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INTRODUCTION

This report examines models designed to allocate limited irrigation
water to crops throughout the growing seascm so as to obtain the optimum
return from water applied. This is a complex problem invelving a great
many variables including plant growth over the season, soil molsture status
and weather cun&itians that affect evapotranspiration.

Several models have been developed to estimate the yield effects of
varions levels of soil moisture available to irrigated crops during the
growing season. A number ﬁf simulation and linear programming models have
been developed to project net returns from various alternative irrigation
regimes, ranging from single crops to entire farms or irrigation systems.
Central to these models is crop respomse to situations of soil moisture stress
at various periods throughout the growing season. The effect of soil meois-
ture stress on crop yield has long intrigued plant physiologists,
agronomists, farmers, and others. Many studies have been conducted to
measure reduction im crop growth during periods of soil moisture stress.

The results of these experiments are varied due to the large number of fac-
tors, other than soil moisture status, that ultimately affect crop yield.
Enough has been learned, howewer, a?ﬂut crop response to soll moisture stress
to generally outline the yield respomse; but variatioms in the types and
varieties of crops, yearly climate, soils, fertilicy levels, and cultural
practices preclude précisa definition. Additionally, difficulties in the
exact measurement of soil moisture and climatic conditions make the mathe-
matical specification of crop growth response difficult. Thus, 2 number of
ways have been developed to specify crop response. All of the models dis-
cussed will have some divergence from the actual response of crops under most

circumstances.
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Part I reviews a number of models that have been developed- to help
predict crop response to soil moisture stress and te help plan effiecient
irrigation water allocation over the season and among crops.

Even with these rather elaborate models designed to determine optimum
irrigation patterns, none of them addresses the problem of predicting pre-
cisely crop respomse to soil moisture stress by use of mathematical medels.
In order to determine what could be dome in this area, a detailed analysis
vwas undertaken in the Economics Department at Colorado State Universicy
to develop and test various methematical models for suitability to prediect
yield respense at various soil moisture levels during the growing season for
specific crops. Detailed data from irrigation experiments designed to
measure soil moisture status and its effect on yield throughout the season
were used to test the models.

Two approaches using the agronomic experimental data were tried. ParL
LI reports in detail on efforts to specify yield response to soil moisture
S5LTEess.

One approach was used by Dr. Habte Keghassi in an effort to predict
s0ll moisture levels by use of models utilizing evapotranspiration data and
soll water-holding capacity. Soil moisture status is used to estimate re-
sulting crop yield.

The second appreoach was developed by Dr. Dan Yaron using several mathe-
matical models to estimate crop yicld reductions when soil moisture falls below
a predetermined level creating what is termed a "eritieal day." A critical
day is one in which the crop miffers from moisture stress. Various mathematical
functions were tested to detgrmine if yield reductions could be predicted

with some degree of confidence.
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PART I. REVIEW OF IRRIGATION AND CROF RESPONSE MODELS

Various models of irripation systems have been proposed with varying pur-
poses in mind. Two basic types of models have been developed: irrigationm
water scheduling wodels and crop planning medels. Scheduling models attempt
to aid the farmer during the season, determining optimal timings and gquantities
of irrigation. Scheduling models keep track of some state variables related
to plant growth and variables measuring water need and availability. These
models are generally, but not necessarily, daily models.

Planning models are desipgned to aid farmers im cheosing the bect acreages
of crops to be grown. The planning model must take into account resources
konown with certainty at the beginning of the season; these models must also
deal in some way with such variables as precipitation, weather conditions Iin-
cluding solar radiation, and stream flows which are known only probabilistically.

Some form of scheduling model may be implicit in the plamning model.

Simulation Hudelslf

Jensen and Heerman

Jensen and Heerman (1970) described an irrigation scheduling program that

has been used by the United States Department of Agriculture and the Bureau
of Reclamation, United States Department of the Interior, in adwising farmers
when to irrigate. The combination equation of Penman's evapotranspiration
formula forms the basis of the program. Evapotranspiration, ET, is calculated
on a daily basis from measured data and available soil moisture is upﬁated by
the program throughout the season.

1/ The basic summarization of the various models were done by Herbert Blank.
A more detailed discussion of these and other models can be found in his

Ph.D. dissertation, "Optimal Irrigation Decisions With Limited HWarer," Colo—
rado State University, Oct. 1975. :
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At any time during the season, the next irrigation can be predicted

using the formula:
W g (2.1)
Et
in which
D = current estimated total depletion of soil moisture (im.)

Do = maximum allewable depletion for the present stage of growth (in.)

Et = mean daily ET rate for the 3 previous days and 3 forecast days

(in./day)

N = ggtimated number of days to next irrigation.

In another paper (Heerman and Jensem, 1970), the Et value used was ob-
tained frem a graph showing Er. as a function of time, normally distributed
aboue the peak ET day. From experiments at Akron, Colorado, better results
were obtained by this method than with the previous method, which required a
subjective forecast of Et.

The next refinement in estimating the timing of the next needed irrigation
was to add a term to N due to expected precipitation. The authors concluded
that in a relatively dry area such as easterm Colorado, with relatively low
precipitation, irripgation dates are not significantly affected by this

refinement.

Kincaid and Heerman

Kincaid and Meerman (1974) describe a scheduling program for a program—
mable caleulater. Again, the basis for the program is the Penman combination
equation and associated crop coefficients and stress factors. As in the two

previous papers, the authors assume the lowest soil moisture depletion level



acceptable is 30 pércent of the total available moisture within the root zone.
At an irrigation, the soil profile is returned to field capacity. The method

of forecasting the date of the needed irripation uses a normally distributed

Et function.
The scheduling programs described have a specific purpose: recommending
the timing of the mext irripation based on maintaining the crop within previously
determined so0il moisture conditions. The assumption, basically, is that water
iz available as neadedand that no crop yield reduction is incurred when moisture

depletion is not greater than 30 percent of available moisture.

ianks

Hanks (1974) tested a production function for predicting gprain yield from
corn and sorghum. The author did not, however, attempt to apply this model in
a planning or scheduling sense. The model is limited by data in that it re-
quires daily values of potential evapotranspiration and potentlal seil evapora-
tion under the crop canopy.

In a later paper, Hill, Haoks, et al. (1974) described a program which pre-
dicts corn yield using the producrion function tested by Hanks. The program was
used to predict the effect of supplemental irrigation on an otherwise rainfed
gite. The conclusion was that a supplemental irrigation system could be econom—
ically justified. The program as described imn thepqper was used as a simulation of

an irrigation system, answering a question "what if" irrigation weve available.

Yaron
Yaron, et al. (1973) developed a soll moisture simulation model using experi-

mental data from wheat. The authors fitted parameters tc a Cobb-Douglas type



function, an exponential function, and a Mitscherlich functien. The Mitscherlich
function was adopted having the following independent wvariables:

1. HNumber of days during growth season with soil moisture above sbout

45 percent of available soil moisture.

2. A wvariable which measured the quality of the germination periocd, and

3. A vear variable (4 years of data were used in the regression).

Upon obtaining a suitable yield prediction equation, 16 years of rainfall
data were used to simulate the effeet on yield of two approaches to irripation
scheduling. These were:

1. Irrigation on the basis of a predetermined time schedule, the guan-

tities of water applied being Equal.tn the moisture depletion imn
the root zone at the time of irrigation, and

2. Irrigating at the date on which the soil moisture is depleted to a

predetermined critical level (Yarom, et al., 1973). |

Taking inte account water costs, the conclusion is that the second policy
is slightly better than the first according te three objectives: maximizing
expected net return, minimizing variance, and maximizing income during years
of low rainfall.

It should be noted that this is srill a simularion approach; irrigation
times and amﬁunts were chosen according to two arbitrarily chosem rules and

tested to determine net return.

Stewart, Hapan and Pruitt

Stewart, Hagan and Pruitt (1974b) describe 18 methods of corn production
with limited water supply. These methods are derived from data from field tri-
als at Davis, California. Four irrigation times were specified during the sea-
son and irrigations were applied in one-inch increments up to field capacity.

The irrigations were scheduled to occur when 70 percent of the water applied



ity was made prior to planting. Yields were measured and profits due to water
application were calculated; including water and labor costs of irrigating.

The authors recommended that if a fixed quanticy of irrigation water per

previously had been removed from the root zone. A preirrigation to field capac-

acre is known at the start of the season, the water should he applied according

to the tables {see tables &4 and 5, Stewart et al., 1974b) derived by the authers.

This model is thus deterministic and examines a single crop and an objective of

maximizing return. The model could be adequate for the climarie conditions in
the Central Valley of California, hut is probably not readily transferable to

other sites without repeating the full range of field trials.

Crop Uptimization Models

The models disecussed rthus far have dealt with three aspects of the irri-
gation problem. The first studies were concerned with scheduling and, in
particular, predicting date of next irrigation to obtain maximal yield. The
second group was concermed with deriving production functions and then pro-
ceeding to simulate crop yields under warying conditions, while Stewarr and
Hagan's main contribution was in generating basic data relating water inputs
to yields.

Hall and others have worked from the opposite end of the problem, start-
ing with the optimization formulation and solution technigues, without con=

centrating on basie dara.

Hall

Hall and Buras (1961) prescnted a problem of the otpimal crop acrcage
for a known limited water supply. They dealt with a single crop, fcr which
return as a function of seasonal water input was known. The authors forma-

lated a dynamic program to solve the problem and also developed a graphical
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solution technique. This model is limited in that it dealt with a siﬁgle
crop, was deterministic, and dealt only with the seasonal water input,
The model did consider the problem of limited water supply, concluding
that, at least in Ethe Eoucave region of the production functien (Stage 2)
the policy should Le to irrigate the selected acreage uniformly. The se-
lected acreage, apparently, depends on the shape of the particular pro=
duction function.

lall and Dutcher (19%G8) introduced additional complexity by consider-
ing the cffect of time of water application on yields. Again the model
dealr with a single crop and again the top-down approach of assuming a
production function was used. The form of the return funcrion was

I 1

L= Piﬂlaiidi} . Ymax —iil €y . X (2.2)
in whieh
Z = return
P = price per unit of yield (5/1b.)
max ~ Maximum yield (1bs.)
di= s0il moisture deficit from field capacity at time i (in.)
ai[dij = dimensionless yield reductieon coefficient for time period i

X,= quantity of water applied during period i {acre-inch)
c,= cost of water applicatioen during périod i ($/acre=inch)
After sugpestions by Aron (1969) the model was presented in final form
by Nall and Dracup (1970) as a dynamic program having three state variables

which are

g = amount of water in storage (acre inch)



w = 50il moisture level (in.)
and A = "state of the crop at any time as a result of the possible
deficiencies before the time period” (Hall, 1964)
(dimensionless).

The model may be classified as a single crop, deterministic, scheduling
model. The model assumes a fixed supply of irrigation water to be applied
to a known crop acreage. The results of the program are the optimal tim-
ings and amounts of irripation water, determined on the basis of knowledge
known at the beginning of the season. Precipitation and other randem var-
iables are apparently assumed to t;ke on their mean values. The model is
theoretical in that it is not based on actual data and is not applied to
an actual site. In addition to the assumption regarding the multiplicative
nature of the production function, the model assumes that daily evapo-
transpiratien is a function only of the so0il moisture lewvel for that dav,
not of solar radiation, etc., though a more complicated relation could be
adopted. Hall and Dracup (19?0} discuss the problems of computation with
a three-state wvariable dynamic prugrém and suggest methods for speeding

the program by restricting values of the state variahbles.

Minhas
Another single crop model was presented by Minhas, et al., (1974).
They developed an evapotranspiratiom ET p:edictioﬁ model for wheat as a
function of available soil moisture only. The function was of the form
£ = (- & TR/ - 27 4 & TK) (2.3)
in whieh

r = parameter fitted from data (1/in.)

® = available soil moisture (ASM)in reot zone (in.)
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x = ASM at field capacity FC (in.)
f(x)= ratio of actual to potential ET for a plant when greem cover
is fully established.

Actual ET is the product of £(x); potential ET; and a crop weighting functiom,
increasing from planting te full cover, constant until start of senescence,
then decreasing to harvest. Parameters were fitted from wheat data from
Delhi, India, and tested against results from alfalfa data of Mustonen and
McCuinness (1968).

With an adequate ET prediction function, the authors used regression

to fit parameters to the multiplicative function

by T 24 2
Y=a[1-@-xpi?t [1-a-x71 7. .. (2.4)
2 hn
- a-x)7)
in which )
¥ = yield
xj= relative (i.e., fraction of maximum} ET in period j

a, bl, hZ' et R hn are positive paramcters ficted from data., The
data used were from 21 wheat experiments over 3 years. Dummy variables were
introduced "to capture the effeccts of the differences in experimental de-
gipns, varicties used, amounts of fertilizers used, and the climatie fac-
tors (nonmoisture) hetween different years," (Minhas, et al., 1974). The
resulting regressions generally had high values of ﬂz, but the parameters
of interest tended to be nonsignificant.

The authors adopted a production function congisting of two time per-
iods and formulated an optimization problem of maximizing yields subject to
meeting a seasonal water availabiliry constraint. The problem was solved
via marginal analysis, equating marginal products of water in the twe time

periods.
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Dudley
Dudley, et al., (1971a) formulated a two-state variable dynamic pro-

gram to determine optimal timing of Iirrigation for corn with a limited sea-
sonal water supply. The state varliables were available soil moisture, av-
erage s0il moisture, and quantity of water in storage. They assumed an
additive growth function with varying dollar wvalues for growth in each time
peried. A "growth-no-growth" assumption was made, employing a concept sim
ilar to the stress—day concept of Flynn and Musgrave (1967). If ASM is

high in relation to potential ET, ET occurs at a maximum rate and a growth
day occurs, contributing to the dollar value of the crop. If ASM is low,

ET occurs at a rate E, "the maximum rate at which water moves into the plant
from the soil mass,” (Dudley, et al., 197la) and a no—-growth day is recorded,
contributing nothing to the value of the crop.

A stochastic dynamic programming model was formulated to make use of
20 years of evaporation and precipitation data. The objective was to max-
imize expected return as a function of terminal soil moisture TSM, that is
the ASM percentage at which an irrigation is t~ occur, Transition prob-
ability matrices of beginning soll molsture are generated for each TSM pol-
icy in each time period and for each level of water supply. Similar
matrices are generated for beginning water supply and return.

The results of the stochastic dynamiec program are emglufed in a second
model described by Dudley, et al. (1971b), While the first model looked at
optimal timing for a given acreage, the second looks at the optimal area to
be planted to a single ¢mop, adding an additional stechastic wvariable of

recervoir inflow.
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The problem solution technigue is basically a simulation approach; an
acreage iz selected and expected return is calculated based on the 20 years
of data and the optimal terminal soil moisture policies developed from the
previous model. The process continues by varying the acreage and calcular-
ing return until an optimal return is achieved assuming return as a function

of acrcage is a wnimodal functiom.

Anderson and Maass

The irrigation system developed by Anderson and Maass (1971, revised
1974} represents the next level of szophistication. This model simulates an
irrigation gystem, including stream diwversions and reservoir storage, water
distribution rules used to operate the canals, individeal farms of wvarying
size, farm w#ter supply and cropping patterns. Crop response to soil mois-
ture conditions are simulated by specifying typical irrigation requirements
by perieds throughout the growing seasen. Up to 26 irrigation periods can
be specified. Yield reductions are indicated for any missed irrigations.
These yield reductions are estimates based on research of agronomists and
others of the effects of water shortages on crop yield at various times
during the irrigation season. Crop watering sequences are gencrated by
use of one of the formulas specifying typical evapotranspiration demands
for particular areas, the type of crop, stage of growth, expécted precipi-
tation and soil type. These, together with irrigation efficiency, deter—
mine the sequence and amount of water needed throughout the irrigation scason.

A variety of rules have been programmed into the model to illustrate
the various ways that the water supply of an irrigarion system is distribured
to farmers. These determine when and how much water a farmer will receive

to irrigate his crops.




=13-

The model can be run In various ways. The flirst utilizes water supply
data for a single season and runs it through the irrigation season to examine
the yield results from a pgiven water supply and fixed erop patterns on the
farms. Results are for a particular season. This analysis shows the effects
on individual farms and crops of a particular water supply using a particu-
lar distribution rule. Various water supplies and distribution rules can
be compared this way.

A second way the model can be run is to use what 1s called the Plan rou-
tine of the program. This option allows the program to select within speci-
fied limits the optimum crop pattern for each farm given the seasonal water
supply, the array of crops, its portion of the system's water supply, and crop
vield responses to wvarious irrigation sequences. The Plan routine selects the
acres of wvarious c¢rops that can be grown te give the maximum return with water
avallability throughout the season. This is done by incrementing the highest
return crops up to acreage or water limitations before bringing the next crop
into the crop pattern.

Another way the program can be run is to use the same data as above but
to institute various distribution rules to det;rmine if there is a better way
to distribute available water among farms in the system. This type of anal-

ysis can aid in estimating the efficiency of distribution rules.

Young and Bredehoeft

Young and Bredehoeft (1972) presented a multiple-crop planning model to
determine a policy for conjunctive use of groundwater and surface water.
Anderson and Maass considered several alternative methods of production for
each crop. Young and Bredehoeft used the same idea, considering different

amounts and timings of irrigation as different production methods. The
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optimal irrigation amount as developed by Anderson and Maass is one method;
other methods correspond to skipping certain irrigations. Each method is
asgsoclated with a certain net benefit per acre.

The model was simplified over Anderson's in that only four irrigation
reriods were considered. Groundwater was considered as an additional source
of supply. A linear program was formulated similar to that of de Lucia
except with the added dimension of time.

The irrigation planning problem was solved as a sub-program in a large
simulation program. The authors did not consider the stochastic aspect of the
problem due to the speed needed In computation. The authors restricted them
selves to a site specific model with a single objective of maximizing return

and all-or-nothing irrigations,

Hall

Hall and others in a report by the R.M. Parsons Co. (Parsons, 1970) ap-
plied Hall's work te a study of Indian irrigation. Data were obtained for
two crops, wheat and jowar, and graphs were drawn for the coefficients ai{di}
in the multiplicative yield function. .For these two crops a dynamic program
was developed to determine optimal timings and amounts of ;rrigaticn. Fer-
tilizer was also considered, under the assumption that for a given water
application, yields were related to relative quantity of fertilizer applied
or

Y= aH(H}alidl}azi - an{dh]Ymax

in which aH{H} is given for maize by a graph. The program differed from
that of Hall and Dracup il??ﬂ] in that the objective is to maximize yields
and returns. Three state variables were considered: quantity uf water in

Storage, soll moisture im the root zone, and available ecapital. The program



;g:llucal:ea capital over the season between water and fertilizer. The re-
~ sults are optimal irrigation and fertilizer applications for a given level
BE avaiiabie capital.

Various methods of production for the two crops are obtained from the
dynamic program and these are used as input to a district-wide L‘Lﬁear pro—
; gram that considers, deterministically, optimal crop acreages. The objeec—
: T:,_tiw is to maximize the net walue of the output. The constraints consid-
4 ered by this program are water availability in various time periods, land

. use constraints, fertilizer availability, manpower availability, and a com-

~ straint that limits the acreage of monfood crops.

Discussion of Crop Optimization Models

Problem Statements

. Young and Bredehoeft (1972), Anderson and Maass (1971), Hall (Parsonms,
11970), and de Lucia (1969) all consider basically the same problem: maxi-

mizing yearly yields or return from a fixed irrigated acreage, considering

. a given number of feasible crops. Smith (1970) is concerned with maximizing

k. the net present worth of a planned expansion of a presently irrigated area,

considering capital investments of the project and capacity dependent opera-

All of the previocusly mentioned authors comsider linear constraints
such as land constraints, water use constraints, etc. Smith (1970) and
Hall (Parsoms, 1970) consider crops grown in time periods extending through-
out the entire year, butwione of the studies considers more than cone year

and possible crop rotatlon requirements.
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Basic Data

The data used by the authors range from being based on extensive field
trials to being based on rather questionable assumptions. Stewart and
Hagan (1973b) conducted field trials, growing corn under many different
irrigation regimes,

Yaron, et al., (1973) and Minhas, et al., (1974) rely on data from a

m 1

number of years to establish their respective productien functions. A "year'
term is often included in the regressions. When the year term accounts for
much of the variation in observed yields, the model obviocusly has not been
well constructed. A model of plant growth which ineludes soil moisture and
climaric terms should not require a year term. Another slternative is to
use data collected in a single year, thus eliminating complicating effects
of climatic wariability.

Several of the authors devote little time to discussing the data om
which their studies are based. Consumptive use figures for fully watered crops
are availahle for many crops in many locations. These data are adequate for
a study such as de Lucia'’s (1969). In other studies, including Hall's and
Anderson and Maass', it appears that data for yields under conditions of
less than optimum water supply have been based, in some cases, on judgment
resulting from limited cobservations. This is not meant to be a criticism
of the studies, only a reflection on the lack of data and the lack of theory
to predict crop yields, These models have turned to substitutes for actual
crop response data because of the extreme complexity and interaction of crops,

growth stage, soil nharaﬁteristlus. atmospheric conditions and variation in

water availability.
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b
Growth Models and Production Functions

=
e AN

Similar to the diversity in making use of basic data, diversity was
in the growth models and production fumetions adopted by the wariocus
B s

; 4 Stewart and Hagan {1973b) proposed a growth model linearl:,l; relating

ds to seasonal ET. Jensen and leerman (1970) and Hanks (1974) have

production function with terms functions of soil molsture during the

e periods. Updating soil moisture in Hall's model requires predieting

' Hall's ET (ilall and Butcher, 1970) is only a function of available

1 moisture, ASM.

In the model of Minhas, et al., (1974), ET ig a function of ASM, poten-
ET and a crop factor. Evapotranspiration is related to yields thruugﬁ
tiplicative production function. Dudley, et al., (197la) predict

ET from free water evaporationm, a crop factor, and a soil factor.

ls are predicted based on the growth-mo-growth concept which is based

_ ',da..:l'.l]r ET wvalues.

~ All of the previously mentioned authors rely on an ET estimation model.
':-. g authors relate ET to yields while others, such as Hall, require esti-
of ET in ufder to update soil modisture, which in turn is related to
'i-- yield coefficients in each time period. Im any case, an ET estimatiom

Bodel is needed.

L5

Additive versus Multiplicarive Functionms

--___ Multiplicative production functions have been employed by Haaks, Hall,
-
~and Minhas. Jensen (1968) proposed using the multiplicative relation for

-
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some crops, but the irrigation scheduling prngra¥5 of Jensen assume only one
method of production. Anderson and Maass and Young and Bredehoeft do not
employ continuous production functioms,

Smith, in his simulation model, assumes a "linear relaticnship between
crop yield and the water applied during any decision period" tSmiﬁh, 1970).
An additive function, based on theory by Moore (1961) does not appear to be
justified for all crops (Hall and Dracup, 1970, p. 134; and Jensen, 1968).
Dudley's growth-no-growth concept is an additive relation with each growth
day contributing a dellar value to the crop.

The multiplicative relation implies, for examyle, that if growth is only
70 percent of potential for a particular growth stage, then the maximum yield
attainable by the crop is 70 percent of potential. According to the additive
theory 70 percent of potential growth in a particular time period will only
result in potential yields being reduced by 30 percent of that particular

time period's potential contribution (see Figure 1).

b
4

- [1 -7 SN

Potantial Growvih

Actu=]
Grerth

Ralativa Gresth
oy oo LY

SR

Tie=

Figure 1

ACTUAL AND POTENTIAL CROWTH BY IRRIGATION CYCLES
(From Moore, 1961)
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:.: Again, the point is made that no adequate theory has been developed and
'--.-..::_' available data are not sufficient to conclusively adopt any of
he production functionSdescribed. As new. data become available there is a

d to test them with both approaches.

1

.~ PART II. MODELS DESIGNED TO SPECIFY SOIL MOISTURE STATUS
AND YIELD RESPONSE

2

_-'i:n explore the problems and difficulties of applying experimental water

data to models that are designed to predict or explain yield response to

moisture stress on crops throughout the growing season, two different

hes were used to test various predictive models on corn and sorghum

ents. The first attempt was by Dr. Habte Neghassi testing several

s against observed soil moisture use on corn at the Colorade State Uni-

7 agronomy farm in Fort Collins.

.~ second attempt was more elaborate and was nade by Dr. Dan Yaron am:l
ues to predict soil mﬂ:.lsture status and yield response of corn from

s data. These models use data cbtained from experiments designed

= crop response to various levels of soil moisture availability

throughout the growing season.

fhese exercises are presented to show the difficulties encountered when

to develop predictive models. The Yaron method does give guide-

for predicting yield reductions in cornm.

-+
¥

ORN WATER USE AND YIELD MODELS (Dr. H. Weghassi and Dr. R. Young)

t:_._“_ broad objectives of this analysis were to simulate water use and
resp onse models for varlous crops using historical data. However, due to
imitations and unsuitability for combining the data, only corn growm at

Fort Collins, Colorado was studied.

o
pre
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Crop, Soils, and Climatic Data

Corn (i&a Mays L.) was growvn at the Colorado State University AgTonomy
Farm. The study was conducted by Twyford (Twyford, 1973) under the super-
vision of Dr, R.E. Danielson in 1972. The crop, planted May 12, was EYown
under varying soil moisture regimes. There were 11 treatments, representing
three irrigation'quntas, invelving three schedules each, one irrigarion
quota involving one schedule, and one control. All irrigation treatments
received water during the critical silking period, All irrigation applica-
tions were 5 em (2 inches)} by basin irrigation. The schedules refer to
length (days) of irrigation delay during silking,

The s0il was uniform deep Nunn Clay loam. There were three plant den—
cities of low 54,000, medium 69,000, and high 85,000 plants per hectare, Uni-
form 47 kg/ha Phosphorous and 107 kg/ha Nitrogen were applied. The ultimate
root depth was 195 em with total wvater holding capacity of 26.6 cm.

Soil moisture was measured using a neutron probe at intervals during
the growing season, Only the medium population density Plots were sampled.
Ho measurement of ground water level in the oot zone was made but probably
did not exist, .

Daily climatic records of maximum and minimum air temperatures, precipi-
tation, and minimum relative humidity were recorded at the experimental site,
No records of wind speed, saturation vapor pressure, and solar radiation (or
percent sunshine) were made. Adaptien of solar radiation measurements at the
Horticulture Farm, Colorade State Universiey, which is located about 7 milese
HRE of the Agronomy Farm, made rhe climatic data suitable for estimating
potential evaportranspiratien using the Jensen-Haise method. The solar method
malfunctioned many times during the growing season. Measurements indicare

obvious overestimation even under clear skies,
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Data gathered by Dr. R.E. Danielson in 1968 were also analyzed.

a'}ezpeﬂmtal objective and design were not the same as the 1972

Estimation of Evapotranspiration

iﬁz;.tig; evapotranspiration
.-‘F

The climatic input was incomplete to estimate potential evapo-
-;::piratiun, ETP, by the combination, or Penman, method (Penman,
]{i'}, which would have been prafarréd. Thus, ETP was estimated by

the Jensen-Haise method (Jemsen and Haise, 1963), which requires aver-
-ﬂf'daily temperature and solar radiation as input. The equation is
glven by

ET, = (p.025T, + 0.080)R_ .... (1)
ﬁf.- Ta is the average daily temperature in ”c, R is the total short
'-'.-=_:-- radiarien in cal cn"zda}f-l received from the sun and the sky, and
E{ﬁ iz cm day-l.

." ual evapotranspiration

Daily evapotranspiration for a given agricultural crop under actual

conditions of soils and climate, ET, is related to daily potential evapo-—

transpiration, ETP, as follows:

B ET = K ET @)
cp

where K, is 2 dimensionless coefficient. It represents the combined rel-

iive effects of the IEFiEtEECE of water movement from the soil to the

ious evaporaring surfaces and the resistance to the éiffuﬁil:_m of water

k-
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from the surface to the atmosphere, as well as the relative amount of
radiant energy available as compared to the reference crop. The crop
coefficient derived from conditions of water non-limiting is designated
by Kco.

In the USDA irripation scheduling computer program the crop co-
efficient is édjusted for soll water availability and seil surface wer—
ness as follows:

Kc = KaKco + Ks (3)
wheres Ka is the relatiwve coefficienf related to percent available soil
water, AM, as follows:

Ka = In(AM + 1)/1In 101 (4)
Ks is the increase in the coefficient when the soil surface is wetted
by irrigation or rain. It is approximated by:

Ks = (0.90 = Kc}m . (5)
in which m = 0.8, 0.5, or 0.3, respectively, for the first, second, or
third day after irrigatien or rain. Im this particular case, KE =
0.8, 0.7, or 0.5 when the rain or irrigatiowu exceeded 1.5 em for the
first, second, and third days.

The mean crop coefficient where soll molsture was mot limiting and
normal irrigation stands are used, ch, varies with type af crop. For
corn, Kuu’ is piven by

K_ = 0.23 - 0.4276P + 2.756P° - 1.583p° ' (6)
where P is the fractiom of days from planting to time of heading. After
heading, Kcu is given‘By

K_ = 0.915 + 1,195 - 4.688D% + 2.75D° ' €D
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; which D is the number of days after heading divided by 100.

For this case, KED was kept at 1,00 for the first 40 days after

heading, or until D 2 0.40.

Soil moisture depletion

i
- The major dependent variable is soil moisture depletion and the

: ajor components are:
2 n
= TR TR (®

re DSW is s0ll moisture depletion (after a2 thorough irrigation D

‘-'ﬂ), RE is effective rainfall (excluding surface runoff), I is irriga-

l—-ﬁr’:.- water applied; and “& is drainage from the root zone. The terms

[ the right of the equal sign are daily totals, expressed in cm, im
the :'prestut computer program.

The amount of water available in the root zone (holding capacity

2

-fﬁ-.'ﬁ cm) at .any time during the growing season is given by:
~ ASW = 26.6 - DSW (9

_ pre ASW is available soil water.
._

Comparison of estimated and measured water use

Available soil water was selected as a criterion for comparing
tk = estimated and measured water use. Microfilm plats of the measured
ayailable soil water (points) and estimated available soil water are

.i:'}.'—-"'—" in figures 2 and Appendix g, figures 1-10, ome for each irri-

L
-

gation treatment. En:l.l water measurements were first made on June 22

.(Jul:l.m day 173). This measurement is taken as the initial scil water

b
o)
1
.-
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level for the simulation, and thus is implicitly assumed correce. The
estimate of soil water between planting (May 12, Julian day 132) was
made by reading in an initial value for available soil water which would,
after considering the various components of depletion, give close cor-
Tespondence to the measurement of June 22.

The measured and estimated soil water availability compare well
for the drier treatments, 0, 1A, 1B, and 1C (fig. 2 and Appendix B
figures 1-3). Treatment 0 recelved no irrigation and 14, 1B, and 1C
received one 5 cm irrigation. Treatment 3C (fig. A6) also gave close
agreement .,

As shown in Appendix figures A4, AS, A6, A7, A8 and AD, treatments
3A-B, 4A-C, and 5 compare very poorly. The measured available soil
water lewvel is consistently lower than that estimated. Some possible
causes for the discrepancies are:

l. Error in measurement (Neutron probe). Some of the measure—

ments were obviously in error and reasonable adjustments were made

in such cases, :

2. High advective energy causing water losses much higher than a

normal field would experience. The plots were separated by dry

boundaries, which would increase advective loss.,

3. Lateral and vertical movements of soil water from the root

zeme. These were not measured.

4. The solarimeter obviously malfunctioned occasionally during

the season. It wag pverestimating solar radiation indicating

higher values than would be expected on clear days at this



