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ABSTRACT

CRDP76, Cluff (1977), is a computer program which models the

processes of a water harvesting reservoir system. GROP76 utilizes the

computer program RAMDD1, which is a rainfall/runoff model. The objec-

tive of the research is to develop an improved calibrated version of

the program which will be of practical use to non-research oriented

technicians in developing countries. The new versions are called

CRDP84 and RAMD1084.

The development of CRDP84 involved improving the user interac-

tive statements, installing a reservoir seepage routine, developing an

alternative water yeild routine based on the U.S.S.C.S. runoff equa-

tion, and a partial calibration of the soil moisture routine. The

calibration involved a comparison between the actual and the simulated

values of seasonal irrigation and consumptive use of four crops: wheat,

sorghum, cotton, and grapes. Improvements were made in the program

equations that calculated the rate of root growth, the soil moisture

depletion fraction and actual evapotranspiration. In the final simu-

lation, the percentage difference for crop consumptive use calculated

from the actual data and the simulation was +2.6 % for sorghum, -2.4 %

for grapes, +2.0 % for Meat, and -8.8 % for cotton.



INTRODUCTION

Water harvesting is the ancient practice of collecting and

storing rainfall. Usually practiced in arid and semi-arid regions of

the world, its use establishes more reliable water supplies for agri-

cultural, livestock, industrial, domestic, or recreation activities.

Water harvesting systems utilize a catchment area, which vary in size

from as small as a square meter to thousands of hectares. To increase

runoff, the catchment area surface is often made impervious by a physi-

cal or chemical treatment.	 Many water harvesting systems with a small

catchment channel water directly to the crop or particular use.	 How-

ever, larger catchment systems usually utilize a storage tank or open

reservoir.

With an ever increasing world population and food demand, there

is continuing pressure to increase agricultural productivity on margi-

nal lands in the Third World.	 These areas may be inaccessible to

existing surface water supplies to sustain irrigated agriculture.	 Al-

so, the local population will most often lack the technical and finan-

cial capability to pump groundwater from deep aquifers. Interest in

water harvesting as a practical method of supporting irrigated agricul-

ture has been increasing in recent years.	 Its potential is not only

restricted to arid regions.	 It may be utilized in humid regions where

rainfall is poorly distributed during the year.

When designing a water harvesting agriculture system for a
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certain area, the planner must find the optimal size of a catchment

area and a reservoir needed to sufficiently meet the irrigation re-

quirements of a particular cropped area. 	 An understanding of the

location's hydrologic characteristics is imperative. The planner must

be aware of the quantity, reliability, and annual distribution of

rainfall. Runoff characteristics of the catchment surface must be

accurately estimated. Numerous factors and their interactions, such

as consumptive use of water by crops, soil characteristics, and irriga-

tion efficiency, must also be considered. Because of these complexi-

ties computer modeling offers an alternative to the trial and error

design as made in the past.

A Compartmented Reservoir Operation Program, C0P76, was deve-

loped, by C. B. Cauff (1977), as a tool for optimizing the design

dimensions of water harvesting agriculture systems. This model is used

in conjunction with a rainfall/runoff model called RAYDDl. These

models make various simplifications and assumptions about watershed,

soil and plant characteristics. They are not intended for precise

scientific research, but rather for applied engineering purposes in the

field. The research of this study focused on creating a new version of

00P76 and RAMOD1 named CR0P84 and RAN/0084.



OBJECTIVES

The objectives of this study were:

1. Tb calibrate the soil moisture accounting routine of the

model with actual crop consumptive use data.

2. To include a routine in the CROP model to account for seepage

from water storage.

3. Tb develop an alternative catchment yield scheme in the

RAYDO model for use on untreated catchments.

4. To modify both models such that they can be used by non-

research oriented technicians in developing countries.

3



LITERATURE REVIEW

Although the practice of water harvesting has been in existence

for many thousands of years, extensive research on the subject has only

occurred in recent years. Myers (1974) believed a water harvesting

symposium held in 1974 in Phoenix, Arizona, was the first of its kind.

He noted that he first heard the term "water harvesting" used by Geddes

of the University of Sidney. In reference to "the collection and

storage of any farm waters, either runoff or creek flow, for irrigation

use," currier (1973) used a more generalized definition. He defined

water harvesting as "the process of collecting natural precipitation

from prepared watersheds for beneficial use." Cluff and Dutt (1973)

considered the water harvesting process to be incomplete without a

provision for storage. A water harvesting system is then the combina-

tion of a water harvesting catchment and a reservoir. However, some

water harvesting systems may be as simple as directing runoff so that

it may infiltrate into the soil to be held as available water for

plants.

Evidence of early water harvesting practices in agriculture

have been found in the Negav Dessert in Isreal (Evenari, Shanan, and

Tadmor 1971). Ancient dwellers, as early as 2000 B.C., are believed to

have cleared hillsides to smooth the soil and increase runoff. Cbntour

ditches were built to collect water and carry it to lower lying fields

where it was used to irrigate crops. In some situations, where the

4
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runoff was erratic, the soil profile was utilized for storage.

Considerable research has been done in developing economically

feasible catchment construction methods (Cluff and Frobel, 1978). Fra-

sier and Myers (1983) developed a U.S.D.A. handbook on water harvest-

ing.	 These researchers concluded that the most successful catchment

methods include:	 (1) land surface alteration by means of clearing,

shaping, and compacting the earth;	 (2) chemical treatment involving

the use of clay dispersants such as sodium salts and water repellents

such as silicones; (3) soil cementation treatments, which include the

mixing of asphalt, cement, resins and polymers into the soil; and (4)

soil covers methods, which may utilize exposed membranes (butyl, plas-

tic and asphalt), gravel covered membranes, concrete, reinforced as-

phalt, and sheet metal.

A modern sophisticated water harvesting system, including areas

for catchment, storage, and use, will involve an array of hydrologic

processes. Computer modeling has given the water harvesting researcher

a valuable tool for use in quantitative analysis.	 Few existing models

deal with the subject of water harvesting comprehensively. 	 There are

numerous models which separately cover key hydrologic processes involv-

ed in a system: water yield, reservoir regulation, seepage, irriga-

tion, and evaporation, etc.

Numerous models deal with the simulation of streamflow and/or

water yield.	 The USDAHL-74 Mbdel (Holtan et Al., 1975) MS developed

for use on small watersheds.	 The model may be classified as complete

and continuous. It considers the entire watershed hydrologic cycle and

the processes that occur between and during storms.	 A distinguishing
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feature of the model is its use of land capability classes.	 Three

zones representing the natural elevation sequences of uplands, hill-

sides, and bottomlands are used.

The TR-20 watershed model was developed by the Soil Conserva-

tion Service (U.S. Soil Conservation Service, 1965). It is widely used

in the planning and design of small watershed projects and in flood

plain studies. The model may be classified as a complete, event based

model. For individual storm events, it computes peak discharges, their

time of occurrence, and water surface elevations. Its main feature is

its use of the well known SŒ runoff curve number method. Computed

rainfall excess is applied incrementally to a dimensionless unit hydro-

graph to obtain a computed hydrograph. Another routine, routes a flood

hydrograph through a reservoir or other type of water storage area.

A stock pond simulation model utilizing water harvesting, was

developed for use in the northern Great Plains (Hanson, Neff, and

Woolhiser, 1974).	 The model computes rainfall and runoff by using

Miarkov chain-exponential and beta stochastic methods. 	 The model takes

into account all pond losses: seepage, evaporation, spill, and use.

Mbdel output shows the fluctuations of storage with respect to time

over any given number of years.	 An additional routine computes an

optimal design size for the pond.	 However, the model does not provide

a general seepage rate function.	 In an example simulation of the

model, daily seepage in acre-feet per day was estimated from a third

order polynomial, which had been fitted to information.

Morin and	 tlock (1974) developed a model simulating dessert

strip farming.	 The model considers the flows over a catchment and
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farm area. It utilizes no surface storage. It does compute a daily

storage of moisture in several soil layers. Also, it outputs the

actual daily consumptive use, the listing of plant stressed days, and

the actual yield of the harvested crop. The model also allows the user

to compute an optimal catchment to crop area ratio. The model under-

lines the necessity of an improved storage system, ie: a reservoir, if

the rainfall is poorly distributed.

Australian researchers developed a model for catchment design

optimization (Frith, Nulsen, and Nicol, 1974). Intended for use in

western Australia, the model outputs isoquants of various sizes of

sheep flocks that may be supported by various combinations of catchment

area and dam capacity. Minimal costs are obtained when area and

capacity are both minimized.	 Unfortunately, the model does not take

into account seepage due to the difficulty of its measure.

Recognizing the necessity of surface storage in many applica-

tions of water harvesting, the compartmented reservoir system was

developed as an efficient method of storing water (Cluff, 1977). Nbst

areas needing water harvesting projects will be areas of high evapora-

tion loss. The concepts and operation of the system are explained in

more detail under the CRDP model description. The system is ideal for

areas having a relatively flat terrain, where it is difficult to avoid

high surface area to water depth ratios. By dividing the reservoir

into compartments, water is concentrated into a fewer number of com-

partments as water is both evaporated and beneficially used. Unfortu-

nately, the system requires the use of low-head pumps, which require

some energy resources, and trained management. These are not always



8

readily available in many parts of the Third World.	 However, if pro-

perly implemented, with a portable pump, preferably wind or photovol-

taic, the results can be dramatic at a relatively lus capital cost.

The Cluff dissertation made numerous simulations for finding

reservoir design optimization. Among its observations: "(1) the rate

of increase of efficiency of storage decreases as the number of com-

partments increase; (2) there was no significant difference in evapora-

tion loss by varying the relative size of compartments if the total

combined volume remained constant; and (3) the increase in efficiency

due to the use of the compartmented system decreases as the depth of

the reservoir increases, becoming insignificant for depths of 20 or

more meters".

A few models have been developed for irrigation optimization.

Fogel, Duckstein, and Kisiel (1973) developed an irrigation optimiza-

tion model based on a systems model for business inventory optimiza-

tion. The inventory model was developed by Taha (1971). Fogel et Al.,

were able to make direct analogies for setup costs, holding costs,

shortage costs, demand, and ordering cycle. Separate versions of the

model were developed that treated demand, crop consumptive use, on a

deterministic or stochastic basis.
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!VDDEL DESCRIPTION

The model developed in this study consists of two programs: 1)

RAYID084 which creates a runoff data file, and 2) CRDP84, the main

program, which contains various routines and subroutines. These rou-

tines are: 1) a compartmented reservoir routine which calculates the

design dimensions of the reservoir component; 2) a reservoir storage

routine which accounts for the water gains and losses in the reservoir

due to evaporation, seepage, irrigation use, runoff, and rainfall; and

3) a soil moisture routine which accounts for the water gains and

losses in the crop area due to rainfall, irrigation, consumptive use,

and deep percolation.

The model assumes the planner wishes to design an agriculture

system large enough to utilize a storage reservoir. However, it is

possible for the experienced user to modify the program for a situation

where water is applied directly to the crop from the catchment. The

system may be broken into three main components as shown in Figure 1.

Figure 1. A schematic diagram of a water harvesting system

Since there are a variety of data and variables inputed into

9
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these components, it is not possible to find the optimum design of the

system with only a single simulation of the model.	 It is neccessary

for the user to become skilled with the model and the computer.	 By

making repeated computer runs, continually adjusting the sizes of each

component, and taking the land and water contraints into consideration,

an optimum design is found. For example, if the reservoir runs dry

during a cropping period in one simulation, the user may enlarge the

catchment area if the amount of runoff is not sufficient. Or, if the

storage is not sufficient, it may be necessary to increase the size of

the reservoir. If the catchment and/or storage can not be economically

enlarged, it may be necessary to reduce the cropping area, change to a

crop with a lower consumptive use and/or adjust the time of planting.

It is necessary to run simulations using a ten or twenty year rainfall

record. The user is then able to take wet and dry cycles into consider-

ation.

RAMDD84 Program

Before using the CR0P84 program, it is necessary to use the

runoff program known as RAADD84.	 This program takes an inputted daily

rainfall record, and calculates daily runoff. 	 It combines the daily

values to determine weekly rainfall and runoff values for each year of

the record.

The user is given the choice of two options from the basic RA-

MD084 program for calculating runoff. The two options are intended for

use on untreated natural watershed catchments. RAMDD1, developed by

Cluff 1977, utilizes a curvilinear relationship between rainfall and

runoff.	 RAMDD2 utilizes the U.S. Soil Conservation Service runoff
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equation. Both options contain a subroutine called PAVE, which may be

used for calculating runoff from paved or near-impervious treated

catchment surfaces.

The RAMOD1 option begins by emptying a rainfall data file into

an array. Each rainfall event is represented by three values, the

month, the day and the quantity. The runoff routine is centered within

an outer do loop, which moves the program from one year to the next

throughout the entire record of daily rainfall. Within this loop is an

inner loop which moves the program from one rainfall event to the next.

A subroutine first converts the monthly date of the event into a value

indicating its day of the year. For example, the date of an event on

March 3 would be 62 on a non-leap year. The day of the year value

for the event is divided by seven; this allows the program to keep

track of which week of the year the event falls into. This is necces-

sary because in addition to calculating runoff for each event, the

program calculates a weekly sum for both rainfall and runoff. The

runoff equation used in RAYDD1 is based on three main variables. A

runoff coefficient and a threshold coefficient, are provided by the

user at the beginning of the program. The third variable is anecedent

soil moisture, which is based on the number of days since the previous

rainfall event. The runoff coefficient is an estimated decimal frac-

tion of a quantity of runoff over a quantiy of rainfall after a thres-

hold value has been exceeded. The threshold coefficient is the esti-

mated quantity of rainfall required before runoff will commence.

A trial and error method may be used to find appropriate coef-

ficient values. First, through interviews with local farmers and agri-



culture technicians reasonable estimates of the coefficients should be

made. These values should be run through the program with the rainfall

record. The overall total runoff efficiency should be evaluated. If

it is not reasonable, an evaluation of individual events should be made

to determine how the runoff and threshold coefficients should be

adjusted.

Before actually calculating runoff, the routine modifies the

user's coefficient values by taking the anecedent soil moisture into

consideration. This is shown in the following two equations:

TT = TT' - (.7 * TT' * e(-(DAY/3)))	 (1)
where

TT = the modified basic threshold coefficient

TT' = the basic threshold coefficient inputted by the user

DAY = the number of days since the previous rainfall event

KK = KK'*(1-(.9*e(TT'/100)*e(-(RAJN/100)))) 	 (2)

where

KK = the modified runoff coefficient

KK' = the runoff coefficient inputted by the user

RAIN = the quantity of rainfall from the event in millimeters

Runoff is calculated from these coefficient modifications:

RUN = KK * (RAIN -	 (3)

where

RUN = runoff in millimeters

If crops, weeds, and/or brush are grown on the watershed catch-

ment, it is assumed that as the vegetation cover increases with the

12
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progression of the rainy season, runoff efficiency will be reduced.

During the dry season, the vegetation cover dries out and much of its

residue may be consumed by animals. The watershed vegetation begins

growing again at the beginning of the following rainy season.

To account for vegetation growth on the watershed, RAMDD1 has

an additional routine which makes an additional modification of the

runoff coefficient that was entered by the user. For those weeks that

the user believes the vegetation cover should be growing, the program

accumulates millimeters of rainfall into a variable (QRWT). As the

rainfall season progresses, runoff efficiency is gradually reduced.

This is described by the following equation:

KK = KK' * (1 - QRNT/1000) (4)

where

KK' = the runoff coefficient inputted by the user

QRWT = the accumulated rainfall

In bimodal rainfall areas such as southern Arizona, where

storms have different characteristics according to the season, a spe-

cial adaptation is available on request to account for those large

variations.

The user is given the choice of having the program output given

in daily and weekly rainfall/runoff values, only weekly rainfall/runoff

values, or only annual rainfall/runoff values. Rainfall/runoff values

are given in millimeters. The output lists the specific week of the

year, the percent quantity of rainfall that becomes runoff, the number

of days between the storms, a chronological numbering of each storm,

and the date of each storm. An example of this output is shown in
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Appendix B.	 The user is also given the opportunity to make a printout

of just the rainfall data file, which gives the date of the each storm

and rainfall quantity in millimeters. In addition to weekly values,

annual rainfall and runoff totals are given before proceeding to the

following year. Grand totals are calculated after all the years re-

quested in the simulation have been processed.

RAMDD84 includes RAMDD1 and a supplemental version.	 The sup-

plemental version utilizes the U.S. Soil COnservation Service runoff

formuala. This is shown in the following:

RUN=(RAIN-0.2*S)/(RAIN+0.8*S)	 (5)

S=(25400/CN)-254	 (6)

where

RUN = calculated runoff in millimeters

RAIN = actual rainfall in millimeters

CN = the curve number estimated by the user

S = the metric transformation of the curve number

A curve number for a particular watershed is based on a variety

of factors describing surface conditions. These factors include the

soil permeability, vegetation cover, and land use, etc. The value may

be obtained by using tables from the U.S.S.C.S. National Engineering

Handbook. Excerpts from the handbook are given Appendix E. A trial

and error method similar to the method described in RAMD084 may be used

in estimating the curve number.

The program takes anecedent soil moisture into consideration by

continually calculating the quantity of rainfall for the previous five
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days for each event. If the quantity of rainfall is less than 12.7 mm,

the curve number given by the user is lowered. If the quantity of

rainfall is greater than 38.1 mm, the given curve number is raised.

The amount the curve number is raised or lowered depends on the curve

number value itself. If the curve number needs to be raised and is

less than 60 it will be raised by an amount using the following equa-

tion:

Y = 13.58+8.40*LN(Curve Number)	 (7)

If the curve number is greater than 60, it is raised by an

amount using the following equation:

Y = 238.41-51.06*LN(Cuve Number)	 (8)

If the curve number needs to be lowered and is less than 40, it

is lowered by an amount using the following equation:

Y = .74+5.23*LN(Curve Number)	 (9)

If the curve number is greater than 40, it is lowered by an

amount using the following equation:

Y = 193.23-41.78*LN(Curve Number).	 (10)

Because of the complexity of trying to calculate how a curve

number would change due to seasonal fluctuations in the vegetation

cover, the user is simply given the option of inputting separate curve

number values for each week of the year. These values may be entered

into a data file before the simulation. The program then uses the same

set of 52 values for each year of the simulation.	 This option is

important for use in areas with bimodal rainfall regimes.	 The PAVE

routine was developed for paved or near-impervious treated catchment

surfaces. Unlike the VIVO previous routines, it does not take anecedent
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soil moisture into consideration. The user provides a runoff efficien-

cy coefficient and a threshold coefficient.	 Runoff is calculated from

the following equation:

RUN = OIE * RAIN) - TC	 (11)

where

RUN = calculated runoff in millimeters

RAIN = rainfall in millimeters

RE = estimated runoff efficiency

TC = estimated threshold coefficient

It is simpler to model a paved watershed surface than a natu-

ral watershed, because the factors controlling the hydrologic processes

(i.e. interception, infiltration rates, surface roughness, etc.) are

more uniform.

It is important that the user recognize that no runoff equation

can ever accurately estimate a quantity of runoff from a quantity of

rainfall because of the large number of factors involved. The equa-

tions presented in these routines estimate runoff based on averages

found from long term empirical observations

CROP84 Program

After the rainfall/runoff files have been created, the CRDP84

program may be loaded and run. This program contains a compartmented-

reservoir routine and soil moisture accounting routine. A compartment-

ed reservoir is a method of reducing evaporation losses by dividing a

reservoir into separate compartments. The soil moisture accounting

routine calculates the amount of miter in storage in the cropped area.

00P84 outputs a weekly schedule for each year of the record showing
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the rainfall, runoff, evaporation rates, the quantity of water in soil

and reservoir storage, the quantity of water used in crop evapotranspi-

ration and lost through deep percolation.	 An example of the output is

shown in Appendix C.	 Also included in the appendix is a printout of a

legend provided by the program, which explains the column headings used

in the program output. Before the simulation begins, CRDP84 will call

for data files containing historical records of weekly evaporation and

rainfall/runoff. The rainfall/runoff records are created by the RAYCO

routines. These files are emptied into arrays. Due to the difficultly

of obtaining evaporation data in many parts of the world, the user is

permitted to use one year of evaporation data repetitiously for each year

of the simulation. The program also calls a consumptive use data file.

This may contain up to five sets of 52 weekly consumptive use values

for various crops.	 This allows the user to simulate the production of

up to five separate crops simultaneously.	 The consumptive use values

may be inputted in the form of coefficients, inches or millimeters. If

they are coefficients, the value is multiplied times the corresponding

weekly evaporation rate to get a quantity of consumptive use for that

week.

CR0P84 is capable of operating on a water calendar.	 The water

calendar uses October 1 as the beginning day of the year. All climato-

logical data are still inputted into CRDP84 using a normal calendar

year record.	When a water year sequence of operation is desired,

00P84 converts the record into a water year sequence. 	 The first week

and first year of output is then the first week in October of the first

year of the record.	 The last year off output will only contain clima-
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tological data for the first thirteen weeks, which are the dates of

October 1st to December 31st.

compartmented Reservoir Routine

The concept of the compartmented reservoir was developed by

Cluff (1977) in light of the difficulty of economically storing water

in areas having a flat terrain and a high evaporation loss rate. When

these conditions prevail, it is difficult to withdraw water from a

conventional reservoir at a constant rate. Since the average depth

of these reservoirs is generally less than the annual evaporation,

there is little chance of maintaining storage from one rainy season to

another. Although considerable research has been done with floating

evaporation control materials, costs are generally too prohibitive to

be realistically used in Third World agriculture. The compartmented

reservoir, however, does have the potential of controlling evaporation

loss at a low enough cost for the water to be used for agriculture. The

surface area to depth ratio is reduced by keeping the water concen-

trated. Evaporation loss is controlled by reducing the amount of reser-

voir exposed to the atmosphere.

Figure 2 illustrates a three compartmented reservoir. Assume

the surface area of A is equal to the surface area of compartment B

plus C. Runoff flows into the receiving compartment, A. During the

rainy season, the water in A is pumped into the deeper compartments B

and C, as soon as possible after each runoff producing event. Follow-

ing the rainy season, water is first withdrawn for consumptive use

from compartment A until the evaporation and seepage losses from B and

C are equal to the remaining water in A. At that point, the remaining
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water in A is pumped into the unused capacity of B and C. Water needed

for consumptive use is then withdrawn from B, until the water in B is

equal to the unused capacity of C.	At this point, the remaining water

in B is transferred to C. C is filled and A and B are empty. The

surface area of the reservoir has been reduced by three-fourths of what

it would have been had the reservoir not been compartmented.

With the recent development of portable, low-lift, high capaci-

ty, tractor operated pumps the concept of a compartmented reservoir

could be economically feasible in many Third World agricultural situa-

tions.	 One pump would be capable of servicing several small reser-

voirs.	 If the site has a topographic slope of more than three or four

percent, the compartments could be positioned to enable the transfer of

water from One compartment to another completely by gravity flow. The

system would be operated as before, but without a pump.

Smaller solar or wind powered pumps could also be used on a

continous basis moving water into a single compartment. Selective

removal to satisfy agriculture demands reduces the amount of required

pumping from one compartment into another.

The program assumes that each compartment to be of the shape of

an inverted truncated prism with four equal sides and a constant slope.

A cross-sectional area taken perpendicular to any pair of opposite

sides has the shape of a trapezoid. The top surface area of the

compartment is calculated using the following equation:

0.5	 0.5
TA = [(VM)/110M + (Sx101M)] x [(VM)/EIM+(S x 10M)] 	 (12)

where

TA = surface area of the top of the compartment
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MM = maximum volume inputted by user

S = slope of compartment sides (run/rise) inputted by user

DM = maximum depth of compartment inputted by user

This value is used to calculate the surface area of the bottom

of the compartment with the following equation:

0.5	 0.5
BA = [(TA) - (201MkS)] x [(TA) - (20MkS)]	 (13)

where

BA = the bottom surface area of the compartment

These calculations are made for as many compartments as the

user decides to use for the simulation. The user is always given the

option of not using the compartment reservoir system, by simply input-

ting the parameters for one compartment.

Main Program Structure

The bulk of the programming routines are contained within two

main outer loops.	 The largest loop moves the simulation from one year

to the next.	 The next inner loop moves the simulation from each week

of the year.

Reservoir Storage Routine

This routine calculates the water gains and losses for each

compartment used in the reservoir for each week. For each compartment,

the surface area and the water depth are calculated using the following

equations:

3/2 2/3
SA = [(6 x CV x S) + (BA)	 ]	 (14)

WD = 2 x CV / (BA + SA)	 (15)
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where

SA = surface area of the compartment

CV = current volume in the compartment

S = slope of the compartment sides

BA = bottom area of compartment

%D = current water depth in the compartment

Before the simulation begins, the user inputs values for the

beginning volume of water, maximum volume of the compartment, maximum

depth of the compartment, and the slope of the compartment sides. The

the bottom area of the compartment is calculated by the program. Only

the volume of water and its depth will change from a week to week basis

during the simulation, while the other variables always remain con-

stant.

The values for surface area and water volume are accumulated to

obtain the total surface area of the reservoir and volume for that

week.	 However, the final weekly value for total water volume is found

later after it has gone through some more routines.	 If the total

volume of water calculated for the reservoir exceeds the total volume-

tric size of all the compartments, the excess is considered overflow

and lost from the system.

Reservoir Seepage Routine

Seepage from ponds and reservoirs is a complex process. The

factors involved include soil conditions, method of construction and

compaction, water quality, hydraulic head, etc.	 The pond seepage

models that have been developed require inputs that can not be reasona-

bly obtained by an irrigation engineer or hydrologist working in the
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developing countries.	 Nonetheless, the Crop model does address the

subject of reservoir seepage with the use of simple linear relation-

ship. If the user is experienced in programming and has an accurate

estimation of the seepage for a particular site, it is recommended that

an improved seepage equation be incorporated into the program. The

existing seepage equation asks the user to enter a maximum seepage rate

(meters per week) when the compartment is filled near capacity, and a

minimum seepage rate (meters per week) when it is nearly empty.	 This

is illustrated in Figure 3.	 The seepage rate for any given week is

calculated using the following equations:

SV = (MA - Nia) / CD	 (16)

SR= (SV * WD) + NU	 (17)

where

SV = slope value

MA = maximum seepage rate

NU = minimum seepage rate

CD = maximum compartment depth

WD = current water depth of compartment

SR = calculated seepage rate for a given week

Seepage
Rate

eta» 
_ - -	 Nhximum Rate

Minimum Rate

Depth

Figure 3. A graph for calculating seepage rate
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The volume of weekly seepage is then calculated by multiplying

the weekly seepage rate times the water surface area for that particu-

lar week.	 To make the model more accurate, this seepage rate could be

multiplied by the wetted area of the compartment.	 Using compartments

with the shape of an inverted truncated prism with four equal sides and

a constant slope, the wetted area could be calculated by the following:

H = S * WI)

2	 2 0.5
R = [ (H) + OND) ]

0.5
%A = BA + 4 * [(BA * R) + (R x H)]

where

WA = total wetted area of compartment

WI) = current water depth of compartment

BA = bottom area of compartment

Since the routine is based on very elementary assumptions, it

was felt that using the wetted area as opposed to the surface area

would not lend the routine much more accuracy. In addition, as the

size of the reservoir is increased, the difference between the surface

area and the wetted area becomes negligible.

After the volume of seepage for each compartment is calculated,

a value for total reservoir seepage is accumulated.

Evaporation Loss

The user has the option of using either pond or pan evapora-

tion data.	 If pan evaporation is used, a correction factor is neces-

sary.	 This factor usually varies from .70 to .80. Total evaporation

loss from the reservoir is calculated by multiplying the weekly evapo-
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ration rate by the total reservoir surface area for that week.	 This

value plus the previously calculated total seepage loss is subtracted

from the current total volume of water in the reservoir.

Reservoir Additions

The program makes the assumption that rainfall over the water-

shed catchment, reservoir, and cropped areas is uniform. The program

adds rainfall falling directly on the reservoir by multiplying the

total weekly rainfall by the total reservoir surface area. The weekly

runoff is multiplied by the catchment area, and then added to the

reservoir.

The program gives the user the option of adding any base flow

from deep water percolation from the cropped areas into the reservoir.

This option would be used when the cropped area is contained within the

watershed and is of significant size in comparison to the watershed

size. Deep percolation is defined as the water that drains through the

soil zone when the soil moisture is above field capacity.	 This option

might be used for areas with shallow soils over an impervious	 layer

where deep percolation may be recovered and returned to the reservoir.

The user inputs the decimal fractions of both the weekly runoff

rate and base flow that would go into the reservoir. The quantity of

overland runoff going into the reservoir is computed by multiplying the

total cropped area by the weekly runoff rate and the chosen decimal

fraction.	 The total weekly runoff is determined by the RAMIS program

for the overall watershed.	 This quantity of water is added to the

reservoir volume. If there is any deep percolation during the week, the

total crop area is multiplied by the quantity of deep percolation and
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the chosen decimal fraction.	 This quantity of water is added to the

reservoir volume.

Soil Nbisture Accounting

A third major loop inside of the week and year routine, calculates

the gains and losses of water within the soil zone of the cropped

areas. The loop moves the simulation from one crop area to the next.

The user may use up to five crop areas.

Before the simulation, the user inputs the available soil

moisture holding capacity. This is defined as the volumetric percent

of the soil that can hold water between the field capacity and the

wilting point. This fraction is multiplied by the crop area and the

root depth to obtain the total available soil moisture capacity volume

SVNI.

Rainfall is added directly to the crop area by multiplying the

crop area by the total weekly rainfall times a user inputted irrigation

efficiency.

If the user previously decided to add some overland runoff from

the crop area into the reservoir, this quantity is subtracted from the

rainfall that would have been added to the crop area. The major losses

of water from the crop area soil zones are from plant consumptive use

and deep percolation.

Root Growth Function

For plants having established root systems (such as peren-

nials), it is possible to use an average root depth for the entire

simulation. A separate consumptive use value for each week of the year
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is used for these types of plants.	 However, for most annual field

crops simulated in the program or any other seasonal plant, it is

necessary to use a root growth function. This allows the root depth to

increase at a particular rate throughout the growing season.

It is recognized that the rate of root growth depends upon a

large number of factors. There are large variations in root formation,

structure, and growth rates between crop species, which are also af-

fected by soils, temperature, moisture, nutrients, etc. However, for

the purposes of the Crop84, it is necessary to account for root growth

in some manner. It is assumed that by the time a crop has reached the

peak of its consumptive use curve, root growth will have stabilized. A

routine to estimate the weekly root growth rate for the Crop84 program

first determines the peak value of all of the weekly consumptive use

values for the crop. The rate is then found by dividing a maximum root

depth (inputted by the user) by the week, counting from the first week

of cropping, of the peak consumptive use value for the season. Since

the first week of cropping will most often be the time of most rapid

root growth, the program designates 0.2 meters as the rate of growth

for that week.	 The root begins growing at the calculated rate on the

second week.	 The root growth ends when the root depth has reached the

previously designated maximum root depth.

The time of implementation of the root growth function in

C0P84 is controlled by a "floating" planting date. For each crop that

is simulated, the user inputs the earliest and latest possible weeks of

the year during which the crop will be planted.	 This defines the time

of the year that planting is allowed. 	 The user also inputs a percent
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of the total reservoir volume that must be filled with water before the

crop may be planted. If sufficient water is available during the time

of planting, cropping will begin the following week.

Available Soil Moisture

The total available soil moisture storage capacity (SVM) in the

soil profile is calculated by multiplying the available soil moisture

decimal fraction by the crop area and the maximum root depth. When the

root growth function is used, the current available moisture for a

particular week (IMM) is computed by multiplying the available soil

moisture decimal fraction by the crop area and by the current root

depth for that week. When the root depth has reached its maximum, IVM

equals SVM. When the root growth function is not used IVM is a constant

value and equal to SVM.

The actual quantity of water (VS) that is held within IVM from

one week to the next, can obviously never be greater than IVM.

By entering a decimal fraction value of SMW, the user is able

to establish the volume of available water in the soil profile when the

simulation begins. For example, if the entire soil moisture capacity

volume between field capacity and wilting point should be filled with

water, the value entered would be 1. This value should represent the

actual soil moisture level at the location on the beginning date of

the simulation. From this point forward and throughout the simulation,

the program constantly changes the soil moisture level by adding rain-

fall and subtracting evapotranspiration. If the root growth function

is used, VS will show an immediate reduction at the beginning of

cropping. This is because the total soil moisture capacity volume IVM
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is small.	 However, each week as IYVI increases during the cropping due

to an increase in root depth, the quantity of water in the region of

soil IVM has just acquired will be added to VS. At no time will the

model indicate that water in the zone between the current root depth

and the maximum root depth decreases.	 Percolation will be added to

the lower zone, until it reaches field capacity.	 Excess will be lost

to the system unless the recovery of the deep percolation option is

activated.

Irrigation Efficiency

00P84 allows the user to input a decimal fraction for the ir-

rigation efficiency. The efficiency accounts for all water losses from

the system as water is transported from the reservoir to the crop.

Evapotranspiration

Potential evapotranspiration (PET) may be defined as the rate

or quantity of water removed from the soil by a plant, if its roots

have continual access to an adequate supply of water. Potential evapo-

transpiration includes the water lost from the plant's transpiration

and the evaporation from the surrounding soil. Actual evapotranspira-

tion (AET) will equal potential evapotranspiration when there is no

soil moisture stress. This stress occurs when an irrigation is needed,

but the reservoir is dry. When stress does occur, the actual evapo-

transpiration will be lower than potential evapotranspiration.

Crop84 calculates total weekly amounts of potential and actual

evapotranspiration loss from all the crop areas. For each crop, a

record is inputted containing 52 consumptive use values representing
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each week of the year regardless of whether the crop is being grown or

not. Cbnsumptive use values may be a depth of water in inches or

millimeters or a dimensionless crop coefficient. The crop coefficients

are multiplied times the evaporation rate for the corresponding week to

get a depth of water value. The depth of water values are multiplied

by the cropped area to get a volume of water representing PET. The

volumes of PET for each area of crops are summed to get total PET.

The root growth function routine computes PET using consumptive

use values corresponding to each week of the year, except for the

period between the earliest permissable planting date and the week the

reservoir collects a sufficient quantity to begin planting. For each

week during this period, PET will be computed using the consumptive use

value of the week of the earliest permissable planting date.

Water Stress Routine

The routine for the Crop program used to calculate the water

stress of the plant is based on research published by Doorenbos and

Eassam (1979).

For each week of cropping, the program calculates a soil water

depletion fraction (P) which is the fraction of available water in the

root zone that must be depleted before the plant is stressed. This

value is determined from Table 1 and 2. Both tables are from Doorenbos

and Eassam (1979).



Table 1. crop Groups According to Soil Water Depletion

Group	 Crops

1	 onion, pepper, potato
2	 banana, cabbage, grape, pea, tomato
3	 alfalfa, bean, citrus, groundnut, pineapple, sunflower,

watermelon, wheat
4	 cotton, maize, olive, safflower, sorghum, soybean,

sugarbeet, sugarcane, tobacco

Table 2. Soil Water Depletion Fraction ( P) for Crop Groups
and Nhximum Evapotranspiration (EMAX)

Crop	 EMAX mm/day
Group	 2	 3	 4	 5	 6	 7	 8	 9	 10

1 0.50 0.425 0.35 0.30 0.25 0.225 0.20 0.20 0.175
2 0.675 0.575 0.475 0.40 0.35 0.325 0.275 0.25 0.225
3 0.80 0.70 0.60 0.50 0.45 0.425 0.375 0.35 0.30
4 0.875 0.80 0.70 0.60 0.55 0.50 0.45 0.425 0.40

The value of EMAX is calculated by dividing the weekly consump-

tive use rate by 7. Using a simple curve fitting regression, it was

possible to reduce the data in Table 2 with the following equations:

-.13 * EMAX
	Group 1	 P = 0.6 * e	 (21)

-.14 * EMAX
	Group 2	 P = 0.84 * e	 (22)

-.12 * EMAX
	Group 3	 P = 0.97 * e	 (23)

-.10 * EMAX
	Group 4	 P = 1.05 * e	 (24)

If the calculated value of P in Group 1 is greater than .55,

the program will make P equal .55. Likewise, if the P value for Group

2 is greater than .7, P will equal .7. If P in Group 3 is greater than

equal 0.9.

Before the simulation begins, the user is asked to indicate

31



32
which crop groups are appropriate for the crops being used.

If a plant stress occurs, the program will call for an irrga-

tion. The quantity of water requested will be the difference between

the soil moisture capacity volume IVM and the current soil moisture

level VS, divided by the user inputted irrigation efficiency. If the

soil moisture level, due to a rainfall event, is greater than the

capacity volume, the difference would become percolation. As previous-

ly discussed, the percolation would be lost from the system if the

root-growth function was not being used. However, if the root growth

function was being used, it would go into the lower soil zone between

the current root depth and the maximum root depth. It would then be

lost from the system when that zone was filled to field capacity.

Referring back to a water stress situation, the amount of requested

irrigation water would then be taken directly out of the reservoir and

added to the soil moisture level VS. If the requested irrigation

quantity is greater than the quantity of water remaining in the reser-

voir, then the difference is multiplied by the irrigation efficiency

and subtracted from the soil moisture level VS. If there is no re-

maining water in the reservoir, the requested irrigation amount is

multiplied by the irrigation efficiency, and subtracted from the soil

moisture level VS.

If the water stress is not eliminated by an irrigation, the

gap between the current soil moisture level VS and the level at which a

stress begins is defined as a deficit.

Actual Evapotranspiration

The actual evapotranspiration routine is utilized whenever a
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deficit occurs.	 The routine is based on the following equation deve-

loped by Doorenbos and Kassam (1979).

-((EMA(*T)/(1-P)*DSA) + P/(1-P)
AET = (DSA/T)*[1-(1-P)*e 	 ] (25)

where

AET = actual evapotranspiration

P = soil water depletion fraction

EMAX = potential evapotranspiration in mm/day

DSA = depth of available water in millimeters

T = number of days since any water was applied to the crop
area

The program calculates the number of days since water was

applied to the crop areas (T), by first counting the number of consecu-

tive weeks since a deficit (WX) occurred. The number of days since

water was last applied until a deficit starts to occur (YMIN), is

calculated by multiplying the soil water depletion fraction P times the

depth of available water (DSA). This product is then divided by the

daily evapotranspiration (EMAX). %X is converted to days by multipling

by seven.	 Three is subtracted from this value, since a more average

value can be found in the middle of a week.	 The sum of the number of

days before and after a deficit has occurred T is given by the

following:

T = YMIN + ON (*7 - 3)	 (26)

When a defficiency occurs and the routine is used, the value of

actual ET calculated from the equation will be less than the potential

ET. The difference will be added back into the soil moisture level VS,

because potential ET was previously subtracted from the soil moisture
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level.

If the deficit is greater than the difference between potential

and actual ET, this difference is subtracted from the deficit. This

compensates for the fact that the old deficit was calculated on the

assumption that the ET loss was as great as the potential ET.

Routine to Distribute Water in Reservoir Compartments

At the end of the main program, the total quantity of water in

the reservoir VT is redistributed into the reservoir compartments.

This is done after additions and subtractions to the reservoir for the

week have been made. If VT is greater than the total volume of the

reservoir NWT, the excess is considered overflow and is removed from

the system. The routine then simply fills as many compartments to

their capacity as possible.



1VDDEL CALI I3RATION

The major portion of the work in this study was centered on the

calibration of the (B)P84 program. Calibration may be defined as an

adjustment of components within the program for the purpose of making

the program output more accurately reflect actual field data. Verifi-

cation of a program may be defined as evidence that the output will

always reflect the actual field data. CROP84 was developed mainly as a

utilitarian tool for engineers designing water harvesting systems. Due

to its broad application, it must make numerous assumptions and simpli-

fications about soils, plant growth, consumptive use, and runoff, etc.

Complete verification of CROP84 or any other program would not be

possible. However, a partial calibration of the program was accom-

plished and some improvements made.

The calibration centered around the soil moisture accounting

routine. Other components of the program, such as the reservoir rou-

tine, can not really be calibrated until additional data are obtained.

These components, with the exception of the seepage function, are

fairly straight forward with little opportunity for large error.

With the soil moisture accounting routine, it was possible to

investigate how well it could simulate the growing season of actual

field crops. Using water budget data of actual field crops, a compar-

ison was made with the water budget simulated by the program. It was

necessary to address two questions: 1) Would the program call

35
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for irrigations similar in quantity and timing to irrigations actually

applied to the selected crops, and 2) would the amount of seasonal

crop consumptive use calculated from the simulation be similar to an

amount calculated from the actual data?

Collected Data

In the past thirty years, the U.S. Department of Agriculture

Water Conservation Laboratory in Phoenix, Arizona has done considera-

ble research in investigating the consumptive use requirements of major

field crops commonly grown in the Southwestern United States. The

results of much of the research were published by Erie, et Ad.(1981).

Their report contains empirically derived consumptive use curves for

numerous crops grown in the Salt River Valley of Arizona. The studies

were conducted in cooperation with the University of Arizona on the

Mesa Experiment Station, Mesa, Arizona and on the Cotton Research

Center, Phoenix, Arizona. Some of the measurements of crops were made

at various private farms in the valley. To calculate consumptive

use, the researchers used the soil moisture depletion method. Cbanges

in the soil water content, using soil sampling and gravimetric analy-

sis, were measured over a period of time under actual field conditions.

Soil samples were taken at 1-foot interval depths throughout the root

zone and at locations that could be expected to evaluate the average

soil moisture distribution and depletion by the plants. The samples

were weighed, dried in forced air ovens, and the amount of moisture was

calculated. Soil moisture samples were taken at planting and har-

vesting dates, before and after (3 to 4 days) irrigations, and at

intermediate dates as necessary. Consumptive use was then calculated
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from knowledge of the soil moisture changes.	 The consumptive use

curves used in the booklet were developed from the averages for several

years.

One of the principal researchers, Dr. Lenord J. Erie, was most

helpful in providing soil moisture depletion data for four crops:

wheat, sorhgum, grapes, and cotton.

Table 3.	 Test plot	 information of crops used in the model
calibration.

Crop	 Wheat	 Sorghum	 Cotton	 Grapes

Location of
test plots

Mesa Exper-
mental	 Stat.

Mesa Exper -
mental	 Stat.

Univ. of AZ
Cotton Research

Drake Ranch,
Litchfield

Mesa, AZ Mesa, AZ Farm, Tempe, AZ Park, AZ

Growing
season

11/68 - 5/69 6/58 - 10/58 4/58 - 11/58 3/64 - 7/64

Size of
plots

270' X 33' 270'	 X 33' approximately
two acres

Soil	 field
capacity
by weight

18.5% 18.5% 19.5% 15%

Soil wilting
point by
weight

8% 8% 8% 7%

Specific
gravity

1.46 1.45 1.45 1.47

Maximum
root depth
(inches)

60 60 72 72

The accuracy of the grape data was considered questionable by

W. Fred O. French, a technician at the Water Laboratory who was in-

volved with its collection. Nonetheless, it was used in the simulation

because grapes are a perennial crop. Its simulation in the CROP84
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program would not use the root growth routine.	 Whereas, the other

three crops must use the root growth routine in a simulation.

Crop Data Calculations 

It was necessary to calculate the total quantity of irrigation

water applied to each of the crops during the growing season, and the

remaining quantity of water at the end of the season. The soil

moisture depletion data contained gravimetric soil moisture readings

before and after each irrigation application for the crop. Since the

CROP84 model only accounts for available soil moisture, it was neces-

sary to subtract the percent wilting point value from each of the soil

moisture readings in the data.	 It was also necessary to convert the

data values into volumetric values in metric units.	 This is shown in

the following equation:

DP = [SP * DS * 25.4 * PN] / 100	 (27)

where

DP = depth of water in the soil in mm

SP = average specific gravity of the soil

DS = depth of soil profile in inches

PW = average gravimetric percent soil moisture
(minus the percent wilting point)

25.4 was used as a metric conversion

The depth of soil profile in inches (DS) was calculated by

using the same method that is used to calculate the root depth in the

program. This may be shown in the following equation:

DS = [ (RD * CW) / NUN ] + 7.87"	 (28)

where
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RD = maximum root depth in inches

C3N = current week of the growing season - counting from the
beginning of the season

N3A7 = number of root growing weeks during the season

7.87 is a constant value in inches to account for more rapid

root growth that usually occurs in the beginning of the season. (NON)

was calculated by using the consumptive use curve developed by the

researchers Erie et Al (1981). It is the number of weeks from the

beginning of the season to the week in which the curve has peaked.

For each irrigation, DP was calculated before and after the

irrigation. The depth of irrigation was found from the following

equation:

ID = [(DPA - DPB) + CU] / JE 	(29)

where

ID = depth of irrigation in mm

DPA = DP after irrigation

DPB = DP before irrigation

CU = water used through crop consumptive use during the period
between the two measurements

JE = irrigation efficiency (0.75)

The quantity of water consumed by the crop during the period

before and after each irrigation CU was calculated by using the con-

sumptive use curve developed by the researchers Erie, et Al. (1981).

The seasonal crop consumptive use was calculated from a water

budget equation.	 This is shown in the following equation (all values

are in mm):

SOU = BSM + R + I - DP - FSM	 (30)
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where

SOU = seasonal crop consumptive use

BSM = quantity of water in soil profile in beginning of season

R = total precipitation during season

DP = total deep percolation durring season

I = total irrigation applied at the field (ID*IE)

FSM = quantity of water in soil profile at the end of season

The same procedure was used for all the crops used. The calcu-

lations are shown in Appendix F. A summary is shown in Table 4.

Table 4. Total irrigation and seasonal crop consumptive use
calculated from the crop data (all values in mm)

Wheat Cotton Sorghum Grapes

Total
Irrigation 548 1031 471 704

Consumptive
Use 716 1132 651 709

Data Preparation for the Simulation 

It was necessary to use data inputs in the simulation that re-

flected as closely as possible the actual conditions when the crops

were grown in their plots.

The available soil moisture capacity of the soils of the four

crops was calculated from the given data by the following equation:

AG = (FC-1441 ) * SG	 (31)

where

AC = available soil moisture capacity

SG = specific gravity of soil

FC = percent field capacity by weight
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WP wilting point by weight

A value for soil root depth was inputted for each crop.	 For

wheat, cotton, and sorghum, the entered value was the maximum expected

depth of the crop's roots during the growing season. Since grapes are

a perennial plant, an average root depth was used. The values used for

each crop are shown in Table 3.

Climatological data for each of the crop locations were taken

from the U.S. Department of Cbmmerce bulletin of "Climatological Data -

Arizona Section" (1958, 1964, 1968 and 1969).	 An attempt was made to

use a water year calendar for each crop.	 This was possible for wheat

and sorghum.	 However, cotton and grapes have growing seasons during

the months of September and October.	A regular calendar was used for

these two crops.

Daily rainfall values for the entire year for each crop were

entered into the RAMDD84 program.	 The program created data files con-

taining weekly rainfall and runoff values for each of the four crops.

Since it was of interest to compare the calculated quantity of irriga-

tion actually applied with an amount called for by CRDP84, the calcu-

lated quantities were artifically entered as runoff values for their

appropriate week in the rainfall/runoff file. All runoff values calcu-

lated by RANAIDD84 for each rainfall event were then removed.

The U.S Dept. of Commerce bulletin (1958, 1964, 1968 and 1969)

provided daily pan evaporation data for the Mesa Experiment Station

during the years the sorghum and wheat were grown. It also contained

daily pan evaporation collected at the Tempe Citrus Experimental Sta-

tion during the year of 1958. These data were used for the cotton and
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grape simulation. Those two crops were grown in 1958. Although, evapo-

ration from the citrus station would not have been the same as the

evaporation at the Tempe Cotton Research Farm and the Drake Ranch, it

was the closest available data. For each crop the daily pan evapora-

tion values were converted into 52 weekly values and entered into the

program on data files.

Weekly crop consumptive use values for the growing season were

calculated from the consumptive use curves developed by Erie, et Al.

(1981) for each of the four crops. The root growth routine was used for

wheat, cotton, and sorghum. Consumptive use values were entered into

a data file. A zero value was entered into the file for the weeks of

the year during Mich the crop was not grown. Available soil moisture

levels in the simulations were artificially set at 100% at the begin-

ning of the growing season because these crops were pre-irrigated

before planting.

Grapes were not not given a pre-irrigation. Thus, the soil

moisture level was not artificially adjusted for the first week of the

growing season in the simulation. The consumptive use curve provided

the consumptive use values used during the growing season. The small-

er off season values were estimated from the evaporation rate of each

week in the off season.

Simulation 

It was necessary to modify the output format for the simula-

tion. Four additional columns of data informaton were added to the

right side of the page. The column headed, (QV) represents the volumet-

ric quantity of water contained in the soil zone between the current
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weekly root depth and the maximum root depth. AG is the threshold

volume that the soil moisture level VS must go below before an irriga-

tion is called. IVM is the volumetric soil moisture capacity. P is the

decimal fraction of available water that must be depleted before plant

stress begins. This program modification was done only for the simula-

tion output and not in the final version of the CRDP84 program. The

final output for each simulation is shown in Appendix D.

For the purpose of simplicity, the value of 1000 was used for

the maximum volume of the reservoir compartment, the area of the water-

shed, and the area of the crop. Only one compartment was used in the

reservoir. Evaporation control was not a concern, because it was known

that when using components of these dimensions, a more than adequate

supply of reservoir water would be available for the crops in each

simulation.

Numerous simulations were made for each crop. The differences

between the total calculated and the total simulated irrigation were

not excessive. However, with the exception of cotton, the values for

total simulated irrigation were always higher than the calculated

values. It was realized that the program was calling for irrigations

towards the end of the growing season. Although some crops will re-

quire irrigations right up until the end of the season, this was not

the case with the crops being used for the simulations. The FAD bulle-

tin does mention that for each of the four crops, that the depletion

fraction P value must be raised towards the end of the season. How-

ever, the equations used for calculating P do not use the date during

the season as a variable. It was decided that as a my to acknowledge
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this factor, the user could input a value indicating the number of

weeks prior to the end of the season during week all irrigations will

be suppressed. When this was taken into account in the simulations

tests, the total calculated and total simulated irrigation quantities

for each of the crops, with the exception of wheat, were found to be

much closer. A summary of the each simulation is shown in Table 6.

After thoroughly checking the accuracy of the weekly consumptive

use values used in the wheat simulation, it was concluded the soil

depletion fraction P equation recommended for wheat by the F.A.O.

bulletin was probably not appropriate for the variety of wheat grown by

the researchers at the U. S. Water Laboratory. The P values appeared

to be too law, and were thus calling for too much irrigation.	 The

wheat was again simulated using the same inputs as previously, however

this time equation (24) of the soil depletion fraction equations was

used.	 This equation gave higher P values.	 The results showed an

improvement in the timing of the irrigations. The simulated irrigations

occurred during the same weeks as the actual irrigations.	 A comparison

of the simulations using both equation 3 and 4 for wheat are shown in

in Table 5.

Table 6 shows a percentage comparison between the actual and

simulated total irrigation depths for each crop. The difference bet-

ween the simulated and the actual was divided by the actual, and ex-

pressed as a percentage. For each of the crops, except for cotton, the

value used for simulated irrigation was taken from the 'With Sup-

pression' column of Table 6.
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Table 5. Total Irrigation Depths for Wheat (all values in mm)

Crop	 Actual Data:	 Simulation Data:
Without Suppression:*	 With Suppression:*

%beat3	 548	 808	 668

%beat4	 548	 747	 583

Table 6.	 A Comparison of Total Irrigation

Crop	 Actual Data:	 Simulation Data:
Without Suppression:*	 With Suppression:*

mn	 mn 	%Diff.	 rITI1	 %Diff.

Sorghum	 471	 723	 +54.0	 516	 +10.0

Grapes	 704	 907	 +29.0	 693	 -1.6

Wbeat4	 548	 747	 +36.0	 583	 -6.4

Cot ton	 1031	 798	 -23.0

Seasonal crop consumptive use was calculated from the simula-

tions by using the water budget equation (30). Total applied irriga-

tion I was taken from the sum of the irrigation column in the simula-

tion output and multiplied by the irrigation efficiency - 0.75. The

beginning soil moisture BSA was assumed to be at field capacity in

both the simulation and actual measurements. Since it takes into

account the entire soil profile, its value was the same as the maximum

soil moisture capacity SVM.

Table 7 shows a comparison between the simulated and the actual

seasonal consumptive use for each crop and their percentage difference.

* Suppression of the final irrigation in the growing season.
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Table 7. AL Comparison of Seasonal Crop Cbnsumptive Use

Crop Actual Data: Simulation Data: Percent Difference:

Sorghum 651 668 +2.6 %

Grapes 709 692 -2.4 %

Wheat 4 716 730 +2.0 %

Cotton 1132 1032 -8.8 %



CONCLUSIONS

The work of this project primarily focussed on making improve-

ments in the CR0P76 water harvesting program. This objective was a-

chieved.

A major modification was making the program user friendly.

Obviously, for proper operation it is crucial that the user understand

exactly what data inputs are being asked.

Other improvements included the creation of a new option within

the water yield program, RAMOD84, using the SŒ runoff curve number

method. The Miff water yield method has been calibrated against

actual rainfall/runoff measurements at the Atterbury Experimental Wa-

tershed, Tucson, Arizona. However, its proper use may require a user

with a considerable hydrological background. Although the SŒ method

may have some drawbacks, it has general widespread acceptance as a

method of computing average runoff estimations.

A seepage routine was added to estimate weekly seepage losses

from the reservoirs. The complexity of measuring seepage from a reser-

voir or stock pond is recognized. However, the routine allows the user

to account for the loss if supplied with estimated maximum and minimum

rates for the specific water body.

The soil moisture accounting routine was improved by using im-

proved equations to calculate the soil moisture depletion fraction P

for particular groups of crops. An improvement was made in the way the

47



48

program accounts for ET loss during the off season of each year when

the root growth function is used, by allowing the user to input con-

sumptive use values for that portion of the year. Also, a more accu-

rate equation to calculate the weekly actual evapotranspiration was

found in FAD Bulletin 33. The root growth routine was improved by

having the roots reach their maximum depth during the same week the

seasonal consumptive use rate has peaked. For crops which require a

stress towards the end of the growing season, the user is given the

option of suppressing calls for irrigation during those weeks.

A partial calibration of the soil moisture accounting routine

was made by simulating the growth of four crops: wheat, sorghum,

grapes, and cotton.	 The total irrigation depth and seasonal crop

consumptive use were calculated from the actual data.	 These values

were compared with correponding values in the final simulation results.

The timing of the simulated irrigations MS always within 1 or 2 weeks

of the dates of the actual irrigations.	 A percent difference of the

seasonal consumptive use between actual and simulated was +2.6 % for sor-

ghum, -2.4 % for grapes, +2.0 % for wheat and -8.8 % for cotton. These

differences are relatively small.

The models presented were developed for applied engineering

purposes.	 The models are based on hydrologic processes involved in a

water harvesting system expressed in mathematical terms.	 It is recog-

nized that there are limitations on the level of data inputs that can

be provided by the engineer working at a site in a developing country.

The model was designed to work within these limitations. The relation-

ships presented in the models were based on some assumptions and sim-
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plifications.	 The models were not intended to describe all the hydro-

logic processes and their interactions, but to provide practical an-

swers to simple input. The plant-soil-water relationships were based

directly on accepted methods described by Doorenbos and Eassam (1979).

An accurate estimation of the inputs, which determines the

accuracy of the output is important. It is realized that there are

drawbacks in applying the programs to specific sites. There may be

difficulties in obtaining accurate data inputs in some areas of the

world.	 These drawbacks should diminish with time as water harvesting

agrisystems are installed and more data becomes available.	 In the

meantime the model appears to be a useful quantitative tool for use in

the design of water harvesting systems.



RECOMMENDATIONS FOR FUTURE STUDY

A more complete calibration of the soil moisture accounting

routine could be attempted, if a continuous record (including the off-

season) of soil moisture data of crops over a period of years	 were

available.	 If such a record were simulated, the long term behavior of

the routine could be observed.	 An analysis could be made to see what

further calibration of the model would be necessary.

Nbst importantly, it would seem that with more opportunities

the model has in being used in the planning of new water harvesting

projects, more will be learned about how it may be improved and per-

fected.
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APPENDIX A

GUIDE 1VANUAL KR OPERATING RA'VDD84 AND CROP84 PROGRAVIS

RAY0084 and (B)P84 are BASIC language computer programs origi-

nally developed by C.B. Cauff, research hydrologist at the University

of Arizona, Tucson, Arizona. The two programs were intended to be used

in conjuction with each other as an aid to an engineer/planner in

designing a water harvesting agrisystem.	 When designing a system for

a certain site location, it is imperative that the	 planner find the

optimum size of a catchment area and a reservoir needed to sufficiently

meet the irrigation requirements of a cropped area.

It is assumed that the model user has a trained background in

hydrology or agriculture engineering, and an ablility to accurately

estimate the required model data inputs. The importance of understand-

ing exactly what type of data inputs are asked for by the programs and

their proper entry into the program, can never be stressed enough.

Mistakes in the data input will completely invalidate the simulation.

The user is urged to read this guide thoroughly, gather	 the proper

data, and then run the simulation correctly.	 He may also want to

continually refer back to the guide during operation of the program.

The program assumes the planner is designing an agriculture

system large enough to include a reservoir. The system may be broken

into three main components: (1) Watershed or catchment, (2) Compart-

mented Reservoir and (3) Cropped Areas.
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The programs allow the user to utilize a compartmented reser-

voir routine, which is an evaporation control method of water storage.

The RAMDD84 program converts an inputted daily rainfall record

and outputs a weekly rainfall and runoff record for a site location.

The CROP84 program inputs the RAMDD84 output, evaporation data, crop

consumptive use data, soil data, and given dimensions for a reservoir,

watershed catchment area, and a crop area. C0P84 outputs a weekly

schedule for each year of the record showing changes in the water level

in the reservoirs and the soil profile of the crop areas. It also

calls for irrigation quantities when required.

Since there are numerous design parameters within the system

components, it is not possible to find the optimum design of the system

with only a single simulation of the program. It is neccessary for the

user to become skilled with the program and the computer. By making

repeated computer runs, continually adjusting the sizes of each compo-

nent, and taking the land and water contraints into consideration, an

optimum design is eventually found. For example, if the reservoir runs

dry during a cropping period in one simulation, the user may enlarge

the catchment area and reservoir, or reduce the cropped area. Also, it

is necessary to run simulations using a ten or twenty year rainfall re-

cord. The user is then able to take wet and dry cycles into considera-

tion.

It is possible to use the model without the storage reservoir

component for desert strip water harvesting. This is done by making

the volume of the reservoir very small, essentially equal to O.

First Time Use



If the user is using the model for the first time. He should

first look at the disk directory. He should see several programs,

'WE", "RAYDDI", "RAMDD2" and "00P84." IMPE" is a short program used

only once to create the data file selection lists. The model allows

the user to choose from various data files containing climatological

records needed for use during a simulation. The names of each data

file are placed on five separate selection lists, which are displayed

during a simulation. If the names of these data file selection lists,

"MENUEV", IMENUET", IMENUCN", IMENURR", and 1AENUR" are seen on the

disk directory, then program "'APE" should not be run. If one or all of

these selection list names are not shown on the directory, then the

IMPE" program should be run to create the missing list or lists.

After the WE program has been run, the RADE program may be

run.

RA'VDD84

The RANDO1 option is a water yield model developed by Cluff

(1977). It was developed for natural or minimally treated watershed

catchments. It computes runoff from rainfall using a modified linear

equation. The user inputs a runoff and a threshold coefficient. The

R4MDD2 option is a similar water yield model, however it incorporates

the U.S. Soil Conservation Service curve number runoff method for

watersheds. Both options make up RAMDD84. Both options also contain

routines to compute runoff from paved or near-impervious catchment

surfaces.

The user is first shown a selection list of rainfall data

files. The user is asked to enter the number next to the name of an
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existing file, or the number next to "AVAILABLE" if starting a new

file. After entering the chosen value, the user is then asked:

ENTER THE NAME CF THE RAINFALL STATION, THEN HIT THE RETURN KEY TO

CONTINUE.

This may not neccessarily be the same name as the rainfall data

file. It should be any name that identifies the particular simulation.

The user is then asked:

FOR THE PROGRNM OUTPUT, HIT 1 TO PRINT ONLY WEEKLY VALUES, HIT 2 TO
PRINT ONLY ANNUAL TOTALS, OR HIT RETURN FOR BOTH DAILY AND WEEKLY

VALUES.

The program output gives the user the choice of having both

daily and weekly rainfall/runoff values, only weekly rainfall/runoff

values, or only annual rainfall/runoff values. In addition to giving

the rainfall/runoff values in millimeters, the output lists the speci-

fic week of the year, the percent quantity of rainfall that becomes

runoff, the number of days between the storms, a chronological number-

ing of each storm, and the date of each storm.

ENTER THE FIRST CALENDAR YEAR OF THE RUNOFF RECORD YOU ARE CREATING.

The user is asked to input the calendar year for the first

year of the runoff record.

IF YOU ARE USING AN EXISTING RAINFALL DATA FILE, ENTER THE NUMBER CF

THE YEAR, COUNTING FROM ONE, OF THE RAINFALL RECORD THAT YOU WISH TO

USE AS THE BEGINNING YEAR IN THE RUNOFF RECORD. OTHERNISE, ENTER 1
IF STARTING A RAINFALL DATA FILE.

For example, supposing the user has a twenty rainfall record

from 1961-1980. Supposing he wishes to make a runoff record for only

the years of 1972-1978. He would then enter 12. He would enter 1 if

he wanted his runoff record to start in 1961.

ENTER THE NUMBER OF YEARS CF RUNOFF DATA YOU WISH 10 CREATE.
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Using the previous example, if the user wanted a record for the

years 1972-1978, he would enter 7 here. If stored rainfall data is

being used, the desired number of years of runoff to be created obvi-

ously can not be longer than the number of years in the rainfall data

file. If the user is adding additional years of rainfall data to an

existing rainfall data file, he would enter the total number of years

that will be in the enlarged rainfall data file. For example, if he

had an existing file from the years 1965-1970 and he wished to add the

years 1971-1976, he would enter 12 here.

HIT 1, IF STARTING A NEW RAINFALL FILE; HIT 2, IF ADDING ADDITIONAL
YEARS CF DATA TO AN EXISTING FILE; OR RETURN, IF USING A STORED FILE.

This should be self-explanatory. 	 If the user entered 1, he

would then see the following:

TYPE IN THE NAME OR LOCATION CF THE NEW RAINFALL FILE.

This is the name that will appear on the rainfall data file

selection list. It is suggested that the user also indicate beside

the chosen name, the years of rainfall record contained in the data

file. For example: TUcson: 75-82. The user is then asked:

IF YOUR PRECIPITATION VALUES ARE IN INCHES, HIT 1; OTHERWISE HIT RETURN

The user may enter rainfall values in inches if necessary. The

program will automatically convert the values into millimeters.	 All

output in the RAMOD84 and C0P84 programs are in metric. The user would

then see:

FOR STURM NUMBER # OF YEAR #
ENTER THE MONTH, DAY OF MONTH AND PRECIPITATION

Three values separated by commas must be entered. Next:

HIT 1 IF YOUR INPUT WAS INODRRECT, OTHERWISE HIT RETURN



This gives the user the chance to correct what was just entered.

IF IT IS THE END OF THE YEAR HIT 1, OTHERWISE HIT RETURN.

1 is entered here after the last data entry for the year.

After all the years have been entered for the new rainfall file, the

user is then given the option of having a printout of all the rainfall

data contained in the file.	 If the user asks for a printout. He will

next be given the opportunity to make any corrections in the file.

YEAR AND STORM NUMBER OF CORRECTION

Year and storm number are values counting from one.	 If the

user entered	 2,5, it would be the fifth storm of the second year of

the rainfall record.	 The user is next asked to indicate if the new

corrected values are in inches or millimeters, and then three values

for month, day of month, and precipitation.

Going back to an earlier command, if the user had entered 2 for

adding additional years of data to an existing rainfall data file, he

would then be asked the following:

NUMBER CC YEARS YOU WISH TD ADD TD THE FILE

After entering this value, the user is then asked the same

commands that are asked of the user who is creating a new rainfall data

file.

If the user decided to use an existing rainfall data file, he

would still be given the opportunity to make corrections in the rain-

fall data file. However, it must be understood that only existing

storms may be corrected. If the user wishes to add additional storms to

a year, it is neccessary to reinput the entire file. Particular storms

may be deleted from the file by simply changing the quantity of rain-
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fall to zero.

After the rainfall data file has been chosen or entered, the

user is asked:

HIT 1, IF YOU WISH TO USE THE PAVED SURFACE ROUTINE

If the user enters 1 for a paved catchment, he is then told:

ENTER THE PERCENT RUNOFF COEFFICIENT, AND THE RUNOFF THRESHOLD (IN
MILLIMETERS).

The coefficient is the decimal fraction of rainfall that be-

comes runoff on the catchment surface after the threshold is subtract-

ed. The threshold is the minimum amount of rainfall needed before

runoff will begin.

If the user is using RAMDD1 and is using	 natural watersheds

rather then paved surfaces. He would have instead been asked:

ENTER THE RUNOFF COEFFICIENT.

The runoff coefficient as described above is the estimated

decimal fraction of runoff from a quantity of rainfall after deple-

tions.

ENTER THE BASIC THRESHOLD (mm)

The threshold coefficient is the estimated quantity of rainfall

required before runoff will commence.

The runoff model modifies the user's coefficient values by

taking anecedent soil moisture and the total amount of daily rainfall

into consideration.

A trial and error method may be used to find appropriate coef-

ficient values to input. First, through interviews with local farmers

and agriculture technicians, reasonable estimates of the coefficients

should be made.	 These values should be run through the program with
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the rainfall record.	 The overall total runoff efficiency should be

evaluated. If it is not reasonable, an evaluation of individual events

should be made and the coefficents adjusted and the program rerun.

HIT 1, IF A CROP, WEEDS AND/OR BRUSH ARE GROWN ON THE WATERSHED OR IF

THERE ARE SEASONAL CHANGES IN THE RAINFALL CRARACTERISTICS; CR HIT

RETURN IF WATERSHED IS CLEAR OR IF THERE IS NO CHANGE IN THE RAINFALL

CHARACTERISTICS.

This routine allows the model to account for changes in the

runoff rate of the watershed due to seasonal variations in the percent

of vegetation cover and/or the rainfall characteristics. The routine

makes a reduction of the runoff coefficient and a gradual increase in

the threshold coefficient as the rainy season progresses.

Going back to the point after the command for using the pave

surface routine, if the user is using RAMON (the version incorporating

the SCS runoff curve number water yield method) he may wish to refer

at this point to APPENDIX containing excerpts from the U.S. Soil

Conservation Service Engineering Handbook. The excerpts should be

helpful for the user completely unfamiliar with the SŒ method, and the

user just wishing to choose an appropriate curve number for his water-

shed catchment. RAMDD84 will give the following directions:

HIT 1, IF THERE ARE SEASONAL CHANGES IN THE CURVE NUMBER FOR THE

WATERSHED CAUSED BY CHANCES IN THE VEGETATION COVER; HIT RETURN IF THE

CURVE NUMBER REMAINS CONSTANT THROUGHOUT THE YEAR.

If the user enters 1, he will then be shown a selection list

containing curve number data files. Each file will each contain 52

values representing a curve number for each week of the year. The user

must then enter the number next fo a corresponding file name, or if the

user wishes to create a new file, he must enter a number that is

indicated as being 'AVAILABLE'. The user is then told:
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HIT 1, IF YOU WISH TO ENTER CURVE NUMBER VALUES, HIT RETURN TD USE AN
EXISTING DATA FILE.

If the user is entering new values, he will then be shown for

each week of the year:

FOR WEEK #, ENTER THE CURVE NUMBER

The user must estimate the changes in the percent cover of

vegetation on the watershed throughout the entire year. Then using

curve number graphs in the appendix, the user must estimate curve

numbers from various percent cover of vegetation. The user may also

select appropriate curve numbers for each week that would reflect

seasonal changes in the rainfall characteristics. Rainfall in Arizona,

for example has bimodal characteristics.

After entering the 52 values, the user is told:

HIT 1, IF YOU WISH TD RECORD THESE CURVE NUMBER VALUES ONTO A FILE.

If the user enters 1, he is then told:

ENTER THE NAME OF THE CURVE NUMBER DATA FILE

This is the name that will appear in the selection list for

curve number data files.

Going back to the earlier command concerning watershed vegeta-

tion or changing rainfall characteristics, if the user does not have

seasonal changes in either vegetation cover or rainfall characteristics

of the watershed he would then be asked to enter one constant value for

the watershed's curve number:

ENTER THE CURVE NUMBER FOR YOUR WATERSHED. (REFER TD THE USER'S GUIDE
FOR CHOOSING THE APPROPRIATE CURVE NUMBER.)

At this point for both the RAMOD1 and RAMDD84 versions, the

program will begin processing the rainfall data and printing the out-
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put. 	At the end of each year the user must hit the return key to

proceed to the next year. At the end of the record, the user is asked:

HIT 1, IF YOU WISH TO STORE WEEKLY DATA YCU JUST PROCESSED OR HIT 2 IF

YOU WISH TO STORE THE WEEKLY DATA AND THEN CHANGE COEFFICIENTS CR

RETURN IF YOU WISH TO ONLY CHANGE COEFFICIENTS.

If the user decides to store the runoff record that has just

been created, he will then be shown a selection list for runoff data

files. The user must then enter a number marked 'AVAILABLE', or the

number next to an existing runoff data file that the user may wish to

eliminate. The user is then asked:

TYPE IN THE NAME OR LOCATION CE THE NEW RUNOFF FILE.

This is the name of the new file for the selection list.	 It

is suggested that the user indicate next to the name the years con-

tained in the record.

Now that a runoff data file has been established the user rrey

proceed to the 00P84 program.

CROP84

The CROP84 program contains a compartmented reservoir routine

and soil moisture accounting routine. It outputs a weekly schedule 
for

each year of the record showing the rainfall, runoff, evaporation

rates, the quantity of water in soil and reservoir storage, the quanti-

ty of water used in crop evapotranspiration and lost through 
deep

percolation.

The user will first be asked:

TYPE IN THE DDCATION NNAE OF YOUR PROJECT. THEN HIT THE RETURN KEY TO

CONTINUE

This should be the name the user wishes to use in reference to



61

the simulation.

HIT 1, IF YOU ARE USING A, WATER YEAR (BEGINS OCTOBER 1);
OTHERNISE, HIT RETURN IF USING A CALENDAR YEAR (BEGINS JAN. 1).

The water year runs from October 1 to September 30.	 It should

be used for areas having a winter rainfall and growing season. This is

the case in most semi-arid tropical and subtropical lands.

ENTER THE BEGINNING CALENDAR YEAR OF THE SIMULATION

If using the water year, the user should enter the calendar

year corresponding to the first October of the simulation.

IF USING EXISTING RUNOFF AND EVAPMATION DATA FILES, ENTER THE NUMBER
CE THE YEAR, COUNTING FRQM ONE, CE THE RECORDS THAT YOU WISH TO USE AS
THE BEGINNING YEAR OF THE PROGRAM SIMULATION.

For example, if the user has runoff and	 evaporation data

records both containing the years 1961-1980, and wishes to make only a

simulation of the years 1965-1973, he would enter a 5 here. If he

wanted to start the simulation at the beginning of the records, he

would enter a 1.

It is very crucial to point out that both the runoff and evapo-

ration records must have the same beginning calendar year. Although

the user may start the simulation at any point during the records. The

user is allowed to simulate any point during the record because he may

wish to test the most critical drought period first and estimate the

dimension inputs for the components before simulating the entire re-

cord.

ENTER THE NUMBER OF YEARS YOU WISH TOO SIMULATE. MAXIMUM NUMBER CAN
NOT EXCEED 25.

Using the above example for a simulation of 1965-1973, the user

would then enter an 8 here.	 Obviously, the user can not simulate more
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years that are contained in the evaporation and runoff record.

The user is then shown a selection list of available evapora-

tion data files to choose from. The user must enter a number corres-

ponding to an existing file or an "AVAILABLE" space if the user wishes

to create a new evaporation data file.

IF YOU ONLY HAVE ONE YEAR OF EVAPORATION DATA AVAILABLE, AND WISH TO
REPEAT IT FOR EACH YEAR OF THE SIMULATION, HIT 1; OTHERWISE HIT RETURN
IF YOU HAVE EVAPORATION DATA FOR EACH YEAR OF THE SIMULATION.

This option was made in light of the difficulty in finding long

records of evaporation for many locations in the world. By hitting one

the user is allowed to enter 52 values for weekly evaporation. These

values are then repeated for each year of the simulation.

HIT 1, TO INPUT WEELY EVAPORATION DATA. HIT 2, TO INPUT DAILY
EVAPORATION DATA. HIT 3, TO CORRECT WEEKLY EVAPORATION DATA ALREADY ON
FILE. HIT 4, TO ADD ADDITIONAL YEARS CE EVAPORATION DATA TO AN
EXISTING FILE, OR RETURN TO USE EVAPORATION DATA ON FILE.

The user should hit 1, if he wishes to create a new evaporation

data file.	 He would then be asked if the weekly evaporation values to

be entered are in inches or millimeters.	 If the values are in inches,

the program will automatically convert the values into millimeters

since all output for 00P84 is in metric. The user would then be asked

to enter the name or location of the new evaporation data file. This

is the name that would appear on the data file selection list. Then to

enter the weekly evaporation values, the user would see:

FOR YEAR # AND WEEK #
INSERT WEEKLY EVAPORATION DATA

This would be repeated for each week and each year of the

simulation.

If the user had entered 2 for the earlier command to input
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daily evaporation data, he would have seen:

FOR WEEK #
INPUT DAILY EVAPORATION VALUES

It would be necessary for the user to enter seven values for

each week. After entering each set the user 
would be given the oppor-

tunity to make any corrections in the last set.

If the user had entered 3, to make corrections in the 
existing

data file, he would then be told:

ENTER THE YEAR AND THE WEEK CF CORRECTION

These values would be numbers counting from the 
first year of

the record and the first week of the year. For example, 
if the user

wanted to change the evaporation of the thirty-fourth 
week of the

fourth year of the record, he would enter the numbers 
4, 34. The user

would then be told:

ENTER THE CORRECTED WEEKLY EVAPORATION.

After entering the correction, he is then asked:

HIT 1, IF YOU WISH TO STORE THE CORRECTED DATA, GTHERINISE 
HIT THE

RETURN KEY TO MAKE ANOTHER CORRECTION.

If the user had entered 4 in the earlier command, 
to add addi-

tional years of evaporation to an existing data file, 
he would then

have been told:

ENTER THE NUMBER OF YEARS CURRENTLY ON THE EVAPORATION 
DATA FILE YOU

ARE PLANNING TO USE.

For example, if the user already has an evaporation 
record for

the years 1961-1970, he would enter 10. Then the 
first year of addi-

tional evaporation data would be 1971. The user would then be asked 
if

the new evaporation data values to be entered 
are in inches or metric,

and if these values are weekly or daily. The user 
would then enter
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values until the record contained all the years the user had planned to

use in the simulation.	 For example, the user may have decided to

simulate ten years from 1965-1974.	 A record from the years 1961-1970

may have already been on file.	 The program would have then asked 
for

four years of additional evaporation data.

After the evaporation data file has been taken care of, the

user would then be told:

HIT 1, IF YOU ARE USING FOND EVAPORATION; OTHERNISE HIT ENTER IF YOU
ARE USING PAN EVAPORATION

A lot of recorded evaporation data is taken from pan measure-

ments.	 This must be indicated by the user.	 Since pan evaporation is

more then pond evaporation it must be multiplied by a coefficient.

This is done later in the program.

The user is then shown a selection list of weekly runoff data

files, which were created by RAYDD84.	 The user is asked to type in the

number of a corresponding existing file. The user is then asked:

ENTER THE NUMBER OF COMPARTMENTS IN THE RESERNADIR. MAXIMINICE 4.

C0084 allows the user to use the compartmented reservoir

system as a method of evaporation control. By dividing the reservoir

into compartments, it is possible to reduce the reservoir surface area

to depth ratio as the water is being used or evaporated by continually

concentrating remaining water into a smaller number of compartments.

The concept of the compartmented reservoir is explained in more detail

in the model description section of the Risley thesis. Four is the

maximum number of compartments, because it was found for any number

higher, the rate of evaporation savings per additional compartments

loss begins to rapidly decrease (Cluff, 1977).	 If the user does not
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wish to use the compartmented reservoir method in the simulation, he

would enter 1 here. The user would then be given the following direc-

tions for as many compartments he plans to have in the reservoir.

FOR RESERVOIR COMPARTMENT #
INSERT THE RDLLOWING: THE SLOPE CC THE SIDES (RUN/RISE), MAXIMUM VDLUVIE
(CUBIC METERS), THE DEPTH (METERS), AND THE INITLAL VOLUME CC WATER
(CUBIC METERS)

FOR THIS COMPARTMENT: ENTER THE ESTIMATED SEEPAGE RATE (METERS PER
WEEK) WHEN THE (IMPARTMENT IS COMPLETELY FULL, AND THE ESTIMATED
SEEPAGE RATE (METERS PER WEEK) WHEN THE COMPARTMENT IS NEARLY EMPTY.

The program assumes that each compartment to be of the shape of

an inverted truncated prism with four equal sides and a constant slope.

The initial volume of water is an amount of water that will be in the

compartment at the very start of the simulation. The significance of

this is later shown. The root growth function for the crops is started

after a specified quantity of total water is contained in the reser-

voir.

It is recognized that the maximum and minimum seepage for each

compartment may be difficult to estimate.	However, it is necessary to

account	 for	 seepage loss to make	 the	 simulation	 realistic.

The user is then asked:

ENTER THE SIZE OF THE WATERSHED CATCHMENT AREA IN SQUARE METERS.

If the user is using pan evaporation data, he is then asked:

ENTER THE PAN CDEFFICIENT FOR THE EVAPORATION DATA

A value of 0.7 is commonly used.

The program allows the user to simulate the growing of up to
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five crops at a time at any time during the simulation.	 However, the

user must indicate before the simulation begins which and how many

crops he plans to simulate at some point during the simulation.	 The

user will first be shown a crop selection list.	 The list may show the

names of some crops, indicating that consumptive use data for these

crops is on file, or some of the areas may be "FALLON", indicating

that consumptive use data of a new crop may be entered for this area.

After being shown this list, the user is told:

HIT 1, IF YOU WISH TD REPLACE ANY CROP WITH A NEW CRDP AND NEW CONSUMP-

TIVE USE DATA, OR HIT RETURN TO KEEP THE LIST IN ITS CURRENT FORM.

If the user entered 1, he would be told:

ENTER THE NAME OF THE NEW CROP YDU PLAN TD SIMULATE, OR IF YOU DO NDT

WISH TD CROP, ENTER THE %ORD - FALLOW

The user is then asked to enter 52 crop coefficient or consump-

tive use values for each week of the year.

For each crop-consumptive-use value entered, the user would be

shown:

CROP # 'WEEK #
ENTER WEEKLY CROP COEFFICIENT OR ODNSUMPTIVE USE VALUES

The user is allowed to enter values in inches, millimeters, or

coefficients. The coefficient values would then be multiplied times

the evaporation rate of the corresponding week to get a consumptive use

value.

It is important to understand that if the root growth function

is used, the first value entered must pertain to the first week of the

growing season, not the first week in January.	 After all the values

for the growing season are entered, the user must enter estimated

values for the dry season weeks of the year.	 The first values right
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after the growing season values would reflect the period right after

the growing season. The values towards the end of the 52 entries would

reflect the period right before the growing begins. In many cases, the

consumptive use value of any dry season week is fairly close to one-

tenth of the pan evaporation loss of that week if the soil is very dry

with no actual plant growth.

If the root growth function is not used then the user must

enter 52 crop coefficient or consumptive use values that reflect each

week of the year.	 The first value entered would represent the first

week in January and so on until the last week in December.	 If a water

year is used, the program will automatically realign these values	 to

fit a miter year order.

After the user has decided to maintain the same crop selection

list, or change some of the crops, he is then asked:

NAME OE CROP:
HIT 1, IF YOU WISH ID GUN THIS CROP AT SNE POINT DURING THE
SIMULATION.

This direction is given for each crop on the selection list,

starting with the first crop. If the user enters 1 for a crop, he is

then told to enter a series of data inputs about the crop:

ENTER THE BEGINNING SOIL MDISTURE LEVEL

The user must enter a decimal fraction to set the soil moisture

for the crop area at the beginning of the simulation. The decimal

fraction to be entered must be a fraction of the maximum available

miter the soil is capable of holding between field capacity and wilting

point.

ENTER THE SIZE OF THE CROPPING AREA (SQUARE METERS).	 (ENTER ZERO IF
YOU DO NOT WISH ID GROW THIS CROP DURING THE FIRST YEAR OE THE
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SIMULATION. AT THE END OF EACH YEAR CF THE SIMULATION THE USER WILL

BE GIVEN THE OPTION OF GROWING OR ?OT GROWING A PARTICULAR CROP BY

ENTERING A VALUE OR ZERO FOR THE SIZE OF THE CRDPPING AREA.)

This value is only for one of the crops, not the total crop area.

FOR THE SOIL BEING USED FUR THIS GOP, ENTER THE AVAILABLE WAFER HDLDING
CAPACITY (BY MDLUME) IN DECIMAL FRACTION.

This is the volumetric decimal fraction of the soil that can

hold available water. Available water is defined as the water availa-

ble to the plant roots between field capacity and wilting point.

HIT 1, IF THE CROP CONSUMPTIVE USE VALUES ARE COEFFICIENTS, HIT 2 IF
THEY ARE IN INCHES, HIT RETURN IF THE ARE IN mm.

If coefficients are used, the user is then told:

ENTER THE PAN NDDIFIER (REFER TO BULLETIN 33)

Coefficient values are multiplied by the evaporation rate. An

appropriate pan modifier may be found in Bulletin 33.

The user is next told:

HIT 1, IF THE ROOT GROWTH FUNCTION WILL BE USED FOR THE CROP

The root growth function must be used for ephemeral plants.

The user is next told:

IF THE ROOT GROWTH FUNCTION WILL BE USED, INSERT THE MAXEMUNI ROOT DEPTH
(METERS). IF IT WILL NDT BE USED, INSERT THE AVERAGE ROOT DEPTH
(METERS).

If the user decided to use the root growth function, he would

then be told:

ENTER THE DECIMAL FRACTION OF THE TOTAL VDLUME IN THE RESERVDIR NEEDED
MD START CROPPING, AND THE LENGTH OF THE CROP'S GROWING SEASON (WEEKS).

The crop will not be planted until the reservoir has been

filled to the level of the inputted decimal fraction of the total

volume, and if the simulation is at the point in time between the weeks

indicated in the following command:



ENTER THE EARLIEST AND THE LATEST POSSIBLE WEEK YOU WANT THE CRDPPING
TO BEGIN.

For example, if the user wanted the cropping to begin anytime

during the month of June, he would enter 22 as the earliest week and 27

as the latest week of the year.

By continually	 keeping account of the soil moisture in the

soil for the crop, the program will call for an irrigation whenever

soil moisture is below a crop stress level. However, for some crops it

is not necessary to irrigate near the end of the growing season. The

following command allows the user to indicate how many weeks before the

end of the season, the irrigation should be suppressed:

ENTER THE NUMBER OF WEEKS BEFORE THE END OF THE CROWING SEASON DURING
WHICH YOU WISH TO HAVE IRRIGATION SUPPRESSED.

The user is then shown four groups of different crops.	 The

user must enter the number next to the group containing the crop he is

simulating. This is necessary because each group uses a different

equation for calculating the allowable fraction of available water that

may be depleted from the soil before the crop becomes stressed. If the

crop, the user is using, is not listed, a medium value such as 2 or 3

should be entered.

After all the inputs for each specific crop that will be used

in the simulation have been entered, the user is then asked:

IF YOU WISH TO HAVE RUNOFF AND/OR PERCOLATION FROM THE CROPPED AREA
ADDED TD THE RESERVOIR, HIT 1, OTHERWISE HIT ENTER.

This allows the user to collect water from the crop area, and

enter it into the reservoir. This option would be used when the cropp-

ed area is contained within the watershed and is of significant size in

comparison to the watershed size. Deep percolation is water that has

69
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drained out of the soil profile when there is water in excess of field

capacity. This option is necessary for areas having shallow soils

over an impervious layer. Overland runoff from the crop area will have

the same runoff depths that come off the catchment surface. If the

user selected this option, he would then be told:

COLLECTING WATER FROM THE CROPPED AREA, INPUT THE FRACTION CF DEEP
PERCOLATION AND THE FRACTION CF OVERLAND RUNOFF THAT ODES INTO THE

RESERVOIR

If the user decided that all the deep percolation would be

recovered, and that the cropped areas would have overland runoff of the

same rate as that of the watershed catchment, he would enter the values

1,1.

If the user only wished to collect water from one of these two

sources, he would enter 0 for the source he did not wish to use. The

user is then asked:

ENTER THE DECIMAL FRACTION CF IRRIGATION EFFICIENCY FOR THE SYSTBI.

This value would account for losses in irrigation water that

does not get to the plant. It would include both conveyance losses and

field application losses. A typical value would be 0.75.

The user is finally asked if he wants a legend printed for

better understanding the columns presented in the output.

The program will then begin printing the weekly output for the

first year. At the end of each year of the simulation the user will be

asked:

HIT 1, IF YOU WISH TO MAKE ANY CHANGES IN THE SIZE OF CROP AREAS AND/CR
THE PERCENT OF WATER NEEDED IN THE RESERVOIR TO BEGIN CROPPING, CR HIT

ENTER IF YOU WISH TO PROCEED TO THE NEXT YEAR.

If the user decides to make some adjustments, he will then be
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shown a list of crops that were selected for use before the start of

the simulation, and their inputted cropping area (square meters). The

user then types in the name of a crop he wishes to adjust. He is then

asked to enter a new cropping area size or a new decimal fraction of

the reservoir volume needed to begin cropping for the following year.

The program will then proceed to the following year and continue until

all the years have been simulated.

As previously mentioned, it is necessary for the user to make

numerous trial runs to become adept at using the program. When the

user is familiar with the program it is necessary to make several

simulations to find the optimum size of the system's components.



APPENDIX B

RAMDD84 FWGRNAS AND SAMPLE OUTPUT

Appendix B contains the program code for the the water yield

program RAUDD84 and some sample output. RAUDD84 contains two options,

known as RAMOD1 and RAMOD2. RAMON utilizes the water yield method

developed by C. B. Cluff. The RAND02 option utilizes the S.C.S. runoff

equation.
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Figure 4B. Sample Rainfall Data File

THE NAME CE TRE RAINFALL STATION USED: 	 TEST STATION

DATE	 PRECIP (mm) STOW NUMEER

1/ 27 1 1984 0.25 1
2/ 4/ 1984 1.27 2
2/ 5/ 1984 25.40 3
2/ 26/ 1984 0.51 4
3/ 4/ 1984 0.51 5
3/ 7/ 1984 8.13 6
3/ 8/ 1984 1.52 7
3/ 12/ 1984 17.78 8
3/ 13/ 1984 5.33 9
3/ 161 1984 1.02 10
3/ 17/ 1984 7.37 11
3 1 22/ 1984 1.78 12
3/ 23/ 1984 0.25 13
3/ 28/ 1984 0.76 14
4/ 2/ 1984 1.52 15
4/ 4/ 1984 1.78 16
41 8/ 1984 7.37 17
4/ 16/ 1984 0.51 18
4/ 17/ 1984 15.24 19
5/ 11/ 1984 1.78 20
6/ 29/ 1984 0.76 21
7/ 29/ 1984 4.83 22
8/ 7/ 1984 0.25 23
8/ 11/ 1984 5.33 24
8/ 17/ 1984 1.27 25
8/ 19/ 1984 0.76 26
9/ 8/ 1984 1.52 27
9/ 11/ 1984 12.19 28
9/ 12/ 1984 0.25 29
9/ 13/ 1984 35.81 30
9/ 27/ 1984 4.06 31
10/ 5/ 1984 7.11 32
10/ 6/ 1984 2.03 33
10/ 24/ 1984 0.25 34
10/ 25/ 1984 0.25 35
11/ 17/ 1984 4.06 36
12/ 1/ 1984 0.00 37
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APPENDIX C

ThE CROP84 FROMM AND SAMPLE OUTPUT

Appendix C contains the code listing for the CROP84 program.

This is followed by some sample output of one year.	 In normal opera-

tion a user would run a simulation Of twenty years or more.	 Included

with the output is a legend explaining the abbreviated column headings

shown in the output.
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APPENDIX D

CAL! l3RATION OUTPUT

Appendix D contains the final calibration output for each of

the four crops used: wheat, cotton, grape and sorghum. For each crop,

irrigation was suppressed in the final weeks of its growing season.

TWo sheets of output are presented for wheat. The first one uses the P

value equation number 3, which is recommended for wheat by Doorembos

and Eassam (1979). The second sheet uses P value equation number 4.
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APPENDIX E

U.S. MIL CONSERVATION SERVICE RUNDFF METIDD

The VNO tables presented in the appendix may be used when

determining an appropriate curve number for a small watershed. A curve

number is needed when using the SCS runoff version of RAMOD84. The two

tables are excerpted from chapter two of the Engineering Field Manual

for Conservation Practices, 1975, U.S. Soil conservation Service.

Table 1E. Soil Groups for Estimating Runoff Curve Numbers

Soil Group:	 Description of Soil Characteristics

A	 Soil having very low runoff potential. For
example, deep sands with very little silt or clay.

Light soils and/or well structured soils having
above-average infiltration when thoroughly wetted
For example, light sandy barns, silty barns.

Medium soils and shallow soils having below-
average infiltration when thoroughly wetted.
For example, clay barns.

D
	

Soils having high runoff potential. For example,
heavy soils, particularly clays of high welling
capacity, and very shallow soils underlain by
dense clay horizons.
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Table 2E. Runoff Curve Numbers for Hydrologic Soil-Cover
Complexes
(Antecedent moisture condition II, and la = 0.2 S)

Land use and treatment
or

practice
Hydrologic
condition

Hydrologic soil	 group

A B C D

Fallow
Straight row 	 77 86 91 94

Row crops
Straight row 	 Poor 72 81 88 91
Straight row 	 Good 67 78 85 89
Contoured 	 Poor 70 79 84 88
Contoured 	 Good 65 75 82 86
Contoured and terraced. Poor 66 74 80 82
Contoured and terraced 	 Good 62 71 78 81

Small	 grain
Straight row 	 Poor 65 76 84 88
Straight row 	 Good 63 75 83 87
Contoured 	 Poor 63 74 82 85
Contoured 	 Good 61 73 81 84
Contoured and terraced. Poor 61 72 79 82
Contoured and terraced. Good 59 70 78 81

Close-seeded legumes or
rotation meadow
Straight row 	 Poor 66 77 85 89
Straight row 	 Good 58 72 81 85
Contoured 	 Poor 64 75 83 85
Contoured 	 Good 55 69 78 83
Contoured and terraced. Poor 63 73 80 83
Contoured and terraced 	 Good 51 67 76 80

Pasture or range
No mechanical treatment Poor 68 79 86 89
No mechanical treatment Fair 49 69 79 84
No mechanical	 treatment Good 39 61 74 80
Contoured 	 Poor 47 67 81 88
Contoured 	 Fair 25 59 75 83
Contoured 	 Good 6 35 70 79

Meadow 	 Good 30 58 71 78
Woods 	 Poor 45 66 77 83

Fair 36 60 73 79
Good 25 55 70 77

Farmsteads 	 59 74 82 86
Roads

Dirt 	 72 82 87 89
Hard surface 	 74 84 90 92



APPENDIX F

CROP DATA CALCULATIONS

Appendix F contains the calculations made for each of the four

crops to determine the depth of each irrigation and the seasonal con-

sumptive use. All final values are in millimeters.

The following equation was used to determine the quantity of

water in the soil profile.

DP = [SP * DS * 25.4 * PW] / 100

where

DP = depth of water in the soil profile in mm

SP = specific gravity

DS = depth of soil profile in inches

PW = average soil moisture in profile (percent by weight)

25.4 was used as a metric conversion.

To calculate the total irrigation depth, DP was calculated

before and after each irrigation. Then the following equation was

used for each separate irrigation:

ID = [(DPA - DPB) + CU] /  JE

where

ID = the depth of irrigation in mm

DPA = DP after irrigation

DPB = DP before irrigation
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CU = water used up through crop consumptive use during the
period between the two measurements

JE = irrigation efficiency (0.75)

All irrigations for the season were then summed to get the

total.

Total Irrigation Calculations:

Sorghum

1st Irrigation:

7/16	 [ 1.47 x 43 x 25.4 x 7.15 ] / 100 = 113

7/18	 [ 1.47 x 43 x 25.4 x 10.9 ] / 100 = 173

[(173 - 113) + 19] / 0.75 = 105

2nd Irrigation:

7/29	 [ 1.47 x 60 x 25.4 x 4.68 ] / 100 = 105

8/4	 [ 1.47 x 60 x 25.4 x 8.84 ] / 100 = 198

[(198 - 105) + 61] / 0.75 = 205

3rd Irrigation:

8/19	 [ 1.47 x 60 x 25.4 x 3.68 ] / 100 = 82

8/22	 [ 1.47 x 60 x 25.4 x 7.9 ] / 100 = 176

[(176 - 82) + 26] / 0.75 = 160

Total Irrigation: 471

Grapes

1st Irrigation:

4/29

5/4

[(272

[ 1.47 x 72 x 25.4 x 3 ] /100

[ 1.47 x 72 x 25.4 x 10.12 ]

- 81) + 32] / 0.75 = 297

= 81

/100 = 272



2nd Irrigation:

5/20 [ 1.47 x 72 x 25.4 x 4.85 ] / 100 = 130

6/1 [ 1.47 x 72 x 25.4 x 8.87 ] / 100 = 238

[ (238 - 130) + 82] / 0.75 = 253

3rd Irrigation:

6/26 [ 1.47 x 72 x 25.4 x 4.53 ] / 100 = 122

6/30 [ 1.47 x 72 x 25.4 x 5.28 ] / 100 = 142

[ (142 - 122) + 20] / 0.75 = 53

4th Irrigation:

7/9	 [ 1.47 x 72 x 25.4 x 2.55 ] / 100 = 69

7/13	 [ 1.47 x 72 x 25.4 x 4.33 ] / 100 = 116

[(116 - 69) + 28] / 0.75 = 100

Total Irrigation:	 704

Wheat

1st	 Irrigation:

2/24	 [ 1.46 x 46 x 25.4 x 3.8 ] / 100 = 65

2/28	 [ 1.46 x 46 x 25.4 x 10.5 ] / 100 = 179

[(179	 - 65) + 25.4] / 0.75 = 186

2nd Irrigation:

3/20	 [ 1.46 x 55 x 25.4 x 3.95 ] / 100 = 81

3/27	 [ 1.46 x 55 x 25.4 x 8.75 ] / 100 = 178

[(178 - 81) + 62] / 0.75 = 213

3rd Irrigation:

4/11	 [ 1.46 x 60 x 25.4 x 2.42 ] / 100 = 54

4/15	 [ 1.46 x 60 x 25.4 x 6.18 ] / 100 = 137
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[ (1 37 - 54) + 30] / 0.75 = 151

Total Irrigation: 548

Cotton

1st Irrigation:

5/21 [ 1.45 x 48 x 25.4 x 5.3 ] / 100 = 94

5/26 [ 1.45 x 48 x 25.4 x 8.6 ] / 100 = 152

[(152 - 94) + 9]! 0.75 = 89

2nd Irrigation:

6/23 [ 1.45 x 57 x 25.4 x 4.37 1 / 100 = 92

6/26 [ 1.45 x 57 x 25.4 x 9.26 1 / 100 = 194

[(194 - 92) + 13] / 0.75 = 154

3rd Irrigation:

7/15 [ 1.45 x 69 x 25.4 x 1.6 ] / 100 = 41

7/18 [ 1.45 x 69 x 25.4 x 8.3 ] / 100 = 211

[(211 - 41) + 26] / 0.75 = 261

4th Irrigation:

8/11 [ 1.45 x 72 x 25.4 x 2.4 ] / 100 = 64

8/15 [ 1.45 x 72 x 25.4 x 8.5 ] / 100 = 227

[(227 - 64)	 31] / 0.75 = 259

5th Irrigation:

9/8 [ 1.45 x 72 x 25.4 x 2.4 ] / 100 = 65

9/12 [ 1.45 x 72 x 25.4 x 9.2 ] / 100 = 245

[(245 - 65) + 21] / 0.75 = 268

Total Irrigation: 1031

Seasonal crop consumptive use was calculated by using the

following water budget equation:
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CU = BSM + R + I - DP - FSM

where

CU = seasonal crop consumptive use in mm

BSM = quantity of water in soil profile at beginning of season
in mm

R = precipitation during the season in mm

I = quantity of irrigation applied at the field in mm

DP = deep percolation during the season in mm

FSM = quantity of water in soil profile at end of season in mm

Consumptive Use Calculations:

Sorghum:

Beginning soil moisture:

7/11 [ 1.47 x 60 x 25.4 x 10.17 ] / 100 = 225

Ending soil moisture:

10/29 [ 1.47 x 60 x 25.4 x .12 ] / 100 = 3

Consumptive use:

225 + 353 - 3 +76 = 651

Grapes:

Beginning soil moisture:

3/15	 [ 1.47 x 72 x 25.4 x 7 ] / 100 = 188

Final soil moisture:

8/3	 [ 1.47 x 72 x 25.4 x 2 ] / 100 = 54

Consumptive use:

188 + 528 + 47 -54 = 709

Wheat:



Beginning soil moisture:

11/29 1 1.46 x 60 x 25.4 x 9.64 7 / 100 = 214.5

Final soil moisture:

5/21	 at wilting point

Consumptive use:

214 + 91 + 411 - 0 = 716

Cotton:

Beginning soil moisture:

4/28	 [ 1.45 x 72 x 25.4 x 11 ] / 100 = 292

Final soil moisture:

11/12	 1 1.45 x 72 x 25.4 x 0.9 7 / 100 = 24

Consumptive use:

292 + 773 + 91 - 24 = 1132
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