next Looo":
247: if ~111<=O:int(H[Il)+H[11

243: f r c (p r I 11100 \ + in t (H [I ) 1+ H f [ ]
249: next I
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MAU 3I~\ULATIO:'1 ?RJGI(.\'1, Oil<1C! 6

250 ret
251 "cr 00":
252 05+013;if 013<04;365+P13+013
253: if 02>013-04;0+p3;r~t

254: if ol~l:~to "citrus w/c"
255; if nl~2;'1to "citrus '"o/c"
256: if 01~3:'1to "cotton"
257: if 0 1~ 4 ; q to" f odde r "
253: if 01~5;~to "maize"
259: if ol=6;gto "ric2"
260: if ol=7;qto "suoar cane"
261: if ol='3,Qto "wheat"
262: "citrus w/c":
263: .85*exo(-( (06-1801/400') "21 +03:ret
264: "citrus wo/c":
265: • 75*exn(-( (p6-1801 /400) "2) +p3:ret
265: "cotton":
267: if 02<=42;.2+.002381p2+P3;ret
26'1: if 02< 9q: -6.946 2c-2+p2 (1. 94 799c-2+02 (-3.2085 ge-4 +2.2 544e-6*p2) ) +03: ret
269: if 02)140;6. 304e-5+02(2.17174e-2+P2(-1.1893e-4+1. 37362e-7*p2) )+p3 :ret
270: 2. 37505e-5+02 (-3. 903237e-3+02 (2. 400357e-4-1.12812 5e-6*02) ) +p3: ret
271: "fodder":
272: .8+p3;ret
273: "maize":
274: if 1)2<=42; .34+5. 2551e-3*02+2.551e-4*02p2+P3; ret
:05: if 02<=56;. 7+.00714286*02+03:ret
276: if p13-06)=42;1.1+p3;ret
277: 42-013+p4+p2+07
273: 1.1093+P7 (-9. 02393e-3-7. 393548e-5"07) +03: ret
279: "rice":
280: 2exo(.-( (77-p21 /801 "2\ +03;ret
281: "suqar cane":
2 8 2: 13 3+ ( 04- 69) 12. 33+p7; 120- (04 -69) /2.45+0) : 06-69+09
283: if 09<154;1.05*exo(-(09-071/08I A21+P3:ret .
284: 1. 05*e)(O(-( (09-071 /175i "2\ +03 :ret
285: "\{heat":
2 8 6: 1- (04- 28 3) 1980 +p7 : 105+ ( p4-2 Bill /3.5+.0 1+pB; B0- ( 04- 288) /1.81+09
2137: 100-( 04-288) 12.45+010 ;06+011; if 011<04:011+365+p11
288: 011-288+ot2
289: if 012<p9;07*exo(-«08-0121/p9)A 31 +03 ;ret
290: 07*exDU-( (012-09) /0101 A2 ) +03:ret
291: "ROOTDEPTB":
292: if ol=l:qto "CITHUS W/C"
293: if 01=2;qto "CITRUS W/C"
294: if pl=3;qto "COTTON"
295: if pl=4:qto "FODDER"
296: if pl=5:'1to "!·IA.IZE"
297: if pl=6:'1to "RICE"
299: if 01=7;qto "SUSA.R CANE"
299: if pl=8;qto "\'if!CI\T"
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"1l\IN SIM[JLATIO:~ PROCRl\M. oaqe

300 "CITHU5 ;i/C":
301 135~05

302 ret
303 "COTTON":
304: if o2<=120;jrno 3
30 5: 140~p5

305: ret
307: 02/120* 125H5~p5

303: ret
309: "fOODCR":
310: if 02<=60: i'11P 2
311: 105~05; ret
312: p2/60*~Ot15~p5

313: ret
314: "~'liUZ8":

315: if <:>2<=60; jmJ) 3
316: 10:,~p5

317: ret
318: D2/60*90+l5~p5

319: ret
320: "RICe":
321: if 02<=70:j'110 3
322: 90~p5

323: ret
324: D2/70*75+15~p5

325: ret
326: "SUGl\R Cl\Ne":
327: i f p 2<~ 130: i mo 3
328: 90~p5

329: ret
330: p2/130*75+15~p5

331: ret
332: "'meAT":
333: B5-(D3-2g3\/1.96~p6

334: if D2<~p6;imp 3
335: 105~D5

336: ret
337: p2/p5*90+15~D5

338: ret
* 15355
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PFOGR~M fOR INITIAL CONDITIONS, page 1

0: "Initial Conditions":
1: for 1=1 to 50:" "+I$[I];next I
2: ent "Maximum Depth of Irrigation?" ,r1
3: ent "Minimum Deoth of Irrigation?" ,r2
4: ent "Economic Priority of Citrus w/c?",r3
5: ent "Economic Priority of Citrus wo/c?",r4
6: ent "Economic Priority of Cotton?" ,r5
7: ent "Economic Priority of Berseem?",r6
8: ent "Economic Priority of Maize?",r7
9: ent "Economic priority of Rice?" ,r8
10: ent "Economic Priority of Sugar Cane?",r9
11: ent "Economic Priority of Wheat?",rlO
12: ent "CS1-lD For Citrus w/c?" ,r11
13: ent "CSMD For Citrus wo/c?" ,r12
14: ent "CSMD For Cotton?" ,r13
15: ent "CSMD For Berseem?",r14
16: ent "CSMD For Maize?",r15
17: ent "CSMD For Rice?" ,r16
18: ent "CSMD For Sugar Cane?",r17
19: ent "CSMD For Wheat?".r18
20: ent "Field Caoacity of Soil in %?",r19
21: ent "wilting Point Percentage?" ,r20
22: ent "~!aximum Acreaqe of Citrus w/c?",r21
23: ent "Maximum Acrea~e of Citrus wo/c?",r22
24: ent "Maximum Acreage of Cotton?" ,r23
25: ent "Haximum Acreage of Berseem?" ,r24
26: ent "Maximum Acreage of Maize?" ,r25
27: ent "Maximum Acreage of Rice?",r26
28: ent "Maximum Acreage of Sugar Cane?",r27
29: ent "Maximum Acreage of Wheat?",r28
30: ent "Number of Fieids in Citrus w/c?",r29
31: ent "Number of Fields in Citrus wo/c?" ,r30
32: ent "Number of Fields in Cotton?" ,r31
33: ent "Number of Fields in Berseem?",r32
34: ent "Number of Fields in Maize?",r33
35: ent "Number of fields in Rice?" ,r34
36: ent "Number of Fields in Sugar Cane?",r35
37: ent "Number bf Fields in Wheat?",r36
38: 50-r29-r30-r31-r32-r33-r34-r35-r36+r37
39: if r 37<0;beep;dso "Too t1any Fields Given";wait 5000;jmp -9
40: 1+1
41: for K=l to B
42: r(K+28'+J
43: if J<=O;jmp 3
44: str(K)+I$[I,1,2]
45: J-l+J;l+I+I:jmp -2
46: next K
47: for K=I to 50
48: str(91+I$[K,1,21
49; next K
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PROGRAM FOR INITIAL CONDITIONS, page 2

50: fxd 0
51: for 1=1 to 50
52: if val(IS[I,1,2Itl=1~str(ll+IS[I,3,61

53: if val(IS[I ,1,21 )=2~str (1)+1$[1,3,61
54: if val(I$[I,1,211)=3;str(106)+I$[I,3,61
55 : if val ( I S [ I , 1 ,211) =4 ; s t r ( 335) +1$ [ I ,3 ,6 1
56: if val(I$[I,1,21'l=5~str(190l+IS[I,3,6]

57: if val(I$[I,1,2Il=6;str(176l+I$[I,3,61
58: if val(I$[I,1,2Il=7;str(64l+I$[I,3,6]
59: if val(I$[I,1,2H=8;str(28Bl+I$(I,3,6\
60: if val ( I $ [ I , 1 , 2 II) =9; s t r (999) +1$ [ I ,3 ,6]
61: next I
62: for 1=1 to 50
63: fxd 3
64: str(.51+1$[I,7,12\
65: next I
66: trk l;rcf r38,rl,r37;rcf r39,1$:trk 0
67: ret
68: "Outout of Initial Conditions":
69: trk O;ldf 3,N$
70: fmt 9,40x,"Listing of Control Parameters and"
71: fmt 1,44x,"Field by Field Conditions"
72: wrt 6.9;wrt 6.l;wrt 6:wrt 6
73: fmt B,90x,"Field by Field Status";wrt 6.8
74: fmt 2,"r-Variable Description Value",z
75: fmt 3,20x,"Field No. Crop Planting Date SMD"
76: wrt 6.2:wrt 6.3;wrt 6:wrt 6
77: fm t 7,2 x , f 3 • 0 , 2x , c31 ,4 x, f 6 • 2,21 x, f3 • 0 ,6 x , ell , 3x , cl 0 , f 3 • 0 ,5 x , f 9 • 2
7B: fmt 8,69x,f3.0,6x,cll,3x,clO,f3.0,5x,f9.2
79: for 1=1 to 50;val(I$[1,1,3])+U
80: val(II$[I ,3,61 )+plO;if plO=999;" "+D$;O+plO;jmp 2
81: cll 'DATe CONVERSION'(O,O,plO)
82: if I<=37;wrt 6.7,1,l~$[1],ri,I,M$[Ul,D$,plO,val(1$[I,7,121)
83: if I>37;wrt 6.B,1,'\$[U],D$,pIO,val(1$[I,7,121)
84: next I
85: for 1=1 to 9;wrt 6;next 1;ret
*6536




