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ABSTRACT

An evaluation of the econcomics of supplemental irrigation when
using a surface water supply must be site specific in order to account
for variations in soil moisture holding capacity, watershed area supply-
ing the runoff, climatic conditions, and proposed irrigation management
procedures.

With the use of farm specific simulation models to determine grain
yields, availability of irrigation water, and economic expenditures
involved in irrigation, an economic evaluation of supplemental irriga-
tion can be performed. In the model presented in this report, the
Duncan SIMAIZ model is used to predict grain yields using long-term
daily weather information. SIMAIZ also determines irrigation water
demand for the crop. The Haan Water Yield Model is used to predict
flow into a reservoir using the same weather information. By knowing
daily water flow into a reservoir and water demand for irrigation, a
reservoir size is determined which will supply water at all times
for the study period. Simulations are then ryun by incrementally re-
ducing, by volume, the size of this reservoir, thus limiting the
availability of irrigation water, and resulting in reduced irrigated
vields.

An economic evaluation is performed for each reservoir size. Costs
and benefits included are: initial cost of constructing the reservoir,
yearly reservoir maintenance cost, yearly irrigation costs of operation,

and additional income resulting from the increase in grain vields. After



the project life has been assumed, the model determines the capital
available for investing in an irrigation system for a given year and
reservoir size. By ranking these values, a probability distribution
is obtained indicating the probability of making money in any given
year. By using the Central Limit Theorem, these results are con-
verted to the probability of making money over the life of the sys-
tem.

A sensitivity analysis examines the sensitivity of capital avail-
able for investment in an irrigation system to select input variation.
The results indicate that great care should be exercised when assign-
ing values to some inputs, while for others, a reasonable estimate is
adequate.

This model can be used as a tool for evaluating which irrigation
practices, if any, are econcmically feasible. An example of its use

is shown.

Descriptors: Irrigation*; Crop Response; Crop Production; Field Crops;

Economic Feasibility; Economic Justification; Scheduling
Identifiers: Simulation Model; Crop Growth; Water Requirements for

Irrigation; Reservoir Size
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CHAPTER I

INTRODUCTICON

Irrigation research and irrigation technique have primarily been
developed for arid regions where most crops will not grow if natural pre-
cipitation is not supplemented. Due to years of research and experience,
farmers in the arid western states are well informed on irrigation sched-
uling and management practices. They know which growth periods are more
susceptible to moisture stress than others, and can conserve water by
emphasizing this information. Irrigation scheduling and management models
have been devéloped for arid regions and are not utilized By consulting
firms and county agents to assist the farmer on all levels of irrigation
decision making.

In semi-humid regions, irrigation research generally bhegins as a
result of public pressure following a period of draught. In most cases,
the research projects fail to be carried out over a long enough period to
experience the wide range of climatic conditions which occur in sub-
humid regions. This type of irrigation in sub-humid climates is called
"supplemental irrigation', since rainfall does occur duriﬁg the growing
season, and generally, the total amount is adequate to meet the crop
water needs for a growing season. Irrigation is only needed when drought
peripds occur and the normal rainfall needs to be supplemented for opti-
mum plant growth. Due to the sporadic interest in irrigation from both
the researcher and farmer, advances in supplemental irrigation management
techniques and practices have been minimal.

The major question confronting the farmer is, will the investment
in supplemental irrigation be an economically sound decision? In discus-
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sions with farmers in Kentucky who have invested in irrigation systems,
it seems that little professional or technical assistance is avail-
able. In one case, a farmer was applying .25 inch of water each
time he irrigated a 200 acre farm with a center pivot system. His belief
was that when the corn needed to be irrigated it should be done all at
once, so within one day he applies .25 inch of water. This is a poor
practice, for only the upper layer of soil would receive any of the water
and the majority of the root zone would be dry. Also, on very hot days,
which is often the case when irrigation is needed, the free water evapora-
tion rate can be as high as .25 inch. Obviously, this farmer would bene-
fit from guidance with irrigation management and scheduling. In another
case in Kentucky, a farmer was uncertain about his irrigation investment
involving a reservoir constructed to store surface runoff for irrigation.
In an extremely dry year, the reservoir went dry after three irrigations,
Now this farmer is uncertain if his reservoir is too small or if this
year was exceptionally dry and under normal circumstances he would have
an adequate water supply.

Irrigation extension specialists are needed and could alleviate some
of these problems, but since no sound method exists for evaluating supple-
mental irrigation economics, much of the advice from a specialist would

be just guess work.

A site specific evaluation of the economic feasibility for irriga-
tion is the best approach for determining if supplemental irrigation
will benefit an individual farming operation. With the use of simula-
tion models, daily calculations of crop growth and water demand, water

supply availability, and economic expenditures can be performed rapidly,



thereby allowing for a more detailed analysis of an individual site. The
purpose of this research is to develop a model to evaluate the economics
of supplemental irrigation. Several years of climatic information are
used to determine if irrigation is economical and to determine the size
of reservoir needed for surface water storage to be used for irrigating
corn.,

In the site specific evaluation of the economics of supplemental ir-
rigation, the dependability of water from either a stream or aguifer must
be considered. If the flow rate from the aquifer is inadequate to meet
the irrigation demand, a reservoir may be constructed for storage of water,
In many cases, due to inadequate flows from groundwater aqﬁifers, the
water supply for irrigation must be surface streamflow. If the streamflow
is undependéble, a reservoir is required. The required size of a reser-
voir depends on the variability of the water supply as well as the irriga-
tion demand. If-the water flow is sufficient to meet the irrigation de-
mand, an analysis of the irrigation expenses and benefits is needed before
determining if irrigation is economically feasible, The optimum reser-
voir size, as well as the economics of supplemental irrigation, will depend
on variations in soil moisture holding capacity, hydrologic characteristics
of the watershed supplying the waterflow, climatic conditions, agronqmic
practices, irrigation management practices,and increased crbp yield due to
irrigation.

Crop response to supplemental irrigation is highly site specific and
variable from year to year. The site dictates soil water holding capacity.
Some soils have a large enough water holding capacity, or soil water reser-

voir, to supply crops with the water required for evapotranspiration



between most rainfall events. Conversely, some soils have such low water
holding capacities that short periods without rainfall cause plant water
stress. If the soil reservoir is too small and the rainfall is so undepend-
able that frequent periods of stress occur, supplemental irrigation should
be considered. The irrigation demand will be stochastic because of the
stochastic nature of rainfall and evapotranspiration.

Since crop growth occurs without irrigation in humid mid-westernm
regions, the economic question to be answered is whether or not the re-
turn from increased yields from supplemental irrigation offsets the ex-
pense of installing and maintaining an irrigation system, This question
must be answered on a site specific basis since plant availéble water and
water yield are highly variable within a geographic region,

The problem of evaluating the economics of supplemental irrigation
of corn in a humid region is addressed herein. Simulation models are used
to determine grain yields, availability of irrigation water, and the capi-
tal outlay involved in irrigation. Climatic data, agronomic practices, and
irrigation management practices are inputs to these models, Daily water
demand for irrigation, water flow into a reservoir, and a mass balance are
used to detérmine the reservoir size which will supply water at all times
for the study period. This reservoir size is incrementally reduced, thus
limiting the availability of irrigation water, which results in reduced
irrigated yields. For each reservoir size, the grain yields and irrigation
expenses are calculated. An economic evaluation is made using the increased
income and additional expenses from irrigation. A family of curves is gen-
erated at different risk levels which indicate the amount of capital needed

for investment in the irrigation systems as a function of reservoir size.



These curves can be used as a guide to selecting the point at which ir-

rigation is economically feasible.



CHAPTER II

LITERATURE REVIEW

To accomplish the modeling effort indicated in the introduction,
a search of the literature concerning the following areas is necessary:
surface runoff models; corn growth models; results from irrigation stud-
les; evapotranspiration prediction methods; management and scheduling
practices for ifrigation,,especially for corn; and economic studies

concerning irrigation.

MANAGEMENT AND PLANNING OF IRRIGATION PROJECTS

Evapotranspiration Modeling

For proper on-farm irrigation management, evapotranspiration rate
must be known. A complete review of evapotranspiration research and meth-
ods of calculation through 1968 was compiled by Rosenberg et al. (1968).
In this review, methods of ET prediction based on the physics of evapo-
transpiration include: mass transport methods, aerodynamic methods, eddy
correlation, the energy budget, and Bowen's ratio, A general form of the
mass transport method predicts evaporative flux as a function of vapor
fressure and wind speed. The aerodynamic method has undergone many re-
finements primarily involving the incorporation of stability corrections
for different surface conditions. The eddy correlation is a method to
estimate the vertical flux of heat or vapor. Energy balance techniques
for estimating ET have proven reasonably accurate in the more humid Te-
gions of the country. The Bowen ratio variants of the energy budget
have given good results; even where advection is considerazble. Some of
the empirical methods in which ET is related to one or more meteorclogical

6
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parameters were also reviewed by Rosenberg et al,, along with different
studies using thesé methods, The empirical methods that Rosenberg et
al. discussed were: the Thornthwaite equation, the Penman equation,
the Blaney-Criddle equation, and van Bavel's equationm.

Morton (1976} presents a method of predicting evépotranspiration
over a large area when temperature, humidity, sunshine duration, and .
albedo are known. This method works well when time intervals are no
shorter than 5 to 10 days.

Many methods have been developed to predict potential evapotrans-
piration (PET). A more difficult problem is calculating actual evapo-
transpiration (ET). In addition to being dependent on theAsame variables
as PET, ET is dependent upon the soil moisture conditions and stage of
development of the crop. A few methods for predicting ET will be pre-
sented.

Ligon et al. (1965}, in addition to reviewing existing potential
evapotranspiration (PET) relationships, presented a method which uses
PET values to calculate actual evapotranspiration (ET) under three con-

ditions.

If rainfall occurs

ET = PET/2 W
If the readily available soil meoisture is not depeleted

ET = PET (2)
If the readily available soil moisture is depleted

ET = PET x {((Mu actual)/(Mu maximum}) (3)

where Mu is the less readily available soil moisture. The results indi-

cated that this method compared well with data from Lexington, Kentucky



for three }ears. This method for predicting ET is dependent upon the soil
moisture status.

In a lecture presented by Pruitt (1974), four methods of predicting
PET were described which could be used for determining ET for several crops.
These methods are: Blaney-Criddle, Radiation, Penman, and Pan Evaporation.
Once these methods were described, 2 method was presented for calculating
a K value used to relate PET to crop ET., This K value is dependent upon
the specific crop, climatic region, and varies throughout the growing
season. A curve needs to be generated which will relate the K value with

days into the growing season. Steps necessary to develop the K curve are:

(1} Determine planting date for a given climatic region,
(2) Determine length of growing season and the following growth
stages: initial, crop development, mid-season and late-season.
Values for different crops and locations are tabulated in a
complete report on this procedure by Doorenbos and Pruitt
(1974} .
(3) Obtain K values for the following development stages: initial,
mid-season, and late-season. Details on these procedures can
also be found in Doorenbos and Pruitt (1974).
Ritchie (1972) developed a model for predicting ET from a row crop.
The model calculates evaporation from the soil surface and plant canopy
separately. Soil evaporation is considered in two stages: when the soil
is evaporating as a free water surface and when the hydraulic properties
of the soil govern moisture movement. Transpiration calculations are
made using a relationship developed by Ritchie and Burnett (1971), relat-
ing transpiration to potential evapotranspiration {PET) as influenced by
leaf area index of the crop. The total evapotranspiration is a combina-
tion of beth soil evaporation and transpiration. This value must not be

greater than a potential evapotranspiration value, based on Penman's equa-

tion. Ritchie's model is used in Duncan's corn model (1874) for determining
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soil moisture status. Ritchie'srmodel was tested in Temple, Texas using
grain sorghum. Precipitation timing caused some error in over-estimating
soil evaporation when the soil was originally in the second stage of soil
drying and the rain did not occur until evening while the model assumed it
occurred at the beginning of the day. The totai evaporation calculated
for the test period was 125 mm, which compared favorably with the measured
water loss of 120 mm.

Tanner and Jury (1976) developed an evapotranspiration medel similar
to that of Ritchie._Tanner used the Priestley and Taylor formula for poten-
tial evapotranspiration calculations. Both models considered the soil as
a semi-infinite, one-dimensional medium, without gravity, ﬁndergoing MOono-
tonic surface drying from a uniform initial condition. This can only serve
as an approximation to the behavior of soil in the field receiving rain-
fall or irrigation and water extraction by roots. Thus, neither model is
preferable from a theoretical point of view. This model was tested on
potatoes using two years of lysimeter measurements., The standard error of
estimated varied from .4 to .94 mm/day. The estimate of accumulated ET
for four weeks varied from measured values a makimum of 1.0 cm for a total
9.7 cm ET.

Coble and Bowen (1973) developed a computerized mathematical approach
to soil drying based on liquid and vapor movement in the soil. It is the
first successful deterministic model responsive to weather input which cor-
rectly describes both the formulation of a dry layer on the so0il surface
and the redistribution of water in the soil. To validate the model, ex-
perimental data was taken using an indoor test facility (Edaphotron) which

physically simulates the outside environment. The soil moisture profile



-10-

after two and eight days of running the test showed close agreement be-
tween observed and simulated results.

Lambert et al. (1976} developed a simulation model that described
water flow through the soil, into and through the plant. This model de-
scribes the physical process of transpiration in much greater detail than
other evapotranspiration models. Because of this detail, the microclimatic
variables are of prime importance in the model. Stem resistance was
also found to be critical in calculating leaf water potential. At this
time this model appears to be too complek for practical use in irrigation
planning.

Rosenthal et al. (1977) evaluated an evapotranspiration model for
corn. A detailed description of this model can be found in Kanemasu et al.
(1976} . The results of testing this model showed that predictions were
within six percent of neutron attentuation measurements.- Daily inputs for

the Rosenthal model are: leaf area index, solar radiation, precipitation,

and maximum and minimum temperatures. Daily outputs are transpiration,
evaporation, advective contribution, and soil water content. This model

has a good potential for use in irrigation scheduling on a regional basis.

Planning_Models

The economics of irrigation is dependent upon farm management and
planning as in any business or industry venture. Much research has been
directed towards understanding and developing good management systems. A
few areas of previous work will be discussed.

Boisvert (1976} developed a farm planning model which determines the time
suitable for field work and the yield losses associated with untimely crop

production. Bottlenecks, which occur both at planting and harvesting,
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result in costly delays and place a limitation on manageable farm size,
The model examines ways of expanding the field capacity such as hiring
labor, using larger machinery, having custom work done, and combining
field operations. As an example of the model output, in Minnesota,
Boisvert (1976) predicted that the average corn planted during the first
half of May results in yields of 13.6 bu/ac greater than corn planted

during the last half of May,

Feddes and Van Wijik (1977) developed a model that relates the effects
of soil drainage on crop yield. Soil drainage is related to the number of
workable days in the spring for planting and ground preparation and in the
fall for harvesting. Delayed planting, harvesting, and improper timing of
management affect yield.

Allison (1968) stressed that the most important aspect for successful
irrigation is compatability between watér, land, and people. According to
Allison, a highly motivated farmer with knowledge of how the equipment op-
erates and when and how to irrigate, is going to have a much higher success
rate, Neglecting any one area of irrigation can result in decreased
returns.

The use of earth resource satellites and aerial photography as a poten-
tial aid for management decisions was reviewed by Anderson (1979), He at-
tempted to instill an awareness of remote sensing's tremendous potential
in irrigation planning and management. Earth resource satellites produce
images which could help estimaté current water requirements and locate areas
with a high potential for irrigation development. Aerial photography could

be used for determining pre-planting field conditions, emergence success,
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mid-season stand, growth and development, water stress, insect and weed
control, improper drainage, pre-harvest stand and potential problems,

total area harvested, and regrowth problems. Basically, aerial photog-
raphy allows the farmer to get an overview of the field and document special
situations of potential damage.

Management of irrigation on a regional basis may help solve some of
the water supply problems. Fok (1979) presented a regional trade-off
analysis for irrigated corm production. By concentrating irrigation proj-
ects in the humid Midwest, crop yields could be increased without danger-
ously depleting the water supply. A dangerously heavy demand is being
placed on the Ogallal aquifer and the Colorado River for irrigation pur-

poses (Canby, 1980),

Irrigation Management and Scheduling Models

Lord et al. (1977) describes SWAP/ET a soil-water-atmosphere-plant/
evapotranspiration model. Harza has been using SWAP/ET to assist farmers
in the San Jecaquin Valley of California in planning irrigation systems
and scheduling irrigations.

Thompson and Fischback (1977) described AGNET's irrigation scheduling
model used in Nebraska. The model performs all the calculations, updates
weather data files, and predicts when the next irrigation should be; The
scheduler provides maximum and minimum temperatures, rainfall amount, and
readings from four stations of soil moisture blocks. The soil moisture
blocks insure that water use predictions are correct and that other irriga-
tion management problems do not arise. A more detailed prediction model
is available that does not require soil moisture block readings, but re-

quires additional inputs such as solar radiation, relative humidity, and
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wind data. The model should be used under the guidance of a qualified
irrigation scheduler. The University of Nebraska will be offering short
courses to train irrigation schedulers, This service is offered through

extension offices and some county agents in Nebraska.

Hashemi and Decker (1969) presented a method of using ¢limatic in-
formation and weather forecasting as aids in economizing water for corn
irrigation. A computer model was developed to evaluate this procedure.
Numerical probability forecasts have only been issued since 1966. A
method was needed to calculate a probability forecast. Using Bayes'
inverse probability theorem and the computer, it was possible to compute
probability forecasts from past weather records. By incorﬁorating prob-
ability forecasts in decision making, a significant savings of irrigation
water was made. Irrigation was delayed at fimes because of the probabil-
ity of a rainfall event occurring. If irrigation was delayed and the
forecast precipitation did not occur when the available soil moisture fell
sufficiently below the 50 percent level, irrigation began. In areas where
supplemental irrigation is needed, this method could possibly work well
in saving water. A determination needs to be made of whether or not the
procedure produces economic benefits.

Buchhiem and Ploss (1977) reported on the use of computerized irriga-
tion scheduling using neutron probes. Periodic neutron probe readings
are used to verify the scoil moisture status which is calculated using an
evapotranspiration model. In a typical scheduling operation, only one
access tube is needed for each field when properly located and maintained.
Using this scheduling model, the optimum irrigation date and the amount of

water to apply can be provided to the irrigator.
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Udeh and Busch (1974) developed a Bayesian decision theory optimiza-
tion model applied to optimal irrigation management strategies. The model
is suited for limited data, is flexible, and non-intensive in time and
money.. The purpose is to select the optimum land area to be irrigated,
as controlled by stochastic hydrologic and probabilistic irrigation ef-
ficiency input parameters, and the irrigator's risk response function under
the specified probabilistic conditions.

Stegman et al. (1976) developed regression equations relating leaf
xylem pressure versus ambient air temperature and available soil moisture
to determine a stress level for initiating irrigation. By using this
method for irrigation scheduling, as compared to irrigating when 50 percent
of the soil moisture is depleted, a 20 percent savings in irrigation water
resulted with similar yields. By using these relationships, plant stress
criteria could improve irrigation scheduling, resulting in water savings

and reduced costs.

Evaluating Different Irrigation Strategies

A large number of studies have been conducted to evaluate different
irrigation strategies. The optimum strategy will differ between climatic
regions of the country. This should be considered when evaluating any one
strategy. A few studies will be reviewed here.

Singh et al. (1976} showed that the soil moisture potential at which
growth stops for corn is a function of both the age of the plant and
earlier moisture stress. The earlier moisture stress conditions the corn
plant, allowing it to withstand more.severe drought periods before growth
stops., This information can be useful for corn irrigation scheduling when
water use must be limited. These growth experiments with corn were con-

ducted under controlled environmental conditions.



-15-

Howell and Hiler (1975) studied water use efficiency in relation to
seasonal water usage and grain yield. The best water use efficiency re-
sulted with a high frequency of irrigation; three per week., Yield increases
under frequent irrigation were not substantial, but the water conservation
was significant.

A study by Kroutil (1979), using a variety of irrigation amounts,
showed that regular application with less water than required for maximum
evapotranspiration produced best water use efficiencies for corn. The
study also showed that full irrigation is not needed during all growth
periods to produce maximum yields. In fact, the study showed that the
quantity of water which some irrigators apply is actually detrimental to
the crop and can suppress yields by five percent. A lack of aeration
reduces yields and too much drainage through the soil profile carries away
necessary nutrients.

Heermann and Duke (1978) established two limited water application
plots using center pivot systems planted with corn. Water stress was quan-
tified by measuring water applied, soil moisture, canopy temperature, and
plant water potentials. Theyield reductions were linearly related to the
applied water and average canopy temperature. Reduction in yield was
significantly correlated with the increase in canopy temperature, as com-
pared to awell watered plot. It was found that the temperature difference
must exceed 1.5 degrees centigrade before a vield reduction is probahle.
Although this information would ﬁe useful for irrigation scheduling, it
is impractical for field usage, as a check plot is needed. A device has
been developed and is now marketed by Teletemp Corporation which determines

a similar stress index by comparing canopy temperature with air temperature.
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As the cost of manufacturing this device goes down and confidence in its
usage increases, it could prove to be a valuable tool in irrigation
scheduling (McClintic, 1580),.

Maurer et al. (1979) studied the effects of timing and amount of
irrigation water on corn. The growing season was divided into three
growth stages and seven irrigation treatments were applied using combina-
tion of uniform and gfadient irrigation applications. No evidence was
found that prestressing conditioned the plants to later drought stress,

Also, irrigation options for optimum use of water is limited.

Irrigation Management and Scheduling - Humid Region

Most of the irrigation research in the United States has been directed
towards problems in the arid western states. Water shortage is becoming
an increasingly important problem in these areas, hence, water use effi-
ciency is of prime concern. In the more humid regions in the East, ade-
quate rainfall occurs for most plant growth. The problem is that short
pericds of high temperatures and ne rainfall occur, resulting in water
stress and yields do nbt reach their maximum potential. Irrigation in
these regions is referred to as supplemental irrigation as it only supple-
ments rainfall. A few sources and problems dealing with supplemental irri-
gation will be mentioned. |

One of the first books dealing with supplemental irrigation was by
Rubey {1934). In it he discusses when supplemental irrigation is advis-
able, how to plan, install and operate a satisfactory system, and what to
expect from it.

Kidder et al. (1958) describes, in general, different water supply
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sources and soil and crop water needs for supplemental irrigation. Also
discussed are methods used to design such a system and what important
considerations are needed when deciding to irrigate.

Jamison and Beale (1958} developed a handbook for irrigating corn
in humid areas. They recommend irrigation throughout the growing season
if the water supply is plentiful and time is not limited. If either one
of these conditions do not hold, they recommend irrigation from tasseling
through grain maturity. They also give practical guidance for determin-
ing when to irrigate. During drought periods, corn will use 50 percent
of the total plant available water (PAW) in 12 to 15 days on a silt loam
soil and 4 to 5 days on a sandy soil. Two ways of visually determining
when 50 percent of the PAW remains is to examine the corm plants for wilt-
ing at about 10:00 a.m. and check the Soil at plow depth for balling.
About 50 percent of the PAW has been removed from a sandy loam soil when
it will not ball under hand pressure; from a loam or silt loam when it
will ball but is crumbly; and from a clay or clay loam when it is slight-
1y pliable but cracks appear. Another way to determine when to irrigate
is by using weather data and estimating daily evapotranspiration rates.
By keeping a daily soil moisture balance, the 50 percent level can be
determined. The recommendations for irrigating is to apply enough water
to refill storage capacity of the soil to approximately the two foot
depth.

A computer model that evaluates the performance of a supplemental
irrigation system, using a reservoir as the water supply, was developed
by Zovne and Steichen (1980). The reservoir water balance accounts for
direct precipitation, evaporation, seepage, overflows, irrigation with-

drawals, and runoff from the watershed. The runoff is calculated by
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using the SCS curve number method, Irrigation rates are those recommended
by the SCS Kansas irrigation guide, An advantage of this model is its
ability to sﬁecify any number of crop rotations on as many plots as the
operator would use, One of the disadvantages is that the model does not
size the reservoir.

An interesting concept for supplemental irrigation scheduling pro-
posed by Allen and Lambert (1971) is to use an irrigation cost-to-crop
ratic. The following ratios are proposed:

if P> C/L 1irrigate

if P = C/L either one

if P < C/L  do not irrigate

where
P = probability of irrigation occurring
C = cost of irrigation
L = loss due to not irrigating

The cost of irrigation would be relatively easy to compute depending
on type of system, cost of pumping, and use of water. The problem lies
in determining the loss due to not irrigating. This would depend on the
probability of rainfall within a given time frame, stage of crop develop-

ment, and moisture stress effect on the final yield.

Economics of Irrigation

Whenever an investment in an irrigation system is being considered,
economics is an important aspect of the decision making precess. The
specific economic considerations vary tremendously depending on the region,
crops, water supply, labor force, etc. 1In essence, every situation should

be independently evaluated. A considerable amount of research has been
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conducted concerning irrigation economics. The type of research and
reports is as varied as the problem itself. A few of the current works
will be mentioned.

Reutlinger and Seagraves (1962) presented a method for predicting
the economic return from limited irrigation in semi-humid regions. Ex-
perimental results relating yields to irrigation, rainfall, and tempera-
ture data for several.years, was used for yield predicting. The most
satisfactory method for economic consideration was an internal rate of
return comparison., They felt the main reason for considering irrigation
in semi-humid regions is to reduce yield variability. The value of this
insurance varies with each situation, so estimating the value in a gen-
eral way is impractical.

Asopa et al. (1973) evaluated the returns of irrigated corn in a
sub-humid region. A multiple regression equation was used for yield pre-
dictions. The equation is based on temperatures and precipitation amounts
for different periods of the season. Serious short comings of the method
include: inadequate representationof the crop water use, the water hold-
ing capacity of the soil, and the lack of a plausible measure of the ef-
fects of climatolotical variables on yield prior to the beginning of the
irrigation cycle. If the biological situation at each point in time were
known, a more realistic effect of moisture stress on final yield would be
known. The model showed a tendency to over-estimate additional income.
This could result from the way irrigation costs were figured. A vyearly
value of $20.00 per acre per year was assumed to cover the costs for ir-
rigation.

Ruttan (1965) made projections of water use into the 1980's. He

pointed out that irrigation development in the sub-humid East represents
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an economic substitute for the extension of submarginal irrigation in
more arid regions. Water is becoming scarce in many arid regions and
industrial and private uses for water are having higher demands than
agricultural uses. One way to compensate for reduced agricultural pro-
duction is to irrigate in sub-humid regions which have more abundant
and renewable water supplies. A problem is the questionable return

on investment for irrigation in sub-humid regions. Methods need to be
developed to help evaluate the feasibility of irrigation.

Clark (1966) discusses irrigation economics for several countries,
and presents applied economics and critically important facts over a wide
climatic range. He points out that many unjustified claims have been
made for irrigation projects and that individual evaluations of econcmics
must be made for specific costs of irrigation.

Ecconomic considerations regarding irrigation are not limited to only
farming situations. Much irrigation research is carried out at univer-
sities. A method for determining if irrigation research is justified has
been proposed by Parvin and Nelson (1973). Crop yields have been recorded
at most research centers for years. These values can be used tg determine
if irrigation research is justifiable. First, the crop yields must be
adjusted for improved technology, soil fertility, improved hybrids,.etc.,
before an appropriate comparison can be made. It was asgumed that af
least one year had ideal weather conditions which produced the best vield
and is comparable to an irrigated situation. By using this yield as the
expected yield from irrigation, it can be compared with the average yield
for the entire peried of record and an average yield increase can be deter-
mined. If the benefits from this average vield increase exceeds the esti-

mated average irrigation cost, then irrigation research would be justified.
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The economic consequences resulting from irrigation affects more than
just the immediate parties involved. A study by Roesler et al, (1968)
‘showed that the irrigation economics in Nebraska, since World War II, has
affected all industrial sectors, no£ only the farmer and equipment supp}iers.

A study by Long and Raup (1965} on the economics of supplemental irri;
gation in central Minnesota showed irrigation to be beneficial. Supplement-
al irrigation of corn allowed for more dependable and higher yields than
could be obtained from dryland farming where a drought risk may occur. The
study was conducted in the early 1960's when interest rates were six per-
cent and energy costs for pumping were considerably lower.r

Parvin (1973) pointed out that the utilization of an irrigation system
is very important in the economic results. The cost per acre decreases as
the utilization of a system increases, thus there is an inverse relation-
ship between the total cost per acre and the use and size of the system?
He also emphasized there is no guarantee that irrigation returns will cover
irrigation costs, but that it is necessary for the estimated average irri-
gation cost to be exceeded by the average value of irrigated returns. The
results of his study showed that irrigation of corn tends to be more eco-
nomical for larger systems with a high level of utilizationm.

- Westberry (1975) conducted an economic analysis for a center pivot
irrigation system that will irrigate 56 hectars of corn in Florida. It
showed that break-even yields were realistic with relatively low cern
prices. He also pointed out that the average corn yields in Florida from
1971 to 1974 were about half the national average for the éame time period.
A lack of water at proper times was suspected as the reason, indicating
that irrigation may be needed.

Swansen and Jones (1976) used yield relationships for estimating annual
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investment returns for irrigated corm. Two years of data were used to
estimate constants for a regression equation for yield. The variables
used were pounds of nitrogen per acre, plant population, and plant avail-
able moisture, during a 17 day critical period (bloom or tasseling stage).
Operation costs, such as labor, fuel, and repair for harvesting and fer-
tilization, were considered as one constant value per application ($3.62/
ac). Irrigation response was calculated at a given maximum yield. For
the nonirrigated yield, 58 years were studied in 5 and 10 yeér sequences
to determine if irrigation is beneficial. The difference between irri-
gated and nonirrigated values is taken to determine the expected yield
increase and additional income,

Hogg and Vieth (1977) presents a method for evaluating irrigation
projects. Linear crop production functions are used to determine water
use and crop production based on evapotranspiration and rainfall. A com-
parison of different irrigation projects for irrigation over a planning
period allows the planner to evaluate the best system. Price and climatic
uncertainties are dgalt with, assuming the probability distributions are
known. A benefit-cost ratio, internal rate of return, and net present
worth are measures used to evaluate the economics.

Mantanga et al. (1971) proposed an irrigation optimization model for
cropping patterns in relation to economics. Components considered were
land area per crop, cost of production, irrigatiom water, irrigation labor,
and price of each crop. This is a valuable tool in planning irrigation
projects over an irrigation season. Different crops have unique water
needs and costs,

A computer model developed by Chen et al. (1976) analyzes different

irrigation systems for energy requirements and economic cost. This is
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a very useful model if a farmer is certain that he/she wants to irrigate,
but is unsure of the most economical system to use. The model does not
consider the benefits resulting from irrigation, but simply analyzes just
the energy use and economic expenditures for different systems.

Fogel et al. (1976) presented a methodology for instituting an irriga-
tion policy that considers the possibility of rainfall while maximizing
net returns to the farmer. Some of the considerations for the model are
és follows: optimum soll water content must be defined, loss of nutrients
due to excess soil water must be determined, and an additional expense
for applying the water must be calculated. This expense must be considered
along with those that reflect a yield reduction due to water shortage:
Other expenses are operation and maintenance, which include power, labor,
and repairs. These costs are assumed proportional to the amount of water
applied for each irrigation. The decision to irrigate is influenced by-
the possibility of rainfall and the growth stage of the corn plant.

Clouser and Miller (1980) examined economic returns for irrigating
corn and soybeans in the humid Midwest on a fine textured soil with a re-
stricted root zone. They developed an optimization model to predictl
which irrigation method and water supply will produce the highest returns
as compared to dryland farming. Because this model assumes a reservoir
size and neglects the periodic inflows due to watershed runoff, proper
determination of a reservoir size and economics is unlikely. The vield
increases from irrigation, operating costs, reservoir size, and cost are
fixed, predetermined values. This model is a useful tool, but reaquires
more input information than is normally known.

Burt and Stauber (1971) developed an economic model for the analysis
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of irrigation in sub-humid climates., An optimal supplemental irrigation
policy would indicate the amount of water to apply at each time period,
for all possible combinations of crop conditions and levels of water sup-
ply in order to maximize expected net returns. A simplifying assumption
is made that additions to the storage reservoir during the irrigation
season are negligible. An approximation is allowed in which the expected
additions to storage for that time period is treated as if already in
storage. The justification is that in the sub-humid eastern United States
the irrigation season is both short and relatively dry as compared to the
rest of the season. This may be true, but the potential additional run-
off between irrigations could contribute significantly to feplenishing'
reservoir volume. Corn is the crop simulated, and tasseling date must

be known for each year for proper yield predictions and irrigation schedul-
ing. The negative effects on yield from too much water are also con-
sidered. Variable costs were fuel, oil, repairs, and labor. Cost of har-
vesting is figured as being proportional to yield.

Of the methods previéusly mentioned which do use a reservoir for water
storage, none of them consider any inflow due to rainfall during the grow-
ing season. Due to the high cost of water storage, it is apparent that a
method is needed which will evaluate the economics of irrigation and prop-
erly size an irrigation water supply reservolr so as to maximize the
cost/benefit ratio. This is especially important in sub-humid regions

where much uncertainty exists concerning the ecconomics of irrigation.

CORN MODELS

Much research has been conducted describing plant and yield response
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to environment. Duncan (1974) published a report on the physioclogy of
maize in which he describes in detail the different plant parts, germina-
tion, reproductive development, temperature effects, and yield relations.
In this report he also gives a brief description of SIMAIZ, a corn growth
simulation model which Duncan developed. SIMAIZ is a mathematical repre-
sentation of the plant's physiological components described in the 1974
report. SIMAIZ has the ability to adapt to different varieties and soil
types, allowing it to be site specific in determining water needs and
yield response. Barfield et al, {1977) presents a brief documentation of
SIMAIZ, and a comparison of both irrigated and nonirrigated conditions
where 12 plot years of corn yields are used to compare simulated versus
actual corn yields. Good results were obtained for the nonirrigated
yields, whereas poor correlation resulted with the irrigated yields.
This could be attributed to the lack of information of when and how much
water was appiied. A detailed documentétion of SIMAIZ, describing the
separate subroutines and input information, is reported by Palmer et al.
(1981). A few of the more important relationships SIMAIZ is based on
are as follows:

(1} Phenological development is based on degree days.

{(2) Dry matter accumulation is based on photosynthate produced

and stage of phenoclogical development.
(3) Photosynthate production is based on solar radiation and leaf
area index.
(4) Leaf area growth is based on degree days and follows a sig-

moidal curve.
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(5) Potential yield is based on a ratic of potential grain weight
to stalk weight at pollination. This value is readjusted,
based on the photosynthate production after a latent period
has elapsed.

{(6) Soil moisture balance is calculated daily based on Ritchie's
row Ccrop evapotranspiration model.

{7) Effects of water stress on dry matter accumulation and evapo-
transpiration rate is based on a curve which relates the mois-
ture content in each of ten soil layers with a stress factor
which reduces dry matter accumulation and potential evapotran-
spiration.

In a study by Fritten (1975), the problems encountered when trying to
adapt a corn model to an area other than the locale in which it was devel-
oped, were evaluated using SIMAIZ and a Nebraska corn model. Even though
SIMAIZ has soil and plant variety parameters to facilitate adaptation to
different conditions, considerable time, effort, and guidance was necessary
for adapting the input parameters in this situation. Also, at this time,
documentation of how SIMAIZ worked was not available. Once the model was
forced to accurately predict silkiﬁg date, yield and dry matter production
were also accurately predicted. In the same report, another physioclogically
based simulation model, the Nebraska Corn Model, was tested (Splintef, 197473,
The Nebraska Corn Model lacks the sophistication of the Duncan model. It
requires three basic inputs: average daily light intemsity, average tem-
perature, and soil resistivity block readings. The Nebraska Model also
had to be physically forced to accurately predict silking date., Once this

was done, (Fritton, 1975) results were reasonable.
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Another corn growth model developed in Nebraska was by Childs et al.
(1977). This model uses the same degree day concept for estimating growth
stages, as did Splinter in his model. It uses more inpﬁf data and attempts
to simulate the environmental and physiclogical processes involved in corn
growth. Soil water flow and root water extractionare simulated, result-
ing in a model adequate to simulate both irrigated and nonirrigated condi-
tions. This model was improved upon by Tscheschke et al. (1979) in the
areas of: roctwater extraction, dry matter production, maintenance respira-
tion, growth respiration, photosynthesis, and transpiratiom.

Ayres (1976) developed a simulation model which has mathematically
described components that predict physiological maturity, climate and soil
relationships, the moisture content, and yield of grain any time after
physiological maturity.

Miles et al. (1976) describes a Fortran based GASP IV crop simula-.
tion model. It is versatile in that the user developes Fortran equations
to describe the different growth stages for any crop where simulation is
desired. Once familiar with the usage of this model, it would be very
useful for multiple cropping simulations.

Blakie and Schneeberger (197!} developed a crop yield projection model
where the growing season is divided into ten periods. At the end of each
period, rooting depth is adjusted so the moisture balance can be more ac-
curately determined. The effect of stress on final yield is also determined
during each period. Moisture stress is determined as follows: the number
of days moisture content falls below 50 percent is determined for each

period, depending on the period and number of stress days the potential
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yield is reduced by a percentage, thus allowing a projected yield based
on current weather conditions. This would be a good model for schedul-
ing supplemental irrigation.

Miles et al. (1976) outlined areas of concern for developers of
physiologically based crop simulation models. It is important to identi-
fy and qualify objectives of the model, development of the model, verifi-
cation of the model, and a sensitivity analysis. Emphasis was placed on
publication so other potential users can become aware that a model exists
and of its user potentials.

Arnold (1977} illustrated problems that arise when trying to estab-
lish temperature-rate relationships from field data and using these rela-
tionships to determine significant stages of corn development.

In an experiment conducted by Singh et al. (1976), measurements of
leaf area, dry matter weight, stem diameter, and plant height were taken
of corn plants grown in controlled growth chambers. The measurements in-
dicated that growth occurred between 10 degrees centigrade and 35 degrees
centigrade., Outside of this range the plants started decreasing in size
after reserves were depleted.

Another type of corn growth model is based on linear regression eguations
that relate evapotranspiration to yields. Many models of this type exist
for a wide range of geographic and climatic conditions. Most work well
for the variety and location that they were developed for, but break down
when adaptation to other regions is attempted. A few of the existing
regression models will be mentioned along with the results from verifica-
tion studies.

Musick and Dusek (1978) related three yvears of grain yields and
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evapotranspiration measurements by linear regression. The main purpose
of the three year study was to determine optimum water use efficiency and
relate sensitivity of yields to plant water stress. The study was con-
ducted in the southern high plains region. Treatments that experienced
moderate stress during vegatative growth were more efficient than those
that experience stress during grain filling. It was found that limited
irrigation in these regions involves unacceptably high risks and should
not be practiced. If reduced water usage is needed in high evaporative
demand climates, it should be restricted to the early part of the grow-
ing season.

Stegman and Aflatount (1978) developed regression equations relating
relative yield (Y/Ypax) versus relative evapotranspiration (ET/ETpay} ﬁor
three growth periods. The three growth periods are planting to 12 leaf
stage, 12 leaf stage to black layer, black layer to plant maturity. The
findings from this study suggest some yield loss may occur due to water
stress before an ET depression occurs. It was also determined that the
least yield reduction results when stress occurs during the early vegeta-
tive period and that the highest yield per unit of applied water cccurred
when irrigation is reduced during this period. Yields will probably be
depressed from the Ypg, potential whenever irrigation regimes do not per-
mit the maintenance of potential ET rates.

An extensive research project by Stewart et al. (1977) involved two
years of irrigated corn plots in four states: California, Arizona, Utah,
and Colorado. The objective of the project was to test existing models
and develop new production functions for estimating corn growth and yield

as influenced by different levels of salinity and water supply at different



-30-

stages of growth. The models evaluated were two developed by Steward
(denoted as S1 and 82), two models by Hanks (denoted as Hl and H2), and
the Hall-Butcher model.

The S1 model predicts yield by subtracting the yield reduction due
to total ET deficit from the maximum potential yield, while in the SZ
model, yield predictions are calculated in much the same way except more
complex coefficients are used which associate ET deficits for separate
growth periods with yield reduction. The simpler S1 model will predict
as accurately as the more complex SZ model, unless the corn variety has
distinctly different growth stage sensitivities and the management of water
is such that ET deficits are overly concentrated in the sensitive periods.
Under these conditions the $2 model should produce markedly better yield
predictions.

The Hanks Hl and HZ models take an approach similar to the Stewart
models; however, in the Hanks models, yield is based on transpiration and
potential transpiration only. The Hl model relates the ratio of actual
seasonal transpiration and potential seasonal transpiration to yield.

The H2 model was developed in recognition that grain yield may not be so
simply related to ET because of differences in water stress effects dur-
ing different growth stages. The HZ model divides the season into five
periods, and considers the effects of transpiration during each period.
The ratio of actual to potential transpiration is determined for each of
the five growth periods. Each ratio is taken to a weighting factor which
varies with the growth stage. These values are multiplied by each other
and the final value is equal to the ratio of grain yield to potential
grain yield. In this study, the simpler model resulted in more accurate

predictions.
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The Hall-Butcher model assumed that crop yield can be calculated
from soil moisture during three growth periods: vegetation, pollination,
and maturation. The ratios of actual plant available water to potential
plant available water for each growth period is raised to a power in which
the coefficient varies with the growth period. These values are obtained
for each growth period and are multiplied by each other along with a con-
stant to determine a ratio of actual to maximum yield. The overall com-
parison of the models indicates that the Stewart models correlate with
the data well at all locations. Since the simpler S1 model worked about
as well as the S2 model, the 51 model is preferable due to its simplicity.
The Hank H2 model overpredicted at all locations, but the Hl model gave
generally good results. Since the Hank models were not calibrated with
the data at each location, this good prediction is an indication of the
transferability of the Hl model. Improvement may be possible for the H2Z
model by developing better codfficients. The results from the Hall-Butcher
model were varied. In some locations, reasonable correlations were ob-
tained while at others the correlations were poor. The coefficients were
also quite variable among locations and even between years at the same
location. It appears that the data collected in this study could not be
transferred to another location with reasonable results. An advantage the
Hall-Butcher model would have over the others is in a situation where
water content alone was measured. The study also showed that strong linear
relationships exists between both dry matter and grain yields and evapo-
transpiration for all growth stages.

Another set of corn models have been developed that are based on as-

pects of farming system production on yield and not the climatic effects.
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One such model by Parsons and Heltman (1977) simulates the complex inter-
actions of corn production on a farm, Components incorporated are off-farm
corn marketing; production supply points; on-farm drying, handling and
storage facilities; fields; and roadways. The soil and weather are also
simulated, as they play an important role in the production system.

Another model by Baker and Harrocks (1967) is one of the first at-
tempts to combine in simulation form the relationships between tillage
and harvesting systems with the development of the corn plant. It simu-
lates the energy and gas exchange at the plant-air interface, as influ-
enced by spring and fall tillage and harvesting operations. Even though
further development is needed, by attempting to understand crop production
in relation to environmental interactions, valuable information is cobtained
to help in the decision making processes.

Holtman et al. (1973) transformed observations of real-world system
behavior into obtainable information for modeling processes. With this
information, a model was developed that evalutes all the operations in-
volved in corn production and allows an effective tool for system planning.

It must be understood that corn models can only be used as tools and
are generally developed with a specific purpose in mind. Corn models were
discussed here to give an idea of what is available, how these models can
be used, and to emphasize some of their shortcomings.

A corn growth model is essential to simulate the economics of irrigat-
ing corn. The model must be able to incorporate d;fferent irrigation plans,
predict the s0il moisture content, determine the stress effects on the corn
at all stages of growth, and be adaptable to different locations and varieties.

A regression type growth model would not meet these requirements, but a
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physiologically based model would. Of the physiologically based models
reviewed, SIMAIZ proved to be most satisfactory as it fulfilled the above
requirements. Another important consideration is that the model developer
was available for personal consultation. This proved to be a great asset
in understanding the model, an important consideration when alterations

are needed in order to combine more than one model.

RUNOFF MODELS

Many relationships exist relating rainfall to surface runoff. Know-
ing surface runoff volume is important when conducting flood studies, solv-
ing erosion control probleﬁs, and water supply for various feasoné. For
this study it is necessary to model surface runoff relations in order to
determine the size of a reservoir for irrigation water supply. In order
to determine a mass balance for an irrigation reservoir, a daily calcula-
tion of runoff volume flowing into the reservoir site, irrigation water
requirements determined for a corn growth model, and other direct inflows
and outflows such as precipitation, evaporation, seepage, and prior water
rights are needed.

Most rainfall runoff relationships are designed to predict runoff
from a single event and quite often for specific locations. These re-
strictions make this type of model desirable for flood and erosion stud-
ies, but undesirable when a continuous flow is needed for reservoir siz-
ing. A few of the single event rainfall runoff relationships will be
mentioned.

The Soil Conservation Service (SCS) of the U.S. Department of Agri-

culture (1972) developed a method for predicting surface runoff based on



rainfall amount and a parameter which incorporates the effects of infiltra-
tion and surface storage. This method was developed from many years of
storm flow records of agricultural watersheds in many parts of the U.S.
The method is commonly referred to as the curve number method because what
is known as a curve number is used to calculate the parameter used to deter-
mine runoff. The curve number indicates the runoff potential for a given
area. To determine a value for the curve number, one must first know what
hydrologic soil group the soil in question belongs to. The SCS has classi-
fied over 4000 soils into four hydrologic soil groups. Once the hydrologic
soil group is determined, the curve number can be found, depending upon
land use and antecedent moisture coﬁditions. Curve number values are tabu-
lated relating the land use and hydrologic soil group for antecedent mois-
ture condition II. To convert the curve number to antecedent moisture
conditions I or III, a factor is used depending on the value of the curve
number for condition II and which antecedent moisture condition exists.

Curve number values are less than or equal to 100. One advantage
of using the curve number method is that a large data base was used in
developing the method, hence, with good engineering judgement, reliable
results can be obtained.

Engman and Ragawski (1974) developed a runoff model based on a partial
area contribution concept. The watershed is divided into homogeneous
areas and is characterized by the necessary data inputs. The runoff from
a rainfall event can then Be predicted for the entire watershed.

An area where runoff relationships are not well defined is in
mountainous regions. Hawkins (1973) proposed an improvement over using

the curve number method to predict a single rainfall storm runoff relationship.
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A factor, K, is proposed which is a function of curve number and precipita-
tion which adjusts the results to mountainous regioms.

For small, semi-arid watersheds, Fogel (1969) used a regression ap-
proach. Based on the total rainfall event and initial infiltration rate,
a regression equation was developed to describe the rainfall-runoff rela-
tionship.

For agricultural watersheds, Melvin et al. (1971) used Horton's infil-
tration equation to predict surface runcff. The parameters being deter-
mined are based on antecedent moisture content. A regression equation
is used to relate total watershed runoff to surface runoff.

A model using empirical equations was developed by Betson et al. (1969)
for runoff prediction in Tennessee. Once the model is calibrated for a
watershed, runoff can be predicted knowing rainfall volume, week of the
year, and antecedent moisture content.

Criss and Bittler (1969) developed a runoff model for a 257 square
mile watershed in Pennsylvania. The model uses a first order linear dif-
ferential equation with time varying coefficients dependent upon two em-
pirical parameters. A single storm event is used in which rainfall fre-
quency is proportional to runoff frequency.

The most desirable type of runoff model for reservoir sizing con-
siders the flow which occurs both during and in between raiﬁfall events.
These models are known as continuous simulation models and will be the
next group of models discussed.

One model which simulates watershed runoff on a continuous basis is
Haan's (1972) water yield model. This model uses daily rainfall, poten-

tial evapotranspiration, initial soil conditions, and four parameters



which characterize the watershed. These four parameters represent maximum
infiltration rate in inches per hour, maximum daily seepage in inches,
moisture holding capacity of the less readily available storage in inches,
and fraction of seepage that becomes runoff. Because of the variability
in most watersheds, these parameters must be optimized using previously
recorded streamflow characteristics. Haan's complete model has a param-
eter optimization section, hence, the user should optimize the four param-
eters with recorded streamflow if possible. When recorded streamflow does
not exist, a procedure developed by Jarbo and Haan (1974) describes how
the four parameters can be calculated. Rainfall is broken into six minute
intervals by a predetermined convention to allow for varied rainfall in-
tensities. The rainfall is then divided into infiltration and surface
runoff. Deep seepage is calculated daily, depending upon the maximum seep-
age rate and the percentage of less readily available soil moisture. From
this deep seepage value the volume of return flow is calculated. The
total volume of runoff for a given day is the direct runoff from precipita-
tion plus the return flow volume. Details of Haan's model are found in a
later section.

Many runoff models are developed for specific locations. De Boer
and Johnson (1971), for example, developed a model to predict runoff
where depressions-are created from glaciers.

Sinha et al. (1971) developed a model that accounts for infiltra-
tion, transpiration, evaporation, and percolation losses. The direct
runoff is routed overland and the ground water flow is channeled to the
reservoir system. Sinha's model is similar to Haan's model in that it
predicts runoff on a continuous basis. Depending upon the difficulty of

usage, it may have potential for use as a reservoir inflow estimator.
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Wilspn et al. (1977) developed a five day water yield model. The
analysis mode optimizes 11 parameters using recorded runoff. The simula-
tion mode uses the 11 parameters to calculate runoff knowing daily rain-
fall values. When using converged parameters, runoff predictions ranged
from 97.5 percent to 103.1 percent of observed.

Huggins and Monke (1968) attempted to define a watershed as a grid
of small independent elements to avoid the use of lumped parameters. The
idea is good, but more applied research is needed before a watershed can
be easily and accurately defined.

One of the more commonly used runoff models is the United States Depart-
ment of Agriculture Hydrologic Model (USDAHL). It is based on the physical
processes of infiltration, evapotranspiration, and overland flow. Crow
et al. (1977) adapted the USDAHL model to a 37 hectar grassland watershed
near Stillwater, Oklahoma. Good correlation was obtained between simulated
and measured monthly runoff. Crow et al. (1980} used longer calibration
énd test periods for the same 37 hectar watershed. The model was then
applied to two more grassland watersheds using parameters obtained from
the 37 hectar watershed. The objective was to simulate runoff from grassed
watersheds with and witﬁout prior calibration. With prior calibration,
satisfactory results were obtained for one-half of the study period.- For
watersheds not calibrated, a tendency for overprediction occurred.

Arlin et al. (1977) applied the USDAHL model to a watershed in the
southern great plains. Thef found that the model does not account for
varying surface reservoir storage which could account for some of the pre-
diction error. In wet years the model overpredicted runoff and in dry

years it underpredicted runoff.
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Fisher et al. (1977) adapted the USDAHL to three Maryland watersheds.
Results indicate that the model accurately represents the hydrology of the
watersheds. They believed that the model is a valuable tool for studying
changing land use.

Molnau and Yoo {1977) and Perrier et al. (1977) compared the USDAHL
model with other runoff models. Molnau compared three models: the Tennessee
Valley Authority runoff model (TVA), the Kentucky Watershed Model (KWM),
and USDAHL. Three vears were used in the study: 1961, 1962, and 1963.
1961 was a dry year while the other two were wet. All models simulated the
dry years more accurately than the wet. The TVA model was simplest in
terms of required parameters and the complexity of watershed representa-
tion. Runoff potential is determined by subtracting interception from
precipitation. The runoff potential is then divided into direct runoff
and infiltration where a portion of the infiltration water makes its way
back to the stream due to ground water movement. The TVA model also has
a modified snow melt routine. The KWM is a widely used lumped parameter
model. All precipitation is subject to interception capacity, may infil-
trate immediately, or be stored in depression or overland flow storages
which are also subject to infiltration, depending on the time it takes
for water to flow. The lumped parameters take into consideration all
of these processes. The USDAHL is the most complex in terms of model
complexity. It attempts to describe actual watershed processes. The
overall simulation by the USDAHL model was more accurate than the other
two models.

The study by Perrier et al. (1977) was conducted to compare and eval-

uate simulated hydrologic response parameters from five existing
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deterministic mathematical simulation models. An additional, and more im-
portant purpose was to determine which model is best suited for incor-
porating chemical washoff alogrithms for water quality studies. The
models are Hydrocomp Simulation Package (HSP), Stanford Watershed Model
(SWM) , Streamflow Synthesis and Reservoir Regulation (SSARR), Flood Hydro-
graph Package (HEC-1), and USDAHL. These models are termed lumped sys-
tems. The dynamic equations governing their behavior are not positicn
dependent. All except HEC-1 are continuous models, where the physical
variables representing input and output are continuous functions of time.
HSP is the largest and most complete simulation of the watershed. SWM
in its simplicity allows adaptation to specific modifications. SSARR
has a generalized watershed model for runoff, a river system model for
routing streamflows, and a reservoir regulating model. HEC-1 is a
single event storm model using the Muskingum method for streamflow Tout-
ing. USDAHL has the most complete description of the watershed charac-
teristics and is comparatively small and easily modified. One of the
major drawbacks found in using a particular simulation package is the
user's manual. In most cases they are misleading and create confusion
for exact definitions of various terms. They are often not up to date
with current programming changes. The Hydrocomp Model was by far the
most complete model investigated. It can output data at each of 150
reaches, thus, washoff alogrithms could be inserted to permit continuous
simulation of water quality throughout a watershed. Although the USDAHL
model did not lend itself to calibration of the outflow, it does give the
most complete description of the watershed characteristics as input into

a cascading model. The cascading concept lends itself to closer
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characterization of chemical washoff for eventual loading into a river
system. If streamflow routing, diversions, and more seasonal parameters
were added, then calibration could be expected.

Three runoff models are compared by Moore and Mein (1977): the
Stanford watershed model, the Boughton model, and the Monash model. They
are evaluated as to how daily runoff is predicted. The Boughton model is
the most widely used digital rainfall-runoff model in Australia. Rainfall
is divided into interception, upper and lower soil moisture. Eleven
parameters and four estimated initial moisture states are used in the
Boughton model. Two versions to the Monash model are available, one
operating on a daily cycle, and the other operating on a daily cycle
with an hourly cycle superimposed during rainfall events. The first
version was used in this comparison. The watershed can be subdivided in-
to four areas with different parameter sets. The parameter sets contain
information describing interception, depression, and soil moisture storages.
The soil moisture capacities are fixed, while ground water storage has
an unlimited capacity. The Stanford watershed model has seen many appli-
cations in the U.S. It consists of four storages: water, interception,
upper and lower scoil moisture zone, and ground water. It uses an empiri-
cal channel routing routine within one catchment. A number of different
hydrologic regimes can be handled. An alteration was made from a time
interval of 15 minutes to an hour. Moore and Mein arrived at the
following conclusions from this study:

{1) Each of the three models has advantages over the other, depend-

ing on the catchment hydrology, the budgetary constraints (data
availability and computer time), and whether daily or monthly

flows are required;
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(3)

(4)
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The Boughton model performed almost as well as the other two for
monthly flow reproduction and its running costs and data require-
ments are considerably less. For daily flow reproduction the
standard of simulation is considered poor;

The Monash model and Stanford model (as modified) produce com-
parable results, but the former requires less computer and user
time;

The baseflow routines of the Stanford model give it an advan-
tage on catchments where baseflow is important;

The catchment routing routine of the Monash model gives it

an advantage on large catchments;

The use of daily input data and a daily time increment do not
permit peak daily flows to model well;

The Stanford model requires a considerable amount of operator
experience if good simulation is to be achieved;

Given familiarity of the user with the operation of the models,
the parameters of the Monash model are easiest to optimize; and
No one objective function, as a basis for parameter optimiza-

tion, proved adequate over the whole range of flows.

Shanholtz and Lillard (1971) used the Stanford watershed model on

two small watersheds in Virginia with five years of calibration data and

another five years for testing. Runoff results were reasonably good,

along with peak estimates.

A report by Gwinn and Ree (1975) presents a method for determining

what size reservoir will produce a dependable supply of water for periods

when no surface runoff occurs. Minimum streamflows were emphasized because
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a dependable water supply was desired. The results will be conservative,
so very little risk is encountered.

As previously mentioned, a continuous flow runoff model is most
desirable for predicting watershed runoff into a potential reservoir site
for irrigation purposes. The model needs to be fairly simple to use, yet
it must represent the watershed. Haan's model proved to be most desirable.
The portion which controls the hydrology of the watershed can easily be
made inte a subroutine to incorporate with other models. The complex
portion of Haan's model is in optimizing the four parameters. Once the
model has optimized these parameters, the optimization section is no
longer used. Haan's model can be used in its complete form initially to
optimize the four parameters to be used as input values. An additional
important factor was that Haan was available for personal consultation,

which proved invaluable for adaptation and usage of the model.



CHAPTER III

SYSTEM DESCRIPTION AND BASIC ASSUMPTIONS

In simulating the economics of supplemental irrigation for corm, an
important objective for the simulation model is that it be flexible and
adapt to varying climatic and regional conditions. The components es-
sential for the simulation are: (1) crop growth function, (2} water supply
function, (3) reservoir sizing function, (4) supplemental irrigation func-
tion, and (5) economics function.

Based on the review of available models, the Duncan SIMAIZ model was
selected as the crop growth function, and the Haan Water Yield Model was
selected as the water supply function. The reservoir supply, supplemental
irrigation, and economics functions were developed as part of this research
effort.

All of the components are combined into one model in this report,
which is used to simulate the economics of supplemental irrigation. The
title of the model is known as IRrigation ECONomics Simulator (IRECONS) .

Incorporating daily weather information into a crop growth function
allows daily growth predictions to be made and final yield to be predicted.
The soil water-holding capacity, daily evapotranspiration, and precipita-
tion are used to adjust the soil water available for crop development.
when soil water is deficient, plant available water is restricted, re-
sulting in crop stress and reduced growth. Irrigation is a component de-
pendent upon water supply. Consequently, the availability of water supply
for irrigation must also be determined. Since many sub-humid areas, such
as Central Kentucky, rely on streamflow as the major source of water supply,

-43-
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a watershed runoff function must be incorporated. When unreliable or in-
adequate water supply is available from streamflows, a reservoir sizing
routine is needed for storing irrigation water. Site characterization

is necessary for predicting the model's response at specific locations.
Crop variety, watershed topography, and soil conditions are just a few
of the variables which must be able to be input, enabling the model to

be adapted for different locations., Climatic simulation, whether actual
weather data, calculated based on other climatic variables, or statisti-
cally simulated, must represent the site being analyzed to accurately
make predictions.

The inputs to the Duncan SIMAIZ model are used to adjust the model
to the variety of corn being simulated and to the soil type, The vari-
ables used in the Haan runoff model define a given watershed. In the
sizing of a storage reservoir, additional important inputs concerning
the topography of the reservoir site are needed. The pond area at in-
cremental elevations allows the volume of the reservoir to be determined
for varying dam heights. This also allows direct evaporation from the
reservoir site to be calculated along with direct precipitation into the
reservoir for varying dam heights, The centerline width of the proposed
embankment at incremental elevations allows geometry to be used for deter-
mining the volume of fill necessary to construct the dam. Knowing the
volume of fill for the dam, construction cost can be determined. The
centerline width is also needed to calculate seepage losses through the
dam.

Daily climatic information, consisting of maximum and minimum tempera-

ture, precipitation, and cloud cover, are supplied from a 25-year data tape.
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To obtain the needed climatic information on one tape, data from two sep-
arate National Weather Service data tapes were combined. Because of the
unavailability of long-term solar radiation data and its importance in
crop growth functions, monthly regression equations were developed for
Kentucky which relate known eitraterrestrial radiation and cloud cover
to solar radiation. In addition to daily climatic information, average
daily potential evapotranspiration for each month, as predicted by the
Thornwaite equation, is used to predict evaporation from the reservoir

surface and in the watershed runoff model,

SIMAIZ

The model which will be used to prediét plant growth, yield, and
water requirements is SIMAIZ, a corn simulation model developed by Duncan
(1974). SIMAIZ describes plant development and grain yield in response
to environmental factors. In the model develoPment'it was assumed that
agronomic practices do not limit growth; i.e. fertilizer application,
weed control, and pest control were optimum., This would typically be
the case for operators that would consider investment in supplemental
irrigation.

In using SIMAIZ, one can vary both environmental and physiological
factors and observe the resulting changes. A few examples of these physio-
logical factors are photosynthetic rate, number of ears per plant, length
of filling period, silk-period stresses, and plant available water. A
complete list of data inputs and the commonly used values can be found in
Appendix A, These factors allow SIMAIZ to adjust for different varieties
and geographic locations and be site specific, which is important when

evaluating irrigation economics.
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Conceptual Basis of SIMAIZ

In simulating field conditions, the climatic information used must
be easily obtainable. SIMAIZ uses maximum and minimum temperatures,
rainfall, solar radiation, and when available, pan evaporation. This
climatic information is used to calculate evapotranspiration and the
daily photosynthetic rate for plant growth. SIMAIZ consists of a main
routine which reads in and initializes important’factors, and then di-
rects and controls several subroutines which are responsible for the ma-
jority of the calculatioms.

The subroutines are called: WATERX, PHZDAZ, LAILEF, PTOTAL, QPVEG,

TASSEL, KERNOZ, GRAINZ, and DRYING. WATERX is based on Ritchie's (1972)

row crop evapotranspiration model, Figure 3-1 is a flow diagram of Ritchie's
model and Table 3-1 explains the terms used. In addition to calculating

ET, the model determines a water stress factor used to take into account

the effects of soil water deficit on plant growth. PHZDAZ was designed to
calculate a parameter defined as a physiological day which is used as a pre-
dictor of the morphological development of corn. One physiological day

is equal to the average number of growing degree days accumulated in one
day for that climatic region. The calculation of growing degree days

is based on daily maximum and minimum temperatures using the Nationmal
Weather Service Modified Method. LAILEF was designed to estimate daily

leaf area index (LAI) for a corn canopy. The rate of development for

LAI is dependent on the stage of leaf area development, equivalent physio-
logical days, and the water stress factor, which is established in WATERX.
Leaf area growth follows a sigmoidal curve in which intital growth is
exponential for a short period followed by a linear growth stage and

finally a linear tapering off of growth rate. PTOTAL calculates photosynthate
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Table 3-1. Definition of Terms for Figure 3-1, Ritchie, 1972,

EES]

EESZ

total evaporation rate from soil and plant surfaces,
evapotranspiration, millimeters per day;

evaporation rate measured with a weighing lysimeter,
millimeters per day;

potential evaporation rate above the plant canopy,
millimeters per day;

evaporation rate from plant leaves, transpiration,
millimeters per day;

evaporation rate from the soil surface, millimeters per
day;

potential evaporation rate below the plant canopy at the
soil surface, millimeters per day;

evaporation rate from the soil surface during stage 2
evaporation on a day when P < LEg,, millimeters per day;

leaf area index, dimensionless;:
rainfall or irrigation rate, millimeters per day;

net radiation above the canopy (1 mm/day is equivalent
to an energy flux of 59 cal cm™? day™1);

net radiation at the soil surface below the canopy,
millimeters per day;

solar radiation, millimeters per day;
time, days;

dry bulb temperature, °C;

maximum daily temperature, °C;
minimum daily temperature, °C;

wet bulb temperature, °C;

wind speed, kilometers per day;

upper limit of cumulative evaporation from soil during
stage 1 drying, millimeters;

cumulative evaporation from the soil surface during stage
millimeters;

cumulative evaporation from the soil surface during stage
millimeters.

1,

2,
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produced (PT8) in grams of carbohydrate per day, per unit ground area,
which is later used to calculate plant growth. A gross photosynthate
value is interpolated from a table as a function of solar radiation and
LAI. This value is for ideal soil moisture and optimum leaf temperature.
Two correction factors are used to account for nonoptimum conditions.
QPVEG simulates the vegetative growth of a corm plant by distributing
daily photosynthate to the individual plant parts including leaf, stalk,
cob, husk, and reserves. TASSEL is used to determine the time when
both tasselling and silking have occurred. This is when pollination
occurs and when the tfansition from vegetative to grain development be-
gins. KXERNOZ is entered after pollination begins, and is used to deter-
mine an initial potential grain weight based on conditions at the start
of pollination, an adjusted potential grain weight after a latent peridd
has elapsed, and maximum number of ears per plant, GRAINZ simulates ear
growth after vegetative growth has terminated by distributing daily photo-
synthate among husk, cob, and grain. DRYING is an in-field grain drying
routine, used after the corn has reached maturity. It is a rough approxi-
mation used mainly for cosmetic purposes, as all yields are calculated on
a dry weight basis.

Planting date is an input to SIMAIZ, but in using 25 years of data,

1/

it was impractical to assume a planting date. Duncan~ suggested a plant-
ing date could be simulated based on the fact that farmers try to plant
corn as early in the spring as possible. Thus, for a given location,

there are normally three major considerations: (1)} corn is never planted

1/ Duncan, W. G. (1978) Personal communication on corn growth modeling.
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before a specified date (April 2 for Kentucky), (2) the soil temperature
should have reached a minimum level (15°C for Kentucky):; a common assump-
tion is that soil temperature lags behind air temperature by approximately
one week, and (3) the soil must be dry enough so planting equipment can
enter the field. In the simulation model, the rooting zone of the soil

is divided into ten layers. In the planting routine, when the first layer
is 50 percent dry, the soil is ready for corn to be planted. When all
three of these considerations are favorable, the model chooses that date
for planting. It is understood that this method is a rough approximation,
but is more accurate than any other method known to the author.

Subroutine WATERX is called before planting date and a soil moisture
balance is calculated daily. Once planting date is reached, a daily loop
is entered which controls growth calculations by calling appropriate sub-
routines when needed. Figure 3-2 shows a conceptual flow diagram of daily
calculations. The first set of subroutines, WATERX, PHZDAZ, and LAILEF
are entered daily regardless of the stage of corn development, The remain-
ing subroutines PTOTAL, QPVEG, TASSEL, KERNOZ, GRAINZ, and DRYING are en-
tered depending upon the stage of development of the corn plant, The model
checks daily to see if the grain is mature. When maturity is reached,
the desired moisture content for harvesting, If the grain has not matured,
then subroutine PTOTAL i$ entered. Before both tasselling and silking
have occurred, subroutine QPVEG is entered. If both tasselling and silk-
ing have occurred, then vegetative growth is complete and QPVEG is omitted
from further computation, The next controlling question is, has pellina-
tion occurred? If both pollination and tasselling have occurred, then

TASSEL is entered. If neither pollination nor tasselling have occurred,
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the model skips the remaining subroutines for that day's growth calcula-
tions. After TASSEL has determined when pollination occurs, KERNOZ is

entered daily until a latent period has elapsed. After entering KERNOZ
and before grain has matured, subroutine GRAINZ is entered daily, until
grain maturity.

On attractive feature of SIMAIZ is that is is easy to modify. The
fact that most of SIMAIZ's calculations are made in the subroutines al-
lows for much easier substitutions when further experimentation and re-
search develops more reasonable estimates of plant growth.

The ability of SIMAIZ to predict grain and dry matter yields has been
tested using data from four states: Pennsylvania, Kentucky, Utah, and
California. Fritten et al. (1975) used SIMAIZ tosimulate both grain and
dry matter yields at State College, Pennsylvania in 1974 and 1975. In
the initial simulation attempts, field measured climatic parameters, field
measured hybrid parameters, one parameter calculated from long-term éli-
matic records, and other input parameter constants recommended by Duncan
as being representative of corn, were used. The results are shown in
Figures 3-3 and 3-4 indicate poor agreement between oEserved and pre-
dicted yields. Firtten et al, postulated that the primary reason for
the lact of fit was due to the inability to properly evaluate a parameter
defining the number of degree days per physiological day, a term calculated
using long-term climatic records. Since accumulation of physiological days
is used to control developmental growth of the crop within SIMAIZ, the fail-
ure of the long-term climatic data to truly represent the field condi-
tions resulted in a poor simulation of silking date (see Figure 3-3 and

3-4). SIMAIZ was modified to more accurately represent Pennsylvania
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conditions and predict silking date, The modified version more accurately
predicted both grain and dry matter yilelds, as can be seen in Figures 3-5
and 3-6.

Barfield et al. (1977) used SIMAIZ to predict grain yields for both
irrigated and non-irrigated corn at Lexington, Kentucky using four years
of data and three planting dates. Exact planting dates for 1964 and ir-
rigation amounts for all the years were not known. The irrigation policy
was to keep the soil moisture content at or above the 75 percent level.
Since soil moisture samples were not taken, it is not possible to deter-
mine how accurately this irrigation policy was followed. For this study,
SIMAIZ was programmed such that irrigation was assumed to occur when 25
percent of the plant available was depleted. Table 3-2 shows a summary
of observed and predicted grain yields, and Figures 3-7, 3-8, and 3-5 show
a plot of observed versus predicted yields for irrigated and non-irrigated
conditions. One of the parameters which was varied is the STRESF curve.
STRESF is used to account for moisture stress on both photosynthesis and
transpiration. STRESF I follows an assumption from Tanner and Ritchie
{1974) that there are no effects of soil moisture on photosynthesis and
transpiration until approximately 80 percent of the plant available mois-
ture is depleted. STRESF I can be seen in Figure 3-10. STRESF II is rep-
resentative of conditions in Kentucky since the soil is well drained and
little moisture exists below the rooting depth, as contrasted to the ex-
periments conducted by Ritchie in which lower soil layers held consider-
able amounts of water into which plant roots could grow during periods
of deficit. With a well drained soil it is conceivable that soil mois-
ture stress starts well above 80 percent soil moisture depletion. To rep-

resent this, STRESF Il was used to account for soil moisture stress.



Table 3-2.

Summary of Observed and Predicted Corn Yields.

Computed Yields

Computed Values

Computed Values

Measured Yields STRESF 1=** STRESF T1** STRESF I § II***

Planting Irrig Nonirrig Irrig Nonirrig Irrig Nonirrig Irrig Nonirrig

Date Yields Yields Yields Yields Yields Yields Yields Yields
1962

April 28 207 135 164 151 lel 145 172 172

May 25 168 105 156 122 151 120 168 166

June 22 118 75 151 94 148 103 164 161
1963

April 8 165 152 180 168 172 151 189 187

May 9 161 145 lo4 159 159 144 175 172

June 10 136 126 145 124 143 123 153 153
1964

April 15* 156 103 176 77 173 75 185 180

May 15* 156 16 171 88 168 88 175 106

June 15%* 112 55 162 25 158 47 171 76
1965

April 14 144 97 177 52 170 74 185 100

May 17 172 78 152 58 150 58 161 73

June 17 126 26 155 13 149 18 166 54
Mean} 152 93 163 94 159 96 172 133
Mean? 155 105 160 104 155 104 170 137
Standard

Error of! 22 31 26 27 34 52

Estimate? 27 22 25 16 31 44
% Error in

4 year! 7.2 ! 2.5 3.2 13.2 43.0

Average? 3.2 1.0 0.0 1.0 9.7 30.5

* Actual planting dates unknown.

** STRESF I or STRESF 11 for photosynthesis and transpiration.
*** STRESF [ for photosynthesis reduction and STRESF II for transpiration reduction,

1. Averages
2. Averages

including 1964 data.
excluding 1964 data since 1964 planting dates were assumed.

_SS_
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Plot studies were conducted at the University of Kentucky during 1978
on irrigated and nonirrigated corn using four planting dates. SIMAIZ was
used to predict both grain and dry matter yields. Adjustments were made
in SIMAIZ to produce the most representative yield results. A plot of ob-
served versus predicted values can be seen in Figures 3-11.and 3-12. The
standard error of estimate is larger than desirable. In general, the ir-
rigated yields were under-predicted and non-irrigated yields were over-
predicted making prediction of irrigation yield increases conservative.

Stewart et al. (1977) reported on a two year irrigation experiment
in four Western states: California, Utah, Colorado, and Arizona. This
was an extensive study in which varying amounts of irrigation water was
applied on several plots. The effects of irrigation with saline water
were also evaluated. Since SIMAIZ does not account for the effects of
saline water, the data from these plots was not used. Because of arid
conditions in the western states, the potential evapotranspiration (PET)
equation used in SIMAIZ was altered to account for the effects of wind
on PET using Penman's combination equation. A complete climatic record
for both years was obtained for California and Utah, so SIMAIZ was used
to predict both dry matter and grain yields for these states. SIMAIZ
was calibrated for each site by varying the data inputs. The results,
as can be seen in Figures 3-13 and 3-14, were acceptable.

Once SIMAIZ is calibrated to a specific location, reasonable results
can be obtained. One of the problems in using SIMAIZ to accurately pre-
dict vields is in the timing of phenological development.

The Pemnsylvania study shows that proper timing of the events' leads

to excellent predictions when using SIMAIZ. The timing of tasselling



OBSERVED YIELD (BU/ACRE)

170
160
150
140
130
120
110
100
90
80
70
60
50
40
30
20

io-

30

n . 0 ®o
©
=
[~ o o]
- S“ = |8.31 BU/ACRE
} | ] ] l i | | ] i ] ] 1
40 50 60 70 80O 90 100 1o 120 130 140 150 160

SIMULATED YIELD (BU/ACRE )

Figure 3-11. Predicted and observed grain yields for the 1978 Kentucky data,

170

_Zg_



~ 5500
T
L 5000
7))
£ aso0
vt
¢ 4000
@
. 3500
b 350
=
— 3000
o i
a o
2500 G
w
> 2000
O
w 1500 b~
&
% 1000 |- Syx= 618.31 METRIC TONS / HA
o
©  s00f
0 1 1 1 i 1 1

2000 2500 3000 3500 4000 4500 5000 5500

SIMULATED YIELDS, (METRIC TONS/ HA))

Figure 3-12. Predicted and observed dry matter yields for the 1978 Kentucky data.



12 8
B o]

T = o

1]

- o

10 b \ 60
R o
e (0]

9 i OG o © o]
= % ° )

8 ®
! 8 )

7 R .

<]

o
T
Be G&g go"%e

T 7
©
<]
e
°

1!
L

_?9-

OBSERVED YIELD (METRIC TONS /HA )

| 2

SIMULATED

3
YIELD

4 5 6
(METRIC TONS 7 HA)

Figure 3-13, Simulated and observed grain yields for the Western U.S. data (Stewart et al., 1977).



_— e T e ey
O =MW EO Ohuym ofm::;’::
Fiv1r1 17V 1Pt Ty vrrd

OBSERVED YIELDS (METRIC TONS/HA)
W

O mwothm~NmD

P
lo¥o.C)
0]

©
_Sg_

L1 1

SIMULATED YIELDS

Figure 3-14,

12 13 14 15 6 7 8 19 20 21 22

( METRIC TONS/ HA)

Observed and simulated dry matter yields for the Western U.S. data

Stewart et al., 1977).



66—

was not possible in the other studies. Since the timing of tasselling
controls the length of filling period, it is probable that improvements
in predictions of phenological development would improve the model pre-
diction. When better procedures become available, they can be incor-
porated in the model .

It would be desirable to have a more accurate model of grain yield.
However, none are available at the present time that can be used to pre-
dict both irrigated and non-irrigated yields. Since yields due to irriga-
tion are the subject of interest in this research, and since they are con-
servatively estimated for Kentucky data, the use of SIMAIZ to model the

effects of irrigation on yields will give conservative economic values.

HAAN WATER YIELD MODEL

The model which will be used to predict daily flows into a reservoir
is the Haan water yield model (Haan, 1972), This model was selected since
it was developed to simulate monthly watershed runoff for small rural water-
sheds. Haan defines small as being less than 40 square miles. The origi-
nal constraints used in the model's development were that it be simple in
concept, applicable over a wide range of conditions; and require a minimum
of input data. Because of these constraints, duplicating the exact hydrol-
ogy of a watershed exceeds the ability of the model, For example, the
infiltration parameter selected by Haan mere accurately represents a com-
bination of infiltration, interception, and surface storage. The model’
does, however, reasonably cstimate the runoff for a given watershed from

daily precipitation.
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Model Parameters

The Haan Water Yield Model has four parameters which must either be:
(1) optimized using estimated values and at least one, and preferably
two or more years of recorded streamflow, or (2) calculated based on
several measurable watershed characteristics. These parameters to be
estimated represent maximum infiltration in./hr (VAR1), maximum daily
seepage in./day (VAR2), maximum capacity of soil water which is less
readily available for evapotranspiration inch (VAR3), and the fraction
of seepage that becomes runoff (VAR4), The parameters cannot be direct-
ly measured, as they only represent the components described in charac-
terizing the watershed.

To optimize the parameters, Haan's (1972) complete model must be
used separately, as it contains an optimization section specifically de-
signed for this purpose. Haan's model optimizes the parameters by mini-
mizing the sum of squares between observed and simulated runoff values.
When several years of reccrded runoff values are available, the model
initially optimizes the parameters using the first year of record, and
then runoff is simulated for the remaining years of observed runoff.

The two years with the poorest fit are used to again optimize the param-
eters. The results from the two years are averaged to obtain the final
optimum parameter set. Results of using optimized parameters on seven
watersheds in Kentucky, obtained from Haan (1972), are found in Table 3-3
for independent predictions. The model does an excellent job of predict-
ing monthly runoff using optimized parameters.

When observed runoff is not available for the site in question, a

method for calculating the parameters must be used. To calculate the four
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Table 3-3. Water Yield Model Results Using Optimized Parameters.

1/ Obs. Sim.

Years Used NQ. Years Cor.~ 2/ Mean Mean

Watershed for Opt. Simulated Coeff. Slope— RO RO
Cane Br. 57,58 10 .96 1.02 17.25 18.11
Cave Cr. 53,61,62 16 .93 1.04 14 .63 15.14
Clemson 1 64,65 .87 1.04 9.75 10.63
Clemson 2 64,65 .95 1.02 17.42 17.53
Clemson 3 65,66 .95 1.02 7.35 7.35
Helton Br. 57,58 12 .94 1.05 17.48 16.93
Perry Cr. 53,59,60 13 .95 1.04 13,04 12.85

1/ Correlation between observed and predicted monthly runoff.

2/ Slope of regression curve between observed and predicted runoff.

parameters, the following regression equations, developed by Jarbo (1872)

and Jarbo and Haan (1974), can be used when no streamflow data is available:

(1)

(2}

(3)

(4)

Maximum Infiltration (VAR1)

VAR = 4.66 - 11.49 VAR2 - 0.00035d5b - 0.031 A Hg

in./hr

- 0.131 P1 Fc + 1.136 Vr P1

Maximum Seepage (VAR2) -

in./day

VAR2 = 0.037 + 0.002 We¢ + 0.00067 Iw L - 0.0026 Pa Hg
+ 0.00006 Fc L - 0.0086 Vr Hg

Soil Water Less Available for Evapotranspiration (VAR3)

VAR3 = 3.03 + 0.005 Iw Sb + 0,011 Sd Hg + 0.0096 Fc Iw

Fraction of Seepage that Becomes Runoff [VAR4)

VAR4 = 0.326 + 0.011 L + 0.008 P1 Sb + 0.0018 Ps Sd

- 0.045 Wc Pl

(4)

(3)

- in.

(6)



where:
Sd

Sb

Hg
P1
Fc

Vr

We

Iw

Pa
L
Ps

Results
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average soil depth for the watershed (inch).

slope of mainstream, which is the slope in feet per mile of
the stream from the reserveir site to the point where the
farthest upstream tributary enters the mainstream.

watershed area (acres).

hydrologic group index.

percent area of lakes or ponds.

percent area of forest cover.

volume of rock drained by stream system. This value can be
calculated by multiplying the watershed area by the difference
in mean elevation of the basin and elevation of the proposed
dam site.

the average available water capacity for the watershed.

a water availability index obtained from U.S. Geclogical Survey
hydrelogic atlases. This is an integer value ranging from 1
to 4.

average permeability of the A horizon.

length of mainstream.

average soil permeability.

of using calculated parameters on six watersheds in Kentucky, ob-

tained from Jarbo and Haan (1974), are found in Table 3-4, The non-opti-

mized model has an acceptable accuracy, but is not as accurate as the op-

timized model. A comparison of calculated versus optimized parameters

can be seen in Table 3-5.
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Table 3-4. Water Yield Model Results Using Calculated Parameters (from
' Jarboe, 1972). S ]
Average Average Average
Annual Annual Annual Percent
Watershed Obs. RO Sim. RO Dev. Error
Helton Br. 17.16 17.57 0.41 2.4
L. Plum Cr. 18.40 18.90 0.50 2.7
McGills Cr. 16.34 18.27 .1.93 11.8
N.F. Nolin R. 15.71 17.11 1.40 8.9
Perry Cr. 13.45 13.21 0.24 1.8
Stillwater (r. 19.13 16.92 -2.21 11.5

Optimum and Calculated Parameter

Table 3-5, Values (from Jarboe, 1972),
Opt. Calc. Opt. Calc. Opt. Calc. Opt. Calec.
Yatershed f f S S C C F F
max max max max
Calibration Watersheds
Bear Br. 3.00 3.22 0.035 0.034 7.50 8.25 0.52 0.52
Cane Br. 3.20  2.68 0.030 0.028 10.00 9,18 0.35 0.44
Cave Cr. - 2.80 3.10 0.070 0.047 3.80 5.91 0.52 0.56
Flat Cr. 3.00 2.28 0.040 0.055 4,20 4.50 0.36 0.38
Green R. 3.06 2.43 0.073 0.071 4.09 4.92 0.44 0.48
McDougal Cr. 3.00 2.96 0.050 0.065 7.20 6.-33 0.60 0.52
Rock Lick Cr. 2.32 1.75 0.050 0.054 5.90 5.51 0.60 0.54
Rose Cr. 2,90 3.17 0.066 0.059 4.97 4,58 0.28 0.23
S. Elkhorn Cr. 2.00 1.82 0.050 0.050 4,90 5.50 0.55 0.59
S.F.L. Barren R, 1.30 1.41 0.088 0.083 4.90 5.25 0.58 0.49
W. Bays Fk. 2.09 2.73 0.070 0.056 4.10 4.85 0.56 0.42
Wood Cr. 1.10 1.41 {.050 0.042 7.00 6.33 0.70 0.66
Obion Cr. 1.28 1.03 0.080 0.075 6.20 5.17 0.13 0.16
Bear Cr. 1.13 1.29 0.050 0.050 5,10 4.78 0.28 0.49
Pitman Cr. 0.45 0.96 0.046 0.047 6.76 6.29 0.45 0.50
Plum Cr. #4 3.20 3.24 0.040. 0.041 5.30 4.22 0.49 0.49
Plum Cr. 2.00 2.15 0.040 0.037 3.84 4.09 0.52 0.46
Test Watersheds

Eikhorn Cr. 3.15 -3.28 0.030 -0.620 6.50 5.20 0.70 1.12
Helton Br, 2.80 3.35 0.050 0.032 9.40 8.28 0.35 0.44
McGills Cr. 1.10 2.31 0.0%0 0.053 5.50 5.51 0.45 0.40
Perry Cr. 0.95 3.17 0.065 0.061 4.75 5.20 0.00 0.01
Stillwater Cr. 1.80 1.93 0.043 0.058 7.00 5.58 0.75 0.53
L. Plum Cr. 2.00 2.56 0.050 0.045 2.90 4 .58 0.35 0.52
N.F. Nolin R. 0.55 0.54 0.040 0.055 7.00 5.93 0.30 0.55
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Conceptual Basis of Model

In addition to the four parameters, initial conditions for soil mois-
ture should be defined. The soil moisture is divided into readily avail-
able (Mr) and less readily available (M1) for evapotranspiration. The
maximum value for Mr is one inch and for M1 is VAR3. A conceptual dia-
gram of the runoff model is shown in Figure 3-15.

The evapotranspiration (ET) value is a function of daily potential
evapotranspiration (PET) per month which depends upon soil moisture sta-
tus and daily precipitation (Pd). The following relationships describes

how ET is calculated:

ET = PET when Pd = 0.0 (8)
and 0 < Mr < 1.0

ET = PET{M1/VAR3) when Pd = 0.0 . _(9)
and Mr = ﬁ.O

ET = 1/2 PET when Pd > ,01 (10)
and 0 < Mr < 1.0

ET = 1/2 PET(M1/VAR3) when Pd > .01 (1n

and Mr = 0.0

Once ET is determined it is subtracted from soil moisture.

Deep seepage (S) is calculated daily by:

S = VAR2(M1/VAR3). (12)

The fraction of this value which returns to the mainstream as surface run-

off (Vr}), 1s given by:

Vr = VAR4 x S (13)
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Daily rainfall is distributed into a rainfall pattern with six minute
intervals. Initially, an hourly pattern is formed using a SCS Type 1

or Type 2 distribution (Table 3-6), depending on the geographic location.
This distribution was obtained from Kent (1968). The hourly rainfall is
then further divided into six-minute intervals using a pattern proposed
by the Soil Conservation Service National Engineering Handbook (U.S. Soil

Conservation Service, 1957, Figure 21-3), as shown in Table 3-7.

Table 3-6. Distribution of Hourly Rainfall Within A Day.

Accumulated Fraction of Daily Rainfall

Hour Type 1 Storm Type 2 Storm
0-1 0.017 0.011
1-2 0.035 0.022
2-3 0.055 0.035
3-4 0.076 0.048
4-5 0.091 0.064
5-6 0.125 0.080
6-7 0.156 0.100
7-8 0.154 0.120
8-9 0.254 0.147
9-10 0.515 0.181
10-11 0.624 0.235
11-12 0.682 0.663
12-13 0.727 0.772
13-14 0.767 0.820
14-15 0.798 0.850
15-16 0.830 0.880
16-17 0.854 0.898
17-18 0.870 0.916
18-19 0.902 0.934
19-20 0.926 0.952
20-21 0.944 0.964
21-22 0.963 0.976
22-23 0.981 0.988
23-24 1.000 1.000

From Haan (1972).
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Table 3-7. Rainfall Distribution Within:An Hour.

Percent Rain in

Cumulative

Minutes Time Interval Percent Rain
0-6 4 4
6-12 6 10

12-18 9 19
18-24 33 52
24-30 18 70
30-36 9 79
36-42 7 86
42-48 6 92
48-54 4 g6
54-60 4 100

From Haan {1972}.

Given a rainfall rate (P}, rainfall is distributed into infiltration

(f) and direct surface runcff (Vs) in the following manner:

Infiltration
f = VARI when P > VARL
and Mr < 1 or M1 < VAR3Z
f=P when P < VAR1
and Mr < 1 or Ml < VAR3
f=0.0 when Mr = 1 and M1 = VAR3

Direct surface runoff

Vs

(P-£f)t when P > £

Vs

0.0 when P < f

where t is time increment.

(14)

(15)

(16)

(17)
(18)

The Haan (1972) model was designed to produce monthly runoff calcu-

lated continuously using daily rainfall. It has been shown to do an
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excellent job simulating monthly runoff. Daily values of runoff are

taken from the continuous calculations and used for this study.

RESERVOIR SIZING ROUTINE

In areas where surface water must be stored for irrigation purposes,
a system for sizing reservoirs must be employed. The proper sizing of
irrigation reservoirs to minimize initial capital investments, while con-
serving water and energy, must start by considering all inflows and out-
flows, as shown in Figure 3-16, The inflows are precipitation and water-

shed runoff, given by:

Q = PR X Apeservoir

Qro = RO X Ayatershed (20}

(19)

where RO is the watershed runoff and PR is daily precipitation. The outflows
which should be considered are evaporation, seepage, prior water rights
(baseflow), and irrigation demand. The volume of water lost due to evapora-

tion is:
Qe = PET X Argservoir (21)

where PET is potential evaporation. Seepage has two components; seepage
through the dam and into the soil. Following Schwab et al. (1966), this

can be calculated as:
Qg1 = (4Kh2C)/(5L) ' (22)

where Qg1 is the seepage discharge, K represents the hydraulic conductivity

of the least permeable section, h is the distance from the impervious base
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Figure 3-16.
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Water balance of an irrigation water supply reservoir showing all
inflows and outflows.
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to the present level of water in the reéervoir, L is the mean length of
the seepage line, and C is used to convert Qg into proper units. One
assumption in equation 22 is that the downstreanm saturation line is at
1/3 the height of water stored. Schwab indicates that this is usually
good for discharge slopes flatter than 1:1. Seepage through the bottom
of the reservoir is considered to be a constant rate, Qs2. If prior
water rights must be incorporated, a base flow, Qb, or full release of
natural flow, whichever is least, is the most common practice. Irriga-

tion outflow, QI, is given by:
QI = I X Acrop/effs (23)

where I is the amount of water applied, Acrop designates the area of irri-
gated land and effs is the efficiency of the irrigation system,
A daily balance incorporating these inflows and outflows can be used

to calculate the daily change in storage, AS, or:

88; = Qroi * Qpi - Qi - U1i - Q2i - Qi o

(where terms are shown in Figure 3-1}. The storage at any date is given by:
n
S = I AS3 (25)

where n is the number of days since reservoir was last full.

In order to size the reservoir, an initial dam height is assumed. If
the reservoir becomes dry during any year of the data set being analyzed,
the model increments the dam height which increases the volume of the reser-
voir and returns to the beginning of that year's data set. The model will

continue to increase the reservoir volume until a dam height is reached
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which will enable the reservoir to supply irrigation water at all times
for the period under study. This is called the maximum reservoir size.
The ideal reservoir size is not necessarily the maximum size since
many factors other than water supply must be taken into consideration when
sizing the reservoir. Some of these factors are: (1) how much can the
farmer afford to invest in an irrigation system, (2) how much labor is
available to set up the system, (3) how often can the irrigation system
be run, (4) what yield must the farmer maintainrto justify the expense
of the reservoir and irrigation system, and (5) what percent risk, that
the yield will be less than the maximum, is the farmer willing to accept.
The next step after the maximum reservoir size has been determined is to
reduce the reservoir volume by increments until a nonirrigated condition
(zero reservoir volume) is simulated. Return period calculations are per-
formed on the resulting yields for each reservoir size. These values can
be plotted, producing probability curves of yields as a function of reser-
voir size, as in Figure 3-17. Other economic factors besides increase in

vield must be considered before irrigation can be advised.

IRRIGATION MODEL

An important element for a successful irrigation operation 1s proper
scheduling of irrigation. One typical method is to irrigate when the soil
moisture has depleted to a preselected level., Several methods have been
used to determine so0il moisture content. One method would be to use pre-
dictive equations for evapotranspiration calculations, and actual rainfall
data to calculate daily a soil water balance. This method can be periodi-

cally checked and adjusted by actually measuring the moisture content of
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the soil. Soil probe samples, tensiometer readings, and neutron probes
are ways of directly measuring soil moisture. An irrigator with some
experience can estimate the soil moisture content by feeling the soil at
a given depth below the surface. This is a simple on-site way of deter-
mining moisture content.

Another method for scheduling irrigations would be to irrigate at
regular intervals, depending on the stage of development of the crop.
This method works fine in arid regions where rainfall is insignificant
throughout the growing season, but is impractical for supplemental irri-
gation scheduling because rainfall occurs sporadically throughout the
growing season, |

Irrigating when the scil reaches a given moisture content is the
most desirable for supplemental irrigation and is also easily incorpo-
rated into SIMAIZ. SIMAIZ calculates evapotranspiration daily and per-
forms a mass balance on the so0il moisture. When the soil meisture reaches
a certain level, irrigation can be signaled.

A subroutine is incorporated into the overall model which controls
irrigation. The user defined variables for this subroutine are potential
plant available water (will vary with individual farms, H20CAP)}, amount
of water which must be depleted from the soil profile before irrigation
begins (H20DEF), and the amount of water to be applied when irrigation
is performed (H20IRR). A daily check is made to see if the difference
between potential and actual (H20PRO) plant available water is less than

H20DEF. When

(H20CAP - H20PRO) < HZODEF (26)
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the subroutine adds H20IRR to the rainfall term for that day. The actual

demand of water, in inches per acre, from the reservoir is:
DEMIRR = H20IRR/EFFS 27)

where EFFS is the efficiency of the irrigation system in comveying water.

By varying H20DEF and H20IRR for a given situationm, several irrigation
scheduling patterns can be considered. HZODEF enables the user to vary the
moisture content of the soil which signals irrigation. HZ0IRR can equal
H2?0DEF or it can be less than this value so the soil moisture would not be
completely replenished. This would allow less actual rainfall to be wasted
due to a recent irrigation completely refilling the soil profile.

Once a reservoir volume has been defermined which will supply water at
all times, the reservoir volume is incrementally reduced. Calculations for
all the years are made for each reservoir size. Consequently, there will
be times when not enough water will be available in the reservoir for the
desired irrigation application. When this occurs, the model will irrigate
with the amount of water that is available, given it is above a minimum
amount. To prevent the model from irrigating with an insignificant amount
of water, a value (H20LIM) is defined which prevents irrigation from occur-
ring when the current volume falls below this value. In reducing the
reservoir volume, it is possible that a situation will exist where, even
when the reservoir is full, the volume of water is insufficient to meet
the minimum requirement for irrigation. When this situation arises, the
irrigation subroutine redefines the HZOLIM term to be 95 percent of the
potential volume of the reservoir. The results from varying H20IRR and

H20DEF is contained in the sensitivity analysis.



ECONOMICS MODEL

In an economic analysis, all cash flows are evaluated at some refer-
ence time. With the calculations performed in.the previously discussed
models, a yearly cash flow can be determined for pumping irrigation water,
labor for running the irrigation system, yearly maintenance, and additional
income from increased grain yield. In addition to yearly values, the cost
of the irrigation water supply can also be determined. These values allow
the operating costs, water storage costs, and benefits from irrigation to
be known. An area neglected is the cost for the irrigation system itself
(i.e. pipes, pump, and sprinklers). Arriving at a cost for the irrrigation
system is a complicated procedure and varies considerably, depending on the
type system-and where and how it is purchased. Since this is the only
value not considered, the results from an economic analysis would indicate
the amount of capital available to invest in the irrigation system. This
is the predicted parameter in the economics routine.

Two water supply sources are considered; a well and a storage reser-
voir. The well is assumed to have an adequate water yielding capacity so
that water supply is not a problem. This enables the grain yields, which
resulted when the maximum reservoir size was determined, to be used for
the well economics. The cost of constructing the well is an input, WELCST,
dependent upon the required depth of the well. Pumping costs are increased
by adding the additional head, WELHED, from the well to the total dynamic
head term, TDH, in the pumping equation, given in equation 30. The well
maintenance is a yearly expense figured as a perceéntage, PERCM, of the

construction cost.

MANTCS = WELCST x PERCM (28)



The labor costs and increased grain yield are the same as was calcu-
lated for the maximum reservoir size.

To calculate the cost of the dam, it is necessary to know the volume
of fill. Knowing the reservoir site topography, a relation between vol-
ume of storage water and dam size is made. The length of the dam can al-
so be measured from the topographic map. Hence, the total volume of
earth to be moved in constructing the dam can then be calculated allow-
ing a means of determining reservoir construction cost in relation to
reservoir volume.

Reservoir cost was calculated from:
Reservoir Cost = (Volume of Dam) x (Fill Price) + DAMCST (29)

Fill price is an input which may vary for different locations. A value of
$2.00/CuM was recommended by the Soil Conservation Service in Kentucky as
reasonable for small earth dams. DAMCST is used when additional expenses
such as sealing problems and special outflow structures are encountered.
Reservoir maintenance cost is figured as a percentage of the reservoir cost,
which is an input to this model.

Pumping costs are calculated knowing the volume of water pumped and

the total dynamic head by:
Pumping Cost = CKWH x TDH x HZOAD*AREAIR*.085308/(EFFP x EFFM) (30)

where CKWH is the cost per kilowatt hour ¢/kilowatt hour; TDH is the total
dynamic heat in féet, which will vary with the site; H20AD is the total
volume of water pumped from the reservoir during each season in inches:
EFFP is efficiency of pump: EFFM is efficiency of wmotor; and AREAIR

is the area irrigated.
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The labor cost for system operation must also be estimated. This
value will vary with different type systems and is an input to the model.
To calculate total labor cost for the irrigation season, the labor cost
for system operation is multiplied by the number of times irrigation was
performed.

The value of the increased yield is calculated from:

Value of Increased Yield = Yield difference x GRPR (31)

where GRPR is the price of grain and yield difference is the difference in
vield for a given year due to irrigation.

A present worth method of analysis was chosen using the cash flows
previously described in order to account for the interest factor in invest-
ment. By using a present worth anaysis, a value is obtained allowing the
farmer to determine the total amount of money he/she can invest in an ir-
rigation system. Another advantage to using a present worth analysis is that
a gseparate constant inflation rate can be incorporated for each vearly cest
value. If the farmer wants to see what would happen if labor costs inflated
at a higher rate than corn prices, this is possible, Of course this would
only serve to answer the question, "what if", as inflation is essentially
impossible to predict and is almost never constant for any length of time.
Prices could just as easily enter a period of deflation as increased infla-
tion.

To account for yearly inflation (f) on a yearly cost (A), the follow-

ing relationship is formed:

Cost in year 1 would be A

Cost in year 2 would be A(l+f£)
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Cost in vear 3 would be A(1+£)(1+f)

Cost in year n would be A(1+f) (n-1) (32)

This method was also used by Chu (1980) to inflate yearly costs.
To project each yearly cost (B) back to the present from year n,

using an interest rate (i), the fellowing equation is used:
Present worth = B{(l+i). - n (33)

Combining equations 32 and 33, and summing over the life of the system N years,

we have:
PW = A(l+f)(n-1) x (1+1i) (-n) (34)

where PW is the present worth value of yearly cost A. By combining all
costs and benefits in their present worth value, the total present worth
of the system is known.

By calculating a present worth of the system for each year of simu-
lation and each reservoir size, an average return on investment could be
calculated over the period of simulation. To make this analysis mentioned
above, the following steps need to be taken:

(1) Calculate the yield increases due to irrigation and expenses of

irrigating on a yearly basis;

(2) Calculate the average present worth of the increased yield minus
the increased annual cost due to irrigation (not including equip-
ment amortization) over the period of simulation;

(3) Subtract the cost of the reservoir construction (or well construc-
tion) from the value obtained in (2). This will be the average

cash available for investment in an irrigation system (CAIS).
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An example is shown in Figure 3-1§ for an irrigation system with a 10-year
life. The characteristics of the watershed, crops analyzed, and invest-
ment costs are found in Appendix A

To use the analysis system described above, cost and return decisions

must be based only on the long term average values for return on invest-
ment without information on the level of risk involved on an annual basis,
or over the life of the system. To develop information on the level of
risk involved, one would need to simulate a large number of values (30

to 40) for each point on the curve shown in Figure 3-18 and do a return
period analysis on the results. Such a simulation would require either
300 to 400 years of adequate weather records or the use of a technique

to simulate daily maximum and minimum temperatures, and incoming solar
radiation, WNeither of these methods is presently feasible.

An alternative appreoach would be to use the present worth values as

outlined below:

(1) On a yearly basis, calculate the yield increases, irrigation
set up times, and volume of water pumped for each reservoir
size evaluated;

(2) Calculate the present worth of the yield increase minus the
annual cost of irrigation for each year and reservoir size;

(3) The capital available for investment in an irrigation system
will be the amcunt figured in (2) above, minus the cost of
the reservoir (or well):

(4) Rank capital available for investment in an irrigation system
for each reserveir size and calculate the associated probabil-

ity of occurrence,
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An example of the output, for reservoir sizing, using this method out-
lined, is shown in Figure 3-19 for the example farm and watershed. If

a reservoir of 40,000 cu meters was constructed for this site, in 50 percent
of the years (point A) one could expect to have a return on investment

if $13,000 or less were invested in the irrigation system itself (pipes,
sprinklers, and pump). The calculated average value, from Figure 3-18,
for a given reservoir size is considerably different from the 30 percent
curve in Figure 3-19, which represents the mean value., The distribution

of the curves in Figure 3-19 can explain why the mean and average values
would differ so greatly. The interval between the 50%, 73%, and 96% curves
1s much less than the interval between the 50%, 27%, and 4% curves. The
distribution also indicates that in many years the farmer would lose money
due to an investment in irrigation while some years the profits will be
very high, thus offsetting the loss experienced in the other years.

In more humid areas, the rainfall is often adequate to meet the
evaporative demands of the crop. Because of this, the farmer who irrigates
has to expect that irrigation will not always produce significantly higher
yields compared to the farmer who does not irrigate. The major benefits
from irrigation are realized during drought years. During these years
the farmer who irrigates can expect the same high yields experienced dur-
ing a geod growing season, while the neighboring farmer who does not ir-
rigate will have disasterously low yields. This is indicated in Figure 3-19,
in 73 percent of the years (point B} if one were paid $13,500 to take an
irrigaticon system they would break even or make money. On the other hand,
in 27 percent of the years (point C), one could afford to invest 570,000

in an irrigation system and break even,
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This type analysis could be used to offer farmers additional infor-
mation to help them decide whether to invest in an irrigation system;
however, it essentially tells the investor the probability of recovering
enough return on one's investment in any given year to meet the payment
on the system at a given interest rate. Information is still needed on
the level of risk over the life of the system.

An approach to the analysis of risk over the life of the system can
be developed using the Central Limit Theorem. The probabilities of the
present worth values for a given reservoir size in Figure 3-19were cal-
culated from a return period analysis on N years of record (25 in this
case). These present worth values have a mean “CAISi (estimated by
CAIS; ) and a standard deviation of gcais; (estimated by ScATs;) where the
subscript i on CAIS refers to the estimation made based on annual values
for a given reservoir size. Based on the Central Limit Theorem, it can
be shown that the present worth, based on an average over m years of re-

turn, will be normally distributed with a mean of:

HCAIS, = WCAIS; (35)

and standard deviation of
OCAISy, ~ s ] (36)
w /m
Using this fact and the standard normal curves, the risk tprobability) levels
can be developed for values of cash available for investment in an irrigation
system based on an m year life (CAISy) .
The values in Figure 3-19 are transformed this way and pletted in Figure

3-20. A comparison of Figures 3-19 and 3-20 can be made for any specific reservoir
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size. We will use the example of 40,000 cu meters and look at the 50
'percent level. One could expect the increased return on investment of
$13,000 in an irrigation system to more than meet the annual payment in

50 percent of the years and be 50 percent sure of a return on invest-
ment of $35,000 (point A) amatorized over a life of 10 years. Loocking at
the 73 percent curve (Figure 3-19) one would have to be paid $13,500 to
take an irrigation system to more than meet the annual payment in 73 per-
cent of the years; however, one can be 73 percent sure {Figure 3-20) of
a return on an investment of $25,000 (point B) in an irrigation system
amatorized over the 10 year life. The difference in the two values is
due to the fact that the annual return on investment more than meets the
annual payment in most of the years.

A comparison based on a given potential investment is a more ap-
propriate way of using Figures 3-19 and 3-20. For example, if omne were“
conside%ing investing in an irrigation system that cost $6,000, and
constructing a 40,000 cu meter reservoir, Figure 3-20 would indicate a
better than 96 percent chance of making a return on the investment over
a 10 year system life. Figure 3-19 indicates that approximately 55
percent of the years will have an increased return on investment equal
to or greater than the annual payment required for the money invested.
Therefore, using Figure 3-20, the investor can determine the risk of ob-
taining a return on investment over the life of a system, and by using
Figure 3-19, an estimate can be made of the probability of obtaining
a return in any one year. The use of Figure 3-19 would only be important
when cash flow is a problem and the investor is not willing to accept
a high risk of no return on investment in any one year. Further examples

of varying different parameters will be discussed im another chapter.



CHAPTER IV

SENSITIVITY ANALYSIS

SENSITIVITY ANALYSIS FOR SURFACE WATER SUPPLY

A sensitivity analysis is needed to evaluate the sensitivity of the
economic output to the more important model inputs. The majority of in-
puts required for SIMAIZ were left constant, as they describe a typical
variety of corn for the area simﬁlated. Appendix A contains a complete
listing of all the necessary data inputs from which 29 were selected for
a sensitivity analysis. Table 4-1 shows each variable and the range of
values used. Inthe sensitivity analysis, standard conditions were used
for all conditions except the one being varied. The standard value
selected is typical of that parameter in Kentucky. The high and low
values were selected to include the range of conditions which might be .
expected in the midwest.

First, th= results from the reservoir economics will be examined. The
average curve, as in Figure 3-18,'isused in comparing the sensitivity of
each input. The average curve for high, standard, and low values for each
variable were plotted together and can be seen in Figures 4-1 through 4-26.
The results are categorized in four groups. Those in which the economic
output was: very sensitive, Figures 4-1 - 4-3; moderately.sensitive,
Figures 4-4 - 4-9; sensitive only for very small reservoir sizes other-
wise not sensitive, Figures 4-10 - 4-14 (this group contained values which
affected runoff); and mildly sensitive, Figures 4-15 - 4-26. Table 4-3
shows a tabulation of how each variable affected the output.

_93.
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Table 4-1. Range of Values Used in Sensitivity Analysis.

Variablel/ Low Standard High

(1} Water Yield Parameters

VAR] .35 .53 .70
VAR2 .02 .05 .08
VAR3. 3.75 5.86 10.00
VAR4 .20 .44 .70
AREARO 100.00 300.00 600.00

(2) SIMAIZ Parameters

POPNOI 18000 24000 30000
AREAIR 50 100 200
U 6 12 18
ALPAA 3 5 7

{3) Reservoir Parameters

QDSEP .05000 0.00000 .2000
cK 0.00001 0.00004 0.0001
Reservoir Shape Res. A Standard Res. B

(4) Scheduling Parameters

H20IRR 1.1 1.93 2.75

H20CAP 3.0 5.50 8.00

HZ20DEF 1.1 2,75 3.85

{5) Economic Parameters

FCOST 0.00 .06 .12
FGRAN .06 0.00 .12
XINT .06 .11 .18
WELHED 50,00 100.00 200.00
WELCST 300.00 950.00 1350.00
PERMC .005 .02 .05
TDH 100.00 200.00 300.00
EFEP .28 .53 .75
CKWH .03 .045 .06
FillPR 1.00 1.50 3.00
GRPR 2.00 3.00 5.00
EXTDPR 0.00 2000.00 4000.00
ALABOR 50.00 266.7 500.00
LIFE 5.00 10.00 15.00

1/ See Table 4-2 for definition.
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Table 4-2. Brief Definition of Important Parameters for
Sensitivity Analysis.

VAR1 Maximum infiltration (inch/hour).

VAR2 Maximum possible seepage rate (inch/day).

VAR3 Maximum capacity which is less readily available for evapo-

transpiration (inches).

VAR4 A constant defining the fraction of seepage that become runoff.
AREARO Area of watershed, units acres.

POPNOI The population density for nonirrigated corn.

AREAIR Area of corn to be irrigated, units acres.

u Amount of water that must evaporate from bare soil before it

ceases to act as a free water surface (mm).
ALPHA Soil water conductivity.
QDSEP Deep seepage through the reservoir (inch/day).

CK Hvdraulic conductivity of the material comprising the least per-
meable section of the dam (feet/min).

Reservoir Shape - Accounts for different reservoir topography.
HZO0IRR Amount of water ininches to be added at each irrigation.
HZ20CAP Available water held in soil to rooting depth, in inches.

H20DEF Water deficit below field capacity at which irrigation is
started if no rain occurs that day (inches).

FCOST An inflation rate for the irrigation expenses.

FGRAN An inflation rate for the price of corn.

XINT Interest rate on capital.
WELHED The depth water must be pumped from if using a well (feet).
WELCST The cost of constructing a well.

PERMC A factor used to determine maintenance cost for the reservoir
based on the cost of the reservoir.

TDH Total dynamic head (feet).
EFFP Efficiency of pump.
CKWH Cost per kilowatt hour ($/kilowatt hour).

FILLPR Fill price used to determine the cost of constructing the res-
ervoir based on the volume of soil moved in cubic years (§1.50/
cu yd).

GRFR Average price of grain {§/bu).

EXTDPR Used when additional expenses are encountered for dam construc-
tion.

ALABOR Labor costs assumed for setting up the irrigation system for use.

LIFE Expected life of the system used for economic calculations (years),
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Table 4-3. Sensitivity to Inputs.

Mildly
Very Moderately Partially Sensitive and
Sensitive Sensitive Sensitive Insensitive
(> 63%) (62% - 14%)* {see text) (14% - Q)™
AREAIR FGRAN AREARO VAR]
GRPR LIFE QDSEP Reservoir
H20CAP FILLPR VAR4 Shape
XINT VAR3 H20IRR
H2QODEF VARZ. POPNOI
u CK
ALPHA
FCOST
CKWH
TDH
ALABCR
PERMC
EXTDPR

Percent change from standard condition.

As expected, the area irrigated, AREAIR, had a significant effect
on the economic output and maximum reservoir size, as can be seen in
Figure 4-1. The values used for the sensitivity analysis were 50 acres
for low, 100 acres for standard, and 200 acres for high. The maximum
reservoir size for irrigating 200 acres was over 170,000.0 cu meters.
This was not plotted to keep the scale of the curves uniform. No other
condition produced such a large reserveir., Obviously the more acres a
system can irrigate, the more economical irrigation becomes,

The price of corn, GRPR, had a significant effect on the economic
output, as can be seen in Figure 4-2. The values used were $2.00 per
bushel for low, $3.00 per bushel for standard, and $5.00 per bushel for
high, as compared to standard and low. The results appear to be somewhat

linear,
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The potential plant available water, H20CAP, plays an important role
in the economic output, as shown in Figure 4-3, The values used were
3.0 inches for low, 5.5 inches for standard, and 8.0 inches for high.

In this case, the 8.0 inches corresponds to the lowest curve in Figure
4-3, At this value, the scil is able to store encugh water to supply the
crop with water during most drought periods, whereaswithonly 3.0 inches,
irrigation is needed at more frequent intervals and the increase in yield,
as compared to nonirrigated conditions, is much greater. Consequently,
the benefits from irrigation are much greater.

An inflation factor for the price of grain, FGRAN, had a moderate
affect on available capital, as shown in Figure 4-4. In this case, the
standard condition was 0.0 because, traditionally, grain prices have not
inflated at the same rate as the expenses of irrigation. The low value
is .06 (6%) and the high value is .12 (12%). The results are as expected,
with the standard being lowest and the increases being uniform for all
reservoir sizes. This again shows hew important grain price is in irriga-
tion economics.

The economic life over which the system is evaluated, LIFE, has a
moderate affect on the economic output, as shown in Figure 4-5. The low,
standard, and high values are 5 years, 10 years, and 15 years, respectively.
As can be seen, as the years increase, the increased benefits on economic
output become less,

The interest rate on money, or cost of money used in the economic
analysis, XINT, has a moderate affect on economics, as shown in Figure
4-6. The values used were 0.6 for low, 0.11 for standard, and 0.18 for high.

The benefits were uniform throughout the reservoir size.
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The amount of water which must be depleted before irrigation begins,
HZODEF, had a moderate affect on the economic output, and also affected
the maximum reservoir size, as shown in Figure 4-7. The valueused for
low was 1.1 inches, which is a 20% depletion in plant available water;
standard was 2.75 inches, or a 50% depletion; and high was 3.85 inches,
or a 70% depletion. In this instance, the standard condition proved to
be most economical. When 3.85 inches needed to be depleted before irri-
gation began, a smaller maximum reservoir size was needed. This is prob-
ably due to the longer duration between irrigation, allowing runoff to
replenish the reserveir and also allowing rainfall to replenish the soil
profile somewhat before irrigation is needed. The lower value of 1.1 inch
depletion resulted in more frequent irrigations and a larger maximum reser-
voir size was needed. Also, the more frequent labor costs began to
be significant. The amount of water which must evaporate before the soil
no longer acts as a free water surface, U, has a moderate affect on the
economic output, as shown in Figure 4<8. The values used were 6 mm for
low, 12 mm for standard, and 18 mm for high. This value affects the rate
of soil evaporation. The higher the U value, the longer water will evapo-
rate at a higher rate.

The cost per cubic yard of fill for constructing the reservoir, FILLPR,
has a moderate affect on the economic output, as shown in Figure 4-9. The
values used were: $1.00/cu yd for low, $1.50/cu yd for standard, and $3.00/
cu yd for high. The value of $1.50/cu yd was recommended by the Soil
Conservation Service in Kentucky as a reasonable value for small earth
dams,

The area of the watershed which contributes to runoff, AREARO, affected
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the volume of runoff, but did not have a large affect on CAIS, as shown
in Figure 4-10. The values used were: 100 acres for low, 300 acres for
standard, and 600 acres for high. The high value did result in a smaller
maximum reservoir size which cannot be seen in the figure because the
curves overlap beyond a 60,000.0 cu meter reservoir volume, The area of
the watershed did have a mild affect on the economics for very small
reservoir volumes. The amount of water lost from the reservoir due to
deep seepage, QDSEP, had only a mild affect on the economic output for
the smaller reservoir sizes and had no affect on the larger reservoir
sizes, as shown in Figure 4-11. The values used were: 0.051in./day for
low, 0.0 in./day for standard, and .2 in./day for high.

The variables in Haan's runoff model were varied to determine their
effect on the economic output. The values were obtained from a study
done for several watersheds in Kentucky (Haan, 1975). Each
variable was averaged to determine the value. The high and low values
were de;ermined by observing the range of values used and selecting rea-
sonable values from those used in the study. The fraction of deep seep-
age that becomes runoff, VAR4, affects the volume of runoff from the
watershed, but does not have a large affect on CAIS, as shown in Figure
4-12. The values used were: .2 for low, .44 for standard, and .7 for
high. The high value required a smaller maximum reservoir size than did
the other two values. This is difficult to see in Figure 4-12 due to
the overlapping of the curves for reservoir sizes greater than 50,000
cu. meters. VAR4 did have a mild affect on ‘the economics for reservoir
volumes less than 50,000 cu meters. Two of the other variables for

Haan's model had similar effects on the economic output, VAR3, Figure
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4-13, and VAR2, Figure 4-14, VAR5 represents the maximum soil moisture
capacity which is less readily available for evapotranspiration. The
values used were: 3.75 inches for low, 5.86 inches for standard, and
10.0 inches for high. VAR2 represents the maximum possible deep seep-
age rate. The values used were: 0.2 in,/day for low, .05 in./day for
standard, and .08 in./day for high. For both VAR3 and VARZ, the high
values required a smaller maximum reservoir volume. The final value
for Haan's model was VARl, which represents maximum infiltration, and
showed no variation in results (Figure 4-15). The values used were:
.35 in./hr for low, .53 in./hr for standard, and .7 in./hr for high.

The cost of constructing the reservoir, as was explained in an
earlier section, is based on the amount of fill required for the dam it-
self. The information needed from a topographic map is the pond area
and width of the proposed dam site for incremental elevations. The
standard values were cbtained from the Soil Conservation Service for
a reservoir site in Kentucky they were studying. The other two reser-
voir topographies were artificially generated to represent extremes,
one being a very narrow dam for the volume contained in the reervoir
(Reservoir B), and the other has a very wide dam for the volume of
water contained in the reservoir (Reservoir A). The effects of dif-
ferent topographic sites had only a mild affect on the economics, as
shown in Figure 4-16. Also shown are the stage storage curves for
each reservoir shape. This result indicates that a detailed map of the
reservoir site is not highly crucial to the analysis.

The amount of water applied during each irrigation, H20IRR, had

only a mild affect on economics (Figure 4-17). The values used were:
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1.1 inches for low, which is 40% of what was depleted; 1.93 inches for
standard, which is 70% of what was depleted; and 2.75 inches for high,
which is 100% of what was depleted.

The plant population density for irrigated and nonirrigated condi-
tions are inputted separately. The irrigated population density was
set at 30,000 plants/acre, while the nonirrigated population density
was varied. A population of 18,000 plants/acre was used for low, 24,000
plants/acre was used for standard conditions, and 30,000 plants/acre was
used for a high value. Varying population density had a mild affect on
economics, as shown in Figure 4-18. Therefore, it is not crucial to
have an exact estimate of plant population. The hydraulic conductivity
of the material comprising the least permeable section of the dam, CK,
had no affect on the economic output, as shown in Figure 4-19., The values
used were: .00001 ft/min. for low, .00004 ft/min. for standard, and .0001
ft/min. for high.

ALPHA is used to calculate soil evaporation during stage 2 drying
and is dependent on the hydraulic properties of the soil. The effects of
varying ALPHA had only a mild affect on the economic output, as shown in
Figure 4-20. The values used were: 3 for low, 5 for standard, and 7 for
high.

The remaining variables had a direct affect on the yearly expenses
of irrigation. Only a mild affect resulted on the economics, which can
be seen in Figures 4-21 through 4-26. FCOST is a factor which allows
irrigation expenses to inflate at a separate rate than grain price. A
0.0 inflation rate was used for low, .06 (6%) for standard, and 0.i2

(12%) for high. Standard conditions for inflating grain price was 0.0,
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the reason for this is that, traditicnally, the price of grain has not
maintained the same inflation rate as farming expenses. CKWH is the cost
per kilowatt hour used in calculating energy usage for pumping. Most farm
energy usage is not calculated, based only on the kilowatt usage. Gen-
erally, a graduated cost is figured, depending upon the total usage. A
base cost is usually charged during the off season when the irrigation sys-
tem is not in use. The standard price 6f 4.5¢/kilowatt hour was arrived
at based on a study by Griffithsl/, where the total electrical costs for

a year were divided by the kilowatt hours used for that year. This was
also the average price the local electric company used. The low of 3¢/
kilowatt hour and high of 8¢/kilowatt hour were a reasonable range for a
Kentucky condition. The values for total dynamic head, TDH, alsoc used

for calculating pumping expenses, ranged from 100 ft for low, 200 ft for
standard, and 300 ft for high. The total labor cost for irrigation is
based on the number of times during the season irrigation was needed and
the cost of operating the system. The cost of operating the systenm, ALABOR,
was also obtained from Griffithsl/,in which he quoted the cost of labor
per acre for the growing season with six irrigations needed during the
season. A hand-moved system was considered high. For 100 acres this
would be $500.00 per irrigation. A semi-automatic system was considered
standard. For 100 acres this would be $267.00 per irrigation. A fully
automatic center pivot was considered low. For 100 acres this would be

$50.00 per irrigation. The annual reservoir maintenance expense is based

1/ Griffiths, Richard (1980) Personal Communication, Extension Irriga-
tion Engineer, Ufah State University.



-103-

on a percentage of the reservoir construction cost, PERMC, Values used

for this were: .005 for low, .02 for standard, and ,05 for high, The
last expense considered, EXTDPR, accounts for any extra expense encountered
when constructing the reservoir such as special outflow structures or
sealing problems which may exist. Values used for this were $0.0 for

low, $2,000.00 for standard, and $4,000.00 for high.

SENSITIVITY ANALYSIS FOR GROUNDWATER SUPPLY

The average values from the sensitivity analysis for pumping from
a well is tabulated in Table 4-4. Only one well was assumed to be re-
quired, which may be a problem with large acreages. The number of wells
needed for an individual farm will vary depending on the pumping capacity
of the well and the size of the farm. This would be known when evaluat-
ing a specific farm.

Two additional variables must be defined which affect the economics
of irrigation when using groundwater. These variables are: WELCST and
WELHED. WELCST is the cost of constructing the well or wells, Costs
determined from well drillers as typical of Kentucky are: $6.50/ft for
low, $8.00/ft for standard, and $12.00/ft for high drilling costs. In
all cases it also cost $7.50/ft for 20 ft of casing for the #ell. WELHED
is the depth of the well and is added to the total dynamic head of the
irrigation system when calculating pumping cost. The values used were:
50 ft for low, 100 ft for standard, and 200 ft for high.

The results of the sensitivity analysis on well economics are tabu-
lated in Table 4-4. The table value is the cash available for purchasing

the irrigation system, pumps, and pipes after all other costs are considered.
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Table 4-4. Average Values for Sensitivity Analysis of Well Economics.

Variable High Standard Low
FGRAN*** : 93459 53597 70672
FCOST** 46398 53597 58107
XINT** 42785 53597 63751
HZ0IRR* 52978 " 51837
PERMC* 53433 " 53677
WELCST* 53152 " 53765
WELHED* 50914 " 56280
EFFP* 55959 " 45211
HZODEF** 47279 " 33356
GRPR* ** 98391 " 31201
CKwH* 50915 " 56280
H20CAP*** 14664 " 112045
AREAIR*** 108249 " 26273
LIFE* 65310 " 33581
ALABOR* 49669 " 57247
POPNOI* 59828 53597 55681

**x* strong effect
** moderate effect

* mild to no effect

It can be observed from Table 4-4 that FGRAN, GRPR, HZ0CAP, and
AREAIR had the most significant effect on well economics. FCOST, XINT,
and HZODEF had a moderate affect on well economics, as shown in Table
4-4;: and the remaining seemed to have only a mild affect on well economics.

The sensitivity analysis indicated that some inputs were more sensi-
tive than others. The more sensitive inputs for both the well and reser-
voir economics were: AREAIR, the area irrigated acres; GRPR, the price
of grain $/bushel; H20IRR, the amount of water applied duriné one irri-
gation; FGRAN, the inflation rate for grain price; LIFE, the economic

life of the system; XINT, the interest rate on capital; H20DEF, the amount
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of water which must be depleted before irrigation begins; and U, the amount
of water which must evaporate from the soil surface before the soil ceases
to act as a free water surface. Great care should be observed when de-
fining these inputs. If the user is unsure of the exact value for any of
the above inputs, a range of values can be simulated indicating the expected

range of results. Definitions and standard values for all inputs are found

in Appendix A.
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CHAPTER V

RECOMMENDED PROCEDURES FOR MODEL USAGE

The model presented in this report can be used as a tool for examin-
ing different irrigation alternatives for corn and assist the farmer in
the investment decision., The farmer who is considering investing in an
irrigation system, or who wants to consider different irrigation manage-
ment systems, could describe the farm, the variety of corn used, and the
water supply; and use the model to examine the expected economic results
from irrigating. By varying the data set, different irrigation strate-
gies and financial situations can be simulated. |

It was shown in the sensitivity analysis that some variables are
much more important than others under Kentucky conditions. Table 4-3
shows the distribution of the variable sensitivity, The variables, which
were very sensitive, should be determined much more carefully and as ac-
curately as possible. If this is not possible, then a range of values
should be used before a final decision of whether or not to invest is
made.

In the sensitivity analysis, only the average curves were considered.
Although these curves do help in determining the amount of capital avail-
able for investment in an irrigation system, they donot indicate the
level of risk involved in the investment. Curves should be generated
which illustrate the level of risk associated with the investment in ir-
rigation. In Chapter III curves were generated which show the probability
of making enough money in any one year to make the payment on the irrigation
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system (Figure 3-4) and the probability of breaking even on the irrigation
investment over the life of the irrigation system (Figure 3-5)}. These
curves should be generated for each alternative which is simulated. Before
the simulations are made, the farmer must decide which management considera-
tions and economic conditions to evaluate. One point which must be kept

in mind is the cost of running the simulation model. At the present time,
it costs approximately $25.00 to ﬁake one simulation. It is also im-
portant to know what type of irrigation systems are practical for the

type of land and available labor. The type of system will influence the
labor expense, the number of acres that can be irrigated, amount of water

applied during one irrigation, and the total dynamic head of the system.

When using IRRICON, the following steps should be takeh:

(1) Determine what type of water supply will be used; either pump-
ing from a well or storage reservoir. If pumping from a well,
the water yielding capacity and depth must be known so the
total number and cost of wells can be determined along with
the additional head used for calculating pumping costs. If a
reservolr is needed, then the volume of water flowing into the
reservoir must be known. Haan's watetr vield model is used in
IRRICON to calculate volume of flow. Ideally, a couple of
years of gaged runoff will be available, so the variables to
Haan's model can be optimized as described in Chapter 1II. Or,
if no gaged streamflow is available, the variables can be cal-
culated from measurable watershed characteristics as described
in Chapter III. In the sensitivity analysis, the variables

tc Haan's model were only partially sensitive to economic out-



~134-

put when varied; therefore, only a reasonable estimate is
necessary.lj

(2) Once a water supply has been decided upon, a description of the
site is needed, Assuming a reservoir is to be constructed, a
topographic survey is needed for the site to determine the pond
area and the centerline width of the embankment for incremental
elevations (MIS). Additional site descriptions would be: water-
shed area contributing to the runoff, AREARQ (PS); acres to be
irrigated, AREAIR (VS); plant available water to the rooting depth
in the field to be irrigated (VS)}; and Ritchie's (1972) parameters
ALPHA and U {MIS and VS). ALPHA and U can be determined for the
s0il in the field by conducting a soil drying test as indicated
in Chapter III, and as described in Ritchie (1972).

(3) Information on the proposed dam must be gathered. The vertical
distance from riser to the top of the dam, ZZ (IS), in feet;
the angle formed by downstream and upstream faces of the dam
and the ground surface, ANG (IS); the.hydranlic conductivity
of the material comprising the least permeable section of the
dam, CK (IS), ft/min.; and the top width of the dam, W (IS), ft.

Default vajlues are assumed in the model when zeros are used.

Y

In further discussion of input parameters, the terms are labeled as
very sensitive (VS), moderately sensitive (MOS), mildly sensitive

(MIS), partially sensitive (PS), and insensitive (IS), depending on
sensitivity of the economic output to parameter variation. Careful
consideration should be given to the VS and MOS parameters, reason-

ably correct estimates are sufficient for MIS and PS parameters, and
rough estimates are sufficient for IS parameters.
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(5)

(6)
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The default values are: ZZ = 5 ft, ANG = 3, CK = .00004 ft/min.,
and W = 12 ft.

Additional terms which should be defined for dam construction
are DAMCST and FILLPR. ﬁAMCST {MIS) allows for additional ex-
penses for special outflow structures or sealing problems.

FILLPR (MOS) is the fill price used to determine the cost of
constructing the reservoir based on the volume of soil in cubic

yvards needed in constructing the reservoir. The value used for

calculating deep seepage through the reservoir, QDSEP (PS), must

also be defined, depending upon the material comprising the
reservoir site.

Once the physical characteristics of the site are defined, the
values for the corn model must be defined. Ideally, a few years
of recorded yields are available so that the model can be cali-
brated to the site in question. If this is not possible, rea-
sonable values should be assigned. In Appendix A, after the
definition of each term, values recommended by Duncan afe given,
and at the end of the definition, the values used in calibrating
the model to Lexington, Kentucky; Logan, Utah; and Davis, Cali-
fornia are given. Tﬁis should assist the user in assigning
values.

The next step is to define the type of irrigation system, manage-
ment strategy, and eccnomic considerations. The terms directly
affecting the irrigation system are: total dynamic head from
the reservoir to the sprinkler head, TDH (MIS); efficiency of
the pump, EFFP (MIS); and efficiency of the motor, EFFM.

The terms directly affecting the management strategy are: amount
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of plant available water in the soil profile, HZOPRO (VS); the
water deficit below field capacity which signals irrigationm,
HZ20DEF (MOS); amount of water in inches to be added at each
irrigation, H20IRR (MIS); lower limit for irrigation applica-
tion amount, HZCOLIM (MIS); and term used to signal saving a
volume of water in the reservoir until pollination begins,
IRPLAN. The terms affecting economic considerations are:
interest rate on capital, XINT (MOS); inflation rate for labor,
FLAB (MIS); inflation rate for pumping cost, FPUM (MIS); infla-
tion rate for maintenance, FMAN (MIS); inflation rate for grain
price, FGRAN (MOS); the anticipated price for grain, GRPR (VS);
labor expense for setting up and running the irrigation system,
ALABOR (MIS); a factor to determine reservoir maintenance cost,
PERMC (MIS); and the expected life of the system for economic
calculations, LIFE (MOS). Since it is impossible to forecast
inflation rates and interest rates, it is desirable to make
simulations using several rates and make a decision based on

a comparison of the results.

(7) The final set of inputs which must be considered is the climatic
variables. For Lexington, Kentucky, a weather tape has been
generated which has 25 years of daily maximum and minimum tempera-
tures, precipitation, and cloud cover. A solar radiation term
is needed which is calculated using cloud cover as explained in
Chapter III. If a climatic data set must be generated, be sure
the above climatic values are defined.

Once all the data has been accumulated, the simulations can be run.



-137-

An example of how the different alternatives can be examined is
given. In this case, variations considered aré the amount of water de-
pleted from the soil profile when irrigation is signaled. Values of
1.1 in.. and 3.85 in. are used. For each case, two sets of curves are
generated, as explained in the economic section in Chapter III.

In Figures 5-1 and 5-2, a value of 1.1 was used for HZODEF, and
in Figures 5-3 and 5-4, a value of 3.85 was used for HZODEF. Initially,
it can be seen that a smaller maximum reservoir size was determined for
the 3.85 in. soil water depletion. Irrigation would not be as frequent
and the reservoir would have more time to fill up in between irrigations.
For each case, the maximum CAIS value (capital available for investment
in irrigation system) occurred for about a 30,000 cu meter reservoir.
For a 30,000 cu meter reservoir, the CAIS values are higher for both
the annual value curves and the average over the life of the system.
Based on these curves, it could be recommended that a 30,000 cu meter
reservoir be constructed and irrigation should be initiated when 3.85
inches of plant available water has been depleted.

These curves can be generated for a variety of conditions, enabling
the user to visually compare the results from different simulations.

It must be remembered that this model should be used as a tool and
that good management judgement must be made before any final decision

is made.
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SUMMARY AND CONCLUSIONS

A simulation model, IRECONS, has been presented which uses the
Duncan SIMAIZ Model to simulate evapotranspiration and corn yields,
and the Haan Water Yield Model to simulate water flow into a storage
reservoir. These models are linked with a reservoir water balance
routine and a present worth analysis to simulate the economics of
irrigating corn for a variety of reservoir sizes. All procedures
are described. A sensitivity analysis is presented on select inputs
and a recommended procedure for model usage is defined.

The sensitivity analysis indicated that some inputs were more
sensitive than others. The more sensitive inputs for both the well
and reservoir economics were: the area irrigated (acres), the price
of grain (§/bushel), the amount of water applied during one irrigation (in.),
the inflation rate for grain price, the economic life of the system,
the interest rate on capital, the amount of water which must be de-
pleted before irrigation begins, and the amount of water which must
evaporate from the soil surface before the soil ceases to act as a
free water surface. Great care should be cbserved when defining these
inputs.

The remaining inputs analyzed in the sensitivity analysis only
mildly or partially affect the economic ocutput. These inputs are
summarized in Table 4-3. The definitions are found in Table 4-2.
Because the economic output was only mildly or partially sensitive
to variation in the later parameter values, a good approximation of
the value is sufficient,
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IRECONS can serve as a valuable tool for the farmer trying to
make a decision of whether or not to invest in an irrigation system,
or for the farmer wanting to examine different management strategies
for an existing irrigation system. With appropriate field reconnais-
sance and calculations, input data forIRRECONS can be characterized.
This capability is important, particularly when the economics of ir-
rigation is questionable. IRECONS allows its user to examine the ef-
fects of different economic and management options on the economics
of irrigating corn.

The major calculations in IRECONS are carried out in subroutine
form. This allows for easier updating when more reliable methods of
calculation are developed through further research. Research regard-
ing evapotranspiration and soil moisture effects on plant growth is
one area where the development of more reliablie methods of calcula-
tion would improve IRECONS' reliability.

At the present time, IRECONS simulates only corn growth. An
improvement would be to incorporate growth models for other crops.
Another improvement would be to consider the length of time required
to complete one irrigation, and instead of depleting the water needed
for irrigation from the reservoir in one day, distribute the rate of

water usage over the time period needed for irrigationm,



APPENDIX A

DEFINITIONS AND TYPICAL VALUES

KPCORN - the number of daily plant descriptions in the three tables
that will follow. ({Three per card} (255)

XPCORN - contains daily descriptions of the weights of different parts
of a corn plant for three maturity classes. Values found at
end of Appendix B.

PTABLE - a photosynthesis table relating radiation, LAI, and daily
photosynthesis per plant. Values found at end of Appendix B.

EVAPK - a curve relating soil moisture deficit and evapotranspiration.
Value found at end of Appendix B.

XSTRES - a curve relating soil moisture deficit and plant stress.
Values found at end of Appendix B.

VAR] - maximum infiltration (.53)
VAR2 - maximum possible seepage rate (.0496)

YARS - maximum capacity which is less readily available for evapo-
transpiration (5.858)

VAR4 - constant defining the fraction of seepage that becomes runoff
(.44} A

RMU - volume of water in soil which is readily available for
evapotranspiration (1.5)

RML - volume of water in soil which is less readily available for
evapotranspiration (.5)

EVAPFC - factor relating pan evaporation to evapotranspiration.
Example (.75)

DRYFAC - arbitrary daily fraction of grain moisture lost per day.
Example (.50)

RESUSF - maximum part of reserves which can be mobilized in a day.
Example (.10)

RESPFC - growth-related respiration rate. (RB, active respiration)
Example (.30}

BMETFC - mass related respiration. (RO, basal metabolism} Example (.001)

SLKINF - physiological days required for ear-shoot development under
favorable conditions. Example (9)

KERFIX - days after pollination kernels are considered latent. Example
(7}

PRESAD - rate reserves are built up in competition with other growth.
Example (.1)
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DAYDEG
SETMIN

TMPOPT
HARVST

GRNSLO
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H20PRO
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H20CAP

PNWLFX

XERH20
STYLEF

OILFAC

XSKREX

BARREN

ALPHA
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average number of degree days per day. (22)

base or minimum temperature for degree day calculations.
Example (50)

maximum temperature for degree day calculations. Example (86)

moisture percentage at which corn is to be harvested. Example
(20}

days from slow-down in rate of grain growth to black-layer.
Example (5)

factor for arbitrarily changing leaf-stalk ratio. Example
(1.3)

factor modifying surface evaporation. (Used to simulate no-till)
Example (.1 to 1.0)

exponent for modifying calculated effect of stress during
vegetative growth. (Affects kernel numbers) Example (1)

inches of water in profile at first climatic information.
Example {5.5)

exponent for modifying calculated effect of stresses on rate
of leaf area development. Example (1)

exponent for modifying calculated effect of temperature on
the rate of leaf photosynthesis. Example (.10)

days in moving average for various calculations. Example (12)

factor relating maximum reserves permitted to plant weight.
Example (1.5)

available water held in soil in rooting depth, in inches.
Example (5.5)

fraction of leaf area assumed to be actively growing and
hence unable to export all of its photosynthate. Example (.1)

kernel moisture present at black layer maturity. Example (30)

leaf area difference in dM? between maturity groups. Example
(20)

factor for reducing grain weight to account for oil content.
Example (.95)

exponent for adjusting calculated factor for kernel number
reduction by silk-period stresses. Example (1)

average daily rate of photosynthesis per plant below which
barrenness begins, Example {2.8)

amount of water that must evaporate from bare soil before it
ceases to act as a free water surface. Example (12)

soil water conductivity. Example (5)
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Varietal characteristics

with STYLE = 1 (early maturity)} CLASSM can be + or -2
with STYLE = 2 {standard maturity) CLASSM can be + or -5
with STYLE = 3 {late maturity) CLASSM can be + or -8

STYLE - the maturity classification of the variety. (early =1,
intermediate = 2, late or full season = 3) (2)

CLASSM - fine adjustment of maturity classification in days later (-),
or days earlier {+ ) than standard. (0)

WTKERN - the weight of an average kernel for the variety being simu-
lated. (.33)

CORNMX - approximate weight of a whole plant grown under ideal condi-
tions at a low plant population. Example (500)

EARMAX - maximum weight of the grain on a full ear. Example (200)

EARNMX - maximum expected ears per stalk at low plant population.
Example (2)

USTEMF - the normal ratio between grain weight and stalk weight {less
reserves) under favorable conditions. Example (4.0)

PCORRF - a factor for adjusting the photosynthetic rate of the variety
to account for differences in this. Example (.8 to 1.5)

KERNLF - a factor for adjustment of the potential kernel number. Example
(1)

YNGLAR - the initial leaf area of the seedling at emergence. Example
(.07}

XSTDLA - the expected final leaf areaz per plant at low population.
Example (110)

PLAIFC - the slope of the regression relating the log of leaf area per
plant to the log of the plant population. Example (.7)

STDECL - the days after silking when decline of leaf area starts. (10)

DCRATE - the linear rate of leaf decline (fraction of maximum area
per day). {.005)

GRNSTU - the lag in the start of grain growth after pollination.
Example {(6.00) '

TTLC - provision for the name or other identification of the variety
being simulated.

HZO0LIM - lower limit for irrigation application amount. (0.5)
POPPLT - plant population in plants per acre, (30000)

H20DEF - water deficit below field capacity at which irrigation is
started if no rain occurs that day, in inches. (2.73)

H20IRR - amount of water in inches to be added at each irrigation.
{1.93)

NYEAR - number of vears of weather information to be used. (25)

ISR - the number of divisions the reservoir volume is to be divided
into. (10)
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PANCHG - a one punch in column 70 signals that pan evaporation is to

be used instead of calculating evaporation by the Penman
equation. (0)

IRPLAN - a value of 1 indicates normal irrigation, a value of 2 indi-
cates that water is to be saved for irrigation during pollina-
tion. (1)

AREAIR - areaz of corn to be irrigated, units acres. (100)
AREARO - area of watershed, units acres. (300}
ZZ7 - vertical distance from riser to top of dam, units feet.

ANG - angle formed by downstream and upstream faces and the ground
surface.

CK - hydraulic conductivity of the material comprising the least
permeable section of the dam, ft/min.

- top width of the dam, units feet.
- initial height of dam, units feet. (17)
- number of width readings. (42)

increment for reading on pond area, units inches. (12)

5 E Z x o=

- number of readings for pond area. (27)
HFIX - maximum height for dam, units feet. (22)
NEWSIZ - number of days dam may be dry before incrementing size. (1)

SAVIRR - amount of water to be saved for irrigation during pollination
period, units are inches/irrigated area. (0.0)

This is where PR, the rainfall distribution curve for an hour, is read.
Values are found at end of Appendix B.

PERMC a factor used to determine maintenance cost for the reservoir

based on the cost of the reserveoir. (.02)

FLAB - an inflation rate for labor. (.06)

FPUM - an inflation rate for pumping cost. (.06)

FMAN - an inflation rate for maintenance cost. (.06)

FGRAN - an inflation rate for the price of corn. (0)
POPNOI - the population density for nonirrigated corn. (24000)
WELHED - the depth water must be pumped from if using a well. (100)
WELCST - the cost of constructing a well. (950)

QDSEP - accounts for deep seepage through the reservoir. (.0)

This is where WIDTH, which is the cross-sectional length of the dam, and
PACRE, which 1s the pond area, are read in for each elevation for the
proposed dam site. Values found at end of Appendix B.
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This section reads in HD, the rainfall distribution curve, for 24 hours.
Values found at end of Appendix B.

This section reads in the potential daily evapotranspiration/month,
Values found at end of Appendix B.

This section reads in the percent sunshine associated with the integer
values from the weather data tape, SUN(I). Values found at end of
Appendix B.

XINT
TDH
EFFP
EFFM
CKWH
FILLPR

GRPR
EXTDPR

ALABOR

LIFE
ISTA
TYR
M
IIDAY
JULL
TTMAX
TTMIN
RR

CA

interest rate on capital. (.11)
total dynamic head. (200)
efficiency of pump. (.53)
efficiency of motor. (.80)
cost per kilowatt hour. (.045)

fill price used to determine the cost of constructing the
reservoir based on the volume of soil moved in cubic yards
$1.50/cu yd.

average price of grain. (3.0)

used when additional expenses are encountered for dam construc-
tion. (2000)

labor costs assumed for setting up the irrigation system for
use. (267)

expected life of the system used for economic calculations. (10)
weather station number.

year

month

day

Julian day number.

maximum daily temperature (degree F).

minimum daily temperature (degree F).

precipitation (inches).

average cloud cover (tenths).

Data changes for Lexington, Kentucky - 1978

DRYFAC
HARVST
HZ0PRO
TLEFFC
H20CAP

1
25
3
.5
5
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YSTEMF - 3.9

PCORRF - 1.2

POPPLT - 20700 to 25000

Data changes for Davis, Californmia - 1974 and 1975
DRYFAC - 1

DAYDEG - 20

XLEFGL - .99

H20PRO - 16.5

H20CAP - 16.5

u-7
CORNMX - 390
EARNMX - 1.3
YSTEMF - 3.9
PCORRF - .9

POPPLT - 25300
Data changes for Utah 1974

DRYFAC ~ 1
DAYDEG - 20
H20PRO -~ 7.5
H20CAP - 7.5
XSKREX - .9
Uu-:9
STYLE - 1
CLASSM - -2
CORNMX - 400
EARMAX - 210
EARNMX -~ 1
YSTEMF - 3.5
PCORRF - .95

POPPLT - 34800

Data changes for Utah 1975 (variety changed from 1974)
DRYFAC - 1

DAYDEG - 20

H2O0PRO - 7.5

H20CAP - 7.5
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Data changes for Utah 1975 - continued

XSKREX - .9
BARREN - 3.2
u-9
STYLE -~ 1
CLASSM - -5
CORNMX - 410
EARMAX - 210
EARNMX - 1.3
YSTEMF - 3.5
PCORRF - .95

POPPLT - 34800



APPENDIX B

COMPUTER LISTING AND INPUT DATA

DINENSICH ETABLE(17,20) ,XSTRES(11),EVAFK(11),4IDTH(6Q) ,PACRE(ES),
1STOET(65) ,d5(24 ,PET({12) ,PCORN(26G,5) ,CLINAT (I66,6) ,5 (168) ,ETSPLY
1(317) ,d2C {366} ,IDAY (3656} ,30TLX({I17,10) ,SCIL({10),SEN(11) ,CCA(366),
MR {24} , RC (366) ,CAYINX(IGA) , ITUR(2 =),Jw(4-. €6) , IICAT(25,366) ,
13ULL (25,366) , TTHAY (25,366) JTTMIN (25, 366) ,93(25,366) ,C2(25,366) ,
1X$TCR (2% ,IPACEE(25) ,XFICTH(35) ,DE(35) , XRCIEF (25,25},

13 (25,25),BEIKY (25,25) ,VOLLAd(35) , YIEII5(25,29) , H20AL(25,25)

INSETUP {25,25) , I1PR(25)

PINEKSICH PR (10) ,ROFEF (25,3686)

INTEGEF*2 IYR®,J4,IICAY,JOLL,IDAY,JdZC
PEAL XERFIX,LMI,LATUDE,MINUTS,dI4F3C,XLY2AT,NEWDAY, LEFYT,REEAAX,
VKDRH2C, KZSEQT, BITZAC, NYTTIYH, NYTAVG, SERTAY, KE2NUY, KERACE, KLXIAT,
1LEFLEC, KEINLE, 29,21
I¥TYGEI® DATTC,AC,DAZE, E2,9V,HAI,H,BEIX, B8, EVAE, 2RCELA

Ctt*t’!t“*l‘*til#l*s‘l8t‘#*l‘****‘i*‘##**“#l*.t'l“‘*“‘l!"'*8 AW ERR
¢ XECCRY IS THE UJINBER OF CAILY FLANT LESCRICZTICLS I3 THE TEREE TAELES THAT
C WIIL FGLICH. (THEEE PEF CARCD)
CEIRAEREEEEELEX TR XRERFFBES RSB R EUEAAREEXRIBRB I XX B XX FXDB EXAR XL ERE L E A R R EENF
2ZAC(%,1031) RECCR3
:i“t*‘t**‘lt**ttt‘l#**t#‘##i*tﬁ*t‘*t"t*t‘**l‘#t*’***“**‘“"‘*’#i**at
C* {PCCRN CONTAIYS CAILY DESCRIPTIONS GF 1HT WEIGHTS OF TIFFERENT EARTS
C* CP A CCHRY FLANT FCF THREE MATURITY CIASSES. _
THEAXPERERRF R XX SRR AR B XL REBEREEREX E I EXF X RS AZXIRSI PR XXX L AT RSN RAE N R BN EERERE
TEACT(S, 10G0) ( {ECO2N {J,K) ,=1,5) ,3=1, ﬁ;ccqm
1000 FORYAT (15E5. Q)
C‘l*#*¥t¥.‘*tttl##O*1*‘*##t‘*i#‘#4#*'*‘.‘t‘*lt*'t#t#*t####1*.‘*‘)**#*‘1#
C BTABLE IS 3 PHEOTOSYNTHESIS TASLE BELATING ZALIATICH, LaI, ANCD CAILY
€ FUOTOSTYNTHESIS PER PLAXNT,
ok R LA SRR EL EES R E R RS R SRR ERR SRR LRSS RS I R R E SRR SRR TR TR RS 2 2 L]
AEAT (S, 1003} ({PTASLZ(3,X),K=1,20),J=1,17)
1004 FCA%AT {20E4.1)
(o FEET I XL 2 21 E R FR SRS RZRER R ERERERLERZESERRLT R FRSSE RS R L L]
C* ¥STRES IS A CJ3aVE RELATING SOIL MOISTOSE CEFICIT AND EL3LT STRESS.
(e RS R RS EL AR T E E RS R E R L RS 222 R EE R RR PR SEEXE R LR R ER SRS R Y £

RZaD {5, 1005) (XSTRES(J) ,d=1,11)

IRITE (6,1005) (¥STRES (J) ,I=1,11)
C‘*‘**#t#t‘##*##*‘###‘t##*ii*"1*‘*3“*!**‘**t'*#*‘#t*#i#’ii#ttitt*ittt#
C* EYLPK I3 ) CUIYE BELATING SCIL XCISTUREF CZEICIT AND EVAECTRANSPIRATION.
C#**tt‘*t**i“**i#*#t‘**‘*8“***.‘*.‘*t‘*‘#**#‘ﬂ*i*t*‘t*‘*!‘l*!*tt“*##‘

9EAL (S, 16C5) (EVAFK(J) ,d=1,11)

YRITE (6,1005) {(EVAEK(J) ,J=1,11)

1005 TORMAT(15F5.72)

PANCHY=0,

ELTE04=G.

UPCATE=O.

LCAPES=1]
Cl“ti‘l#t.ti’l**#**“*Q"t*ltt*#*t*#‘#‘*i1¢t*‘l*"#*‘*t*t*#t#tt*tt*'t*tt*
C* VARB' MAXINDY INFILTRATION
C* VAR32 4aXIiN% POSSI3ILE SEEPAGE RATE

€% TAAGI THE 2ALIMUY CAFACITY WHICH IS LESS SEALILY ATAILAELZ POR ET)
C*e YAZ34 5 CONSTANT LEFINING THE FRACTICN CF SEEFAGE THAT EZCONZIS =U:
C* 30 VYOLOME OF WATER IN SCIL WHICH IS5 GEACILY AVAILLABLE FC3 IVAECTFAN3PERATION
C* R¥L TCLUME OF WATEE I SCIT wdlICE I3 LESS SEACILY AVAILASLI FCR ZVAPOTRANST IR
(e EESLAESEEE R LRI EFEE L EZ RIS S S R LR R L2 X1 R E R R L E R RS FEE S EFE IR ST SRR T E Y BN

REAL {5, 1033) Y3681, YAREZ,VAPE],VAREY,32L,520
ABITZ(6,1033) Va?B},TARE2,YARES,VAEEL, 55L, 54U
1033 TORMAT [6F1G.3)
12 pRcELa=1
CEXEEEREER R E AN ERXEECEEELEE A XX R P ERFF NS X ERTEEZ X AR R EFS AN TR EE IR AR IAREE R RS H A TR
¢ EVAPFC FACTCR ZELATING 225 ZVAECSATICH TC EVATCISASSEISATICH. ELANSLI(.T9)
© DRYFAC 3RBITZARY CAILY FRACTICY CF GRAIK 2CISTURE LGST FER CAY. EXAMPLE (. 350)
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RESUSF 43XINUM FA3IT OF RISERYVES WHICH CAN B3E MOEILIZEC IW A DAY. EXANPLE (.19)
RESPFC GHOWTH-RELATEC RESTIIARION EATE. (RE,ACTIVE ZESEIFATION) EXAMPLE (. 37)
EHETFC #ASS AELATEC RESEIFATICN. (2C,EASAL METIECLISM) EXAYPLE(.Q01)
SLKINT PHYSIOLOGICAL DAYS RXEQUIRED FOR EAZ-SHCOT CEVELOPNENT DUDER FAVORABLE
CCUDITICNS. EXANPLE (9)
KEAFIY CAYS MFTER ECLLINATICN KERNELS ARE CCNSILERED LATENT. EXAPLE (T)
ERESAL RATE RESERVES ARE BUILT UP IN CCMFETETION WITA CTHER GROWRTH.EXAUELE (. 1)
SETHIY EASE OR AINIJUN TEZXPERATURZ FOR LECRE CAY CALCGLATIGNS. EXAMPLI (50
TYPCPT FAXIYUN TEMFEGATURE FOF LEGREE [3Y CALCTLATIONS. EXANPLE (86)
EARVST %GISTORE PERCINTAGE AT WHICH CCBS IS TC EE RARVESTEL. EXAMELE (20)
GENSLC CAYS EPO# SICW~CCEN IN BATE CF GRAIN GFCUTH TO ELACK-LAYER. EXI&FLI(5)
YLEFSI FACTCR FCF AFAITRAFILY CHANGING LEAT-STALK RATIO. EX2PLE (1.3)
THSLCH FACTICR A0JIFYING STRTACE EVAFCIATICN. (USEL TO SIAGLATE HO-TILL
IXAMELE (.1 IC 1.0)
IREF IR RS I RS AR ERE RS A E SRR RS R LSRR RS AR R A SR FA L R ES TR EE SR EREEEL S L2 2 LY
§ RTAC(5,1321) EVAPFC,3RYFAC,FISUSF, RESTSC,ANETFC, SLATHE, LERFIK,
122E54L, CAYLIG, SITAIN, THCOPT,2)RYST,GRE51C,SIEFSI, FLOULCE

RRITE(6,1021) ZVAFEC,CRYFAC, SESUSE, FESEFC, 24ETFC, SLEINF, KERTLY,
183ESAL, CAYLEG,5ZTLY, T4EOET,43RVST,GRNSIC,ALETGT,En01CH
CRakARRXE I ESZRI R LR EEEE IR AR EE R E R R R R R AR R R R ] XXFERTASEI B XX E R AR ETE
C* YTRTTX TIFCUENT FOR 4CCIFYING CAlCULATSC ZFFZCT OF STRESSE CURING VESETATIVE
C* GRONTE. (IFFICTS XKERNSL SUNMBERS) EXANELE (1) _
C* 22CGFRQ INCHIS OF WATER I PRCFILE AT FISST CLINATIC IYFOSIATION. EXANPLI(S.S)
C* STLIAiTY ZXPCHINT FCR MCLIFYING CALCULATEL EFFICT CF STRESSSS 0F RATE OF LIaF
C* AREM TEVELCEXZNT. EXANMELE (1)
C# TLEITFC EIXPCHINT FCE HCLIFYIWG CALCULATEL EEFECT GF TEMPERATIRE ON THZ RATE OF
C* LEAF EHCTOSYSTHESIS. ZFXAMELE (. 10) :
C* RONAVG L[1YS IX 4OVING AVERAGZ FCE VARICEDS CALCULATICNS. EXANELE (12)
C* P9SuUXF FACTCR RELATING S3XINUY SESERVES FESXITIEL TC SLIWT FEIGHT. ETAAR(1.35)
C* H20CAP AVAILAELE WATER SELD IN SOIL TC HCCTING CEPTH, IN IWCAES. EZAMPLE(S.5)
C* ENWLFX FSACTION CE LEAF JREA ASSUMIZ 1IC ET JCTIVELY GRCAING AWL AENCE UNIELE
C* TC ZXPCRT ALL CF ITS FHCTCSYNTHATE. EXAUFLE (. 1) .
C* TERH2C XIGNEL YOISTURE PRESENT AT BLACK LATER NATUAITY. EXA4PLE (30)
C* STYLEF LEAF IREA CIFFERENCE IW DM2 EEZTREEY ¥AaTUSITY SPCUES. EXAMFLI (20)
C* CILEAC FACTCR FCP SEIUCING GRAIN ¥EIGHT TC ACLCUNT FER CIL CONIENT. EXAA{.95)
C* YSXFSX EYPCNENT FCT ADJUSTING CALCULI™EL FACTCS FCR XKEENES NUMEER REDUCTIC
C+# EY SILX-FEZICC STRESSES. EXANPLE (1)
C* BA\RREY AVERAGT CAILY RATZ CF PECTCSINTHESIS FET BLANT EZICH WHICH EARZIYNESS
C* BIZINS. LXAMEIZ (2.3)
C*# U AX00UNT OF #ATER THAT J3ST EVAPORATE ERCY EAEE SCIL EEFCIE IT CEASES TO ACT
C* A5 ) FREE WATER SURFACE. EXAMPLE (72)
C# ALPHA SCIL WATER CONDUCTIVITY, EYIRFLIE (5)
Crxakxxs I EFYERE Y22 23 ¥V YL 2 22 T2 R LR R S R PR R R RS TR ES RS R R SRS R R R R LR R LR LS

IEAL(S, 1021) VTEIZY,HZCFRC,STLAEY,TLEFFC,EUNAYG, FFS2XE H20C2E,

1PNW1#X,XESH2C, STYLEE, CILEAC,XSSSEY, E8RFEY, I, ALH)

4RITE(6,1021) 7T2TEY,420F20,STLAEX, TLEFFC,3ONAVG, BISUKE, B2CCAT,

1PYNLFX, XERH2C, STYLEF,CILEAC, XSKREX, EAFSEN, U, ALPHA
1031 FOEMAT(IT0)

H202Z2=R2CEEC

PLETFC=. 18

DETAIL=0.

IF(YTRTEX.2Q.D.) SICE

F20FXY= (E2CFRC/H2QCAE) #100.

H20SYi=H20CAF

IRATE=D '

I3=3 .
ol L EEREEE L ELEL E RS A ALl R LAl Lt st R L E L AEERRSBEEN R I E RN EEE T AR RERE TR

naonmnanonaonaoaoQnnan

EE
TF
*x

I~

C FARICTAL CHARACTIZRISTICS

< WITH STYLEI=? (EABLY JATCUFITY)CLASSY Cal BE + CE -2

< ATTH STYLZ=2 (STANDARC 4ATCUAYIY) CLASS® CAN ZX + QF =5
c ¥ITH STYLZ =3 (LATE ZATIRITYYCLASSY CAK ZE + CF ~d
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STYLE THE ¥ATYRITY CLASSIFICATICN OF THE VARIETY. (EARLY =1, IMTERMEDIATE= 2,

LATE OB FOULL SEASON = 3)

CLASSM FINE ALJUSTIZ2EYT CF MATURITY CLASSIFICATICY IN CAYS LATER (=), OR C1YS

EXRLIER (+) THAW STANCARE.

ATKEIRN IS THE WEIGHT OF AW AVERAGE RIZNEL FCF THE VARITY EZIING SIMULATED.

CCRHM¥I THE AFFRCXIMATE WEIGHT CF A WHCLE FUAMET GRCWH UNCER ILEAL CONCDITIONS AT

1 LOW PLANT ECPULATICN. EXANFLE (530)

IARMAX THE MAZIMOM WJEIGHT OF THE GRAIN CN & FULL EZAS. EXARELE {200}

FARNMY THE MANINUE EXPECTEC EAFS EZE ST2LK AT ICW FLANT FCEULATICH. EXANPLE(2)

YSTEAF IS TEE NCFEAL E3TIC EETWEEIN CRAIN WEIGET AND STALK YEIGIT (LESS

EESIDVES) UYLER FATORSELE CONDITIGHS. EXAMPLE (4.0)

BCORAF A FACTCR FOR ADJUSTING THI PFHCTICSYNTHETIC RATE Cf THE TARIEZTY TG

ACCOUNT FCR LTFFEFENCES IY THIS. EXAMEIE (o9 TC 1.7

FESHLT & FACTOR FOR ALJUSIMENT CF THE SCTINTIAL KIOHEL HUEEER

YYGLAR THE XMITIAL LEAF AREA CF THE SEELLIUG AT :MERGENC-. 2 4 ﬂ

STOLA THE ZYFECTEL FIXAL LIZAF AREX FEF PLAWT AT LCH ECPULATI
AXIFC TEE SLLEE OF THE RECRESSICN ITIATING THE ECS QF LEAT A

L2G CF THE PLANT ECEZULATIGCH. EXA¥FLE [T}

nrhNOoOnaoMannonaonoaonnn

nﬂ)h'

;A

L I35 TEZ TAIS AFTES SILXING WHEW CDZCIINE CEF LEAF ARER STARTS.
I 15 TEL LINEZAR AATT OF LZIAF DECLINE (FRACTICH CF #AY 3FEXA SER DAY}
VST THE Las IN THE STAT GF GHRALN GECWTHA AFTEZE PCLLIINATICN. EXAMDLE (6.00)
1Z TRCYISICYHM FCR IHE XAYT CR CTHER ITENTIFICATION QF THE VA2IETY
NG SIMOLATED.
RN I AR AT S AR RN AL AR R E PR IR E SR AN S SRR AR A SRR R K A AR KR R R RN RN R £ 3
3 SEZAD {5, 1022)STYLE,CLASSY, ATKERN, CORNEN, ZARRAY, EARGUY,ISTTHE,
1ECCERF,KZRNLE, ¥UGLAS, ¥STOLA,PLAXFC,STLECL ,CCRATE,GRNSTY,ITLC
ARITE(6,1022)5TYLE,CLASSY, WTKERYH, CCANMY, AR 2T, EARNYY,¥ST AT,
1ECOFEF, KEBSLP,YNGLAR, XSTCLA,FLAIFC,STLECL,DCRATE, GFNSTD,TTLC
1622 FOHMAT(374.2,2F4.0,5F4.2,Fa4.0,4F4.2,4844)
1021 FOQH!T{16‘5.2)

IF(SIYLE.ZC.0.) SIOF
CAIREXERRTIEEIRREXEBAREAI A IR N DA XA NI DA RS R T IIR ST ARS R R AR A LI IR R R KR L ANRKEXRE KK R
C* EBEZCLIM LCWEIR LIMIT FCP ISRIGATICN APPLICATICH ayo0NT.
< FCPELT TLANT POFULATICN IN PLAWTS PE: ACHE.
< H20DEF WATZF CEITICIT BELCA FIELC CAPACITY AT YEICH IRRIGATICYH IS STARTEID IF %0
Y
c

G N
A R Gt e d e

-

FAI¥ GCCTRS THAT CAY. IN IHCHES
HZCLAX AZCUNT OF SATER IN IXCHES TC BE ALLDEC AT SACH IRRICATION.
C* NTEAP MUMZIEIS CF TEARS OF WEATHER INFCIEATICY TC £2E O3EL.
C* ISR THE YJ¥3ZIx CF DIVISICHNS THZ RTSERYCIF VCLIME IS TC EE CITIDET INTO
C* EANCHG 4 CME PUNCH I¥ CCLIZN 70 SIGWALS THAT FAN EVAPCRATICY IS5 TC BEI USED
C* INSTEALD GF CALCULATIVG EVAPORATICYH &Y THE PEWMAN cQUGATION
C* IRPLAN 3 TALJE QF 1 IWLICATES NCEMAL ISRIGATICY 3 VAIQE CF 2 INCICATED THAT
C* WATER IS IC FE SAVED FCE IRRIGATICHN CURING PCLLINATION
o LR T E T T L e Ry e s R L P LI F e ] L
READ(S5,7030)82¢LI4,F0PPLT,2CCEF,B2CIRE ,NYEAR,ISE,FANCHG, IFELAY
W3IT=2(6,1030)82CLIL,PCFPLT,32CCFF,d2CIRE, YYEAR,ISH, PAKCHG, IRPLAYN
IIi=0
NCIER=0
1330 FORMAT(4F10.3,2I10,E1C.3,I10)
IF{H2CCEF.EQ.0.) H2CCEF=39,
IF(HECIERWEC.D.) H20IRR=.001
H2=HZ201z2
SRR L Ly e P P LT S R L L
C* ASZAIR APZa QF CORN IO 3E IERIGATED, UFITS ACSES
C* AREREQ 2A3IN CF JATERSHEL, INITS ACEBES
C* 72 VESTICAL TISTAKCE #5858 FISER TC TCF CF CAN, HHITS EE

C* 3G ANGLI FORMIL £Y COWNSTREAY ANHC UESTREAN FACES ANED 3R0INT 3UzFacs
C* CK HYCERAGLIC COWCCCTIVITY CF THE AATERIAL CCMESISING THE LEAST 2IZ3dEAELl

C* SECTICH CF THE Tax
C* 4 TOP WICTH OP THE DAM, UNITS FEE
C¥ B INITIAL E2IGAT oF 23y, UMIIS FE

(%]
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C+* 4V SO4BER GF WILTE SIALTKGS
C* HE IYCREMENT FC5 BEACIKG €N ECYWD AREA, UNITS INCHES
C* EA BUMEER OF ITACINGS FCH POND AREA
C* HFIX MAXINUM HEIGHT FCK CAM., UNITS ESET
C* NEWSIZ NUNEER CF CAYS LAY ®AY EE DRY EIFCEE TINCEENENTING SIZE
C* SAVIRE ABQUNT OF WATER TQ 3E SAVEID FCF IBRIGATICN [LOBISG PCLLINATION PERIOZ
c* INITS ARE INCAES/IRRIGATEL ARE)
C LR LR L R L R L R e e Y PP R 2] EFERFR RSB I E SR E X AN ERERERSTRET
REAL(S,Z2200) AREAIR, AREARO,2Z,ANG,CX,%,d,4Y, 4% 44, 4FIY, SERS I2,
131VIAR, EFFS
KRITE (€,2209) AREALR, AFEARC,2Z,ANG,CK,%, 8,8V, 34, HA, HEIX, NEWSIZ,
1SAVIER,EFES
C "1**!*#‘#!‘i*l*t.*#‘.“’t*"**.’#*‘tt“’*'-‘““‘i AEFEERNEFRER AR I FEIRUER X
C# THIS IS WHESE PR THE'RAINFALL DISTRIEUTICY CUHVE FOR AN BOUG IS IEAD
[:t)t‘t“#*l***‘t‘*‘*’.t“'*“‘*l*l*tt*‘#**.*’*tt!‘3‘*3"’!‘1iltttlttlttt
®ZAl (5,3000) (FR({J} ,J=1,10)
FRITE(6,9000) (EX(3) ,3=1,10)
5007 FOEMAT{10F8. 2
LR R A AR L L R E L E R L2 R R E R R 2 R R R R R R R R E Y P T S Y E R RS R LS ITIT]
C* PIRAC IS A FACTOR OSIC TC CETEZRMINE MAINTAINENCET COST FCF THE RESERVOIR
o 2I5ET CH THE CCST GF THE SESESVOIE
C=® FLAS IS AW INFLATICN FATE FCR LAEGEH
o AN INFLATION RATE EOR PUAPIES CCST
o AN INFLATIC: FATE FOR BAINTAINENCE CCST
T# T3RAN IS AN INFLATICY RATZ FGR THEE ERICE CF CCEY
C* FCENOI IS THT PCPULATION DENSITY FQR NCNIRSIGATED COBN
C* GELHED IS THE THE DEPTY WATER MUST BZ EUNXEEL FRCM IF JSIES A WELL
€* WEILCST IS THE CCST CF CCHSTRUCTING A WELL
C* QNSEP ACCCYNTS FOR DEIEP SIEPAGE THACUGE THE FESCRVOIG
Cti##**t'***.*‘#!-‘t.‘t**O‘*ti“**“Di“*###‘tttt*t*‘**t**t* IESEERSEREE S T ¥
ZFAC{5,90C0) FEFYC,ELAE,FPOX,F4AY, FCRAY, FCFYCT, WELHEL, #ELCST, QDS ED
ARITE(6,9000) PERIC, FLAS, FPUA, FIAN, FCRAN, ECFNCI, ¥ELEEL, 4ELCST, QOSED
IZ00 FORMAT(6F€.Z,€I%5,2F5.2)
JLIN=B3CLI
C EEIXIXEFTEXEEREXREETREL X UK K *‘i#t***#tttt**t‘**t*%il‘#*t‘**‘*#"’****’l*‘***
C* THIS IS “HERE WIDTH WHICH IS THE CROSSECTISSAL LINGTH CF THE CAX AN
C* PACRE WHICH IS THE FCNC 3REA ARE SEAL IN *CX EACH ELEVATICHN FOR TSHE
C* PROTOSEC £AY SITE. :
CFrEIRERXIXTASIEXEXBRRA XS DA IR RB IR TR N A TS AR LRI EFELIEL LT ERENEEEES 2 S T LT
IF(#V.LE.20)G0 TO 2000
IF(4V.LE.4C) GO TC 2001
IP(HV.LZ.6d)60 I0 2002
WEITE{S,2011)
2011 PORYAT(SL,158 £53CR 13 INEGT)
STOP
210 PORAAT(20F4.0)
I00U XZAC(5,2010) (WIDTH{I),I=1,47)
WRITE(6,2010) {RIDTE(T) ,I=1,HV)
GC TC 2003
20071 REAL(S,2010) (RIDTH(I) ,I=1,20)
WRITE(€,2C13) (HIDTA(I) ,I=1,20)
BEAZ (5,2010) (WICTY(I),I=21,4T7}
9RITEZ (6,20 10} (WISTE(D) ,I=21,3¥)
36 10 2003
RETAL(S,2010) (RISTR(IY ,I=1,27)
FRITE(E,2010) (MIDTH(I) ,I=1,20)
READ (S,2010) {(¥IDTE(I),I=21,40)
WRITE (86,2310} (WIDTH(I) ,1=21,50)
FEAL(S5,2019) {(FICTH (), I=41,47)
ARITE(6,2010) (IDTH({I) ,L=01 AV
2003 CCUTINUE
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IF(EA.LE.13) GO TG 2004
IF(H)}.LE.26) 30 10 2005
IF(H1.1E.33) GC TO 2096
IE{¥A.LE.52) GO TO 20667
IP(HA.LEZ.65) 30 TC 2008
#8ITE{%,2011)

STCE

2004 REZAD(E,Z012Y (PASRE(J) ,o0=1,H3)
YRITE(6,2012) (EACRE(S) ,J=1,H1)
§c Tc 2039

2205 REAL{S,Z312) (PACRT{1) ,d=1,13)

WRITE(6,2912) (FACIELD) ,d=1,1)
PTALES,ZIT2) (PACEZ(O) ,J J=14,31)
HELITE (6, 2512) (PACEE(d) o=th,i4)
¢ 1o 2229

3196 ITAT(S,2012) (PACRIT(J} .J=1,11)
HESTE(£,2012) (EACREILD) ,0=1,17)
STYR(%,2212) (PACAE{J) ,0=14,32¢)
YITTE(E, 2012} (FACIE(J) ,I=10, 36)
TEAT(E,2012) (EACRI(D,5=27,83)
WRITT(6,2212) (FACIE(J),J=27,44)
5 To 2029

2007 HEAL (5,2012) (FACRE(J) ,0=1,13)
URITE (6,2312) (EACEE (J) ,d=1,13)
IEAT(S,2012) (PACRE(J) ,J=14,2¢€)
JFITE(6,2012) (EACRE(J) . J=14,26)
REAC(S,2012) (PACAE (J),3=27,39)
4RITE(6,2012) (BACKE (J) ,J=27,239)
BEAD (S,2012) (PACIE (J) , =40, 84)
ARITT (5,2012) (PACRE (d) ,I540, 38
GO TG 2029

2003 REAL(S,2012) (EACRE{J) ,J=1,13)
FEITE(6,2012) {EACEE {J),J=1,13)
DEAL(5,2012) (PACIE(J) ,J=14,2€)
FRITZ (6,2012) (FACIT(J) ,I=14,28)
2EAL(S,2012) (PACRET (),J=27, 39)
WRITE(£,2812) (PACRE(J) ,J=27,39)
BEAG(S,2012) (PACRE(J),3=40,52)
ARITE(6,2012) (PACRE (J) ,J=40,52)

REAL{S,201Z2) (PACRE(J) ,J=53,HA)
WRITZ (6,2012) (EACRE{J} ,J=53,84)
2012 FORMAT (13E6.2)
3009 CCNTINDE
cr R XXX AAEBEAN R XA PRSI RNE XX SR RAXNIR IS FIAXS S I XRRIES ¥REREREBERERENEREREE
C* CALCILATION OF STOBAGT VYGLUNE FOF ZACH HEIGET
Cf“ti'****t*‘*i**‘*‘#'*3'*F‘*l'**#t*‘**t."‘*“*‘l**tl**t*!‘ft‘-‘#“‘tl*l
STCRY{1) =FACRE{1) #HH
ST=510BV{1)
Do 2620 I=2,H)
STORV (L) =ST#PACRE (I~1} *HH+HA* (FACRE {I) ~FACKE (T=1}) /2.
2020 ST=STORV(I}
c***‘t‘*-‘*t‘#’.*‘it!*“*‘ I SEZTREES SRR SR S Y SELEI I IR ER R R R E L 2L 2 3t
C* THIS SECTICN DETEERINES AT wAAT LEVEL CF ELEVATICY THE Ta) AILL BESIY
C t.*#t**--*-‘t*““l‘*‘#l**-ﬁ‘*t*‘#*‘i*‘tttl‘tt#t)tt¥‘*#tt*‘O#O!l.‘#“!'ﬂ
I=§
185 I=[+]
IF{%I0TE(I} .2Q.0)G0 To 153
I=I-1
C‘t*tt‘*‘t***;**“‘t“‘S‘l!llit‘ EHNEEREERRERXELX LB ERARE XU TN SRR e R ER TN KX
C* TEIS SECTICY BESEQUENCIS TEEZ WIDTH ASEAY
C"Ilil’!*t#*'*#**i#-*1*1#3!"¥lt¥$'*t*¢t EEERERERESEIE R EA N RS EE LR R L L L L
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J¥=q9-1
Da Zs5:% J=1,37
255 WIDTH (J)=WIDTH (J+I)
o e Ly L e L P Y P T LT P pappaps
C* THIS SECTICY RESTCUENCES THE STORV ARRAY ANT EACSE ARFAY
o R Ry e L Ly T T P T T Y PLY T peepapy
Ja=H3-1
be 3SE J=1,J2A
STQRV{J) =STORY (J+1I)
355 PACRE(J)=PA3CRE (J+1) ]
R AL R R R L R A PP PP A gy
C* THIS SECTICY RIACS IN HL THE RRINFALL CISTSIEUTICYN CIRVE FCER 24 H3

CrRAE AN A AT RN F RN R R R X E AN ER R KR ET S E N I AR X B A AR N EE IR IX AR IR X TR KR AR R RS

£=0
5C IC 2z

2202 &=12

2201 EAC(%,2203) (5 (I+%) ,I=21,12)
BRITZ(E,2203) (H5({I*+K) ,I=1,12)
IF(7.52.3) 5C TC 2202

e s E R L R R A L s E R R LT L E S PR FE L EFE L ER LY T L R P R R R R R R Sy
C* THIS SEICTICY XERLS IN TEE POTENTIIL CAILY CVAFCTIEZANSEISITICH / HouTa
CHFAXAAZTIRXAXAIRFEIFIBE NN SN F IS XI S XA FFARI PR SR RRAIEAB NI N F 4G RN ITRTX S
RATAL([S,2203)Y (PEY(I),I=1,12)
H’ITZ{k,LEOJJ{PEI(I),I 1,12)

2203 TOIMAT{12FS.3)
Cittl*tl‘!t*!*li!‘t#*ﬂt‘t**tttt**tttt*t*tt*tl’*!*ﬂﬂ*#t**i‘*‘!t*#‘l*'*ttt
C* TEZ SECTICY DETEZAINS WHICH SET CF PCCFS VALUES AFE TC EE USEL
CEE A AR R LR R AR X I LN SN E AL RN R ERE RS S S IR AR EE RN R ERB RS AR SR DR TRk

IF{STYLE.EQ.1.)LL= 1
IF(STYILE.ZC.2.)1LL=73
IF (STYLZ.EC.3.)LL=154
N=1
oC 105 J=1,KFCCHEN
TF({LL.ST.J) 5C TC 105
oCc 107 4=1,5%
PCCEY (¥, 4) =PCCRY{JI, 2)
167 CCRTINGE
¥=X+1
105 CCHTIINGE
I5A=90
I=Cc=30%
C‘*‘**tt##t**tt*'*#t*“*lt*t*#ttt*#tt*lt*tt‘*tt‘#**tl#‘*#‘t###‘*#*‘l**#*
C* THIS SECTICY READS IY THE PERCENT SU&SEILE ASSCCIATEL WITH THE
C* INTEGE? VALUES FRCM TEHE WEATAER [AT3 TAF
ct‘itttt‘t#tlt!*ttt'*t#‘!##!‘tttt**ttttttt*t‘*l#‘)‘.!t1*#.‘****##‘*8*‘**
AEAC{S, 3111y (SOU(T) ,I=1,11)
hRII’(& 1111 (S0U (D) ,I=1,11)

1111 FOEMAT(I1ESLD)
C*‘t**l#*t**tt**i*‘*#t**‘ﬁ!‘li.*‘it#t*t*t*##l*ttti#t***ttl!tﬂ*!l‘**‘#*x**#*t**#t
C* YINT INTEZEST RATE QN CAFITAL
C* TDH TCTAL CYNSMIC HEALD
C* IFEp EFFICIZNCY QF Sume
C* TFIM ZFTICIZINCY QF HOTCR
C8 GF¥ ZOMEING TLOW SATE I¥ GALLCNS 2IH MINUITE
C* (CXd% CCST FER KILCWATI HCOS

C* TILLZ2? FILL PAICE USED TC DETERMINE THE CCST CF CCHNSTRNCTING THE RESERVOI:
C* EASEC CON THEI VOLO®Z CF SCIL MOVED IN CUEIC YASLS 31.50/CU Y€

C* GRPR AVERAGE PRICE OF GRAIN

C* EAXTCP?E USZE WHEN ADDITICHAL ZXPEMSTS 3IRE ENCCUNTIREL ECT CAM COYSTRUCTICS
C* ALABCF LAECH COSTS ASSUMED FCR SETTING UF THE IGRICATICY SYSTEM FOR IS E
C* LIFE EXPECTEC LIFE GF THE SYSTEX JSEE FCR SCONCAIC CaLcULATIONS
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IR RS AR L R AR R AR A E P kAR E AR T LA R AR R R TS E SR SRR RS R A S P A ARk PR Bk Rk r * X
REAC(ﬁ.EGG)XIHI,TEH,EFEE,EEFM,GE!,CKEH,EIIZES,GSFE,EXEEEE,ALREUR.
1LIFE
4RITE(6,800yXINT,TDOH,EFFP ,5PFY,GPH,CXWA,PILLER,GRER, EXTLFE, ALABCR,
1LIFE
EC) FCRNAT{1Q0ET.2,1IT7)
IR ET L R R R T R S L R E R R R R R R R SRR RS RE SR AT R 222 R RERS SRR RS LR d
C* THIS LCOP READS IN THE CLIYATIC DATA AXC CALCULATIES THE CAILY RIHNCEF
C+= TC BE STCRED IN ARRAYS FCH LATTER CALCULATICNS
CRAEIXRELXREBBEXEIINERRSINI AR N FARE LAV IR I FIRAIRRB AR BAS I AR AT R T ER R TR
Lo 337 IYEAR=1,WYEAR
JEUC =368
Do 331 IJ=t,365
CRNERRE R AR RN R E R XA XK E R RERE AL AR B III R AT AL IR AE RN RS RS KA AR AR TN NE Sk
C* ISTIA WEATHER STATICY BOMEER
C* IYR YIAR
e g “ITE
C= ITE3Y EAl
C* JULL JULIAd DAY NOXEER .
Cx TTHAX XALT20GA DAILY TIZAPZZATURE ({LI5. F)
T+ TTHIN XINIHYM CATLY TEXEEFATURE (CEG. F)
C* FR ESECIPITATION (INCEZS)
C* C3 AVERAGE CLQUL CCYET (TEYTHS)
C* %sS3X XALI¥0¥ WINL SEEEL {XNCTS)
C* W4SFA AVZIRAGE #INL SPEIED (KNOTS)
C* TUBX #AXINUM %ET 20LB TEMNPERATUAZ {LEG. F) -
C*x TURN ¥INIAOM WET EDL2 TEMFPERATURE (LEG. F)
C* THT AAXTIMUN FELATIVE HUMIDITY (%)
C* TEY #INIMON RELATIVE HUMIDITY (%)
CCHABEFAET RIS AINRIEF IR IR RS I ST AAEFEES AT IR R IR AP IR A REARASIR IR AP RSB AR
READ(Z0,3333)ISTA,ITRR(IYSAR) ,JX(ITEAE,X]) ,TIDAY(IYEAR,IT),
TJUOLL(IYEAR,IJ) ,ToRAX(TIEAR,IO) , TTHIK(ITEAE,ES) .32 (I A5, ID)
1,CA(IYEAR,IJ),W52K,4SPA,TA8I,TWEN,EEZ,RHN
3333 TORMAT{1Z,15,1%,312,1%,13,1%,P2.0,12,F3.0,14,PF5.2,1%4,F3.1,1%,F6,.1,
11%,F6.1,14,F6.2,14,F€.2,1X,E5.2,14,85.2)
E(I1J)=8R(IY:taf,IJ)
A=JA(ITEAR,ID
CAIL SRUNCF (FET,&8MU,SFL,VASET,VAREZ,VARE2,VAREY,9E,13,%,30,1,PE,
12®) .
331 ROFF {ITEAR,IJy=8C{II)
I¥YF=IYSFR(IYZIAR)
I (IYR.EQad3uCF.IT R EC.S52.CR. I ¥R, 2CQu 0. CRLIT2. EQ.60.CR.IYRLED.LHY,
10R. ITR.5Q.68.0F. ITR.ZC.72YJEXRL=166
LF(JEND.EGC.365)Gu To 332
READ (20,3333 1IS8T4,IYR,IM(TYEAE,3606) ,3TICAY{IYEAR,366),JILL(IYEAR,
1368) , TTXAX (ITEIR,3€6) ,TTUIN(ITZ 4R, 366) ,5R (ITTAR, 166}
A=J4 (I¥YZi2,368)
R {366) =RR(IYTZAR,366)
CALL SRUNOF(PEZT,3d0,RAL,VARRT,VAREZ, VARE],VAR2Y,HC,306,2,3C,4,PE,
1PR)
ROFT (ITZAR,36€) =30 (3648)
232 CCoUTINUE
ITEAR=Y
6666 LYSAZ=IYEAR+!
JENE=365
IF (SCIER,.Zy .10y FQERELI=CCENCT
HA0IZ8=HZ
CEUFENBER XA I EASXE SRR RN RS I AR B RERKCE TR SN F B S E R AR R RS AT AT R B AA R R AT E AN
C* THI53 LCCE CETERMINES THEE YSASLY CLIXATIC ANC RUNCEF ARRAY FOR A GIVIY
CHAEEREEEAAEE RSN S AR R AR A I I EA BRI E LI E U BRI A RN BB AR R AR LR MR R R B IE BRI XA R RZES
Do 332 1J=1,365

I
(b1}
Pl

9
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ITF=I72F (ZXEAD)
AG(IJ) =RCFF (IYEAR,IJ)
CCA(IJ)=CA(IYEAR,IJ)
J0 (IJy =JA{IYEAR, 1)
ICAY(IJ)=IIDAY(I7Fa8,IJ)
JUL=JOLL(IYEAR,LJ)
ITHAX=TTMAX(IYEAR,IJ)
ITAIN=TT4IN (TYEAR,IJ)
2 {IJ) =38 {IYEAR, IJ)
CLINAT (JTL, 1) 20,9
CLINAT (JUL,2) =LTHAX
CLIAAT{JYL,3) =IT4L)
CLINAT(JUL,S) =043
CLINAT (JUL,5) =JUL
131 CCHTINUE
e AR EE R E R RS S S L RS R L L R AR L R s R R R R R RS RS IEE E RS RERER R R £ 22 1)
C® 78IS SICTICY ADJUSTS FCE LELT YIAR
of E LSS R LRSS FLESEE SR ST R LS RIS SRS RS R E SRR L E IR ENEEFEL NS S L
TF (1752043087830 52 00 I¥8.2Cu56.CFaI¥PeE0ut0.CFuaITha SCu54.
108,275, 70,64, Oa.-Y?.IQ.;E)JENu—3EE
IF{JEXD.EL,. 365) GC 1O 1551
FO(EGE)=“OE:(IY“AR,’EE)
I4AT(366,6) =JULL{I¥F35,265)
CTIHAT (366,2) =TTIAL (LYEAR,166)
CLINAT(366,3)=TTaIN(ITEAR,366)
CLIAAT(366,4) =Fa(IYEAS,364)
(64} =RE(IYZAE,366)
JH20 (I66) =JM {IYEAR, I€6)
1551 CoMTINGE
(o PRSI ST R RS LR RS RS2 R R E SR L 2 S 22 R R SRR SRR SRR R RERE R RS ST
€% 1415 SECTICY CALCULATES SCLAR IMCIATICE EASED GN CICUC CCVEER,
C* CALCULATEC EXTAATERESTRIAL SADIATICE AST ACWTE. EQUATICH ARE
C* GEWERATEC EY REGRESSION CSING LEXINGTCS DATA FCF ASBIL THOGUGH OCTORZR.
[ FEXXRXNEXBEAEY RIS AEXEIBZR AN VAL FIRIFIRX R LB PIRLXE RS RT R RSB IR XX RN TR RN
20 510 I=1:2i,I50
ISUH=CCA(I) *10.+1.
I4C=JAC{I} =3
-:(‘xo LT.1] o To S1¢
F(I#4C.3T.7] GC TC 510
J I
ATC= ((CLIMAT (J,2) +CLIZAT(I,3)) /2.-32.)%5. /9.
RA=11.8745.45¢C05 (L986% (I+193) *3. 14155,180.)
35127A%C. 1#(597.3~ .56 *11C)
G0 T¢ (S93,504,30%,5C6,507,508,508) , INC
SC3 CLIMAT(I, 1)‘nSM*( 279+.564%5UN (ISUY) )

wr

ca TO 510

ECY CLIAAT(I,1) =RSE»(.300+,4724S0Y(I50N))
GO 10 510

505 CLINAT(I, 1) =BSH*(.312+.457*SON(ISON})
¢ IC 510

SG6 CLIZAT(I, 1) =RSU*(.311+,.917%S0N(ISCN)}
GG 10 510
S07 CLIAAT(I,7)=53¢®(.311+,.818%3U%(ISUN)}
G0 To 510
SC8 CLIMAT(I, ) =RSu*( 348+, . 483%50N(ISOTY)
S10 CCGETINUE
165 CONTINUE
MREZZIT=-1
€3 2ESET=0.0
e L T T s R T T P R PP T
C* RECEITINES BAINFALL TTRMS FQR A GIVEN YEZAKR
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Ct‘tt#iitt*t*#tt##ltit#‘tt#l’t**#t****lttt!t**t'*ittt‘#i‘*i ISR TS ERERESTE L S
DC 696 I=t1, €t )

656 CLINAT{I,B) =R (I)
cttttastttltlttttttsttttttttt:tst*t!it‘!*#‘*tt#tittttttt*‘tatt‘ttt#tttsi
C* STARTING HERE VAILOES AEE INITIALLIZEC ECR EACH YEAR
o EE T ELEE 22 PR L3S R LR LI R RS2 2 2RSSR R R RS S22 R R RS R RS R R L AL 22 0 2

STOE=STCRYV (H)
H20ERC=H2C222
NEESET=NRESET+1
JCouUNT=1
RADFAC=.0174533
NINFAC=.0C02909
3UACAE=. 159324
BUACIE=4GCLTCO.
{CUNI1=0
GEFACTI=POPPLT*Z. 471/ (10CL.*165.)
PACECE=FCESLT/LAACE:
FCPFACSLUAACRE/EOR2LT

b

.t
=
In}

HZC XERH2C

LA unn
nC)w:umrw.
(1]

h
[+)]
*

W

C‘.lsf:l
[v1]
G
3
t
ur
£
O
—_

GIaszusocg.
R EdA=IL 7L 4047

A

Wont b 0

KRERBPQT=0.
I&KST= G
BATICS=G.
DLINCX= 0
PISTUI=0,
DAYX=J0.
LaG=7
THP=2D.
PRE=ZZ2=0.
CATZZ={.
Y{¥=3.
STACGES=0.
5OMRAC=0.
SLKXING=2.0
JRESE=0.
H2CALL=C.
DRY=0.
PLYTZZ=0.
LERDAT=Q.
AVGCAT=0,
QOALTIYZ=0.
SETHAIX=SZTHIY
DPRESTN=C.
IoLC=0
AVGPTE=0,
T05K=0.
GRAIN=,001
NEWTLaAY=1,
EZRRCH=0
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H20LC3=0.
SELCST=0.
BLKLYF=0.
SILKED=0.
ETSHAX=0.0
PCLY¥A=0.
[23T0T=0
IBR=4
Bo 15 J=1,317
15 PTSELX (J) =C.
PL ¥TWI=0.
SESCAZ=0.

T .
I=

I
5
G
-

1
X
EN
3

LEFRT1=0.301

ASKWT=0.301

CIRUWTI=0.001

ROOTWRT=0.0121

X=1

Ix=Q
CREIRXEKL A EFER X REXRXIXTXRFN R AN ST I RS F VRSN R R AR R I RN NS ISR R IEREEXNX
C* T#IS LOOP IS EMTERED ONTIL EBLANTING CATE IS CETERMINEEL
CAIXERFEREIATAXRAZRNEILI XS R A FIFAXXE AR AX R DN AR LSRN EIANKAFIF X ISNERERERRE T RS

Do 2% 3=1,200

JJI=J
o R R 2L LR st R F R LR FE R E L R EEE SRS R EEE PR RS RS s RS RS R RRSEFEE R ST
C* [P THIS IS A ¥ON IRIIGATED SIMTLATION SUBRCITINI ZAM IS NGT EXTERED
C"“******#**t****‘"‘*" I E AR EZE R ES LR R LSRR R AL R RS RER RS2 L T S

IF(NCIGR.EQ. 101G TC %11

DEMIR==G.0

Calt DAM(DEXIER,HQ,AREAIR, AREAFC, H, TC? ¥

TEAI,H3A,22,38G,C%,7,37TCR,3FTL,PACIE,TE,WIDT q2

1,X4ILTH,Cd,{FACFE,XSTCR,IS?,L05EE)

IF({FESZT.3Q.10)50 TQ 5§53
CHEFIFREARERE LT XERAN EIIEX ISR I FEEIN R ARSI AR LB IR ERP Y IENE RN E I SRR AR BT I AN
C* THIS SECTICY CILCULATES 3N 3VERAGE TEMRFEFATURE FOR ONE WEEX
(_'I***‘**’*"“t*““"““*’“****‘*‘*****t*‘tt“tt“.*.‘"..“**‘*"***‘*

11 IP(J3.GT.LAS)SC TO £3

TAP=CLI®aT(JJ,2) +TNE

30 To 51

S3 THP=CLINAT(JJ,2)*TXE=CLIMAT(3J-L3G,2)

51 CONTINUE
CEERFALAFIRERLRANKEFEI N TR I LS XIBIXARXIF T I INXN SN AR SE R ER I BT AR T T RE N R R
C®* THIS 3ZECTICH PREIVEMIIS BLAKTING £ATE TC CCCUSE REFORE ASSIL 2
L LRl E AL E RS T L E L EE R L SRl R E X LSt R A R R R S N L S PR R TS

IF(CLIJAT(JJI,8) -LT.93)y GG T It
TX=TX+1
CALL WATZRX (JI,CLIXAT,LAL,0,ALE2A ,H2CCAE,52082C,419T, BUNOFF,

EWSI2,8ESET, JJ,dY,
HAcis2,4C00N7,1IS,I1L

=
=
F
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1 24ES1,22252,T[RY, £SUES,STRESF,XSTRES ,STRESS, XX, F20ICH, FLTHIC,
TRANSUX,TCTES,FIATEC,SCILNY, CETAIL,ATEISC, FANCEG, EVAFEC, EVAPK, IX)
THEA=TAE/LAS
[ ER TR SIS ERERARE RIS R EER SRR S SRARSESR RS RS 2R L AR R R L L AL R L]
C* IF THE 1ST OF 1C LAYERS CE SCIL ISSCT S50% CRXY THEY PLASTING DATE DOZS
C* ¥OT OCCURE _
C‘1“‘*“*.*““‘*‘##‘*'##"*‘*8‘*t*#t.."Q#*‘ﬂ"4‘**‘t#“‘i#***“*'t‘##

IF (SOTLUX (JJ,1).GT.52CCAP/20.)5GC TC Z€
C***ttttttttt“‘.t#ll!t.O‘1.#.‘ttt‘"*‘O#‘*’i‘t*#tl“.##*"**“t“*ltt*t
C* IF THE AVERAGE MAZINU® TEMEERATURE FCK THE LAST WEEK IS LESS THAN 60
C* CEGREES F THES PLANTING LCATE DCESUCT CCCUSE
C*‘*’**‘t#t**"t*‘*‘t.*“11‘#"#‘#*‘*‘*t‘***t“**t*t*t*lt*‘.‘tt.**ti't*‘

IF({TrCA.L1.60) 4G IC 25
C*tl#*l!tl#ttli#tltt#t‘*Cilll*tlttt*tit"la**z!*tt**t*l'**tttt!‘ltttzi*t
C*® GYCT FEACHING THIS PCINT BLINTING #ILI CCCOR
Ct#lIlBﬁ&iit#lt#i#**#*“iﬁ*‘l*3#“'*‘!*"*!‘!**3*‘*#*“‘*‘***33****‘*:-*

3C 70 5%

2% CGUTINUE
5y COMTINOE

JPLLAY=IJ+ 1

CLTOAY=JPLLAY

SEASCY=ISC~-PLICAY

H2IGPCC= (EZOPRO/BZGCARY *1C0.

WRITE(6,4000) FRCELY,IYE

4CN) FOSYAT (1H1,' FRCELEM NUMEE2 *,I4,? Yiig=s t,13)

EROELY=ERCELA+1

DETAIL=0, _
C‘i*‘#t*!#*tttt*tt****tt¥¥$$t#*$!$*#*tt!*¥Ot*##‘tt*ti‘*t##'#‘t‘#l*‘*#l**
C* TUIS IS5 THE BESINING CF THE CAILY LCCP
C#‘**#l*lt#tttt*¥t&¥‘ltt#tttt**‘t*t’#*t###tt*##**i*‘#ﬂt***’#‘#t“**#‘#t*

DO §9 JJI=JPLLAY, IS0

H2CTRE=N2CCAE-H20ERC

CATNO=CLINAT (3J, &)

IF(ZBY.GT.0.)3C TC 999

S30RAL=STRRALFCLINAT (33, 1)

IF(EICER0.LE.0.) CLIAAT (JJ,1) =4,

C IF SCIL IS5 OHY EHOTCSTNTHESIS IS STCEZEL EY SETTIUG RACIATION TO IER0

IF(KCUNT1.6T.16) G0 1o 97
C**‘*##*#tttittt#***‘#t#it#t###‘#’ﬁ*‘#11**#‘3***t‘***ﬁ**l‘*#ﬂ*****tt###*

C* THIS STATEMENT CALCULATES MAXINUY REIGHT FCr FLANT RESERVES
CHABXNRZARAREIEBBEEIAEF SR NSRS RIEEXBA TN AFI NI RER AR SR TSR SRR A A SRR R EKEREK

PRESUX=PASAXE® (STENT+HSEWT)

GC TC 137
CHEFRREIRI R R A4 RETRFRRRAF RIS E AR E NV E SRR FERRE SRS BT EE R RN KRS ARSI RERERK AR
C* WHED WATZIHX STREES IS5 SEVERE ENQUGH AXIES TASSTLING HAS ACJURED TQ

C* IJHIBRIT SILKI3GC THEN. THE 2LANTS AFE EAFREW AL THE MOCIL EXIT:S
C* ERCY THE TaIly LOC?
CHIRA LR FAER VRS XLE AR SRR X SIS VARSI AL AP ISEERERERRFEEL T T IAXF RS EREERE KSR
97 WRITEI(6,3079) '
3070 FORMAT(1H0,* PLANT IS EARPEN DUE TIC STEESS?)
DET=1.
GQ TQ0 999
S8 WRITEZ(6,2069)JJ
BN AT RN AN TR AR F AR R AR R SRR RN BRI E MR EI NS ER T ARSI F ARSI IR R A NSRRI TN SRR &
C* YHEY NC YCRE ACISTURE EZXIZTS IV THE SO0IL THEE EILANTS [IT INC THE
C* MCDEL EXITE FaoQd THE LAXIY LCCF.
ot R AL EL R PR LI R ARSI AR SR bt Rt LR R LR R s PRt R A R AL IRl L )]
2669 FORMAT{THO,'PLANTS KILLEL 2Y L2CCGET CN LAY’ ,I5)
BREY=1.
GC TC 999
CONTINUE

[V}
w4
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HZCLCS=0.

FLOST=0.

BETSPLT=0.

PTSIEE=(Q,

H205E4=0.

AGE=AGI+TINE

IP(AGE.GT.SEASCY) GO 10 999

LAST=J
g 222 2 L R R AL LI LR LT L N L Ty R R o PP R g g p g g
C* THIS IS USED TO SIGHAL WEETHER AN IFFIGATEL {5 NCNISEIGITSL YEaz IS
S SIMULATED
o R R R R L Y R R T T L T R E g pepageps

IF(NCIAR.EG. Y0} G0 TC 611

H2OL£"HL;T

CAL I“IPA”{JJ,?ZCT°1,HZOEEE,CII!AT,H,EZCQIE,EZCIEF,EFIX

1 D“*’" TC3,ARIALIS,STCHV, IBRTUT, 82,15, 437C5,2I4, 820014, 12713y,
TASSXX,S LKES,uLAL!F SAVIZR,EFFS)

JALL CAM(DENIER,R20C,103 EaI«,nu_AEC,ﬁ.STCEV.HE?SIZ,ZESET,JJ,HV,

THAL,HA,ZZ,AG,CK,4,5TCR,4FIL, EACRE, FE, A ILTE, R, 420128, d2CaNT, 15,111

1,4 IZTE, 08, L2ACRE, X8T05,I523,005EF2)
C1:-&&:#:*;*-*;vttttttttattitcattt*ttt#tat:tt*;ttntttt:ttt1#*:*:***:*:::
<% TEIS IS UGSEC WHEN FINCING THT. TAXI UM FESESVOIR SIZE
e L L L L D R R F I ear e,

IF{PESET.EC. 10} GC TC S595
ETT IX=IX+1

Cill AATERX(JI,CLI¥AT,LAL,0,ALFAA,H2CCAE,J2CEFC,HINE, RTNCER,

1 Z'“a?,:?zsz,TEEY,ESUES,STEESF,ZETFES,STRESS,XXX,fﬁUICi PLTH2L,

TRANSYH,TOTE S,P[FTFC,SCI[HX,DETAII,ﬁlEESC,?\VC iG,EVAPEC,EVAPK,IX})

CALL PEZICAZ(JJ,CLIMAT,DAY ,NEXCAY,ICIC,I, 025042, GﬂCfAY LayIyuc

1,CAYDEG,BUNAVS,AVGEAY, AVGLAX,SETLIN, SILRET,

1JACﬁ£\ ELXLYR, THDOFT CEGREZ ,JPLEAY)

CALL LAILEFE(LEFNT,YNGLEF, CAYY,¥XX,L3fINC,LSTLLL,TLASSY,

1DOMACRE, PCFFLT,FCEFAC,ELAIFC, LAYZZ, LAI,STHREST,STLAEX,PCORY, I,

1FaC20P, 3T LE,STYL-:,JJ,-uﬂ’%D thrLI CICHELT ,TNGLAR,
CL,LCFATE,2CIYTRA)

[7(EL¥LYR.6T..5)30 To 50
CALL PTCTAL (L3I, LIXAT,SCPFAC,FLANTW,BESPEC
ES58,PTSLEF,PISPLT, FTAELE, I, AVGETS, ETSELX, LAY IY .
1 :~“nT QREizz, PRESJI,:LCS.,.CCJQF LCIBLS,TLETEL,S5T
T1ZLAI,ETSHAX)
IF{(TASSXX.GT-.S}.AHB-{SILKED.GT..S)]GG IC 40
cats QFTEG{2TS5,I,FCCRN,SaCT Y, CCRYAX,BCOTHT, STAWNT,LEFAT,
THSKWT ,FRE5,311L%E,TASSLY, CCEWT,STRESS,HUSK,SHOCT,CLASSEY, PLOST,
1PTEZS4X,RESUSF,JI,0EGRAZ, SLRIKF, QPESE, STH3SE 5T Kqu,:.TIAI,
TFLANTH ,FREZAD,STYLE, CNWIFY, ERES TN, TL“FuI,:%TIOS STAGES)
40 CONTIHUE
IT(FCLY%A.GI..5)3C IC A0
IF{TASSYY.LT..5)GQ TIC 45
CALL TAS5ZL(1,J3,LEGCAZ,TASSXY, SII(EC,
TCLNSS¥,ECCRY, FCLY%3,CSESE,STHESE,KCUNTT,VTRT
1RATIC5,STAGES,SGRODAY)
50 CONTIINCE
IF(XIZZ%C3.22.2YG0 To 74
TF(SITZEZ2.LT..5YGC 1C 78

l f')

LXING, S3L3T,
{,7TEGEQT,

-
3
T

CALL XIRA0T(I,J3,AC2D2Y,{ZRFIX, 2T38LI,AVEPTS, K2
124064, 8Z3P0T, EARS, :aR!AK.KSKEZ,ZLK;Z:.'GEE,KEEKCu,CCFhf(,RU?AVG,
14VGCAY, CAYINC, ADJFAC, E52S, BMETFC, ELANTY, SERYLF, TARUNY, VEGEOT,
TISTEINF,STYET,GRIDAY, VTRT:X,EASEOT,AG:EC fK3SREZRY,
1&55?“],,1325? S¥A

70 CONTINUE
I’(B[VL’A.G .a3)GC TC 50
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1Q=dJ
IF[FCLYNA.£Q. XC) GO TC 45
IF(FOLINA.ZC.0)GO Ta 45
CALL GRAINZ (I,JJ,CEGREZ,KEXNUM,2C,0A2E,EXTFY,ECCSN, ¥TXESY,
1DAYINC,GENSTO,AYGETS,EARREN ,HSKWT, CCEWT, 8TS,0ILFAC, PRESUX, BLALYR,
1QUALTY,SLGST,P355, EARZ, ZAR2X ,ZARSYX, FE2ECT, GFALN, FON VG, EAREACQ)
50 CONTINUE
IF(BLKLYE.LT..5)GO TO 45
CALL DRYING (XERE2C,CLI¥AT,LRYFAC,I,JJ, CEGCAZ, H2CTAY,SEASCY,
1H201CS, HA6YST, 10, 328, AVGPTS, PRES, PRESYX, PLCST, JPLLAY)
45 CONTINUE
PLANIH= S TR T +LEFFT +ESANT +COERT+ACLTRTI+EFES+GRATY
71 CONTINUE
IT(JG.EC.SELDAT)GC TC 61
52 CONTINOE
GO 1o 2t
£1 NE=Ju0{JI)
NBAZ=IDAY (JJ)
2% CONTINUE

SELCET=SPLCST+ELCST
IF(HZ2REL.LILG0-3G0 I0 58
BZQREX=KE2CESC

99 CONTINUE

959 CANTINLE
4ATUSE=LAST

L3ST=LAST+1
L[F(2LXLY3.20. 0.1 ARITE(6,1625)
1025 FORYAT(THO,'VARIZTY GSEC SID ¥CT MATURE Iy EESICD SOBELIED ")
TITLG={GZAIN/.845) % (FCEPLT/GRANEY) #EARF 3C
GEAIN=(GRAIU/.EUS) *FATTAC
IF(ITY.EC.0) GESVELI=STCERY ()
IF(II%.3E.5) SESVCL=XSTCE (IS)
IF(¥CIFE.EQ. 10} Go TO 711
DG 666 JJ=LAST,JTLC
FE& CALL DA% (DEAIRR,C,35EAIR, 3REARC, #,STCAV, JIWSIZ,2ESET, d, 4V,
VAT, 63,22, ANG, Oy H,STCH, ATIX  OACSE, E5, HI0T5, 7, H20IRE, GCCUNT , 1S, 11X
1,X%IL0TH,DH, ¢EACEE,XSTCS,ISR,C0SED)
711 CONTINUE
AT THE ENT UF EACH YEAR THE YIZLoD, TCTAL ArCUST
AYC THE NUMEER GF TIMES [SAIGATICY WAS DERFCEMEL
COBBISEONELING TO I9E YEAR AND @ESZRVGIR SIZE.
IF(IIXZ.¥E.9)GC TO 5503
YIELCE{IYEAR,ISR+1) =1 I5LD
H2CAL(IYEAR,IS 3+1)-n2cacu
YSETNP (IYZAR,LS5+1) =IF3TCT
40 Mg 3001
SCQ3 COoNTIRGE
YTELLCG{ITEAR,IS) =YIELE
A2CAL (IYEAR,IS5)=H2CALE
NSETOD (IYEAR, IS} =IRRICT
5001 CONTINUE
JHEN 1 COMPLETE 2 OF DATA IS OSED AND IT IS ¥CT THE LAaST YEAR OF
THE YEXT ¥E3R GCES TUECUGH THE SINULATICY FECCESS. #EEY THE CATA RECT
COMPLETEL THE FIXST TINE THI CALCOIATICNS CISCRISEC EXLCY ARE COWIOCT
THI SESTEYOIN SIZI I5 2ECOCID EACE 3CEITICHAL TIXE THE F
REDUCET ANC THE CCNELEZTE 24Ty SECCRC 15 2EZEATID JUTIL 3
ZXISTS AT TALS 2GINT THE CAILY CALCULATIONS ASE COMELETE.
IF(ITEAR.EQ.XLEAR) GO TO 6
GC TC 5666
5 TYEAR=0
IF(IIX.¥E.J)5C TC 6553

]
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THIS SECTION DETERMINS THE INCREMENTAL BELOCTICHS IN RESESVCIR 3IZE, ISR IS

TEE NUHBEERE OF DIVISIONS THZT MALIMUM SIZE EESESVCIS IS TC EE CIVELED INTO
IS=159+¢1
I=0
STRNAXZ=STICRY (H)
FTORI=STORV{H) sISE
TCC ISTCR{IS}=STRJIAX-I*STCEKI
I=I+1
IS=IS~1
IF{IS.RE.D)GC TIc 790
THIS SECTION LETERJINES THE CORBISEONLING LAM BREIGHTS YCF THE RTLUCED
[S=I53+1
DH( N =0.
{RIDTH(Y) =
CPACEE{1) =0.
IF(0.1T.4STOR(2) ~ANTL.XSTCR(2) . LTI.STCRV (1} ) £4(2)=%3TCR{Z) #STORV (1)
£g 790% I1=2,IS
90 70E IZ=1,da
TF (8 C?ﬁ(;-).;;.h51"9[11).ﬁqn ASTCE(INY L LTLSTCRT(IZ+1)) G0 TC 703
IF{ASTOC (I} S HELSTOEREV{IZ2+1)}GC TC 702
DH{I=I2+1
YNICTH{I1}=9IDIH{I2+T)
XPACIRE({IT)=PACRE(Ic+1)
Go IO 701
732 CCcuIINarE
GO0 T 761
783 XRATIC= (XS TCR{IN)-STCEV{I2))}/(STCEV (I2+1)=3TIRV{I2))
DQ(II)‘XH\’IO+I2
E{Ins= KRATIQ‘{lICId(I“+1]'5I“TE{IZ)]*nI BTH(I2})
KPACHE(I1)—I?aTIO*(PBCR‘{IZ+1)-rACFE(IA)]*P& AE(I2}
761 CONTLYOE
0o 319 I=1, 1%
I8=Is+1
H=H+1
DH (IS) =H
{¥ITTE(IS) =%IDT3 (H)
91% CONTINUE
IS=I5-10
H=H=-10
IFIX=H »
THIS SECTICYN CALCULATIES THE VOLUME CF THE DAY IN CUEIC Yi2LS
JCLDAM (1) =90
BASE=WIDTH(T)
Do 818 1I1=2,I5
HCAM=LCH(II) #22
ID1=dDAR
IRE=IC1+1
{FAC=HLAS-IC?
AWIDTH=(JIDTH(ID2) ~SITTH{ID1))*XFAC+RIDTH(ILY)
VOLDAN({II) =. 0074400 * (2. *EASE+AWILTE) * (2. ¥ (HDAM+35, )/5.+5.*ht§ﬂl
818 CONTIIYCE
[IZ=IIX+1
EESS COUTIMNUE
IS=I3-1
IF({IS.EGQ. 1} YMQIRE=T1O
IF{IS.EQ.C0) GO TIC 6653
30 TC 6666
6655 CONTINUOE
IS=TIEn+1
THIS PART CETEZNMINS TE:Z TIELD TIFPERENCE 30YF TC TRSIGATICH

DQ 3055 I=1,XYEAR
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Lo 3055 J=1,1IS
2055 KDIFF{I,J}=YIZLLG(I,J)=-YIELDG(I,T)
¥RITE(6,3001)
300t FURMAT (1d1,51%,'RESERVCIR SIZE IN ACEE-INCHY)
WRITE(6,3002) (ISTC3(I) ,I=1,15)
3002 FCRYAT(140,94,11F10.2)
RITE(6,3009)
3003 TCRAT(I0N0 YEAR L48%,'YIZID LY EU/ACY)
THIS SECTIGN P3IIXTS COT THE YITLLS FPCL EACH TEAE COPRESECYLING TO i 5IVSY
FESERYQIP SIZE
50 39C5 I=1,8YEAR
¥MITE{6,3004) IYEZE (I
31704 FTOSWAT(180,I7,2%,11
ILCS CoY1IdCE
CALL ZECONOA(YYEAR,XCIFF,NSETOP,42CAC,IS,VCEICAY,
FILLFH,ZXTDP2,XINT,1I72, ALNECS, TE6, Fifs, SFFA, CRNE, G220, AT EAIG
, 3ETUY,TERMC, FLA3, 7O, FGRAYN, FHAN,AELHEL,FTICIT)
Cill  RauX{a,EEINV,NYEAR,IS)
IRITE(E, 3508)
UCITE(G, 3007) (3STOR(L) ,I=1,I5)
WRITE(E,3012)
Co 3101 £=1,N7EAQ
PR (I)=100.2T/ (STZAR®T) +.3
§3ITE(R,3323) IFA (I}, (A(I,5) ,%=1,I%)
3101 CONTINUE
BEINY (13,1) =9.
CO B9 I=3%,I3
ay=0.
¥SETNX=0.
H2CALX=C.
00 87 J=1,YYEAT
AX=31X+XDIFF (J,I)
XSIZTUX=53ETOP(J, I) +NSETTY
H20ALY=112C2D(J,I) +52CALY
37 CONTIYIE
CL=0.3
ce=0.0
CH=C.0
CG=0.9
H204CX= H20ADY/YTEAR
AXSAX/NYZAR
YSETUX=USETUX/NYEAS
CAPCST=CYWE*TLH*AZ0ACK*AREALIR*0.C85308,/ (EFFE*#EFEY)
DANCST=VCLIAU (1) #FILLER+EXTIER
CSTLAE=NSETUY¥®*AL1ECEH
AANTCS=LANCST*DERAC
GRANEFTAX®GABRAFAREIIR
5 167 &=1,LIFE
CL=CL+CSTLAR®({ (1o +FLAD) *#* (KX=1) ) # ({1 +XINT) ** (= 1. %K))
CP=CE+ENECSTH ( (1. +EETN) *#& (£~1) ) #( (1. +XINT) *% (= 1. *K})
CH=CA+HANTCS* ( (1. +ERIN)u& (K=1} ) # ( (1. #ZTNT) *% (= 1.%K))
187 CG=CS+GPANERT({ (1. +FGTAN) ** {K-1)) % ({1.+XINT) =* (=1, 4%}
BEINY(13,I) =CG~CL~CE-LANCST=CY
89 CCHTINCE
JRITE(5,3006)
3006 FORMAT (12Z8153CEAEILITY, 40X, 'RESEAVCIE SIZT I¥ SC2E~INCH')
¥RITE(€,3C87) (XS102 (L) ,I=1,IS)
3007 TORMAT (1050SANKING L,11P10.2
ABITE(6,3004)
2008 FOEMAT (10HOOF YIELCS,.48K,'
CALL 3ANK(4,fIEIDG,SYE1R,I

IFLEG(T,8) ,X=1,1I5)
pu

PR
F1C.2)

—_

YIZLD IN ZU/AC")
5)
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DO 3009 I=1,NYEAR
DG B4C J=1,IS
€00 A{I,J)=A(I,J) *XGEU*ACSEHA
IPR(I) =100.%I/ (NTEAR+1) 4.5
WPITE(%,3C0W) IBR(T),{A (1.4} ,&k=1,I5)
3C09 CONTINUE
3012 FORMAT(10B0OF YIELDS,23Y,"AMOUNT CF CABITAL AVAILASIE FCF INVESTHE
197 I¥ IFRIGATICH SYSTEN!)
2EDX=1.
RITE(6,3004) IER(13), (BEINV (13,4 ,X=1,I5)
KIITE(6,399) H2CCAEF,H2CIPR, IRELAY, EECX
299 FOEMAT(1H1,SX,'PAwW=' ,FS.2,*IRRISATICN AFFIICATICY=',F5.2,
1*IRBRIGATICYN FLAN=',[2,7QECUCTION 1% SUZMER SATIFALL=',F3.3)
stop
EXD
SUBFCUTINE SATERX{JS,CLI2AT,L3I,0,3LEE3,83CCAE, H2CFAC, INC, FUNOFT,
1 Z%:551,248S2,TLa¢,35025,5T6ESF,48182S,5T5885,8%%, 399 LCy, $L742¢C,
18A88C%, TCTES,BLATFL,SCIH#A,DET M IL,ALEESC, FANCEG, ZTAESC, ZVARK, I3)
FEAL LT
CIAZIYSTON CLIZAT(3E6,5),XSTRES(I)
DIMENSICY SCIL#X(317,10}, SCILW{1J)
DIMERSICY EYABX{1%)
IF(IX.¥E. 1) GC TC &
an3CrE=C.
ZAES1=G.
XIx=2.
2425220,
TCRY=0.
ESJES=0.
HICERZ=H2CEZC*2S.4
BIOCAZ=HE20CAP*25. 3
2LTHZC=G.
TCTES=0.
217SUM=0,
IIS0RP=0.
STPES3=1,
STRESF=
AL2E50=.07
ESURZ=0.
8c € J=1,140
S SOILW(J)={H2CEFZ/H2CCAT) *HZOCAZ /10,
YX=50ILH (1) *.4
& CCKTINUE
RAINW=CLIXAT (JJ,4) *¥25.4
AAIAZT=FAINY
TLAIT=LAT
IF{LAT.GT.4.)2L3lZ=d.
ALBECC=ALBESC+(.23=ALEESC) *,25%7L 412
RACNQ=.75# (1,~3LBELC) *CLINAT (JJ, 1} /56,
IF(FATSW.GT..0%) STRESE=1.
THPRAX=(CII¥AT(JJ,3)-32.) *.5555
TAPAIN=(CLIMAT (JJ,3}=32.}*%. 3555
THRAVG= (THPASL+TAENIN) 2.
DBLT1=. 78675+ (T4FAVG+. 5} #.22747
DELT1=10.**3ELT1
DELTZ=.78675+(18FAVG=.5) *, 02747
DELT2=1G. ¥*3ELT2
CELIA=CELTI1-SELT2
2502C=1.32330Y0*CELT2, (CELTA+. 66)
IF(PANCHG. EQ.1.) ESUEO=EVAREC=CIINAT (J,5) *25.4
ESUBSO= (CELTA/ {CILTA+.66)) *3ADNC* (SXE (-, 398%L1T})
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ESOESC=FSUZS0* STRESS
ESUESZ=ESUBSO

IT(Z4ES1.LT.0) G0 TO ?
IF(BAINN¥.GT.0.) GG TC 2
ESUBSC=ESOESO-3AING
TDRY=TDRY+1.00001

ESTZS=ALPHA® (TCRY**,5- (IDRY-1.) **.95)
1P (ESUBS.GT.ESURSO) ESUES=ESUESO
ZYESZ=ZMEE2+ESGES

TCRY= (ZMES2/ALEHA) **2

GC 10 9

IF{EAINW.GI.ESTESD) GG TO 30
2425 1=T2ES1-EALNT
IF(2%251.17.0.)GC TC 3

G0 TS 24

TNESZ=TUIS2+THEST

THES 124,

30 TC 24

IT(YET.20.1.)6C TO 30

WRITE (6,2029)

FORAAT(1HO,'"®%ATIR ZYBAQSTED Facd ERCFILE")

30 1TC 55
IF{RAINW.LE.ZMES1) G0 TQ 35
2AINH=2ALNE~-2NESY
IMETSZ=ZMES 2-RALINY
ZAES1=0.

IFP{Z=ES2.LT.0.) ZXEE2=0.
GC TC 4%
IF{BAINW.LE.J.)G0 TO 45
ZYES1=ZHNEST-5aIWW
IFT(Z#E51.GT.0.) GO Ta 45
IMES1=4,
IF{Z%£52.0T.0.)G0 TO S0
GC TC 45
TAZSZSZIMNES2 - (RALNG-24EST)
IF(Z¥[35Z.GT.0-)GO TIC 45
IAEEZ=0,

GG TO 49 '
LEES1=TEEST-FAINN
ZMES1=ZXES1+ESURSO*FMULCYH
IF({ZXES51,GT.U)GC TC 3
ESUES=ESURSO=FOLCY

GG TO 9
ESUSS=ESURSO*FXULCA-.U* (ZXEST1=U)
IP(Z24ES2.GT.2.) G0 TO &0
ZMISZ=IAESZe. 6% (ZUIST1-1)
ZHEST=4
TORY={ZMES2/ALPHA) *%2
IF(LAI.GZ..1)GC TO 10
ESUEP=0.

G0 TQ 1062

T2RY¥=TO0RYI+1.

ZMESZ=ZMES2+.46%ALERN* (TORY#* 5= (TLEY-1.) **. 3}

ZAZET=0

3¢ TC 9

IF(LALI.ST.2.TY GO TC 1€
ESUSP=ESUBO* (=21 +. 7T*LAL**,3)
ISCEZ=EEU0EP

Q=ES0E0-E803s
IF{ESTUEP.GT.Q) GO TC 18

30 IC 100
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2SUEA=TSUE)-ESTES

ESUBZ=ESTAE

ESUEC=ESTEN* STRESS

EDAILY=ESUEP +ESUES

{TSTES=ESTES .

XESU3P=ESUDC+2ESUEE

YESUEP=ESO2P +ZESOAD
PLI42C=FLTH2C+ ESUEF
RUNEGT=FAINQR-(H20CAZ-E200R2)

10TZS=TCIES+ ESUES
FANSLE=RANSUA+RAINGX
TF{I0UZ0T.0T.0.) ECNCEF=RAUNOFF+2UNECT
It (?u“”c*.-‘.1.1535901=0.

5208 52031"-E:AL124451nux-auxsct
IF(HZCE Z.LI.0.) 82087229,
IF(E2CF52.03.3.)3C 10 20

FACHQX=TALNO*ST,

A20TCT=(HIOP34,420C3T) #7100,

PLANTE=ESER

IE(EETAIL.:‘.J )30 TC 35

92I72(6,1010)JJ,5ADNCY,TUFAAL, TYELIK, FLTK2C, ES020, §5UESZ, ESHES, ESU
EZ.PLAWT:,hnAILY,EIRzS; TYES2,78EST,TRRY,H2CECT, 82CERT, FALNCX
FORNMAT(1HO,13,55.0,F5.1,F5.1,F8.1,6F8.3,58.2,378.3,2FE.1,75.3)
CONTINUE

e

IF(2AI8CE.3T.53.)GC TIC 102
Do 12% J=1,1C

F(SCILR(J) -LE.0.)GC TC 125

I?{YL UBS.LE.D.)50 TO 10
SOTIZ=SCILA (J)=XESUE
IF({SCILZ.LE.D.) GO 10 110
SOILY{J}=SCIL%(J) -XZ5NES
YESGRsS=0.

LTSUEE=YESUEP*FLATEC
SOILZ=SCILW(J) -XESUEE
IT(SCTLZ.LZ.9.)50 To 11%
YESUEP=YESCEDP~YISUEE

SOILW(J) =SOIL7(J) -XESUB?
3¢ TC 125
IF(YESUTP.LE..QCDT)GC TC 125
e 10 106
{ESTES=XESUES~-S0ILW{J)
SGILW (J} =0.
30 16 105
YISUEF=YTIS0EP~SOIL S (J)
30IL%{J) =0.
CONTINOE
ZESHES=YESTED
5C TC 130
23TNY=RATNQL
HGRCAZ E2CCAZ/10.

DO 2ZT J=1,10
DRYCAE=HCFCAZ-SCILY (J)
IF{C3¥CAP.LT.2ALu%) GO Ta 208
SCILW(J)=SCITH(J) +54I8X
SAINE=0.
GG TQ 235

SOILW {J) =HCECAZ
RAINX=FAINL~LITLAP
CCNTIYOE
30 T0 101

20 11 ¥=1,10
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SCIL¥X (JJ,N}=SCILa(N)
KSCILd=0.

SCLAMAX=0.

Dg 111 J=1,10
IF(SCLYAX.EC.T1.}GC TC 111
IF(SCILY(J).GT.T4)GC TO 112
KSOTLw=R3CILW+1

50 TC 111

sgLxax=1.

CONIIHOE

IF({XSCIL4.ZQ.0) XSOILU=
S*R’SF=X“TEES(KSCILE)

ﬂZCEFu 520??2/2-.4
RETUEN

o

SHIECUTINE 2HTLAZ(JIS,CLINAT,
1,CAYCEG, 308 VG, AVSCAY,AVGEAZ,
10AGPIN,E1X1¥8, TAECET, CEGREZ, Jercs )

DININSION CATINY (365), CLIHAT(3€6,6)

SEAL NEWDAY,#3K, 414

“iK=CLIZAT(JJ,2)
nIN=CanATcJJ,£)

IF (MI%.12.22.) %RITE{6,1000) 3J

21 WTIT £, I, C%4
,SI
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FCE#AT (150, 'PCSSIELE FS0ST CANAGE CK',I4,' LAY AFIER
IT(Xak. b...!”OP;)dAK =TMAEQET

NIATY=4IY

HAXX X=X

IF(MAZLLT.SETNIN) IAXRXA=SETHIN

E?(JIN.L:.SETJIN)EIEXX=SETHIN

CEGRET= (MAXIZX+EINIZ) s2.-5ET21Y

DEGLAZ=TEGCAZ+LEGREZ

EXYIVC CEGPZIZ/CAYDEG
(EQTI“C LZ.0.)03¥InC=.001

.OE!Y CAYINC

DAGREIN=1.

LAY=CAY+CAYINC

I=(EAY*1G-+5-)/10-

IF(I.LT.1}I=1

NEWLAY=I-ICLE

IcLC=I

DAYINL{JJ) =CAYINC

13I=3J

AVG=AJJ‘EU§3VG-J?LEAI
F{aV5.LEB.0.)5C TC 19

RVGC\Y=;VGEA!*ERT1J$[JJ)'937IW£'$J1'"UL\Wu

3¢ TC z0

AVGDAY=ASGCAT+CATINI {JJ)

CONTINUE

AVGDAT=AVGDAY/RUNAVG

RETRY

ENg

SUSFCNTINE LAILEF({LETWT,INGLES , 330, 1IX 0AYIC, KSTL13,3-1SS'

1D3ACRE, EC:EII,:CCTFC.:LiI:C,LAVZZ,LAI STSFSE,STLAEX,cCIRY,

1FACTCP,STYLE,STYLEF, JJ,5043AD, (C4FLT ,YERFLT ,XNGLAR,

13LAI,:TE-CL CCFATE,ZFCTIYNA)

AEAL LEFWT,L3I

DIAENSICY ECCRN(260,5)

STALAI=CSTIRESF**3STLAEX

I’(PCL.AK. 57.0.)GC TC 20
F(ECCRE(I,3}.EG.J.}GC IC 99

l'1

 ,GRC LAY, SAYLUC
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IE(LAT.EQ.9.)GC TO 10
DAYZZ=CAYZZ +CLAYINC
RENLAISDSELYT-YDMELT
TE{YNGLEF.GT.5.)G0 TO 58
DATX=TAYR+DAYINC
A==.E9E97+DAYX*YNGLAR
TNGLEE=10. ¢*A
PLTLES= (INGLEF-¥XX)
YXL=YAGLEF
GO TC 86
10 PLILEF=.Z
CAELST=100.
CXONZ=0.
5C TC 80
50 IF(L7Y.E3.1)30 Tg 1%
58 7C 16
LTY=2
IT(STTLE.EG.1.) STOLA=XSTCLA-STYLEE-STYLEF*.095%CLaSSy
IF{STYLE.IQ.2.) STLLA=YSTDLA~STLIEF*.055%CLASS Y
17 (STYLE.EC.3.)} STCLA=XSIDLA+STYLEF-5TYLEF*,095%CLASSH
YQLAI=SIOLA*12000.,LY2C5E
IF(2CGPPLT.LE. 12000.) G0 TC 31
XQECE=ECPELT/126GCA.
XLGG=A1CG10 (XCIAI) +FTAIFC* ALCGT0 (XGECE)
SAPLUT=10.**XLCG*PCEFAL
52 CONTIHUE
IF(STZLI.EQ.T.) ALRATE=(DHPLUT-27.)/ (56.-22.5-14. ~CLA5SH)
IF¥ (STYLE.ECa2.) ALSATE={CAELNT=27.)/ (63.~22.5+14.~CLAS5
IF(STYLE.5C.2.) ALRATE= (C4FLNT-27.) /(75.-22.5-14,~-CLASED)
XDMFLT=CAFLNT
TAPES=6.5
16 IF(TAPEE.GE.REXLAI) GO TC 60
PLTLEF=ALBATESECAYINC
80 LAI=LAT+PLILEF®FACPOP*STRLAIL
ZLAI=LiI
YCAELT=LAI/FACPOD
GG IC 100
60 PLILIF=.43*CIYINC*CYELNT/STOLA
3¢ TC 20
S1 DMPLNT=STDLA
3¢ 70 52
39 LYY=1
GC TC 109
20 IF(CYCNE.GT.2.)G0 TO 21
QX=L3II*CCIATE
XX =JJ-FCLYNA
IF (CXX.GT.STLECL) {XCHE=1.0
GO TO 100
21 LAI=LAI-CX
IF(LAI.LZ.0.0) LAT=0.0
zZ1aI=Lal
100 CONTINTE
RETORY
z¥D
SUBROUTINE ETCTAL(LAI,CLIMAT,FCEFAC,FLANTA,RESEFC, SMSTFC, 15,75, ST
10£55,TSLEF,PTSELL, ETABLE, I, AVGETS, ETSELI, DATINC, RUNAVS, ZEES,
1 STM®T,CRESF,PFES4Y,FLCST,2CCARE, LCAFLS, TLIFFC,STRESE, 22 35 [Y,
1ZLAT, FISHAL)
THIS SCBRCUTISE CALCGLATES EHCTCSYNTHESIS FER CAY (PTS) FER PLAUT
IN GSadS OF CRY AATTER
CLINAT I5 RATIATICN EER DAY

—
[¥1}
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DAYTYM AND HYTTY#4 AXE LENGTHS CF CAY ANC NIGHT IM BEYSIOLOGICAL

TIAZ

RESFFC IS RESPIRATICK A5 4 FRACTICYH CF EECICSYITHESIS (R SUR 3)
BAETFC IS5 ZESPIRATION AS A FRACTION (F TCTAL DSY WEIGET (R SUE 0}
PTSRED IS THE FACTOR EY WHICH LZAF WILTING SECUCES THE BATE OF
PHOTCSYNTHESIS

BEAL Lat

DIXENSICY BTSELI(317), CLIMAT(]66,6) ,ETAELE{17,20)

IF({L3iI.EQ.0.)5C To 20

ILAI=G.

PISRED=STRESE

TP(ZLAILLZ.1.) XLAI=ZLAT

IF(ZLAILLZ.1.)2L0I=1.

JLAIA=(ZLAL=2(.+10.) 210,

TF{JLAIAN.GT. 18y JLaTa=1¢

JLAT2={ZLAI*10,+3.999%) /10,

JLaI¥=7Lax
T¥=CTAIT-JLALY
17(2Y¥.57.0.1G80 Tg 2°¢
AILAT=JLEIY

GO To 2%
X3JLAI=JEATY
XJLAaI=XJLal+.=
CYIINUE
JLAIA=JLALA+1
JRACA=(CLIAAT(JJ, 1) +.2+ 10,y £10.
IF(JBACA.GT.13)J8A0A=19

JRADAZ=(CLIAAT(JII, 1) *.144,999G) s10.

JRACY= CILIMAT(JJ,1),100.

ZY¥=JRALAT-JRALY

IF(2Y.G1.9.)%C IC 250

{JRAL=JRACT*100

G0 TC 2€n

$J3AL=Jsacy

XJRAL=ZSRAC*100.+50.

CCHTINGE

JRIALB=JRALA+1

STRSML=FTABLE (JLALA,JFACA)
SMIRGL=PTIAELE{JLAIB,J5ACH)
IGXSML=FTADLE{JLAIA,JEALT)

BOREGL=FTABLE (JLATIE, JRALE)

LSME= (SEEEGL-SURSHLI* {(ZLAI-XJLAT) /. 5) +SHRSAL
ZEGR=(EGREGL-SGRSAL) *# ((ZLAI-ZJLAI}/.5) +EGESUL
PTS=(ZEGR=ISUR) * ((CLINAT(JJ, 1) -XJEFAL} /53.) +2354F

IF(ZLAL.EQ.T1.) ETIS=DTS*XLal
LF{ZL3I.5C. 1.y 2L AI=41a]

ETS=FT3*ECQREF

IF{LCAGCS.EQ.116G0 TO 351

TY=CLIJdAT (JJ,2}
TEIFF=CLIMAT{JI,2)-CLINAT (J3,3)
IP(CLINAT({II,3).LT.50.) IDIFZ=CLIIAT (JJ, ) -50.
TPTSES=(IX-TDIES) *. (04

TPIETS=IPISES+ ((TX=-TDIPF*_36) *,0L0)
TOTSFS=T3TSFS+ ((TY=-TLIFF*.T72)#,068)
TPTSES=TRTSFS+ ((TI-TOIFT*.52)#.373)
TETEFS=TPTISFS* ( (TX~TDIFE®. 25} %, 112)
TETSFS=2TRPTSFS+ ((TX-TDIFS*,20)*. 132)
TDTEFS=TPTSFS+ ((TX~-TDIFF*,08) *.138)
TPTSPS=T2TISFS+ ((TL{-TRIFT* 03) *.132)
TOTSTS=TPTSIS+ ({TX-TDIFF*,00)*.112)
TPTSFS=T2TSES+ ((TX-TLIFF*. 00y =.07)

r)



— O h
O

n

62

LT
3=

-172-

2TPTSFS+ ({TX~-TLITT*.03) *.068)
=TPTSES+ ((TY{=TCIEF*,.07)*.040)
S=TPTSFS+ ({TL-TCIFF*.15) . 006)
Ic{mpLsru GT-115,) 53¢ 1€ 59
IP{TETSF5.LT.50.)GC TC 50
IF{TPTSFS.GT.%E.]GO TC 55
IF(LCARCS.EQ.1) TPTSF3=CLIMAT (I, Z)
TDT5F5==,46+.01717%TETI5FS

50 Ta 66
TPISFS=0.001
GC TG 60
TPISFS=1.0-.01717%(TE1575-55.}
STS=E1S*POPFACEX3TSRID=. 0 1% (TSTSES**TLITEC)
ZTSLEF=ETS
ACTFLT=FLANT IS
ANET=31CIPLT* FCRCAYING
ETS=pTS={PTS T) $RESPFCATHET
TF(PTS.LE..0 s=0.
PISTLT=PTS
CSESE=CRESP+PTSLEF~BTISELT
FTSTLX (JJ) =E15ELT
FRRESH
AVG=AJI~20NAYG
IF(496.1Z.0.)5C TC 12
AYGETS=AVGRTS+PISPLA (JJ) -PTSPLX (AJS-FUNAVG)
3¢ 1¢ 20
AVbPl‘“AWGPTS*P”S?II{JJ)

UTINOE
Ir(\vup._.LL. ®iX)3C TC S
ETSZAX=AVGDRT
TCYIINGE

VE QPVEG{PT5,I,FCCRY¥,GRCDAL,CCAY STIX%T,LETFT,
5,3I1XIC,TAa551%, CCENT,ST?ESS, =] 13551,2LC8ST,
SUSF,JC,DEGCAZ,SLALUP,(FESE, 3TRE3F, 55416, FLTL AL,
ESAD,STYlE,F&hIF?,ERESIN YLEZF51,8ATICS,STAGES)

IXEXS ECCRY {264,%)

ZESCLU=PEIS

TF((EC (I, -E0.04) ANLL{I.LTL10))GC TC 7C

S{LEFWNT.EQ.J.)LEIFWT=.22

RATIC= -

AC=I

TZ(3TYLZLZR.1.)G0 TC E2

IFP(ETYLE.EC.2.)50 TC 62

IT({STTLI.EC.2.) G0 TO 64

IF{I1.GT.LC) AC=MC+ L322y

GC TG 55

If(T.5T.50) 4C=MC+CL153Y

CORTINUE
F=GEGLAY*CORNAX/104.
SHLCTY=CLANTS-5CSTHT
IUTLG3=-.5226E6+.96221*4L0G 13 (SHOTTY)
ATSICT=10**50TLLS
SCETE=TTSTOT=3CCTHT

TP (FCATS.LT.0.) P03TS=0.
PUSTX=FCCIN {4C,2) *F
PQLEF=PCCRN(AC,3) *F=XL3FGI
3CCCE=FCCRU(MC,S) *F
POHSR=ECCIN {#C,3) *F
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IF(TASEX1.6T..5)GC TC &
IF(SCCRu(MC,2) .07.%.) GO T0 5
PREC=PQRIS+ECSTM+ECLEF+PCHSK+FJCGE
PRESAZ=PRESAL

PRESZZ=FIES/ (STANTH+LIEFRT +.7001 )
IF(PFES22.GT..03) PRESNZ=C.
PRES=PRES+PTS#PRESAL
ET1S=PTS~PRESAZ*PIS
IT(ETS.GT.PHREQ)GO TO 25
PESAVL=PRES*RESUST
BAYAIL=PIS+RESAVL
IT{EAVATL.GE.PREQ) G0 T 29
RATIC=2AVAIL/EREG

E?TQ: “:S-QCSA"‘L

IFLETAW T LT.1.)680 TC 27
SNWLET=FTIS*PHNLEY

an ll

IE[Fﬂ LEE.JT.P:-_.)GF o 27
LIFSTI=LEraT*EYGLES
PQLEF=CGLIT-FdmLif
PAVAIL=FAVAILIL=ENNLCF
PTEGSFIEQ-PNWLEF
BATIC=PAVALL/EREY
Gy TCc 27

29 PRES=FIES-SREC+DIS

27 LEFWI=LETUT+PCIEE*CATIC
RCCIWI=GCCTAT+EFoATS*RATIC
STM#T=START+PESTE*RATIO
ESX%I=HSKRI+FCHSE*FATIC
COEST=CORRT+PQCOB*RATIC

81 IF(iiUS%.GT.0.) GO TG 50

-
)
U

IF(FQHSK.GT.0-)60 TIC 310
Go 1 50

3iC HISK=

PAVAIL=CETS+RESAVL
IF(CAVAIL.GE.28EQ) GC TC 31
BATIC=FAVAIL/PRED
PREIS=CREZ-RESAVL
50 TO 3z

31 PRES=ERES-PREQ+PTS
G¢ TC 32

1) RATIG=FIS/T QEQ
IF(FAIIO.GT. 1. 15) RATIC=1.15
PEEE=PEES+?TS‘FREQ*RQTIC

32 HSKWT=HSKWI+PQHSK*RATIO
COBGT=CCBWT+ECCII*GATIC
G0 TOo 3¢

25 BATIC=EIS/PREIQ
IF({FATI0.3T-1.15)247I0=1,15
PRTS=FRES+CTS=FEZL*SATIC
GO TO 27

S CON1INGE
TASS(K=3T
30 IC &

80 IF(2ATIC.4T. 1) RAT
IF(%ATIC.LT.3.) 3]
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RATICT=EATIO®® 25
IF(RATIOX.LE..S)RATICX=,5

[P {HSKWT.6T..701) SHCCT=SHCCT+RATICX*ESCEAY
IP{PRES.GTI.PRESHX} GO TO 53
IF(5EOOT.GE.SLAING)GC 1C 60

60 10 70
ELOST=EEES-PIESNX
PRES=ERESML

GQ TG Su
IF(SILKEE.GT.0.)GC TC 70
SILKED=JJ

BT5=0.
FRESIN=ERES=-PRSOLI
OETURY

E4D

SUBRCUTINE TASSEL(TI,Jd5,LC
CLASSY,BCCRE, PCLIGALCFES
dATICS,STAGES ,GRCQLAY)
JISENSION PCCRY(28C,5)
LI=C1a352

AC=I+T1L
IP(ECLYINA.GT.0.) G0 10 50
I7((T455%X.5Teu5) «AND. (SILKEL.GT..5)) GC TC U3
F{IAZS¥%.5T..5)G0 TO 10

IF(SI1%2L.37..5)30 T0 22
If(SHCCT.GI.SLEING) GC TL 21
SHOOT=SECGT+STRESFAGRCDAY

IF (FCCRN(XC,2) -GT.9.) 60 TO 25

G0 TC S50

IF(SHOOT.GT.SLEING)GC TC 15
SHCCTI=SRCCTI+STRESTF*GRCLAY

KCUNT1=XOONTI+1

50 TO 50

CCYTITUDE

SILXEL=JJ

$C TC 50

CONTINUE

TASSYi=3a

GO TO 50

CCNTINDE

SILREE=JJ

GO TG 2z

POLYYA=JJ

CCHTINUE

RETURN

T¥D

—

Lo

SUBFCUTINE XERW0Z |\ I,JJ,XERDAY, XZRTTX, ETSFLT, AT

~ I
J9TE r)

1R¥0¢,RERPCT ,EARZ,EARNAX, ASKER, SLKIYS, EGFF, KERKCY, CCRYMY,RUMAVG,
1AVG LAY, LAYINC,ADJFAC,ERES, BMETFC,FLANTY, KERNLT,EAGN "L, VECFOT, ’

1YSTEMF,STM®T,GRCLAY,
TXSKRIXI,STRESF,FISHAN)

VTRATEX, EARPOT, AGEFCT, XSKZRYX,

REAL KEELCAT,KESFIX,ZERAUY, XERSOT (AEQACS, RERNLE,XEENHX

TF{XERKON.GT.U) G0 TQ 1Q
REDNEZI=EARdMX*®EaAZ¥aAxX
RERFCT=STMRI*YSTINE
KERECTI=RESECT®*KEENLF
IF(XEETFOTLOT.KIRNMX) KERFOT=XER LMY
IF{KEEFCT.LT.0.) XKEFECT=0.
YIR¥CYN=1

CONTINUE

ATRACI= (AVGFTS/OTSHAL) *100.0

¥e
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IF(EERABJ.Gi.TG.)GG T0 50
SALJ=KERAEJ*.017UZ33

TSK-n—KSKER*SIﬂ(KEHHEJ)

GO 16 :1

(SKER=.93+(KE2ADJ-7C.) $.CO2+XSXER

REEDAYT=KERCAY+ 1.0

IF(XE5CAY.LT.XEREIX) GO TO 40

ISKEIX= (XSKER/KEEDAY) **ASKREX

IF(ISKERX-GTs 1.} KSKERX=1.

KERNUM=KERPOQT* XSKEEX

TF (XERNUM.GT.XERNEX) KERENUS=RERNYZ

XERLAY=KERLALI+1.

KEMGZ=RKIRNUA/ (EARIAN*,33)

ZAZZ=XEARZ+1

KI2XON=2

CCHIINGE

SETURY

oo

Ry
SGE SOUTINE GRAINT(TI,Jd,D

EGSTZ,X{ZTENU%,MC,0AZE,ZNTFY,
15AYINC,GRESTU,AVGETS, EBnEEﬂ,PSKHT,CCEuT,EIS,OILER
10UALTY,FLCST,PRES,EART, TAR YT EAGNHX,KERECT, Gaaly,

IHNTEGER MC,CAZE

FEALI KEENOA,XEIRPOT
CIXENSICH ECCFN{259,%5)
IF{EJL Y.GT.0.0)G0 IC

BGCGR =(KZRDPOT*.16-~COB%T) /GANSTD
DQHISK= (XZBECT¥.0E-HSKNT) /GRUST
ECET(= (TOHUSR+EQCCE) *TAYINC
IF{FQHUSK.LELD.0) PQRUSE=.001

IF (PQCCB.LE.0.0) PLCOE=.Q01
PXHUSK=PQHLSK

EICCca=pQces
AVGFTYSAVGETS/SUNIVG
EAFFIC=AVGPTY/SARREY
IF(EARFAC.GT.1.0) 23RFAC=1.0
COMTINUE

AVGPTY=AYGETS/FUNAVG
PHCAY=2ECAY +EAYING
[F(KSA¥08.1E.0.9)GC TC 70
IF{ACTXER.GT.2.3)GC T0 2
PCHUSK=FYHUSK*XERUUM,/XEFPOT
PQCCE=PXCCA*KEFNUA/KEFECT
EOREC= (PQHOSK+PQCOE) *CAY INC
PRERN=KERNIS/WIKERN

CONTINUE
PLIATE=0.427*CIGREZ*ATYERN/ (STOKES*1030.0)
IP (ACTXER.GT.0.3} 50 TQ 50
IF(EALAY.GT.GRISTY) 30 10 49
CONTINUE

IF(ATCETY.LT.2QREQ) GG TO 17

Go TG 79

ACTXER=FKERY

TCREC=PRERNFELEATE .

IP (AVGPTY.GT.PQRED)GS TO 51

SCCIN,RTHERY,
C,pP2ESuX, 2LXLYIR,
RUNAVG,EAETAQ)
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DEFCIT=FQREQ-AVGETY
RESERV=LEFCIT*0.75
IF(FEE5.GT.RESERVIGO TOQ 76
AVAIL=AVGRTYI+DPRES
PRES=0.0
AVGPTY=0.2
GRAIN=GRAIN+AVAIL*®CILEAC
GO TO &0

51 GHEAIN=GRALN+FQREG*CILEAC
ERIS=CRES+AVGPTII-PQREQ
ATGETY=0.0
IF(EPZS.LI.0223
FLCESI=FFPES=-PRESY
2RIS=PREING
$gC TC £

75 GRATN=GFALI+ (AT

RES=FREI~-ZISER

YGPTY=2.9

c To 60

F F*==Q-AVG?T!

=LEECIT*C. 75

.sI. FESEEVIGC TC 73

ERT+ECCCE™ £4V1tc*(auG.TY+EEE=)/foq=Q

Kaz**Q%US?'EAY;LC*(RVG’TY*E SES) /ECT

1) 60 10 60
X

s

GPTY+EESTRV) *CILFAC
7

1 Bt

77

Gt 2~ Ui"‘l
3 p3 W1 Z'H

T e T3 e 20 - “
S Tt w ot o N

(@< IR U o BLEF N ol ]

T3 HSKWT=HSZWT+ECHCSK*CLAYTISC*{AVGETY+SESERVY) /ECREQ
CATRT=COERT+IQCOE® EAYINC*{AVGPFIYI+RESERV) /EQREQ
FHES=FRES-ZISERY
AYGEIY=9.0
G0 TO &0

7¢ 2STRT=HEXWT+TQHUSHE*IAVING

COEWRT=COERT+PQCCE* LAYINC
PEEE=FZES+AVGETY-PLEEC
AVGETY=0.9
IF{FEES,LT.PRESER)GE TC &0
eLOST=TSIS-PRISHY
PRES=pRESNMY
3) TF{ACTKEIE.LZ2.0.0YGGC TIc 10¢
CHRIPE=GNEIPE+ELRATE
FILLING FERIOD IS ASSCTMED To ZuD WHEN AVESAGE XEGRUEL IS FILLEL ASSUXNING

THAT THE MCST FAVCITD XERMELS AEE NCT RESTRICTELD BY EEFICIENCY
OF CHOTCSYNTIATE AU THAT THE ¥HOLZI CCB2 JMATURES WHEYW THE #C5T FAVORZID
XTANELS MATURE

IF(SUEITEZ.LT.ATKIZN) GO TC 190

3LELIg=3d

1C3 CONTINUE

EARESC=GRALIN*ASEGT+COENT
QUALTYI=GRATI N/ (WTRESN*ERERN)
RETURN
Z¥D
SOBECUTINE CRYING(KCREZC,CLIZAT,.DRYIFAC,I, 54,0EG042,32C23Y,581350Y,
1H201CS5,H8V3T,®C,C3ZE, IVGETS, FRES, FRESUX, FLCST,JPL EAY)
INTEGER %0,CATE
REAL KERHEC
CIMENSIGCH CLIMAT(366.6)
DRES=FRAES+AVGETS
IE(BRES.LT.FIESAX)GC TC 19
ELCST=FFES-PRESMX
10 CCRTINUE
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IF(CLIAAT(JJ,4).GT..01)GO TO 100
§2GLES=CRYFAC
KERAB2C=KERHR2C-H20L0S
IE(XKZREZ0.L2, HAZVST) GO Ta 95

3C 10 109

CONTINUZ

SEASCH=JJ-JELCAY

CONTINUF

IETUI Y

END

SUBRCUTINE OGATIAT (CAIKC,%C,LAZE)

CCUVERTS [CAY OF YEAE TC 2CUTH 1dD DAY

il

L TASAMETIAES PASSEL ARE INTESERS
INTEGI?=®=L DAYNS,MC,2ALZ
INTTSER*Y CACYT (12} ~31,26,31,20,31,30,31,31,30,21,20,31/

-ac = 1
CAZ E=CATIHO
37 1% I=1,12
IF(E%Z:.-E.EA'HT(;])’O 0 29
ML = MCe
CAZZ=[CAZI-CACNT (I)

COUTINTZ
2TTORY
END

SUSEQUTINE CAY(DEAIR2,AC,ABEAIR,ARE35C,H,STCAV,YEWNSIZ,AESET,Id, /Y,

4AI,M1,22,A5G,CK,% ,STCS, HFTX, EACRE, EE,% ICTH, 8, 420189, JCOUNT, 15, 1%
,X¥ZCTH,DH,{TACEE, (5TOH,ISR,Q0SER)

DIMENSICH RO(JEE) ,STCAV(ES), XSTCH(25) ,0ACRE (65) ,XPACKE (25),

ALDTH (60) ,XATDTH (35) ,CH{35) ,5(366)

INTEGPR HA,4V,EAI,E,HFIX

IF (JCCONILAE.1) GG TC 15

EZ0I=4I0IRR

GAYSCR=0.0

TCCRY=0.0

JCCUNL=

QILY=RO(JJ) *AREAR0

...._.

-

© CIRCUT=CEWIRR*ARELIE

14

160

IF{22.EC¢.0.)23=5.
II=1I5

ISS=15

IP(II{.XZ.C) GG TO 100
II=H

0o 14 I=1,d
TF(SICF.LE.STORV{II}) HE=II
II=A-1

IF{HE.E3.3) HE=1
ECHDA=DACRE (EE)
DEIGHT=R+1Z
ICAM=CEIGHT
PCUDE=PACTE(ILAY
DWILTH=®ICTH (HE)

Yi=H

50 1c 101

J0 114 z=1,I%
IF(STCR.5T. X5TCR(II})GC TC 114
BE=CH{II)

I[SS=IT

IT=IS-I

IF(HE.2C.2) HE=1
2UKLC3=XPAC2E (ISS)
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DRICTE=XTICTH(15S)
HI=DH (I5)
DRIGET=HI+1Z
I=0
105 I=I+1
I¥(CH(1) . LE.DHIGYT. ANL. CHIGHT.LT.CE(I+1}) GC TC 10§
GO 19 1145
106 IF(I.GT.ISR+1)GG TO 17
PCYDE=XEACIE(I)
G0 T0 18
17 BCHMOE=XPACIE(LISER+1)
13 CCHTIVYUE
107 CONTINUE
ETLLE=PCUDA*FE
IF{A8G.Z0.0.)AHG=3.
IF(WLYELQ.Y G0 TO 18
=12,
IF(LUIGHT.LST.1S) a=.2*AI+ 10,
1% T=0ARIGHT-HE
IF{CX.EC.J.)Cx=C.00CGCy
L={1.3%HE+2_ 42~83/68,) *A5G+3
QSEID= (U, *CR*XHE*%Z] / (9, %)
QSEED=CSIEP*LUILTLH*12.*1440.,4356C.
QRAIN=PCYLR*R (J0)
DIFEG=CIN~-QIROCT-JSEEP-EVLOS+QPAIN~CCSEE*TONDA
STOE=STOR+LITEQ
IF{II%.N=.9}GC TC 102
IF(STOE.GT.STORV{H) ) STOR=STORY (ii}
GC TC 103
102 IF(ST03.57.XSTCR{IS))STCH=XSTCR(IS)
103 IF{STCF.LE.0.) ST03=0.
IF(81CH8.57.3.)GC TC 13
IF(I1%.82.0.A%C.15.20.1)G0 TC 134
HRITE(6,11) Ja
11 FOR®AT (SX,17H BESEEVCI® IZ [RY,3X,I6)
104 CONTINUE
H20I5R=0.
CAYSCE=CAYSLRA+1
IF(LAYSDR,LTLHYEWSIZ)GE TC 12
TCEEY=CAYSLI+TEDRY
DAYSER=0.
IP{ITY.NE.Q)GO TO 12
IESET=1C
IF(H.LT.HFIX)GO TO 10
RESET=(
GQ Tc 12
10 Z=H+1
13 420 IRR=HZ01
12 REETORY
END :
SU3RCUTINE SRUNCF(FET,n0,ML,VAR1,VARZ,VAR3,VARY, HL,I,R,RO,4,PE,28)
CIMENSICH 23(10)
DIZENSICH PET(72) ,3C(366) ,HL (24} ,ER (24} ,5 (364
ACAL 40,N
IT(I(I).3E..0NG0 T
PE=PET (¥
Go TC 12
T1 PE=FET (8} /2.
12 COMTINUE
IT(¥U0.GT.0.) GO T2 13
Al=AL-EZ*ML/VAR3
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GO TC 23
13 ML=4C-PC
IT(MU.GE.O.) GO TO 23
HL=2L+RO
“g=0.
23 CCNST=VARZ*ML/VAR3
ML=RL-CONST
RO (I)=TARG*CONSI
IF{¥L.LT.0.) ML=G.
IF{R({I) -2¢.0.} G0 To 21
¢ 3G II=1,24
Do 1Q J=%,10
F [II.Z2G.1} GO TC 1E
1 {IIY =3 (D) *(HI(IL)=EL({II-1)}*CR(J}
JO TCc 3
3 RA{IZ)=F(I)*3C (1) *CE5{(J)
& TF(HI(TII)-5T.7A21)G0 I0 0
M =HU+HE (LI)
30 1C 56
4y RC(Iy=FO{I) +dF(II)=-T3iR
=80+ 7431
=h IF(MI.LE.1.) GG TC 3¢
sL=MLenl-1.
20=1.
IF(#L.LZ.¥AEY) 50 IC 30
20 (1) =T0{I) +AL~-V AR
ML=Vaz3
30 CONTIVNOE
21 CCHTIXOE
RETUERN
ENg
SUBECUTI

'JJ i

3
S

I54T(JJ,H2CTRY,H20DEF,CLIXAT,H,H20ATL, H’CiR SHFIX

¥z IR
1,DE*I35,$TCR,AFFEAIS,STCEY,IRRTCT, E2, IS, TSTOb,IIi B2CLIX,IEDPLAN,
ILXEL

TASSIX,S o,2LXLYE,SA7IRD,ETFS)
DI?“\“ICu STPQV(éE),CIIZAT(Eéé,E),KSTOR(2S)
INTIGER d4,dFIK
IRRST=0
H20IRR=H2
IRa=Q
IF (ISFLANLEC.T}50 TC 25
IF(IIZ.EQ.0)50 Tc 25
IF(S51LXFD.5T.1.0F. TASSIX.GT. 1) GG TC 25
ADDH20=S5STCR/AREAIE-SAVIRR

IF(ISTOR(IS)/AEEAIR.LT.HZOLI!)H2CLIS=XSICF(IS)*.QS/AEEAIE

IF(A0CHIC.LT.. ) 3C T€ 38
IP(ALCHE2C.LT.B2CI5R) H2CIRR=ALILE2C
. 56 10 191
2% IF(BLXLIR.3T.1)6C TC 35
IF(A20T5N.52.H20C0EF) IRRST=10
IF({IRRST.BE. 10) 36 TC 444U
IF(CLIMAT(IT,8).LT..25) IRE=
444 CCYTIYCE
IP(IRR.%E. 1) GO T2 3%
ADCEZS=STOR/ASEAIR
TP{ALEH2C. L;.H’CIF?.1HE.H..I.HEII)AEEEEG=H2:IRR
IF(3LCH20.LI.H20IER) H20IRE=30LH2C
IF(IIX.EQ.] GO TO 101
IP{IIY.%¥E.0.aNL.IS.EC. )50 TC 10
TE(XSTCS(1S) /AR EAIR.LLT szoLIz)Hzczza=xs: S(IS) *.
161 ccw*rwuz
IP(492CISR.LTI.E2CLIM GC TC 35

95/AREALR
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HZ0ACC=H2CACC+H2QIGR/EFES
IRETICT=IERTOT+1
CLIZAT(3J,%)=CLIAAT(JJ,4) +H2CIRS
DEMIER=H20IRR/EFFS

G0 TO €

DEMIRRE=0.

CONTINUE

RETIRN

END

SUBHCOTIINE RANK(A,X,%,%)

THIS SUBGQUTINE RANKS TEE YIELD [ISFERENCES
NOUIRPRIGATELD CONCITIONS.

14

10
"

13
15

i

UI1ZUSIOY A (35,235 ,%(25,29)

J=4

[T T o I
(&)
——
1]
—_

1,3}

J)..;.JlI-,u)]G 6 12

LE.“ SC 10 10

bk oo 2w

st 1)
_4H»4n

¥,3)=¢(3J%,J) -1420089.40
(I.Z¢.0) G0 10 13
£I=1

A{I,5y=X(I1,4d

Ji=II

Ga TC 11

DO 15 Ja=1,14

K (JI,3) =L (JI, ) +162CCC0.0

J=J-1

IF(J.NE.Q}SC TO 14

RETURY

EXD

SUBAGCUTILNE ECONCH (NYEAR,XTIFF, SETOF,H
1FILLEZ, ZXT0PR,4I¥T,L1FE,ALASGR,TOH, 55T
+3EIGV,FERNC,FLAQ, FEUM,FGEAN, FXAN,JELEE

R N S I SRR

e~ 0ot ora e e

(]

043

31-

Ly

BETWEZN IRIIGATELC AUD

[,I5,70LCAY,

TEM,CX7E,

RELCST)

THIS SUEROUTINE LDOKS AT THE ECONCAICS ANE CETERSINS WEHAT

G8E0, AZEAIR

AMCUNT CF CAPI

A0JLD 3E AVAIILAELZ ECR INVISTIUG IN A8 IRAIGATICYH SYSTEN FOP EACH zSsiay

3

20

IZT ANLC FRCEIBIIITY COF SUCCESS.

CIMENSION ALDIFF(25,25),N8SETUP(25,295) ,4203L0(25,25),

1VCLTAR({25) ,23X8V (25,25
WELBEL=WZLIED+1LH

Lo 15 I=1,I§
DANCST=VCLDAY (I) *FILIFR+EXTLES
AANTCS=TAMCST®E234C

DO 2% J=1,EYEAR

CSTLAE=NSETUP (J,I)*)13BCH

PUMCST=CXUH*TLH*H204L (J, 1) *ASEAIR*0Q. CES3(3 /(BT

GRANBR=XDIFF (J,I) *GiFR*AREAIR
CL=19.

CE¥=C.

Cco=40.

Ti{=0.

ca=0.9

20 2C ¥=1,LIFE

CT=CL4CSTLABS ((1.+#ELAE) % (X-1)} #( (1. +TINT) ** (= 1.
CO=CP+PUACST* ( (1. +FEDR) #% (K=1) ) £ ( (1. +XINT) *% (=1, 2K} )

CA=CAAAAUTCIH( (1. ¢ FMAN) % (=) ) % ({1, #RINT) ** (1.
CGCS+GRANFEF( (1. »FGRAN) ®% (R=1} ) % ({1, +LINT) #* (=1, %)}

BEINT(J, ) =CG-CI-CF~DAYCST-CX+TX

®EFEY)

=K1

*K))

TA
cI

AL
ES
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25
19

253
. . .01 . 3
.02 . o2 . . c
L2 . 03 . L0
o4 . . .53 . ' .0
. .23 . . .05 . . . .0
a7 . W07 . . . o7
. 08 .09 . . .1
B 12 15 . .1
. 9. . 20 . . 1
L1800 .23 L2000 039 . . .20 .3
L300 .35 . . L300 .40 . . A0 L4
4% L8000 50 W75 . . L7007
.70 07 . . .80 .30 . . PN s R
T LED . .80 .30 .50 .2
B ] U L3900 .12 L1000 <30 W1
.30 L 1lo 1o .05 .30 1 10 .05 +40 L1
30 L2500 .10 .20 . .20 L LG 1e.ca0 .
15.95 200 1% 13.00 . .26 .10 1C¢.99 .
L 20 ie L2180 10 .
zc 1o 23 .10 . .
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< 2G 33 L2040 . T
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LB0 1.2 L3G0L.00 L84 1.7
[ SN EARMINES R L.22 1.430 .20 .é
.20 20 1.3 A0 a7
LA L34 - a2 0 TR Lag
L300 L1313 L03 L300 L1 L3 Lo .0
L5000 .30 g . ¢ 1o L LS00 L
) TR S v . 20 30 .30 .2
I L2C .10 L2000 . L2000 L Le tG.c0 .
1n.3n L2000 . 10,09 22 18 1n.30
. iz LI . .20 .10 .
. . .30 &il . . .20 .80 .
. e L3530 . 40
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IF(I.5E.IS.0R.KELCST.EQ.0,0) 50 TG 26

Cx=0.0

CP=0.0
PLUCST=CKRH*WELHEL*H20AD (J, I} *AFEALG*C. CE5308/{ZTFP*EEFY)
AANICS=WELCSTHEERANC

26 45 4K=1,LIFE
CE=CD+EUACST*{ (1. +FEON) €% (K=1) ) % ({1, +LINT) *= (~1.%K)}
CASCAPRANTTS* ({1 #FXAN) ®*&(X=1) ) # ({1 +XIUT) *= (=~ 1. £K))
4ELECC=C3-CL-CE~CH=HELCST

WBITE{6,100) “ELICO

FGRMAT (10Y,F10.2)

CONTINOE

CCHTIVUE

EITUSN

T30

] 'l fo

¥

o0

n

e PN TY

[= 2w 2

L

.05
10

.13
.20
3¢
.2

.20
Ay
L2

.

.

. L
10
O3
1n
4
-y
In
.13

it
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. . LCL . 02 . .
2 . . G2 . . 02 . .
. - .03 . . . 03 . .
4 03 . B .04 . .

3 . . . .05 . . .06 . .
.07 . . ' L07 . . . .08 . .
.09 . . .09 . . . .14 . .
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