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ABSTRACT OF DISSERTATION
CROP WATER USE AND YIELD MODELS
WITH LIMITED SOIL. WATER

The objectives of the study were to estimate crop water use,
formulate and test crop yield models, and compare various phenolog-
ical indices using a secondary analyses of seven years hard red winter

wheat (Triticum aestivum L.) data grown at North Platte, Nebraska.

The crop was grown on a Holdrege silt loam soil which is uniform and
representative of much of the land used for wheat production in the
Northern and Central Great Plains. Dry matter yields and soil water
contents were measured at booting, heading, soft dough, and maturity
stages. Dry matter samples were also taken late fall of the preceding
year. Grain yield was measured at harvest. Under the conditions of
limited soil water studied, nceither the application of mulch nor nitro-
gen had significant cffects on grain yield. Year to year variation was
highly significant.

Wheat phenology was correlated to four climatic indices: number
of days, growing degree days, solar thermal units, and potential
evapotranspiration, each accumulated from spring growth initiation,
The number of days was the least variable index.

The combination method with proper calibration of parameters for
region and crop was used to estimate evapotranspiration (ET). Cumu-
lative ET denoted by W, was compared with measured water use
(Wm). A linear regression indicates a one-to-onc correspondence be-
tween Wet and W, with a very small intercept and high correlation,

A transpiration model was developed and cumulative transpiration
(W;) was estimated.

Four dry matter yield models were formulated and tested. The

variables include W Wt’ Wr’ and Wi . Wr is cumulative relative

et
daily crop ET, and Eo is mean daily fPee water evaporation, Total

i1l



dry matter was highly correlated to Wy, Wi, Wr' and %"_ The linear

models with marginal products of 195 kg ha~! em™1, 228 kg ha~lem™],
100 kg ha'l, and 140 kg ha~1 day'l, respectively, have determination
coefficients greater than 0,80 and may be sufficient for predicting dry
matter yields when soil water is limiting. Use of W is believed to
reconcile production models over varied climatic regions,
Linear and nonlinear grain yield models were developed and

tested. Grain yield was related to dry matter production during the
preceding fall (DIle), tillers (N), final dry matter (l)Mf), the inter-

action of climatic extremes T 27°C and U, . 10 kph (M), with a

max —
coefficient of determination R2 = 0.75. The model may be used to
predict grain yield, DMp is a proxy for the factors affecting the vigor
of growth during the fall. DM; can be replaced by any one of the dry
matter-water use relationships. Climatic extremes affect grain yield
seriously. Therefore, the year to year variation in climate necessitates
that crop response studies be conducted over several years.

Relating wheat grain yield to interstage dry matter involved nega-
tive coefficients implying a decrease in grain yield with an increase in
interstage dry matter which is physically unacceptable. The multipli-
cative nonlinear model relates reclative grain yields of wheat and grain

sorghum to their respective interstate relative ET. The model was

inapplicable for wheat production and insensitive for grain sorghum,

Habte Mariam Neghassi

Agricultural Engineering Department
Colorado State University

Fort Collins, Colorado 80521

April, 1974
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CHAPTER
INTRODUCTION

The primary purpose of irrigation is to provide plants with
adequate water for physical production of crops of desired quality at a
level where economic returns can be maximized, There is a shortage
of good quality water, which is becoming more critical with the sharp
increase in demand by all economic sectors on the available water
supply. Any approach to improve crop production and maximize re-
turns from the variable inputs such as irrigation water requires the
simultaneous consideration of soil-water-plant relationships, climatic
factors, and economic and social constrainis which reflect aliernalive
uses.

Water is one of the most essential factors for crop production, It
is, without exaggeration, the lifeblood of agriculture. About 60% of
the land on the surface of the carth is classed as extremely arid, arid,
or semi-arid, and is very responsive to irrigation. Growing popula-
tions and improvements :n their standards of living continuously in-
crease the demand for agricultural products, including food and natural
fibers which require water for their production. Research and techno-
logical advances have resulted in great improvements in crop produc-
tion. Yet, in most of the world today, particularly the less developed
nations, the rate of food production increasc is below the 2.3% per year
needed to barcly feed the world's population, whose growth rate is
1. 8% per year.

Agriculturc is the major consumptive user of water. The Water
Resources Council (1968) reported that this sector of the U, S. econ-
omy uses 85% of the water consumptively used, with crop irrigation
accounting for the largest share, In developing countries, which have
a proportionately smaller industrial sector, an even larger percentage

of consumptive use is by irrigation.



Average crop yields are now below the economic optimum because
the best water and fertilizer use and other cultural practices, singly
and in combination, are either not yet developed by agricultural re-
search or are only used by a minority of growers possessing the
knowledge and skill and apply them. The world record yields of wheat
are 8800 kg ha-1 produced in England in 1952 and 9600 kg ha-1 in the
Soviet Union in 1944 (New York Times, Dec. 8, 1952), If we compare
these record yields with the average yields (1962-64) of North America,
Europe, Asia, Africa, and the world which are 1650, 2040, 910, 820,
and 1150 kg ha_l (Reitz, 1967), it may become obvious that agriculture
has a long way yet to go in using its land and water resources most
efficiently.

More research efforts to determine crop responses to varying
levels and amounts of water application during the growth period are
essential for improvements in water use planning and operation. A
functional relationship between crop yields and water use during the
various phenological stages of the crop must be established for optimum
allocation and use of the water resources.

Production functions are basic to natural resources economic
analysis. They are important in determining the extent to which na-
tional products can be increased from a given stock of resources.
Production functions serve as the basis of comparative analysis for
interregional or international trade. The theory of functional distribu-
tion of income is based on the imputation of total output among factors
of production based on the production function. The production function
provides one of the two general categories of data for maximizing
profits. The form of the supply and cost functions is dependent upon
the nature of the production function.

Objectives
The objectives of this study are to:

1. Simulate crop water use with climatic, crop, and soils data,



2. Formulate operational response functions of crops to
limited soil water, and
3. Compare various schemes of measuring phenological

development.

Crop, soils, and climatic data

A seven yezr study was conducted by Dr, Darryl E, Smika, Re-
gearch Soil Scientist, Northern Great Plains Soil and Water Con-
servation Branch, Agricultural Research Service, USDA, North Platte,
Nebraska. The period of study was 1963 through 1970, The 1968 data
were unavailable because the crop was destroyed by green bugs in the
fall of 1967. The data included crop, soils, and climatic measurements.

Hard red winter wheat, Triticum aestivum I.., was grown under

four field conditions: bare soil with and without the addition of nitro-
gen fertilizer and mulched soil with and without the addition of nitrogen
fertilizer. Stubble mulch tillage was used on the mulched plots during
the 14-1/2 month fallow period. The mulch was wheat straw residue
with an average 5160 kg ha-1 remaining at seeding time. The ferti-
lized plots received 168 kg ha™! of nitrogen applied as ammonium
nitrate (NH4NO,) broadcasted prior to the last tillage before seeding.
No supplemental irrigation water was applied.

The soil is Holdrege silt loam and is very uniform and represen-
tative of much of the land used for wheat production in the Northern
Plains. The size of the plots was 0,01 ha. Each treatment was repli-
cated three times, Wheat was seeded with shoe drill in 30.5 cm rows
between September 17 and 20 each year. Plant population was kept
constant at 96, 8 plants per square meter each year of the study.

The time of growth initiation in the spring was recorded. Four
stages of phenological development were observed. The four stages
represented boot, heading, soft dough, and maturity. Plant samples
were taken from a 0.84 m? area of each plot at each stage of develop-
ment and late fall of the preceding year. The samples included entire

above ground portions at all samplings and grain yield at maturity.



Soil water measurements were made at the start of spring growth
initiation and at each of the four succeeding stages at which plant sam-
ples were taken. Soil water was measured by the neutron scatter
method to a depth of 180 cm at increments of 30 cm.,

Daily climatic records were kept at the weather station of the
North Platte Experiment Station. The records included maximum and
minimum air temperatures, precipitation, percent sunshine and wind
speed.

Grain sorghum grain yield and water use data collected at
Bushland, Texas, 1956 through 1959, were obtained from Dr. M. E.
Jensen, director of the Snake River Conservation Research Center,
USDA-ARS, Kimberly, Idaho. The data were received in final form
as used by Jensen (1968) to develop stress exponents for the multipli-

cative model suggested by Jensen.



CHAPTER II

EVAPOTRANSPIRATION AND PLANT PHENOLOGY

A. Evapotranspiration

This section discusses the basic principles of the process of
evapotranspiration and outlines the common estimating procedures.
The combination method for estimating evapotranspiration from cli-
matic, crop, and soil data is developed. The water balance equation
is also given,

There are five general methods of estimating evaporation:

1. The hydrological or water balance method. It includes such
diverse methods as lysimeters and soil sampling.

2. The eddy correlation approach. Several types of equipment
have been developed to use this method, however, equipment com-
plexity and sensor limitations have restricted widespread use.

3. The energy balance method. An enormous amount of energy
is required to convert liquid water to vapor at the same temperature.
The energy balance measures the energy flow in the various pathways
to the vapor source, and from this derives the energy used in vapor-
ization, From knowledge of the latent heat of vaporization, the volume
and mass flux density can be evaluated. The energy balance is a
favored micrometeorological method with the present level of
technology.

4, The aerodynamic or profile method. This method describes
the vapor mass flux. It requires an estimate of the turbulent diffu-
sivity or transport coefficient and the vapor gradient., The transport
coefficient and diffusivity are expressed in terms of the air speed past
the surface, Compared to the energy balance, the aerodynamic
method is less satisfactory.

5. The combination method. This method combines parts of

each of the energy balance and aerodynamic methods.



The combination method of estimating potential evapotranspiration,
ETp, will be developed by considering the appropriate parts of the
energy balance and aerodynamic methods.

A.l. Energy balance method

The major components of the vertical energy balance at the soil

surface or at the effective surface of the crop can be given by
R =E+G+A (2.1)

where Rn is the net radiation flux received by the surface, positive
upward; E is the latent heat flux density, positive for flow toward
canopy; A is the sensible heat flux density to the air, positive for flow
toward canopy; and G is sensible heat flux density to the soil, positive
downward, All components of equation (2. 1) have units of cal cm_z
day-l.

The following assumptions have been made in the derivation of
equation (2, 1):

1. There is no horizontal divergence, that is, the surface is
large and uniform, The fetch distance required to provide horizontal
divergence may be 30 m or less for most short, closely spaced field
crops. Rider et al, (1963) evaluated temperature, moisture, and wind
profile variations over the first 16 m of grassed surface. Their
measurements show that the greatest variation occurs in the first 10
to 15 m after a discontinuity is encountered. Bartholic et al. (1970)
recommend that for instruments above the crop an allowance of
roughly 200 m of fetch be made for each meter above the crop surface
for 90 percent profile adjustment. ‘

2. Energy of photosynthesis is negligible. It is reported not to
exceed 1 or 2 percent of net radiation (Bartholic et al., 1970).

3. Energy stored in crops is negligible, This is generally valid
except possibly during a short period during sunrise or sunset
(Tanner, 1960).



A.l.l, Net radiation

The net radiation flux density in cal cm-z day-1 can be estimated

by considering the net short and long wave components of sky radiation,
Rn=(l-a)RS-Rb (202)

where o is the short wave reflectance or albedo; Rs is the total short
wave radiation flux density received by the surface from the sun and
sky; and Rb is the net outgoing long wave or nocturnal radiation flux
density emitted by the surface, i.e., the difference between the
emitted and absorbed.

Mean daily reflectance coefficients a for most green field crops
with full cover range from about 0,22 to 0.25. A value of 0,23 is
commonly used (Jensen and Haise, 1963).

Solar (short wave) radiation can be measured directly with instru-
ments ranging in complexity from bimetallic sensors with spring
wound chart recorders to thermopile sensors with electronic integra-
tors and chart recorders, When measurements are not available,
solar radiation can be estimated from clear sky solar radiation and
fraction of possible sunshine. Values of clear day solar radiation,
Rso' can b~ obtained by plotting daily solar radiation and establishing
an envelope curve through the high points (Jensen et al., 1971). Rs can

be estimated from R, and either degree of cloud cover or percent

sunshine (Jensen and Haise, 1963),
Rs = (0, 35 +0.61$)Rso (2. 3)

where S is the fraction of possible sunshine.

The net long wave radiation flux, R,, can be estimated with suf-
ficient accuracy using empirical relations between solar radiation, air
temperature, and saturation vapor pressure by equations (2. 4)

and (2, 5):

R. =(a, +b, /oi) T2 (2. 4)



and R's
R, = (a —
b Rso

in which Ry, is the net outgoing long wave radiation flux on a clear day;
o=11,71X10"8 cal cm™? day™! °x™%

e; is the saturation vapor pressure in mb at height z meters; a, b,

b empirical constants; and T - T;lnax * Tmin in which T
a,, by are empirical c ; o = 5 in which Ty,

and T,,;, are the daily maximum and minimum, respectively,

+ bRy (2. 95)

is the Stefan-Boltzman constant;

absolute (°K) air temperatures.

The form of equation (2. 4) is that suggested by Brunt (1940).
Many researchers have since evaluated local constants for various
parts of the world. Appropriate for this study arc constants calibrated
by Heermann et al. (1974) for the Northern and Central Great Plains
using observations gathered at Scotts Bluff, Nebraska., Heermann
obtained values of 0.90, 0.10, 0.375, and -0.044 for a, b, ay, and bl'
respectively.

A.l.é. Soil heat flux

The flux of sensible heat into the soil, G, is a function of the sur-
face temperature and the composition of the soil; the flux increases
with the temperature range and soil water content, Over periods of
hours its magnitude can be significant, but is quite small from day to
day because heat stored early in the day is released late at night. The
maximum values, which occur in the spring, rarely exceed 10 percent
of the net radiation (Sellers, 1965).

Sellers (1965) suggested the following relationship as the most
accurate and most practical method for determining the flux of heat

into the soil:

G = c g2l (2.6)

A r
where __A__IF‘a is the time rate of temperature change averaged for the
soil layer from the surface to a depth z of & to 10 cm, and C is the

heat capacity of the soil.



The heat capacity C can be approximated from an expression

given by de Vries (1963):
C=0.50x_ + 1.0 x, (2.7

where x4 and x are, respectively, the volume fractions of solid

matter and water in the soil, and the constants 0. 50 and 1.0 are the
-3 04-1
C

corresponding heat capacities in cal cm

Considering the top 6 cm of the soil profile under crop culture to

have an xg = 0,50 and an x,, = 0. 25 (50% available soil water level),
equation (2, 7) gives an approximate value of 0.50 cal cm-3 OC-1 for C;
and equation (2, 6) becomes
A
G=3.0-~r8 (2.8)

At

In the USDA irrigation scheduling computer program (Jensen and
Heermann, 1970) At is one day and ATg,is the average air tempera-
ture for the day in question minus the mean of the average air tem-
peratures for the three previous days in °C, and the coefficient

3o0,.-1

determined by calibration is 2.8 cal em © C7,

A2, Aerodynamic transfer method

The latent heat flux density E and the sensible heat flux density A,
which are components of the vertical energy balance expressed by
equation (2,1), are elements in the aerodynamic method of estimating
vertical turbulent transport of heat and matter (water vapor),

Atmospheric motions near the earth's surface are always turbu-
lent, even when the air is very stable. This turbulent motion is
separated from the surface by a laminar boundary layer, within which
heat and matter (water vapor) are transferred vertically only by mo-
lecular processes. The rates of transfer are proportional to the
vertical gradients of temperature T and vapor pressure e. The basic
equations in the aerodynamic method of determining the vertical fluxes

of heat and water vapor are given below:
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A=p CpDh (TZ - To) (2.9)
PAD,,
E = 0,622 (ez - eo) (2.10)
kzuZ
where Dh = DW = —;—a—z (2. 11)
(111—{5 )

In the above equations the subscript "o'" refers to surface values; z is
height above the surface and is generally 1 or 2 m; Cp is the specific
heat of air at constant pressure, cal g-1 0C-l; A is the latent heat of
vaporization, cal g'l; p is the density of air, g cm-3; p is the atmos-
pheric pressure, mb; k is the von Karman constant, which is near
0. 41; u, is the wind speed at height z; d is the displacement param-
eter, cm; and z is the roughness height when an adiabatic wind pro-
file exists and the wind follows the log profile. The transfer coeffi-
cients for turbulent heat and vapor Dy and D W’ respectively, vary
very little with height above 1 m, This observation lead to their
equality in equation (2.11).

A detailed derivation and more complete reviews of turbulent
transfer processes are provided by Sellers (1965, pp. 141-155) and
Tanner (1967).

A.3 Combination method for evaporation

Penman (1948) and Budyko (1956) have treated evaporation as a
dynamic process by comb.ning the energy balance and the aerodynamic
methods. The resulting relationship is referred to as the combination
equation. In this section the important relationships of the modified
Penman (1963) method will be summarized, The derivation is based
on equations (2.1), (2.9) and (2,10). By combining these equations,
Penman obtained an expression for potential evaporation that elimi-
nated the surface temperature dependence of the sensible heat in
equation (2.9). The details of the steps involved can be found in the
papers by Tanner (1968) and Bartholic et al. (1970).
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The general form of the combination equation involving vapor

pressure deficits is

A p CD
E=prgm [Ry-G+—y {(e; -e,)-(el -e)t] (2.12)
el - Q 1
where 4 = -T—:-:—,l—?c; is the slope of the saturation vapor pressure
p C
of water, y = B—-B%—z—x is the psychometric constant, mb OC-I, and

the other variables are as previously defined.

Modifications of equation (2,12) are possible with different sur-
face conditions. If water is not limiting and there is no vapor pres-
sure deficit at the evaporation surface, then ec') -e,=0 and
equation (2.12) reduces to

Ep:A_-!—Y [(Rn-G)+o—f‘7p£ (e(;-ez)l (2.13)
which is the original Penman (1948) formula for potential evaporation,
Ep.

Since the temperature at the surface is seldom known, the tem-
perature at height z, T,, is used in its place. ThenA is given by the
point slope of the saturation vapor pressure - temperature curve, -g—% ,
for water at Tz' Tz is also used in the calculation of the psychomet-
ric constant Y. Van Bavel (1966) confirmed that the use of TZ for To
caused little error in the calculation of evaporation.

A.3.L Potential evapotranspiration

Although many writers treat potential evaporation and potential
evapotranspiration as synonymous, therec are practical reasons for
defining a potential evapotranspiration term ETp which refers to a
specific crop. First, irrigated projects do not have uniform, well-
watered actively growing crop all season. Secondly, an infinite fetch

does not exist throughout the growing season.
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Evapotranspiration is the sum of water lost by evaporation and
transpiration. Transpiration is the loss of water in vapor form from
plants, A1l acrial parts of leaves may lose some water by transpira-
tion, but most of the water is lost through the stomata which are con-
centrated mostly in the leaves. Evaporation is the loss of water vapor
from the soil or from exterior portions of plants where water may have
accumulated from irrigation, dew, or exudation from the interior parts
of plants.

Potential evapotranspiration is defined as the upper limit of evapo-
transpiration that would occur with a given atmospheric demand from a
well-watered reference crop that has an aerodynamically rough sur-
face., Penman (1956) suggested the use of a short green grass, com-
pletely shading the ground, of uniform height and never short of water
for a reference crop. On the other hand, Jensen and Haise (1963) and
Jensen (1968) prefer alfalfa that is well-watered and has 30 to 50 cm
of top growth for the following reasons: a) a 30 to 50 cm of top growth
provides an aerodynamically rough surface representative of agricul-
tural crops, which accounts for the common and important occurrence
of advection; b) since plant leaves are relatively transparent to solar
radiation, sufficient layer of leaves are desired to absorb most of the
solar radiation before reaching the soil surface which is more sub-
ject to drying; c) alfalfa has a low leaf resistance to water vapor dif-
fusion; and d) generally alfalfa has a root system that is in contact
with soil volume several times larger than grass which minimizes the
effect of decreasing soil water content, Van Bavel (1966) indicated
that alfalfa may transpire at a potential rate for about 20 days after
irrigation in arid regions in mid summer,

The general cquation for potential evapotranspiration ETp can be
obtained from equation (2.13) by replacing the vertical transfer coef-

ficient D by its value given by (2.11):
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rC k2u

= oA . p z
ET, = cE, = cppe [(Ry-G) +—F —
(ln——)

, (8,-e,) 1 (2.14)

where c is the conversion factor to depth equivalents. Using 585 cal

g"1 as the latent heat of vaporization for water at 20°C, the value of

3

¢ necessary to change ET_ to cm day"1 becomes 0,00171 cm cal-l.

P
Penman (1963) calibrated the constants in equation (2, 14) for re-

flectance coefficient or albedo o = 0,25. He obtained

ET,.=c[+—

p A+Y (R - Q) + 50 156.36 (1.0 + O, 0062u2)(02 02)] (2.15)

where u, is the wind speed at 2 m in ki day“1 (for wind in miles

2
day"1 0.01u,y is used), If wind speed/is measured at elevations other
than 2 m, it can be approximated from the empirical expression

(Sellers, 1965),
2.0
u2 - u'z ( z ) .

Heermann et al, (1974) calibrated the wind function for the Northern
and Central Great Plains using data gathered at Scotts Bluff, Nebraska,
and obtained 0, 0093 as a coefficient for Uye Under high advective con-
ditions the combination equation tends to underestimate ETp (Jensen,
1969). Under these conditions the aerodynamic term proposed by
van Bavel (1966), 7.149u,,/ In(z/z) , may be preferred in place of
15.36(1. 0 + 0. 0062u,) provided z, is in the range of 0.6 to 1.0 cm,

When climatic input is incomplete to evaluate ET _ by the combina-

p
tion method, ET_ can be estimated by other empirical methods, prefer-

p
ably developed for the particular geographic area, that make use of the
measured climatic input. One such is the Jensen-Haise method
(Jensen and Haise, 1963) which requires average daily temperature

and solar radiation as input data. The equation is given by (2. 18):

1'.3Tp = (0,025 Ta + 0.080) Rg (2,16)
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where T, is the average daily temperature in o¢C, If direct measure-
ments of the solar radiation Rg are not available, it can be evaluated
from equation (2.3). Equation (2.16) was developed from observations
in the Western United States. Therefore, it applies for the Northern

Great PPlains.

A.3.2, Actual 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:

ET - KCETp (2.17)

where K, is a dimensionless coefficient similar to that proposed by
van Wjik and de Vries (1954). It represents the combined relative ef-
fects of the resistance of water movement from the soil to the various
evaporating surfaces and the resistance fo the diffusion of water from
the surface to the atmosphere, as well as the relative amount of radi-
ant energy available as compared to the reference crop (Jensen, 1968).
Jensen defined K, as

Rn-G-A

K. .= (2,18)
¢ Ryo- G, - Aq

The subscript 'o"

designates concurrent values for the reference crop
in the immediate vicinity of the crop in question.

Typical examples of the effects of stage of growth on the crop
coefficient where soil water is not limiting have been presented for
grain sorghum by Jensen and Haise (1963) and Jensen (1968), and for
corn by Denmead and Shaw (1959). The crop coefficient derived from
conditions of water nonlimiting is designated by Kco'

In the USDA irrigation scheduling computer program (Jensen and
Heermann, 1970, and Jensen et al., 1971), the crop coefficient is ad-

justed for soil water availability and soil surface wetness as follows:
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Kc = KaKco + Ks (2,19)

where Ka is the relative coefficient related to percent available soil

water, AM, as follows:

Ka = In(AM + 1)/1n 101 (2.20)

Ks is the increase in the coefficient when the soil surface is wetted by

irrigation or rain, It is approximated by
K'5 = (0.90 - Kc)m (2.21)

in which m = 0.8, 0.5, or 0.3, respectively, for the first, second, or
third day after ifrigation or rain,

The mean crop coefficient where soil moisture was not limiting
and normal irrigation stands are used, Kco’ varies with type of crop.

For small grains, Kco’ is given by

2 3

K =0,23-1,140P + 4, 843P (2.22)

co

- 2. 893P

where P is the fraction of days f.-om planting to time of heading, After

heading, Kco is given by

K, = 1.02 + 8.532D - 7. 260D2 + 4, 440D° (2.23)

in which D is the number of days after heading divided by 100.

A.4, Water balance

A quantitative measure of soil water depletion between sampling

intervals can be obtained from the water balance cquation (2.24):

W=9 -6, +R,;-W (2.24)

i i+ di

in which Wis the measured depletion of soil water during the sampling
interval i to i+1, cm; ei and 8,,, are the root zone water contents at

the beginning and end of the given interval which may represent a
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phenological stage of a crop, cm; R ei is the rainfall excluding surface
runoff, cm, during the interval; and W di is the deep percolation loss,
cm, from the root zone during the interval.

The depletions can be accumulated to succeeding stages of growth
to determine the total use to that point in time, In this study, the
cumulative depletion of soil water obtained by summing the measured

depletion is defined as Wm'



17

B. Plant phenology

Phenology is the science thal deals with the time of appearance of
characteristic periodic phenomena in the life cycle of natural orga-
nisms including plants, especially in relation to climate and other en-
vironmental factors. Several methods are used to correlate plant
development to climatic conditions, The most common is the thermal
unit. Photo-thermal units, solar thermal units, modifications of the
thermal unit, and number of days are frequently used. This section
presents discussions of the thermal unit, solar thermal unit, numbher
of days, and potential evapotranspiration as measures to which plant
development can be correlated., First, basic definitions of terms re-
lated to plant phenology and descriptions of developmental stages are
given,

B.1l, Developmental stages

Whyte (1946) gives the following distinction between growth and
development phenomena: '"Growth is an increase in size without any
profound qualitative changes in the growing parts,' and ''By develop-
ment is generally understood the progress of internal qualitative
changes (with or without external change) governed by the factors of
the environment and which lead ultimately to the production of fruit,
and in annual plants, to death,"

Following the suggestion of Salter and Goode (1967), the word
"stage' is used to delimit any period of growth or development which
is based on changes in the external appearance of the plant, The term
"phase' refers to developmental periods with qualitative internal
changes.

The terms used to describe the growth and developmental stages
of the majority of grain crops are similar and have been standardized
to some extent, Table 2.1 has been adapted from an outline by Salter
and Goode (1967) which describes the sequence of stages of growth

and development of the grain crops as determined by external
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Table 2.1, Stages of growth and development of grain crops based on

external appearance,

Stage Description

Germination The appearance of the radicle.

Tillering The formation of tillers, i.e., branches produced
from the base of the stem.

Jointing The stage when two nodes can be seen, i.e., the
beginning of shooting.

Shooting The stage of elongation of internodes.

Booting The end of the shooting stage and just prior to
the emergence of the ears.

Heading ) The emergence of the ear from the tube formed

Earing ) by the leaf sheath.

Flowering The opening of the flowers. In corn this stage

Grain formation

milk-ripe
soft-dough
waxy-ripe
full-ripe

dead-ripe

is often divided into tasseling and silking being
the time of appearance of the male and female
flowers, respectively.

The period of grain development from fertilization
until maturity. This period can be further sub-
divided iuto the following stages:

grain contents have a milky consistency.
grain contents have a dough consistency.
grain contents have waxy appearance.
grain contents hard.

grain ripe for cutting.
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appearance. Alternative terms are included when there is a doubt
whether two terms are synonymous,

Some Russian workers have criticized the u:e of stages based on
external appearance as it may not be associated with developmental
changes in the productive organs., Zabluda (1940), for example, has
defined six stages of development of the wheat plant (which can be
applied to other grain crops) based on the formation of (1) the leaves,
(2) the spikelets, (3) the florets, (4) the reproductive cells, (5) the
grain, and (6) the ripening of the grain; and he suggests that the vari-
able and often conflicting results obtained in drought resistance studies
may be due to varietal difference in the time of formation of the repro-
ductive organs relative to the external appearance of the plant.

Some workers (Salter and Goode, 1967) have determined the limits
of various phases in relation to morphological changes and have also
studied the effect of soil moisture conditions imposed during different
developmern.al phases., Skazkin (Salter and Goode, 1967) has sum-
marized much of the work on this subject and related, in diagram
form, the development phases of wheat, barley, and oats to the more
commonly used stages of growth and development of these crops
(Figure 2.1). This information is regarded as a great help in

comparing and interpreting expcrimental results,

B.2. Thermal unit

The thermal unit has been in use for over two centuries, It is a
scheme for measuring plant-temperature relationships by the accu-
mulation of differences between daily mean temperature, Ta’ and a
lower threshold temperature, T{ during the growing season. Alge-
braically, the thermal unit is expressed as

tm

GDD = .I: [Tai - T
1=tp

in which GDD is the growing degree-days which is equivalent to ther-

and t are dates of planting and maturity, respectively.

11 (2.25)

mal units, and tp
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GOLDEN RAIN OATS

Growth Stage seedling igé'gf tillering |shooting fgm flowering| milk ripeness |wax ripeness
jon N
izati . 3rd
Growth Phase ve:};r;)a;;:a ton light phase phase 4th phase
Time of - .
Critical Period critical period
BYZANTINE OATS
. 3rd| .. . . ear

Growth Stage seedling leaf| tillering shooting 1t‘?gnma flowering
Growth Phase vernalization phase lﬁgls‘; pggge 4th phase ‘
Time of .
Critical Period critical period

WHEAT

3 3rd . . . ear -
Growth Stage seedling leas | tillering shooting formation| flowering
Growfh Phase vernalization phase light phase ngge 4th phase
Time of ies <
Critical Period critical period
VINER BARLEY
Growth Stage seedling li!:} tillering shooting ) ?::mation milk ripeness . :iepse-
‘ vernalization licht ph 3rd 4th

Growth Phase shase 1ght phase phase phase
Time of critical
Critical Period period

Figure 2.1. The critical periods of spring cereals in relation to their growth stages and phases (after Skazkin, 1961).

20
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Certain sums of thermal units or growing degree-days have been
defined as crop varietal constants. A linear relationship was assumed
to exist between crop development and temperature. This assumption
led to the ''remainder index method" of calculating the relationship,
which in turn gave rise to a number of expressions such as '"degree-
days'' "growing degree-days', 'heat units", "growth units', and
"thermal units',

The remainder index method has beern applied to numerous native
and cultivated plants. In addition to the lower threshold temperature,
and upper threshold is sometimes specified. Both are considered to
vary with crop variety., Nuttonson (1955) compared various lower and
upper threshold temperatures for cultivated crops in several parts of
the United States. For winter wheat grown ncar Lincoln, Nebraska,
he recommended 2-5°C as a range for the lower threshold tempera-
ture and 2709C as the upper. Nutlon (1948) attempted to improve the
remainder index method by considering the length of photo-period,
The resultant photo-thermal unit was defined by introducing a term P
as a multiplying factor within the summation of equation (2.25), P
refers to the length of daily photo-period.

Lindsey and Newman (1956), in a study of the flowering of native
plants, considered diurnal temperature spread as a refinement in the
remainder index method, The relationship, expressed in degree-
hours (DH), reflected the approximate duration of the different

temperature levels:

12(Tax-T;)

DH = Ty ax- Tmin (2.26)

where T .. and T, . are the maximum and minimum daily tempera-
tures, respectively,

Podolskii (1958) in his study of the phenology of cotton in the
USSR found that neither the heat sum nor the threshold temperature is
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constant. He constructed a pheno-temperature nomograph to eliminate
the nonlinearity and achieved greater accuracy in phenological progno-
sis,

Holmes and Robertson (1959) introduced a generalized formula for
the computation of weekly degree-days above 5°C for nine stations in

Canada using the expression given by (2.27).

D = N(T,-T,) + LOYN] (2.27)

where D is the normal degree-days accumulated for a given month, N
is the number of days in a month, L is a proportionality constant, and
0 is the standard deviation of the mean temperature. The value of the
constant L. can be obtained from a specially prepared table.

The remainder index system continues to be most widely used in
studies attempting to correlate growth and development of crops to
temperature. It is widely used for its simplicity and its value in
satisfying practical needs and definitely not for its accuracy nor its
theoretical soundness.,

This system has been used in field works, planning, and research,
For example, the canning industry uses the thermal unit system in
scheduling planting dates to insure orderly flow of optimally mature
crops. Disease, weed, and insect control are generally correlated to
the thermal unit system, It is widely used in the selection of suitable
areas fur specific crop varieties. Many branches of the applied sci-
ences such as agronomy, engincering, entomology, zoology, make use
of thermal units.

Some of the major limitations of the thermal unit system are as
follows (Wang, 19506):

1. Varietal constants obtained from the thermal unit system fail
to take into account the phenological development of the plant.

2. The threshold temperatures change with advancing stage of

plant development, contrary to the assumption that they are constant.
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3. The thermal unitl system does not consider many factors vital
to plant growth and development, such as solar radiation, soil mois-
ture, relative atmospheric radiation, wind, crop cover, etc.

In addition to the modifications mentioned earlier in this section,
the solar thermal unit and evapotranspiration are two alternatives that

have relatively stronger theoretical and physical bases.,

B.3. Solar thermal unit

Recently Caprio (1971) suggested a further improvement to the
remainder index method by incorporating solar radiation. The result-
ing expression defining the solar thermal unit, STU, is given by

ty

STU= L Rsi(Tai - Tl) (2.28)

i=tp
where RS is the daily net radiation in the range of 0. 3 to 4. 0 micron
wave length, which is equivalent to the shortwave radiation estimated
by equation (2.3); and t; is the date to a specified stage of growth,
Lilac was taken as the reference plant. The STU requirements for
several other plants, including alfalfa, to achieve prescribed stages of
growth were compared. Equation (2.28) is analogous with (2, 16), the
Jensen-Haise method for estimating ETp in that the two expressions
depend on daily temperature and solar radiation. Thus, ETp can be

estimated from STU by a simple conversion as was done by Caprio.

B.4. Potential evapotranspiration

Correlating plant growth and development to ETp would eliminate
most of the weaknesses of the thermal unit. Morce relevant variables
that affect plant growth are included in estimating potential evapotran-
spiration by the combination method (equation 2,15). For this reason
potential evapotranspiration would also be theoretically superior to the
solar thermal unit method,

The idea of using evapotranspiration to measure plant development
is not new. Thornthwaite (1952) defines a growth unit as the amount of
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development that will oceur in a plant transpiring a.unit of water. One
centimeter of evapotranspiration was equivalent to 100 growth units,
Thornthwaite (1953) used peas as a reference crop and reported
growth unit requirements for pea varieties of 16.80, 17.20, 17,90,
and 21, 00 cm for Alaska, Glacier, Thomas Laxton, and Shasta peas,
respectively,

Alfalfa has been adopted as a reference crop in recent researches
as indicated earlier, Use of potential evapotranspiration from alfalfa
as a reference crop to measure growth and development of agricul-
tural crops would benefit from progressive improvements derived
from the ever-increasing research findings on evapotranspiration

studies,



CHAPTER III
CROP RESPONSE TO LIMITED SOIL WATER:
A BACKGROUND

Water use by growing crops has been the subject of many research
studies. The total above ground production is generally measured in
units of total dry matter, The grain component is studied more in-
tensely since it represents the fraction of ecoromic interest. Very
little attention has been given to the root component since it generally
has less economic value and is very difficult to sample. A background
of the appropriate work on water-input / crop-output will be presented.
Dry matter and grain responses will specifically be covered.

The classical work of Briggs und Shantz (1913a) followed by the
works of Miller (1918), Kieselback (1918), Shantz and Piemeisgel
(1927), and Dillman (1931) dealt with the generalized relationship be-
tween plant growth and transpiration. The relationship was defined
as a water requirement or transpiration ratio, Both terms indicate
the ratio of water transpired by the plant during its growth to the
weight of dry matter produced. Many other researchers have since
contributed to the understanding of water use by plants, Water use
efficiency, WUE, a term more commonly in use today, is the
reciprocal of the transpiration ratio.

The term water use efficiency, WUE, does not reveal relative
ratios to have the commonly accepted dimensionless meaning of effi-
ciency. The units of WUE may be kg ha ! em™} which express aver-
age rate rather than efficiency. Under its present definition it is
equivalent to an average crop yield (average product) for seasonal
water use, which is total yield divided by total water use. Since the
term WUE may be misleading to users with specialties other than
agronomy, attempts should be made to replace it with terminology
compatible with its definition. Until then it must be explicitly defined

whenever it is used.
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Many comprehensive reviews of the general subject of plant-water
relationships have been made. Briggs and Shantz (1913b) reviewed the
work that had been published to that date. Veihmeyer and Hendrickson
(1950) and Richards and Wadleigh (1952) reviewed the studies since 1913,
Reviews were added by Veihmeyer and Hendrickson (1950) and de Wit
(1958). There are many comprehcnsive reviews after 1960 (Heady and
Dillon, 1961; Hagan, Haise and Edminster, eds., 1967; Change, 1968;
Koslowski, ed., 1968; Salter and Goode, 1969; and Hillel, 1971),

A. Dry matter production

Briggs and Shantz (1913a) initiated their experiments at Akron,
Colorado. They grew about 55 species and varieties in pots under
various soil water levels. Their results and those of later research-
ers, Shantz and Piemeisel (1927), showed close relationship between
dry matter and transpiration. Since these studies were not conducted
under field conditions, Briggs and Shantz (1914) stated '"the water re-
quirement measurements must be considered relative rather than
absolute.'" This basic qualification of the data was often overlooked or
disregarded for the next half-century.

De Wit (1958) analyzed data, including that of Briggs and Shantz
(1913a), from many parts of the world in an attempt to describe the in-
fluence of transpiration on crop production. He, and later Arkley
(1963), found that dry matter yield is linearly related to transpiration,
For areas of high radiation, the semi-arid Great Plains of the United
States, de Wit proposed the following relationship:

Wt
DM = m—— (3.1)

E
o

where DM is the total dry matter produced, Wt is the total transpira-
tion, Eo is the free water evaporation, and m is a constant which de-
pends only on the plant, The dimensions of m may be kg dry matter

ha"! day™!, depending on.the dimensions of DM, W, and E.
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For areas of low radiation, the Netherlands, de Wit's equation
using free water evaporation as a correction factor did not apply. For

such areas he suggested a simple linear relationship:
DM = m' W, (3.2)

Arkley (1963) reconciled the discrepancy in the results of the two
climatic regions using mean monthly atmospheric relative humidity
deficit as a correction factor. The resulting equation was of the form:

Wt

DM = k¢ 150-1

(3. 3)

where H is the mean daily relative humidity of the atmosphere during
the period of most active growth and ks is a constant for a given crop.

Some points regarding the analysis by de Wit (1958) and Arkley
(1963) deserve special elaboration:

1. The analysts did not consider the amount of transpiration or
water use attributable to the root biomass and other conventionally un-
harvestable parts of the plant, Of course, measurements of these
parts are rarely available, urless such parts are of economic signif-
icance like sugar beets and potatoes, However, if more accurate ex-
planatory and/or predictive relationships between plant growth and
water and nutrient use are desired, the relationships must be based on
the total plant production which result from the input resources.

2. The main concern of de Wit and Arkley was to scale transpi-
ration such that yield response models become applicable under any
climatic condition, This is an important consideration. The way the
two authors present their models is a little misleading in that they
imply zero intercept, contrary to some of their statistical results.
The models should include a term for the intercept.

3. Most of the data analyzcd were not from field studies, Hence,

the results should be considered rclative rather than absolute,
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4, The yield models proposed by the two authors require the
separation of transpiration through the plant population and evaporation
from the surface. Until techniques for estimating transpiration and
also suppressing or controlling soil surface evaporation in the field
become reliable, relating plant production to evapotranspiration may
have greater planning and operational facility.

Legget (1959), Powers et al. (1961), Arkley (1963), Whittlesly
and Calyar (1968), and Hanks ct al. (1969) have shown that dry
matter is linearly related to evapotranspiration. The studies of
Hanks et al, included grain sorghum, wheat, oats, and millet grown
in field and lysimeter plots. Dry matter and evapotranspiration were
highly correlated for all cases. The linear relationships had positive
abscissa intercepts for all cases, The range of the intercept for
wheat from the above citations was 5 to 10 cm, The general explana-
tion is that the positive abscissa intercept reflects water use during
the early part of the growing season, which does not significantly
contribute to the above ground dry matter accumulation.

B. Grain yield

Mitscherlich in 1909 and Spillman in 1923 (Heady and Dillon, 1961)
independently defined nonlinear production functions relating nutrient
input and crop output. Their equation can be written in general form

as

G=G -Bo*

o (3.4)

0 <p«l.0

where G is the total yield, x is the input nutrient, G, is the maxi-
mum yield attainable by increasing the magnitude of x, 8 is a con-
stant defining the maximum response (integral of dG/dx) attainable
from the use of x, and p is the factor by which marginal productivity
of x declines. Go' g and p are parameters, (The above equation is
actually that of Spillman, but Mitscherlich's G = Go(l-lo'cx) can



29

easily be transformed to that of Spillman.) The function allows
diminishing marginal productivity of x but does not allow negative
marginal products, i.e. -g:g: 0, and G, is the asymptotic value of G.

Denmead and Shaw (1962) identified three stages of corn develop-
ment, The first stage starts 30 days after planting and extends to tas-
selling, The second stage covered silking and was 17 days long. The
third stage included ear growth and was 30 days long. Interactions be-
tween stresses at different stages were also considered. Stresses were
imposed by allowing the plant to suffer until near wilting point., Their
results indicated that yields were. reduced by 25, 50 and 21% by
stresses during the respective stages, Interactions were not signifi-
cant at a 10% level. The effects of stresses werc reported additive,
Similar studies were made by many investigators on corn and other
crops. Robins and Domingo (1956), Schreiber and Stanbery (1965), and
Jensen and Sleten (1965) investigated the effects of stress on dry beans,
barley and grain sorghum, respectively.

Moore (1961) attempted to develop an analytical framework for
estimating the production function for irrigated crops from which the
value of irrigation water can be imputed, He made several critically
gross assumptions;

1, the farmer has complete knowledge of the soil moisture
status (in actuality this is seldom the case),

2, potential growth is linear over time, and

3, different plants are affected similarly by soil water stress.
He divided the growing season into n periods of irrigation. The
periods were not necessarily equal. During each period, the relative
growth, Gr;, defined as the ratio of actual growth to potential growth
for the ith period is given by (3. 5):

e

i
Gr; = q‘f g(8) de (3. 5)
1% 7006
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where 6; is the water depletion percent at which the irrigation cycle
is terminated during period i and g(@) is a functional relationship
between relative growth and available soil water 8.

The total relative growth for the entire season is given by equa-

tion (3.86):
Gr;*t, (3.6)

where L is the length of season and t; is the length of the ith
irrigation period.

By assigning costs to irrigation water and prices to crop yield,
Moore used his production function to optimize irrigation water use.
As equations (3.5) and (3,6) indicate, Moore's model is additive.

Flinn and Musgrave (1967) and Dudley, Howel, and Musgrave
(1971) also used an additive model similar to Moore's, They, how-
ever, recognized that relative growth is different for different
stages of growth and assumed that growth occurs on days when the
actual evapotranspiration is equal to the potential and growth ceases
otherwise. This assumption was critical. Plants do grow when the
actual evapotranspiration is less than the potential, In fact, actual
evapotranspiration may be less than potential, except immediately after
irrigation or rain, A dynamic solution was prescnted for the optimal
allocation of irrigation water since the assumed production function was
suitable for dynamic programming. DeLucia (1971) used Moore's model
to determine water resources allocation.

Aqderson and Maas (1971) simulated economic returns from irri-
gated crops assuming a multiplicative yield model in which missing
two successive irrigations in a iwo week cycle results in a total crop
loss. Otherwise, a percentage reduction was applied to the expected
final yield. The reduction factors were not derived from theoretical
or experimental analysis, They were estimates based on pure

judgment,
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Jensen (1968) suggested that the relative yield of a determinate

crop that flowers could be determined by the multiplicative model:

n W
n

_ (3.7)
-GO i:l( W

et )Ai
oc i

where G is the actual yield, G, is the yield when soil moisture is not
limiting, n is the number of physiological stages,
Wet

(-W——) _ is the ratio of the actual to maximum evapotranspiration for
oc 1

the ith stage of growth, and A; represents the relative sensitivity of
the crop to water stress during the ith period. For indeterminate

crops, such as grass, Jensen suggested the following additive model:

n

G _ i§ 121 ( Wet)i

Go = n (3. 8)
T ai ( WOC)i
i=1

Jensen (1968) evaluated equation (3. 7) for grain sorghum consider-
ing three stages of growth. The crop sensitivity factors, A;, were
assigned values of 0.5, 1.5, and 0.5 for the three stages, and were
not statistically determined.

Hall and Butcher (1968) proposed that the yield of crops under
limited moisture conditions could be defined by the multiplicative

model given by (3. 9):

n

G = iﬂlaiGo (3. 9)

where G is the actual crop yield, G, is the yield when soil water
is not limited.

ai = ai (Wi) (3.10)
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w; is gravimetric or volumetric soil moisture content at the end of
the ith period.

Hall and Butcher transformed the production function (3.9) loga-
rithmically so that it was suitable for dynamic programming, but no
data were presented to support the function,

The relationships given by equations (3, 7) and (3., are similar,
The major differences are that the exponents A; in equation (3. 7) are
functions of evapotranspiration and have fixed values for a given
period i, while tue coefficients ai(wi) in equation (3. 0) are functions
of gravimetric soil moisture and have variable values for a given
period i. Thus statistical or experimental verification is difficult,
Utilization of weighting factors that are functions of evapotranspiration
seem to be more sound provided the model has physical significance.
Identical soil water contents can have different crop stresses with dif-
ferences in soil, climate, soil water salinity, and the relative devel-
opment of the crop. Actual evapotranspiration is a more representa-
tive and a better measure of the ability of the crop to use water, Thus,
(3.7) may be preferred over (3. 9),

Stewart and Hagan (1972) are conducting irrigation studies at
Davis, California, and developing functional relationships between
grain yield and evapotranspiration. The study was initiated in 1969
with corn and grain sorghum. Reports from their 1970 and 1971
observations indicate strong linear relationships between grain yield
and seasonal evapotranspiration.

Powers et al, (1961) studied spring wheat in field plots at four
water levels and reported that grain yield was almost a constant frac-
tion (0. 42) of the final dry matter., They also found a linear relation-
ship between dry matter and evapotranspiration.

Jensen and Sletten (1965) found that relative grain yield decreased
more rapidly than relative seasonal evapotranspiration when irrigation

of fertilized grain sorghum was delayed. Upon further observation,
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their results reveal that the ratio of the change in relative yield to
relative evapotranspiration is nearly constant with a value of about 1.6,
Stewart and Hagan (1972) contend that the constancy of the ratio shows
reductions or deficits in evapotranspiration and reductions in grain
yield are linearly related, provided the origin of the function is
(ETmax, Gmax)’ where the terms refer to maximum of water use and
grain yield,

Despite the above citations, some researchers, Musick, et al.
(1963), Musick and Dusek (1971), and Stewart and Hagan (1969) indi-
cated that grain yield and seasonal evapotranspiration relations may
be convex curvilinear implying diminishing returns. The reported
curvilinear relations resulted from general over irrigation. Hiler
and Clark (1971) indicated that such results can be linearized by
relating reductions in grain yield to deficits in evapotranspiration

below the respective optimums.



CHAPTER IV
WHEAT PHENOLOGY AND WATER USE:
RESULTS AND DISCUSSION

This chapter presents the results and discussion of wheat phenology
and water use. The analyses are based on the procedure outlined in
Chapter II. Four methods of correlating wheat developmental stages to
climatic indices are compared. Also, comparison of measured (water
balance method) and estimated evapotranspiration (combination method)
is made. For clarity, the measured ET is referred to as "water use,"
A transpiration model is developed to separate daily ET into transpira-
tion and soil evaporation.

A. Phenological stages of wheat

Phenological development of wheat is correlated to: (1) the number
of days (2) the accumulation of degree-days (3) the accumulation of
solar thermal units; and (4) the accumulation of potential evapotran-
spiration. Each of these is accumulated from spring growth initiation
to the successive developmental stages of boot, heading, soft dough,
and maturity. Growing degree-days are calculated with equation (2,25)
with 3°C and 27°C as the lower and upper threshold temperatures.
Solar thermal units are obtained by equation (2.28). Potential evapo-
transpiration is computed by the combination method (equation (2.15)).

In wheat, boot stage is characterized by the appearance of sheath-
like structure on the upper end of the grain which encloses the inflores-
ence prior to its emergence. Heading is represented by the appearance
of the tightly formed fruit cluster. Soft dough is the stage in which the
kernel when broken open shows a soft starchy or cheesy condition.
Maturity is the state of full or complete development,

Tables 4.1 through 4. 4 present the number of days, growing-
degree days, solar thermal units, and potential evapotranspiration,

respectively, accumulated at each stage of growth, The means,
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Table 4.1, Average number of days accumulated from spring growth
initiation for the four treatments of hard red winter wheat,
North Platte, Nebraska, 1963-70, 1968 excluded.

Year Boot Heading Soft dough Maturity
1963 62 75 97 114
1964 59 67 817 107
1965 57 74 100 115
1966 65 78 99 113
1967 46 60 95 113
1969 63 71 99 113
1970 72 81 107 121
Mean 60 73 98 113
Standard
deviation 6 7 6 4
[Coefficient of
variation, % 12 10 6 4

Table 4, 2. Average growing degree days accumulated from spring
growth initiation for the four treatments of hard red winter
wheat, North Platte, Nebraska, 1963-70, 1968 excluded.

(Units: day - ©C)

Year Boot Heading Soft dough Maturity
1963 492 628 995 1345
1964 425 563 839 1248
1965 381 608 1024 13056
1966 423 616 1063 1197
1967 323 483 1004 1277
1969 493 608 1032 1276
1970 565 591 953 1255
Mean 420 585 973 1272

Standard

deviation 63 50 64 47

Coefficient of

variation, % 15 9 7 4
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Table 4. 3. Average solar thermal units accumulated from spring
growth initiation for four treatments of hard red winter
wheat, North Platte, Nebraska, 1963-70, 1968 excluded.
(Units: 10~3 cal cm~2 day~1 day - ©C)

Year Boot Heading Soft dough Maturity
1963 203 273 482 703
1964 206 289 434 683
1965 188 304 517 672
1966 221 342 538 677
1967 154 247 511 653
1969 252 298 532 466
1970 209 323 540 736
Mean 205 296 508 684

Standard

deviation 28 31 37 28

[Coefficient of

variation, % 14 10 7 4

Table 4.4, Average potential evapotranspiration accumulated from
spring growth initiation for four treatments of hard red
winter wheat, North Platte, Nebraska, 1963-1970, 1968
excluded. (Units: cm)

Year Boot Heading Soft dough Maturity
1963 22,88 28,43 40,78 55. 20
1964 19, 88 24,68 32,86 46, 36
1965 19, 30 27,12 39,04 48, 55
1966 26,25 34,08 45,74 53.256
1967 19, 02 26,18 39,57 47,90
1969 26,98 29,80 44,170 52, 08
1970 26,91 33,77 46, 40 57,11
Mean 23,03 29,01 41, 31 51,50

Standard

deviation 3.47, - 3,61 4, 59 3. 83

Coefficient of _

variation, % 15 12 11 7
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standard deviations and coefficients of variation of these climatic
indices are also given,

The entries in Tables 4.1 through 4,4 are based o'n observed data,
The coefficient of variation was least for the number of days de-
creasing from 12% at boot stage to 4% at maturity. Similarly, the
variabilities for the other methods decreased from boot to maturity:
growing degree days 15% to 4%, solar thermal units 14% to 4%, and
potential evapotranspiration 15% to 7%.

Each of the phenological stages is not achieved by all plants at the
same time; rather, there is a range of time during which all plants dis-
play the external properties characterizing a stage. Thus the recorded
phenological dates are subjective observations. The degree of the sub-
jectiveness creates some year to year variation in the magnitude of the
index to which the developmental stage is correlated. For example,
compare the 1967 data in Table 4.1 with the mean of all years. Boot
stage occurred 46 days after spring g.rowth initiation, and heading at
60. The corresponding means for all years to boot and heading
stages are 60 and 73 days. The length of time to boot stage was
relatively short in 1967. An attempt to reduce the variation caused by
the subjective classification of the developmental stage was made by
selecting the mean number of days for all years of 60, 73, 98, and
113 days as representing boot, heading, soft dough, and maturity.

Although the number of days varied least, the variations for the
other methods are comparable and differ little from the number of
days. It appears that wheat phenology could be correlated with grow-
ing degree-days, solar thermal units, and potential evapotranspiration,
However, potential evapotranspiration and solar thermal units have
stronger theoretical basis since they include more climatic elements
which directly affect growth, Solar thermal units include temperature
and short wave solar radiation, both in the range suited for plant
growth and development. Potential evapotranspiration includes tem-

perature, short and long wave radiation, atmospheric saturation, and
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wind, The interaction of these climatic elements is known to affect
the growth and development of the plant. Therefore, an index which

incorporates more climatic factors should be preferable.

B. Measured water use (water balance method)

As indicated in Chapter I, the neutron scatter method was used to
measure soil water content, Readings were taken at 30 cm increments
over the 180 cm root zone., The water holding capacity of the Holdrege
silt loam is 0.175 cm cm-1 which gives a total water holding capacity
of 31.5 cm in the 180 cm root zone.

Table 4.5 presents the available soil water measured at spring
growth initiation, boot, heading, soft dough, and maturity. Also in-
cluded in the table are rainfall amounts accumulated frem spring
growth initiation.

C. Estimated ET (combination method)

The USDA-ARS-SWC irrigation scheduling computer program re-
viewed in Chapter II which is based on the combination method was
calibrated and used to calculate ETp and ET. ET is obtained by con-
sidering a crop factor K,. As indicated in Chapter II, Heermann et al
(1974) calibrated the constants in equation (2.15) for the Central Great
Plains using data from Scotts Bluff, Nebraska. The computer program
as modified for this particular study is listed in the Appendix.

Precipitation and wind speed were observed 20, 10, and 16 days
after spring growth initiation in 1963, 1964, and 1965, respectively,
The Jensen-Haise method given by equation (2. 16) was used to estimate
ET. from solar radiation and average temperature inputs for these

p
periods of incomplete data.

C.1, Modification of crop coefficient

The basic crop coefficient for small grains, K,,, given by equa-
tions (2. 22) and (2. 23) was modified for winter wheat, Before heading,
equation (2, 22) was subjected to K., = 0.09 for p=<0,20 and' the first
term was reduced to 0,160 from 0,230 for p <0,20. After heading
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Table 4.5. Available soil water in 180 cm root zone at each stage by
treatment and cumulative rainfall (cm), hard red winter
wheat, North Platte, Nebraska, 1963-1970, 1968 excluded.

Spring
growth Soft
Year | Treatment |initiation Boot Heading dough |Maturity |

1963 BON 15, 44 11,33 12,67 8.56 7.47
BN 16. 84 15,24 13. 54 8.79 7.14

MON 18,59 12,14 11,53 8. 81 5. 21

MN 17,12 12,62 11,05 8,41 4,22

rainfall, cm -- 5.79 8.86 15,57 | 20, 22

1964 BON 17,22 15.67 16.00 16.43 | 12.90
BN 19. 20 16.43 16. 31 13.64 | 12,57

MON 27.69 23.95 19,45 19.43 | 16,83

MN 24,66 20.60 18, 44 19,58 | 15,04

rainfall, cm -- 12,52 14,20 19.20 | 26,42

1965 BON 24,21 18,87 20, 32 23.87 | 22.48
BN 24, 38 18. 44 20.60 23,98 | 22.58

MON 24,41 18.41 20,70 23.88 | 22.88

MN 24,66 18.69 20, 32 23.62 | 21.36
rainfall, cm -- 3.96 15.72 31,17 | 37.77*

1966 BON 23.29 20, 28 16, 36 11.58 | 10,54
BN 23.24 17.65 13.08 11,76 | 10.44

MON 31.27 23.85 19,79 17,14 | 16,31

MN 27,171 23,42 16,97 15.87 | 13.64

rainfall, cm -- 8.00 8. 00 14,25 | 21.79

1967 BON 16. 26 16.94 13,18 19.69 | 15,82
BN 17. 20 17,40 13.74 20.69 | 16.13

MON 17,31 18,16 13.89 19.68 | 17.40

MN 16,94 17.65 12,75 18,06 | 14,55

rainfall, cm -- 6.07 8.69 30.63 | 34.95

1969 BON 20.63 15,21 11.43 8.97 6,32
BN 20, 50 17,91 14,91 8.97 5.26

MON 23.04 17,04 13,94 6. 48 7.62

MN 23.16 19.18 14, 27 4,95 6.32

rainfall, cm -- 6.12 6.98 15.01 | 20.29

1970 BON 22,50 16,20 11,43 9.22 5.15
BN 22,50 15.57 11,25 8.176 5,92

MON 23.63 17,25 12,07 8.51 6.02

MN 24,49 17.60 13,43 10,69 8.15

rainfall, cm - 8,59 9,40 18,67 19,10

* Includes 12,5 cm supplemental irrigation,
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the highest value of equation (2. 23) was increased to 1. 250 with Keo
constrained to be less than or equal to 1.00. Jensen used 1,04 as an
upper limit for small grains. These adjustments were made to correct
the tendencies of the original expression to overestimate during the
early part of the growing season and underestimate during the later.
The original and adjusted basic crop coefficients are compared in
Figure 4. 1.

D. Comparison of measured water use and estimated ET

Estimated ET accumulated from spring growth initiation to ob-
served dates of boot, heading, soft dough, and maturity (Wet) were
compared with corresponding cumulative water use calculated from
the soil water measurements (W, ). The results are plotted in
Figure 4.2. A linear regression given by equation (4. 1) indicates a
one-to-one correspondence between Wet and Wm' with a small
intercept value and a high correlation.

W, =0.15+1.00 W, (4.1)

(0. 02)
n=112
RZ = 0. 94.

The intercept value of 0.15 cm does not differ from 0.0 at 1-percent
probability level. The regression coefficient of 1.00 cm n::m"1 with a
standard error of regression of 0.02 cm and coefficient of determina-
tion (R2) of 0.94 indicates good relationship between Wy, and Wp.
Since the agreement was good, W, which can be accumulated to any
desired time from computations of daily ET, was used for the
subsequent analysis.

E. Model for estimating transpiration

Development of two methods for estimating transpiration is the
subject of this section. The two alternative models depend on the
basic crop coefficient extensively reviewed in Chapter II. Both models
obtain transpiration by defining a basic "transpiration coefficient" K,

co
which is related to the basic crop coefficient Kco'
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Figure 4.1. Crop coefficient adjusted for winter wheat (small grain).
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Figure 4,2. Comparison of estimated cumulative evapotranspiration
and measured water use for hard red winter wheat, North Platte,
Nebraska, 1963-1970, 1968 excluded.
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Model 1
Transpiration coefficient K., is defined by equation (4, 2):
where P is the fraction of days from plant emergence to heading, and

Po is a constant.

During the early stages of plant development the constant Po indi-
cates the period at which crop transpiration becomes a significant com-
ponent of evapotranspiration. After full cover or heading K., is re-
strained to be (1,00 - Po) K.o+ Substitution of the adjusted expressions
for before and after heading into equation (4. 2) results in the following
expression for K;.,:

Emergence to heading
Kyeo = (P- P,)[0.160 - 1,140P + 4,843 2 - 2,893 P%] (4.3)
for
P, <P<1.,00
with a constraint that K;,, 20.04 early in the season.
After heading
K, oo = (1.00 - P)[1.250 + 8, 532D - 7. 260 D + 4. 440 D}(4.4)

where D is the number of days after heading divided by 100,

Daily transpiration (T) is then estimated from the relationship
T = Ko ETp (4.5)

with the transpiration coefficient defined by
KtC = Ka Ktco (4. 6)

where K, is the adjustment factor for limiting soil water.
|
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Model 2

Ritchie and Burnett (1871) have shown that, when water movement
to the plant roots is not limited, the transpiration rate for developing
cotton and grain sorghum canopies T, is related to potential evapo-

transpiration above the plant canopy ET, and leaf area index L; by

c
T, = (-0.21 + 0.70 L};) ET, (4.7)

0'1_<_Lai_<_2’7

A transpiration coefficient K., can be developed from equation (4. 7)

by replacing ET, by

ET, = K¢o ET (4.8)

p
Thus

1
- (- 's
Kigo = (-0.21 + 0.70L7 ) K¢ (4.9)

Daily data reported by Ritchie (1972) show that grain sorghum Lg;
increases linearly to a maximum of 2.5 in about 40 days (Figure 4. 3).
A similar relationship between time (t) and L,; is obtained by using
the mean L .= 2.4 for wheat which was observed at heading. This Lg;
is plotted against the mean date to heading (73 days from spring growth

initiation for wheat)., L.. is very small for the first 20% of this time

ai
or about 15 days. As shown in Figure 4.6,

Lg; = 0.041t - 0,52 (4.10)

Substituting this into equation (4.9), K., becomes

Kico = [-0.21 +0.14 (t - 13)] Keo (4.11)

P, which by definition is related to t by P=#y , can be substituted
for t in equation (4.10) so that K,  and K, become functions of the

same variable P,
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2.5} Grain sorghum
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Figure 4,3. Leaf area index as a function of time for grain
sorghum and winter wheat (grain sorghum data, after Ritchie
and Burnett, 1971).
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Then before heading
Kyoo = [-0.21 +1,20 (P- 0.18)¥]Kgq - (4.12)
for 0,20< P <1,00

The constraint that K;,,> 0. 04 still holds here for P <0, 20.
Letting P= 1,00 after heading,

Kioo = 0.88 K (4.13)

Daily transpiration under conditions of limiting soil water can then
be estimated by equation (4. 5) with the current expression for K,...

Potential transpiration can be expressed in terms of Ktco as:

Ty = Kigo ET (4'1‘_1)

P

The transpiration coefficient K;,, for wheat (small grain) obtained
from K., by the two methods are presented in Figure 4. 4. The upper
curve is the adjusted K., which was given in Figure 4.1, The param-
eter P0 in equation (4. 2) was set equal to 0.10. Since the two methods
give nearly identical K,., when Pj=0.10, either equations (4. 3) and
(4.4) or (4.12) and (4.13) can be used to derive the transpiration coef-
ficient. At this point, it must be emphasized that experimental tests
must be made to validate the models.

Cumulative transpiration (W;) relative to cumulative evapotran-
spiration (Wet) increases as the crop season progresses (Figure 4,5).

w
The mean scasonal ratio __t = 0,67 may be compared with 0,59
w
et '

and 0, 56 for grain sorghum deducible from the works of Ritchie (1972)
and Hanks et al. (1969).

W, and W, will be employed as independent variables for crop
response models developed in the next chapter. At this point it can be
observed that relating yields to transpiration has greater conservation
implications. Evaporation from the soil surface, which is the other
component of ET, may not be necessary for plant growth, Neverthe-

less. it can not be totally controlled with present field conservation
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Figure 4.4. Transpiration coefficient for small grain (winter wheat) K;., obtained from K.,
by two methods are almost identical when P, = 0.10.
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Figure 4.5. Cumulative transpiration relative to cumulative
evapotranspiration as related to time after growth initiation.



49

methods. But as the demand for agricultural products increases, as is
the current worldwide cxperience, it would be economically feasible to
introduce more and better water conservation measures, Also the de~
mand on the available supplies is increasing and competing users will
be willing to pay higher prices for the use of water, Inefficient use
will be more costly. Since agriculture is the largest user of water,
improvements in irrigation methods and practices will be the most sig-
nificant in saving water, The amount of water saved would be available
for additional, intensive and extensive, uses in agriculture and for
transfers to nonagricultural industries. For example, if soil surface
evaporation can be reduced by 50 percent, a saving of 15 to 20 percent
of the seasonal crop consumptive use may be posuible, In the U.S.
alone,where the estimated daily use of water for irrigation is

246 million m3 (U. S, Whnter Resources Council, 1968), a saving of

4.4 to 5.9 billion m? over a three month crop season may be possible,

F. Relative ET or relative T

Daily relative ET (ET,) is the ratio of the actual crop evapotran-
spiration ET, to the potential crop evapotranspiration ET,, Similarly,
daily relative T (T,) is the ratio of actual crop transpiration T to
potential crop transpiration T,. The variables T, ET,, and T, have
been presented by equations (4.5), (4.8), and (4.14). ET, is defined

by

ET, = K _ET, = K K, ET,, (4.15)

K, is the crop coefficient adjustment factor for limited soil water
given by equation (2, 20),
ET, and Tr' mathematically defined by (4.16) and (4,17), are

equivalent.
ET,
ET, = T ° K, (4.16)
(o]
T
T, = ol K, (4.17)
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A term W, is used to represent cumulative ET, or T,. Wr is
computed by (4. 18).
t
i
W, = [ K,dt (4.18)

r
1:O

where t is the time in days, t, is the date of growth initiation, and t;
is the date of the 1" stage of growth,



CHAPTER V
DRY MATTER YIELD MODELS:
RESULTS AND DISCUSSION

‘ This chapter presents the wheat yield data and results and
discussion of dry matter yield models. The models include linear and
quadratic formulations, A model relating interstage dry matter with
interstage stress day is investigated.

A, Wheat yield data

Hard red winter wheat yield of dry matter and grain yield are pre-

gsented in Table 5.1 for each of the four treatments during the seven
years of the experiment, Number of tillers per square meter and the
ratio of grain to final dry matter are also included in Table 5.1, The
four annual treatments abbreviated by BON, BN, MON, and MN repre-~
sent bare no nitrogen added, bare nitrogen added, mulched no nitrogen
added, and mulched nitrogen added, respectively. The dry matter
yields were interpolated to correspond to the mean phenological dates
of 60, 73, 98, 113 days from spring growth initiation in an attempt to
remove variation caused by the subjectivity of establishing stages
of growth.

The seven year averages and overall averages are given for each
column in Table 5.1, The dry matter yields had a variability that de-
creased with season. The coefficients of variation decreased from
27% at boot stage to 8% at maturity. The overall standard deviation,
however, remained essentially constant (about 625 kg ha™1) during the
respective samplings. The increase in total sample weight during the
progressive stages of development probably contributed to the decrease .
in variation.

An analysis of variance (AOV) for the final dry matter and grain
yields is presented in Table 5.2. The sources of variation include
year-to-year and treatment variation. The treatment variation was '

divided into nitrogen fertilizer, mulch, and interaction between

o1



Table 5.1. Dry matter and grain yields and number of tillers, hard red winter wheat, North Platte,
Nebraska, 1963-1970, 1968 excluded.

Dry matter Ratio
kg ha™l -1 grain to
Treat- late pre- Tillers Dry matter, kg ha = at Grain yield|final dry

Year |ment jceeding fall | per m?2 boot heading |soft dough|maturity| kg ha™! |matter
1963 {BON 246 960 2188 3416 5660 6608 1630 0. 25
BN 314 1100 3136 4368 6608 7448 1755 0.24
MON 224 880 2688 3920 5600 6216 1632 0. 26
MN 246 1100 3360 4872 6720 7392 1760 0.24
1964 | BON 1019 1000 2912 4331 6309 7056 3412 0.48
BN 1053 1070 3733 5488 7728 8475 3544 0. 42
MON 918 860 2352 3360 5115 5899 2660 0.45
MN 1030 1050 2800 4069 6197 6981 2975 0.43
1965 | BON 403 1070 1182 3140 5227 6384 3273 0.51
BN 504 980 1145 2949 5451 6673 3188 0.48
MON 347 700 1444 3065 5563 6496 2353 0. 36
MN 436 1060 1369 3177 5712 6795 2824 0. 42
1966 | BON 549 1320 2837 4480 7019 7691 3665 0.48
BN 549 1360 3099 4928 7328 8139 3800 0. 47
MON 538 1100 2464 3845 6533 7317 3309 0. 45

MN 538 1160 2837 4667 7280 8027 3500 0. 44.
1967 { BON 258 820 3323 4592 6459 7243 2365 0. 34
BN 291 870 3061 4480 6421 7108 2477 0.35
MON 168 870 2949 4256 6212 7170 2423 0. 34
MN 190 840 2613 4002 6197 7019 2633 0. 38

52



Table 5.1.

Dry matter and grain yields and number of tillers, hard red winter wheat, North Platte

Nebraska, 1963-1970, 1968 excluded. (Cont'd.)
~ [Dry matter Ratio
kg ha~1 grain to
Treat-] late pre- Tillers Dry matter, kg¥ha"1 at Grain yield|final dry
Year |ment [ceeding fall| per m boot heading |soft dough| maturity| kg ha™l matter
1969 |[BON 493 1630 1941 3883 7019 8139 3640 0. 45
BN 504 1350 1941 3659 6421 7541 3611 0. 48
MON 358 1460 1605 3360 5973 7800 3618 0.53
MN 358 1240 1605 3211 5675 8022 4069 0. 51
1970 |BON 179 980 2464 3584 6175 7168 2652 0. 37
BN 246 810 2539 3957 6757 7855 2984 0. 38
IMON 235 1310 2464 3584 6175 7168 2795 0. 39
MN 325 1250 2464 3584 5949 6944 2821 0.41
7-year BON 450 1111 2406 3918 6258 7183 2947 0.41
aver- | BN 494 1077 ‘2664 4261 6673 7563 3065 0. 39
ages [MON 398 1025 2281 3626 5881 6863 2732 0. 40
MN 446 1100 2435 3940 6246 7311 2939 0. 40
{Overall
average 447 1078 2446 3936 6264 7230 2906 0. 40
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Table 5.2. Analysis of variance for final dry matter and grain yield
presented in Table 5. 1.

Source of Degrees of| Sums of Mean
variation freedom squares squares F
Final dry matter

Treatments 3 1,979, 981 659, 993 3.15
Nitrogen 1 1,317,625 1, 317, 625 6, 34*
Mulch 1 657, 903 657, 903 3.17
Mulch x nitrogen 1 4, 453 4, 453 0. 02
Years 6 5, 075, 949 845, 991 4, 17%
Error 18 3, 743, 429 207, 968
Total 27 10, 799, 357

Grain yield
Treatments 3 311, 485 103, 828 2,57
Nitrogen 1 94, 540 94, 540 2,34
Mulch 1 107, 756 107, 756 2.66
Mulch x nitrogen 1 109, 189 109, 189 2.70
Years 6 11, 444,883 1,907, 480 47, 13%%*
Error 18 728, 597 40, 476
Total 27 12, 484, 947

*
1

Aok

Significant at the 5 percent level.

Significant at the 0.1 percent level.
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nitrogen and mulch, each with 1 degree of freedom. The application of
nitrogen significantly affected final dry matter yields at a = 0,05 but
not grain yields, Neither the application of mulch nor its interaction
with nitrogen was significant, The year-to-year variation was signifi-
cant at @ = 0,05 for final dry matter and highly significant at « =0.001
for grain yield.

Grain yields by treatments and replications are presented in
Table 5.3 with an AOV in Table 5.4 for each of the seven years, The
annual analysis shows that the effect of nitrogen was significant only
during 1967 at @ = 0,05 and the effect of mulch only during 1964 and
1965. Mulch decreased the yield during five out of the seven years.
The positive but nonsignificant effect of mulch during 1969 is due to the
unusually high grain yield of the MN treatment. The interaction be-
tween mulch and nitrogen and effect of replications were significant
(% = 0,05) only during 1969. Their significance is due to the unusually
high yield of the MN treatment.

Therefore, the year-to-year variation was the major component of
grain yield variation and not the treatments. In general, neither the
application of nitrogen nor mulch had significant effects.

Mulch is considered to improve the soil water storage efficiency.
Although small, mulching generally had an adverse effect on winter
wheat grain yields. It must be noted that there was no surface runoff
from the bare or mulched treatments during the seven years of the
study. Even though mulch may reduce soil surface evaporation, the
adverse effect is probably due to the cooler soils under the mulch
during the spring (Smika and Ellis, 1971).

The nitrogen fertility of the soil was about 90 kg ha™! in nitrate
(NO3"1) form, which is nonlimiting for wheat production under the
conditions of limiting soil water.

The overall average grain yield was 2906 kg ha'l. This is signif-
icantly higher than the average of 1770 kg ha™! for the United States
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Table 5.3, Grain yield by treatments and replications, hard red winter
wheat, North Platte, Nebraska, 1963-1970, 1968 excluded.

Grain yield, kg ha™l, for replications
Year Treatments [ II III Average
1963 BON 1661 1560 1668 1630
BN 1748 1714 1802 1755
MON 1869 1478 1648 1632
MN 1850 1527 1896 1750
Average 1784 1569 1759 1694
1964 BON 3328 3201 3705 3412
BN 3732 3550 3349 3543
MON 2985 2387 2609 2660
MN 2891 2945 3087 2974
Average 3234 3021 3187 3147
1965 BON 3497 2891 3430 3272
BN 3026 3228 3160 3188
MON 2085 2252 2824 2854
MN 3096 2421 2959 2825
Average 3126 2699 3093 2909
1966 BON 3853 3577 3564 3665
BN 3638 3712 4048 3799
MON 3517 3214 3194 3309
MN 3207 4856 3443 3500
Average 3593 35817 3562 35667
1967 BON 2293 2367 2434 2365
BN 2488 2414 2528 24717
MON 2454 2414 2400 2423
MN 2764 2656 2474 2631
Average 2499 2462 2459 24173
1969 BON 39217 3322 3671 3640
BN 3960 3302 3570 3611
MON 3812 3375 3665 3618
MN 4028 4095 4081 4068
Average 3931 3523 3746 3733
1970 BON 2176 3076 2704 2652
BN 2849 3200 2901 2984
MON 2424 3050 2908 2795
MN 2862 2662 2937 2821
Average 25717 2997 2862 2812
7-year BON 2962 2852 3024 2947
laverages BN 3063 3086 3051 3065
MON 2735 2712 2749 2732
MN 2952 28179 2082 29398
Overall average 2929 2885 29561 2906
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Table 5.4. Analysis of variance by year for grain yield presented in
Table 5.3.
Source Degrees| Sums Sums
of of of Mean of Mean
variation [freedan| squares| squares| F squares | squares F
1963 1964
Treatments 3 38,100 12,700 | 1.22 |1,481,622 | 493,874|9.45
N2 |1 36,190 | 36,190 | 3.47 149,410 | 149,410/ 2,86
M 1 1,220 1,220 | 0,12 |1,307,460 (1,307,460 [25,02*%
MXN |1 689 689 | 0.07 24,751 24,751 (0.48
Replications 2 107,137 | 53,658 | 5.13 100,591 50,296 | 0.96
Error 6 62,647 ( 10,441 313,492 52,248
Total 11 207,885 1,895,705
1965 1966
Treatments 3 [1,392,408 {464,136 | 5.78 405,279 | 135,093(1.93
N |1 69,160 | 69,160 | 0.86 79,218 79,218 1.13
M 1 910,252 (910,252 [11.33*| 333,737 | 323,737 4.62
MXN |1 412,981 (412,981 | 5.12 2,324 2,32410.,03
Replications 2 314,905 (157,452 | 1.96 2,426 1,213]0.02
Error 6 481,982 | 80,330 420,675 70,112
Total 11 |2,189,296 828,278
1967 1969
Treatments 3 118,049 | 39,350 | 4.16 447,643 | 149,214|5.07
N |1 77,120 77,120 | 8.10% | 133,141 | 133,1414.53
M |1 33,920} 33,920 | 3.56 141,708 | 141,708 |4.82
MXN |1 7,009 7,009 | 0,74 172,794 | 172,794 {5,87*
Replications 2 4,058 2,029 | 0.21 334,311 167,155|5.68%
Error 6 57,114 | 9,519 170,495 28,416
Total 11 179,222 952,450
1970
Treatments 3 166,076 | 55,359 | 0,90
N |1 96,302 | 96,302 | 1.57
M (1 310 310 | 0.01
MXN |1 69,464 | 69,464 | 1.13
R eplications 2 367,330 (183,665 | 2.99
Error 6 368,712 | 61,452
Total 11 902,118
* = Significant at the 5 percent level

*% = Sjgnificant at the 1 percent level
N = nitrogen fertilizer, M = mulch, MXN =mulch and nitrogen interaction
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and comparable with the average of 2840 kg ha~! for Mexico (Framji
and Mahajan, 1972),

Extreme temperatﬁres (above upper threshold) and high winds were
more prevalent in 1963, mostly during the last part of June, and dam-
aged the grain yields before normal maturity was reached, Maximum
temperatures were 37 to 41°C and wind runs were 10 to 20 km per
hour June 23 to 30, As a result, the grain yields for this year were
very low. The amount of dry matter production late fall of the pre-
ceeding years was very low for 1963 and 1967, This may also
explain the low grain yields for these two years. However, the final
dry matter was not similarly affected. The final dry matter for 1963
and 1967 was comparable with the other years. The normal dry matter
and low grain yields for the two years may partly account for the '
lowest grain yield to final dry matter ratios.

Exclusion of the 1963 grain yields increases the mean to 3107 kg
ha'1 for the remaining six years. The low yield in 1963 accounts for
about one third of the annual variation, Therefore, climatic extremes

late in the season exhibited serious adverse effects on grain yield,

B. Dry matter yield models

Dry matter yield (DM) of hard red winter wheat was related to
cumulative ET (Wgt), cumulative T (W), cumulative relative ET or

relative T (W), and Wi scaled by mean daily free water evaporation

Eo» -Vl%:‘- , respectively. The general expressions are given by models

(5.1), 15.2), (5.3) and (5. 4).

_ 2
DM = kg + k1 Wei + kg Wy (5.1)
2
- 2
DM—r°+ rq Wr + rzwr , (5. 3)
DM=m°+m1_vﬁ. +m2 _“Lt. (5. 4)
Eo E,

N
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The units of the variables and parameters in the above expressions

are given below:

DM, L to‘ mg, r,, ry, ry =---kg ha~1
Weis Wt -~--cm
ky, t; =--kgha'lcm"!
ko, t, - - - kg ha~! cm~2

E - - -cm day'1
m; ---kg ha™! day ~!

- kg ha™! day™~2

3

Since the variable Wr is dimensionless, its coefficients in
model (5. 3), ry and ry. have the same units as DM,

Use of W,. is an attempt to reconcile yield models over varied
climatic regions. The terms ET, and T, incorporate many climatic
variables including the atmospheric saturation deficit which Arkley
(1963) selected as a scaling factor. Scaling on a daily basis renders
the variable W . in model (5. 3) dimensionless and forces the coeffi-
cients r to retain units of DM, This may be compared with the di-
mensions of m in model (3.1) or (5.5) and k; in (3. 3) where m is

! and i; is in kg ha™! em™!. If the scaling in (3.1)

in kg ha™! day~
and (3. 3) were done on a daily basis with a scaling factor having the
same units as the variable being scaled, cm day'1 in this case, the
coefficients would consistently have units of a dependent variable.
Linear and quadratic cases of the four models (5. 1), (5. 2), (5, 3)
and (5. 4) were tested, Least squares estimate of the coefficients are
summarized in Table 5.5, The regression coefficients are significant
(a = 0.001) for each model and have high determination coefficients.
Comparison of thz respective linear and quadratic models show that

the addition of the quadratic terms does little in reducing the variation,
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Table 5.5. Least squares estimate of coefficient in the dry matter
yield models (5.1), (5.2), (5.3), and (5.4) for linear and
quadratic cases, hard red winter wheat, North Platte,

Nebraska, 1963-1970, 1968 excluded, (n = 112).
Independent Coefficients
Model| Case variable |Intercept| Linear |QuadraticDetermina-
tion R2
(5.1) |Linear Wy 600 195 0.87!
(7
Quadratic | W, 1500 415 -5 0. 891
(50) (1.1)
(5. 2) |Linear W, 1866 228 0. 841
(9)
Quadratic | W, 912 423 | - T 0. 86?
(49) (1.7)
(5, 3) |Linear W, -2712 100 0.811
(4)
Quadratic | W, -9330 282 | -12 0. 86!
(52) (0, 3)
(5. 4) |Linear W, 1926 140 0. 83!
=, (6)
Quadratic W, 913 267 -28 0. 861
B, (29) (6.1)

* Numbers in parentheses are standard error of regression coefficients,
1 ;oefficient of determination significant at 1% probability level.
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For example, in model (5, 1), the coefficient of determination RZ is
increased from 0. 87 to 0. 89 by inclusion of the quadratic term. The
same holds for the other models, The linear models are presented in
Figures 5.1, 5.2, 5.3, and 5.4, Since the quadratic terms do not sig-
nificantly improve the correlation the linear models arc used for pre-
dicting dry matter.

Scaling does not seem to affect tne regression (Table 5.5). The
determination coefficients arc not significantly different from each
other at the 1% probability level. Therefore, other than the possi-
bility of reconciling different climatic regions that may be realized by
scaling and the greater conservation implications in using W; instead
of Wet' the models are equally applicable for predicting dry matter
yield.

Model (5. 4) was formulated to test the applicability of de Wit's
(1958) model (3.1) to field data, The free water evaporation E, was
0. 92 times the mean daily pan evaporation for the period 15 days after
spring growth initiation to soft dough, during which transpiration was
considered to be a significant component of crop ET, W, was scaled
by E, at each stage of growth. The factor 0,92 was used to corre-
spond with de Wit's definition,

The value of m; = 140 kg ha~! day'1 is higher than the value of
m = 115 kg ha~1 day"1 for wheat obtained by de Wit., However, m,
falls within the range 90 < m <160 kg ha™!
obtained by Hanks et al, (1969), They estimated W, as varying frac-

day “! for winter wheat

tions of fallow evapotranspiration, thus the range in the values of m.
The following specific points must be emphasized in comparing the
different estimates of m: (1)In the analysis of de Wit and Hanks et al.,
DM and W, were seasonal, whereas in this analysis the two variables
were estimated at four stages of development, (2) In this analysis Wi
was estimated by the procedure developed in Chapter IV compared to

the controlled container measurements in the data analyzed by de Wi‘t
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Figure 5.1, Dry matter as a function of cumulative evapotran-
spiration, W, for hard red winter wheat, North Platte,
Nebraska, 1963-1970, 1968 excluded,
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and the estimation of W; as a varying fraction of fallow evapotranspira-
tion by Hanks et al., (3) A zero intercept is implied by model (3. 1),
Model (3. 5) incorporates an intercept value, The estimate of m in
(3.1) is analogous to water use efficiency or average yield, while in the
linear case of model (5.4) my is strictly the marginal product of DM
with respect to \_N_t_ + The intercept mj = 1926 kg ha™} (Figure 5, 4)
is significantly g%ater than zero at a = 0,001, A reason for the posi~
tive intercept in (5.5) may be that W; was accumulated from spring
growth initiation and not from date of planting.

For winter wheat the marginal products are equal to the regres-
sion coefficients of the linear models in Table 5.5: 195 kg ha ! em™1
for W,,, 100 kg ha~1 c‘gvn'1 for W,., 228 kg ha~! em™ for W;, and
140 kg ha™l day'1 for 'Est" Inputs of water during the various stages
of growth produced the same increment of dry matter yield under the
conditions of the limited soil water experiments. The data did not in-
clude treatments of soil water maintained near optimum throughout the
season,

Marginal products, %_%%E , estimated from wheat water use data

gathered by various researchers, are comparable with the 195 kg ha'1

em™!, Some examples are 186 kg ha™1

em™! for spring wheat, and
197 for wheat varieties analyzed by Arkley (1963), and 210 estimated

from the winter wheat water use data reported by Hanks et al. (1969).

C. Relationships between dry matter and stress day in an interstage

Hiler and Clark (1971) developed a concept of a stress day index
to characterize effects of water stress on crop yields. The definition
of a stress day (SD) given by equation (5.5) is based on this concept.
For a given day

T

SD =1 --,i;(') (5. 5),

SD indicates the relative stress the plant experiences on a given day
during its growth cycle, It is the difference between the crop potential

transpiration T, and actual transpiration T relative to the potential,
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The form of equation (5. 5) implies that no crop water deficit occurs
until T decreases below T (T <T,),

SD was accumulated for each of the four interstages for winter
wheat, An attempt was then made to determine effects of water stress
during a given interstage on corresponding dry matter yields, The in-
terstage dry matter was plotted versus the interstage stress days
(Figures 5.5 - 5, 8) for the stage of growth.

Definite trends between stress and production are not obvious.
Ideally the trend should show high interstage dry matier for low inter-
stage stress days, that is, a linear or curvilinear relationship with a
negative slope., Such relstionship is intuitively reasonable, A zero
stress day should indicate an optimum soil water condition for plant
growth, Greater stresses should indicate greater reductions in yield.

Water stress in plants is believed to be exerted in the following
three ways as water stress increases: (1) reduction in cell turgor as
this affects cell elongation and possibly carbohydrate and nitrogen
metabolism, (2) reduction in CO2 intake rate, and (3) increase in leaf
temperature as this affects metabolism (Kramer, 1969). Thus, it may
be possible that the form of SD given by equation (5. 5) may not be
sensitive to early signals of crop water stress. The apparent insensi-
tivities in Figures 5.6 - 5.8 may be due to the procedure of computing

SD and also the great variation in the dry matter measurements,
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CHAPTER VI
GRAIN YIELD MODELS:
RESULTS AND DISCUSSION

This chapter presents test results and discuesion of grain yield

models. Linear and nonlinear models are formulated and tested,

A. Linear grain yield models

Grain yield can be measured only after crop maturity. This poses
a major problem in studies attempting to trace the effect of water
stress during the various stages of growth, and also in formulating
appropriate models, The diversity of grain yield models is, in part,
due to this problem. One way of approximating the effect of stress on
grain yield may be by tracing the effects of stress on dry matter yield,
as was done in Chapter IV, and then relating grain yield to dry matter,
Other possibilities include interstage relative ET and yield indicators
such as tillers, vigor of growth during the preceeding fall, and cli-
rnatic extremes. These variables may be considered separately or in
combinations in linear or nonlinear models.

The linear models (6.1), (6.2), (6.3), and (6. 4) are formulated on

the basis of the hypothesis prcsented ahove:

G = g DM¢ 0<g <1 (6.1)
n

G=ay,+ I a ADM; (6. 2)
i=1

G = by + by DM, + by, + by DMy (6. 3)

G=cq+tey DMp + coNi+ ¢g DM; + ¢4 M (6.4)

where DMp is the dry matter produced during the preceeding fall,
kg'ha'1 ; DM is the final dry matter, kg ha~1; a DM; is the amount of
dry matter, kg ha-1, during the interstage i (1=1,2,...,n); N;is

tillers per m2, M denotes the number of days Ty, 5,2 27°C and
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Ug
ADM1 = DMp in model (6. 2).

> 10 kph; and the a's, b's, c¢'s, and g arc parameters,

The treatment averages presented in Table 5.1 were used to test
the linear models. The least squares estimate of the coefficients are
summarized in Table 6.1.

In model (6.1) g is the ratio of grain yield to final dry matter.
The least squares estimate g = 0,44 presented in Table 6.1 is obtained
by assuming a nonzero intercept. The intercept value -86 kg ha™! is
not significantly different from zero (o« = 0, 30). The mean ratio of
grain to final dry matter for the seven years was 0.40 (Table 5.1) with
a standard deviation of 0.08 and coefficient of variation of 20%. Exclud-
ing the 1963 data, g = 0.43 with a coefficient of variation of 12%, which
also shows that most of the variation is due to very low yields in 1963,
The estimates of g are comparable with the results of g = 0.42 ob-
tained by Powers et al, (1961) for spring wheat studied under four
water levels in Montana.

| Although the coefficient of determination R2 = 0.48 is significant
at the 1% probability level, grain yield final dry matter ratio ranged
from 0,35 to 0.51 for the six years excluding 1963, with the scatter
observed in Figure 6.1,

An attempt was made to determine and compare g from other
published data. Irrigated winter wheat data grown in Bushland, Texas
(Jensen and Sletten, 1965) and western Kansas (Musick, et al,, 1963)
were analyzed. The one year data from Texas in which grain yield
and straw grain ratios were reported involved six fertilizer levels and
six water levels. There is an excellent lingar relationship between
grain yield and final dry matter, regardless of the water and fertilizer
levels (Figure 6.2), The estimated value of g is 0. 36 with a coeffi-
cient of determination R% = 0.96. It appears that irrigation and ferti-
lization increased dry matter and grain yields by the same proportion,

The two year data from western Kansas reported by Musick et al,

involved five fertilizer and three water levels. Unlike the linear
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Table 6.1. l.east squares estimate of coefficients in linear grain yield
models (6.1), (6.2), (6,3) and (6. 4).

" Coefficients Sample
Deter- | size
Model Subscripts mina- n
Symbol | 0 1 2 3 4 5 |tionR2
6.1 | g -86 | 0.44, 0.481 | 24
(0.10)
5.2 | a 2196 | 1.09 |-0.48 | 0.43|1.09 |-1.98 |o0.71! | 28
(0.32) |(0.16) |(0.32)|(0.28) |(0.75)
6.3| b |-1314| 0.98 | 0.85 | 0.40 0.53! | 28
(0.36) |(0.51) |(0.18)
6.4 | ¢ 932 | 1.27 | 0.91 | 0.31 114,12 0.75 | 28
(0.27) | (0.38) |(0.13)|(24.64)

* Excludes 1963.

1 g2 jg significant at 1% probability level.

2 . .
Numbers in parentheses are standard errors of regression
coefficients.
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Figure 6.1. Grain yield versus final dry matter, hard red
winter wheat, North Platte, Nebraska, 1963-1970, 1968
excluded.
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relationship presented in Figure 6.2, there is curvilinear relationship
between grain yield and final dry matter (Figure 6.3). When combining
different years, the linearity does not appear to exist. The dry matter
yields exceeded 7200 kg ha~! and grain yields exceeded 3700 kg ha’l,
both relatively high. It may be that linear relationships hold for lower
ranges and that the flattening curvilinear relationships results with the
higher yields, Since a higher g implies a smaller straw to grain
ratio, varieties and/or production factor combinations that give a high
g would have greater beneficial implications.

Model (6.2) relates grain yield to interstage dry matter. The nega-
tive coefficients ay and ag (Table 6.1) imply that grain yield decreases
with increase in interstage dry matter during the first and last inter-
stages. a; is the coefficient for the dry matter produced during the
preceding fall, If the models were applicable, supplemental irrigation
of dry land winter wheat would be more beneficial between boot and soft
dough stages. However, Figure 2.1, which is based on extensive litera-
ture reviews,indicates that the time from shooting to flowering is the
"eritical period" for wheat. Shooting,which is the stage of elongation of
internodes, occurs in the first interstage or between spring growth ini-
tiation and booting (Table 2.1). Thus the negative coefficient a, is in
apparent disagreement with previous investigations. The significance
of the negative coefficient a; may be that after soft dough stage no sup-
plemental irrigation is necessary. Further tests are necessary to
determine the applicability of Model (6.2).

Model (6.3) relates grain yield to dry matter produced during the
preceding fall (DMp), tillers (N;), and final dry matter (DMf) and appears
to have physical basis. DMy may be considered as a proxy for the fac-
tors that affect growth and development of the root system and above
ground parts after planting and before the plant goes into winter dor-
mancy. The coefficient of determination R2 = 0,53 is significant at the
one percent probability level. The regression coefficients are

significantly different from zero.



78

m 1957
® 1959
4000} ,
- ]
3 i 7#—
N =
2 3000}
]
[Ty L
=
£ 2000}
(L)
1000}
L { } (] 1 1
05— Y2000 6000 8000 10000 [2000

Final dry matter, kg ha™'
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B. Effect of climatic extremes on grain yield

Model (6. 4) adds the term M representing the interaction of

Tmax > 27°C and wind speed U, > 10 kph, Other climatic extremes
were also considered. Number of days in which maximum tempera-

tures T,,,, Were equal or greater than the upper threshold of 270C,

X
3-day duration of the extremes, and interaction T, . > 27°C and
wind speed U,2 10 kilometers per hour are given in Table 6.2, Also

included are number of days T . < 3°C, and 3-day durations of the

n
lower extremes. The number of days in which T, > 27°C did not
vary much from year to year (range 27 to 34). However, the greatest
number occurred during 1963. The low 1963 grain yield was also asso-
ciated with 10 three-day periods of Tp,,.> 27°C and 15 days of

Tmax 3_27°C and U, > 10 kph, which are the highest for the respective
extremes. For the remaining six years no obvious relationship is ap-
parent between grain yield and these climatic extremes. In fact, the
second lowest yield for 1967 is associated with lowest upper and lower
extremes: 27 days T,y >27°C, 2 three-day periods Ty ay> 27°C,

6 days T ay> 27°C and U, 210 kph, 32 days Tp,;,< 3°C, and 7
three-day periods Tpjn< 3°C.

The low temperature extremes do not show possible reductions in
yield. The two years (1963 and 1967) in which yields were lowest ex-
perienced 32 and 33 days T, <3°C compared to 52 when the yield
was highest (3734 kg ha-l) in 1969. Therefore, it appears that tem-
peratures above the upper threshold and their interaction with high
winds affect winter wheat grain yields.

The low yields in 1963 and 1967 are partly due to the poor growth
the preceding fall (Table 5.1), DMp for both years was very low,

The negative coefficient of M (Table 6, 2) indicates that yield de-
creases with increasing M, which is reasonable. The regression coef-
ficients and the coefficients of determination RZ = 0,75 are significant
at the one percent probability level. The explained variation is the

highest.
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Table 6.2. Cumulative number of periods temperatures exceeded upper
and lower thresholds and interaction of temperature and
wind extremes, hard red winter wheat, North Platte,
Nebraska, 1963-1970, 1968 excluded.

Average |[No. days |No. 3-day|No. days No, days [No.3-day
anm'lal Tmax > | periods [T .. > [*min < [ periods
Year|Stage of [grain | gpoc | Tmax 2 [27°Cand| 3°C | Tmjn =
growth yields 1 27°C Uy 210kph 3°cC
kg ha”
1963 | boot 7 1 4 31 9
heading 8 1 4 33 10
soft dough 21 4 4 33 10
maturity 1702 34 10 15 33 10
1964 { boot 6 1 3 32 9
heading 10 3 3 32 9
soft dough 24 6 7 32 9
maturity | 3147 33 8 11 32 9.
1965 | boot 9 1 3 36 11
heading 12 1 3 37 11
soft dough 19 3 4 37 11
maturity | 2909 32 6 8 37 11
1966 | boot 4 1 0 43 11
heading 9 2 1 45 11
soft dough 23 6 4 45 11
maturity | 3568 33 8 11 45 11
1967 | boot 5 0 4 32 7
heading 11 1 4 32 7
soft dough 20 2 5 32 7
maturity | 2474 27 2 6 32 7
1969 | boot 6 1 1 29 8
heading 11 3 3 30 8
soft dough 18 ‘4 4 52 8
maturity | 3733 28 6 7 - 52 8
1970 | boot 2 . 0 1 51 15
heading 7 '1 3 52 15
soft dough 21 4 4 52 15
maturity | 2812 33 9 8. |. 52 15
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The amount of rainfall after spring growth initiation was identical
(20 cm) during the 1963 and 1969 crop seasons (Table 4.5). The avail-
able soil water declined from 17 cm to 6 cm during 1963 and from 22
to 6 cm during 1969. Yet the yields during these two Yyears repre-
sented the highest (1969) and lowest (1963)(Table 5.2). The distribution
of available soil water was the highest during 1965, 24 cm at growth
initiation and 22 cm at maturity; yet the yield was equivalent to the
seven year average (2909 kg ha~1). Thus differcnces in soil water dis~
tribution or cumulative rainfall after spring growth initiation do not

explain annual differences in grain yield,

C. Derived linear grain yield models

The dry matter yield models presented in Chapter V can be substi-
tuted in the appropriate grain yield models presented in the preceding
sections to derive grain yield models as a function of Wete Substitution
of the linear case of model (5.1) into model (6. 1) is compared with the
estimated water use efficiency in Figure 6. 4.

For g= 0,44 and the intercept of -0.86 kg ha'l, the derived re-
lationship between grain yield and seasonal water use Wet is

e

G=178.0 +85.8 W, (6. 5)

The estimated water use efficiency, which is the slope of the line
through the origin, is 85.8 kg ha™l cm-l, which is identical with the de-
rived marginal product. The equality of the water use efficiency and
marginal product in this case is strictly coincidental. If the intercept
value were large or the dry matter model were nonlinear, the derived
relationship would definitely have a marginal product different from the
water use efficiency. The derived relationship may have an advantage
because the dry matter water use relationships can be traced through

the season,
Even though the extremely low yield of 1963 was excluded in this

derivation, the variability from estimated lines is still large
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estimated water use efficiency, hard red winter wheat,
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(Figure 6.4). Grain yield and seasonal water use are poorly and
negatively correlated. That is, if derived grain yield water use rela-
tionships or water use efficiency are not used, direct use of seasonal
water use in the multiple linear regressions (models 6.1, 6,3, and 6.4)
would have negative coefficient for W,¢, which is not reasonable.

In addition to the linear yield models presented, sigmoid models
were considered and found inapplicable., However, it must be noted
that the main reason sigmoid and quadratic models are used in applied
fields, mainly economics, is that they display certain characteristics
basic to marginal economic analysis. Sigmoid functions, an example
of which is shown in Figure 6,5, allow for increasing, decreasing, and
negative marginal products or rates of change of yield per unit change
in input. Thus the law of diminishing returns holds. These properties
enable identification of the three classical stages of production. Stage II
is the rational level over which input resources should be employed.
Quadratic models allow for decreasing and negative marginal produc-
tivity, Linear models allow for none of these; they have a constant

marginal productivity.

D, Nonlinear grain yield model

The nonlinear multiplicative model (3.7) suggested by Jensen (1968)

as discussed in Chapter III,

n W A
G=G, T] (w=)'! (3.7)
© {1 Woc i

It is analogous to the Cobb-Douglas Model which is used mostly in
aggregate industrial economic analysis. The model is nonlinear in the
parameters A i It may be classified as intrinsically linear or intrin-
sically nonlinear depending on whether the model can be transformed
into linear form. If the error term is additive, model (3,7) would be
intrinsically nonlinear; and if the error term is multiplicative, it would

be intrinsically linear since it can be transformed logarithmically,
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Statistical computer algorithms for estimating parameters of
nonlinear systems are available (Draper and Smith, 1966). The
Marquardt's compromise (Marquardt, 1963), which represents a com-
promise between the linearization and the steepest descent methods
(STAT 31R), was uséed in the present analysis,

Before presenting the parameter estimates for model (3.7), the

concepts of elasticity and homogeneity will be introduced.

D.1, Elasticity and homogeneity

The concept of elasticity and homogeneity is helpful for assigning
exacting physical significance of the parameters A it The concept will
be introduced in this section with reference to model (3.7 ). Generalized
physical significance of Ai >0 and Ai <0 will then be presented.

For brevity of notation, x and y will be used in this section such

that
W
et
L= 6.6
¥ (Woc) i (6.6)
G
Go

y = = (6.7)
Model (3.7) can then be written as
n .
Yy = 1 X (6.8)

Model (6. 8) is homogeneous of degree K since the following relation-

shJ';p holds:

(tx,) g (tx2)12. .o (txn)An = £y (6.9),

where K is a constant and t is a positive real number, (6.9) states
that if all inputs x; are multiplied by a factor t, output y is multi-
plied by a factor tK, .

| Application of Euler's theorem to equation (6. 9) -leads to the con-
ditions expressed by (6,10) and (8.11), ‘
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n - :
g X =2 = Ky (6.10)
q=1 %

Dividing both sides by ¥,
n

; L -k (6.11)
i=1 ¥ %%

Each term on the left side of (6.11) is an elasticity of relative grain
production y with respect to relative evapotranspiration x;. In other
words, elasticity is defined as the percentage change in quantity pro-
duced attributable to given percentage change in an independent variable,
Each term under the summation sign equals the stress parameter ;.
Therefore, A; is the elasticity of production model (3. 7) with respect to
the ith interstage relative ET, Egquation (6.11) can thus be rewritten
as

which states' that the sum of the production elasticities A; in a homog-
enous production‘ function equals the degree of homogeneity K. Returns
to scale are increasing if K >1, constant if K= 1, and decreasing if
K <1,

The grain sorghum parameters for the two stage case (Table 6. 3)
can be interpreted as follows: for one percent change in x, (i=2and 3)
yield changes by 1.091 and 0. 545 percent; and returns to scale are in-
creasing since K = 1,636, The same argument applies to the other
entries in Table 6, 3.

Another use of elasticity can be demonstrated with reference to ‘,
Figure 6, 5. Stage II is the rational stage of production for sigmoid
models, Points A and B which define the upper and lower bound-
aries of Stage II are characterized by elasticities of 1 and 0,

respectively. At point A the marginal product .gxl'_ equals the
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average product -%— and elasticity equals 1, At point B the marginal
product equals zero and elasticity is zero,

Therefore, the rational stage of production (Stage II) lies between
the two values. Stages I and III are characterized by production

elasticities of greater than one and less than zero, respectively.

D.2. Physical significance of A; >0

The physical significance of A2 0 is that for a given level of
stress Wet , the greater the stress exponent (elasticity) the greater
the reduct?gn in yield. Figure 6.6 displays the relationship between
Wet and ( Wet)"L with A; as a parameter. The term( Weti i re-
Woc Woe Woc
ferred to as stress factor. Since 0< ( ) <1 for all i, the follow-

Woc
ing general conditions hold for A ; > 0:

(wet Ao Wet if Ay > 1.0
Woe ‘4

oc

Wet if A, = 1.0 (6.13)
W

Wet ir 0<A< 1,0

>
WO C

oc

The conditions stated in equation (6.13) can readily be seen in

Figure 6.6.

D.3. Physical significance of A;j< 0

If A; isless than zero (A; <0), the yield increases with increas-
ing stress, That is, as Wﬂ- get smaller, the stress factor(W‘if\l be-
comes larger, The effects are illustrated in Figure 6.7,

Under normal conditions it is impossible to increase crop yield by
decreasing the water available to the crop plant, Decreasing the
amount of water in the plant root zone following excessive water can in-

crease crop production, Decreasing the amount of water in the root
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zone improves aeration and crop yield responsc. Normally the stress
i . N
parameter A; must exclude A; <0 in order to have physical

relevance,

D.4. Estimates of A; for wheat and grain sorghum

The nonlinear least squares estimates of the stress parameters
(elasticities) A; for hard red winter wheat and grain sorghum are
summarized in Table 6.4. Four interstages of wheat and three of grain
sorghum were considered. The interstage relative ET for winter
wheat are presented in Table 6. 5,

The A; for winter wheat involve both positive and negative values
(Table 6.3). The negative values imply that yield increases with sever-
ity of stress. This is physically unrealistic. Negative A; can not
have any physical relevance under any condition of limiting soil water,
A reanalysis by imposing a requirement that 2; > 0 resulted in all
parameters but one to have boundary values of 0.0. This again has
problems because boundary values Ai = 0 imply stress has no effect
on yield.

The interstage relative ET, like ihe variables discussed earlier,
do not show values that are in the same direction as grain yield. Rela-
tive ET were consistently highest in 1963, They were comparable in
1963 and 1969 (Table 6.5). On the contrary, however, grain yields
were the lowest in 1963, highest in 1969 and average in 1965. Ideally
yields would be expected to be highest in 1965 and lowest in 1963 and
1969. Relative ET were about the same during the first and second
interstages of 1967 and 1969, During the third and fourth interstages
the 1969 wheat experienced greater water stresses and the 1967 was
nearly optimum. On the basis of the above argument, yields should
have been higher in 1967 than they were in 1969, However, the 1967
grain yield was the second lowest. The relative water stresses for the
respective interstages during 1966 and 1970 were comparable, The

yields differed greatly: average 3568 kg ha™! in 1966 and 2813 kg ha™!
in 1870.
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for hard red winter wheat and grain sorghum.

Phenological

Stress exponent }‘i

tagek Wheat Grain sorghum

slage Jensen Statistical
i STAT 31R

Three-stage| Two-stage

1 -0, 490 0.50 0.677
2 2.709 1.50 0. 961 1,001
3 -5, 451 0. 50 0. 547 0. 545
4 4,580

*The phenological stages for wheat represent intervals from spring
growth initiation to boot, boot to heading, heading to soft dough, soft

dough to maturity.
boot, boot to milk, and milk to maturity,

For grain sorghum, they represent planting to
The maximum observed

wheat grain yield of 4069 kg ha-l was considered optimum for all

years.
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Table 6.54. Interstage relative ET ge_t. by treatment, hard red winter

oc
) wheat, North Platte, Nebraska, 1963-1970, 1968 excluded,
Year Treatment Wet_ for interstage
oc
i 2 3 4
1963 EON 0.85 0. 80 0.77 0.68
BN 0.84 0.79 0.75 0.656
MON 0.86 0.81 0,78 0.69
MN 0. 84 0.79 0.75 0.66
1964 BON 0.90 0.86 0.83 0.%9
BN 0.92 0.88 0.85 0.82
MON 0.99 0.95 0.93 0.90
( MN 0.97 0.93 0.91 0.88
. 1965 BON 0.91 0.89 0.96 0.95
BN 0.93 0. 90 0.97 0.94
MON 0.92 0.89 0.97 0.95
) MN 0.93 0.90 0.98 0.96
1966 BON 0.93 0.87 0.178 0. 77
BN 0.93 0.87 0.78 0.77
MON 0.98 0.93 0.85 0.84
MN 0.97 0.92 0.84 0.82
1967 BON 0. 84 i 0.86 0.94 0.91
BN 0. 86 0.87 0.94 0.92
MON 0. 86 0.87 0.94 0.92
MN 0.85 0.87 0.94 0.91
1969 BON 0.81 0.78 0.67 0.69
BN 0.86 0.83 0.75 0.76
MON 0. 89 0.87 0.79 0.80
MN 0. 89 0.87 0.79 0.80
1970 BON 0.93 0.86 0.75 0.74
BN 0.93 0.86 0.75 0.74
MON 0.94 0. 88 0,77 0,75
MN 0.94 0.88 0.79 0.77
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The uncorrclated relationships between grain yicld and water
stresses noted above may be the cause for the physically unacceptable
negative A, = -0.490 and A3 = -5,451 (Table 6. 3).

The value of the grain sorghum parameters in Table 6. 4 includes
three different estimates. The estimates by Jensen wete obtained by
trial and error. The other two entries were statistically obtained con-
sidering two and three stages of growth. The data included many
entries in which the interstage relative evapotranspiration vvg% were
1,0 or near 1.0. The first interstage had 1.0 for twelve out of six-~

teen data points. Since 1.0 to any power does not differ from 1,0,

w
(sz )1 was excluded in the two stage analysis. Graphical compari-

son of observed and predicted relative grain sorghum yields using the
three estimates does not show much sensitivity to the change in A
(Figure 6.8). No such ?igure is included for wheat because the negative
A; are unrealistic,

The insensitivity in the grain sorghum is primarily due to the
nature of the relative ET data, many of which were 1,0 or near 1.0,
A further experiment in which the stress has a greater range is neces-
sary to test whether the model is valid. Experiments may be set up

such that the interstage relative ET may have ranges from 0.6 to 1.0,



Obsérved relative yield

94

1.0 T — T T

® Jensen

n ve, o

® STAT 3IR 3stage [
0.8} v STAT 3IR 2stage v
0.6} .
0.4} i
0.2} J

ve

0 1 1 1 T '
0 0.2 04 0.6 . 0.8 1.0

Predicted relative yield

Figure 6.8. Comparison of predicted and observed relative
yield of grain sorghum, Bushland, Texas, 1956-1959,
4 moisture levels,



CHAPTER vl
SUMMARY, CONCLUSIONS, AND RIECOMMENDATIONS

This chapter presents the summary and conclusions of .crop water
use estimation, phenological indices, and yield models, Recommenda-

tions for further study are outlined.

A, Summary
A.1, Wheat phenological stages

Phenological stages of wheat were correlated to four different esti-
mates of climatic indices, namely, number of days, growing degree
days, solar thermal units, and potential evapotranspiration. Each of the
indices was accumulated from spring growth initiation to boot, heading,
soft dough, and maturity stages of wheat., The number of days had the
least variation when correlated with the different stages of growth
(Tables 4.1 through 4.4). The coefficients of variation decreased from
a high at boot stage to a low at maturity: number of days 12% to 4%,
growing degree days 15% to 4%, solar thermal units 14% to 4%, and

potential evapotranspiration 15% to 7%.

A.2, Wheat water use

Daily evapotranspiration was estimated by the combination method,
The crop coefficient was adjusted to correct overestimating tendencies
early in the season and underestimation late in the season (Figure 4.,1),
Water use was also computed by the water balance method at each of the
four stages.

Estimated ET accumulated from spring growth initiation to boot,
heading, soft dough, and maturity (Wet) were compared with corre-
sponding cumulatives calculated by the water balance method (We)e A
linear regression indicates a one-to-one correspondence hetween Wet
and W, with a small intercept value and high correlation (IFigure 4,2).
Since there was a good relationship, Wet, which can be accumulated to

any desired time from daily ET, was used in the subsequent analysis,

95
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A.3 Model for estimating transpiration

A model for estimating transpiration is obtained by developing a
transpiration coefficient Ktco' by two methods. K., is related to the
basic crop coefficient K . K,,, is given by equations (4.3) and (4.4)--
Model 1--and by equations (4.12) and (4.13)--Model 2, For P_ = 0. 10
Model 1 is almost identical with Model 2 (Figure 4.4).

Daily trauspiration T is then estimated by equation (4.5). The dis-
tribution of cumulative transpiration W, relative to W4 (Figure 4,5)
shows that W, becomes a greater fraction of Wy as the season prog-

resses, For the growing season W; was about 67% of Wg,.

A.4, Analysis of variance of wheat yield data

Analysis of variance (AOV) on final dry matter and grain yields
showed that the applicatio.1 of nitrogen significantly affected final dry
matter (o= 0,05). Otherwise the treatments were not significant
(Table 5.2). Final dry matter significantly varied from year to year.
The only significant source of variation on grain yield was the yearly
variation.

Annual AOV on gra:n yield showedthat generally the treatments
and replications were not significant. Mulch mainly decreased yields.
Therefore, variations from year to year were the major factors affect-
ing grain yield.

A.5. Dry matter yield models

Linear and quadratic dry matter yield models were formulated and
tested for dry land hard red winter wheat, The independent variables
include Wet' Wt' Wr, and '\]%%—' Wheat total dry matter was highly
correlated with each of these (Table 5.3). The linear models with
marginal productivities of 195 kg ha™l cm=1 for Wet, 228 kg ha™lem-1
for W, 100 kg ha™! for W,, and 140 kg ha! day'1 for \g_; appear
accurate enough for predicting dry matter yields (Figures 5.1 - 5.4).

‘ W, is obtained by scaling daily ET or daily T by corresponding

potential ET or potential T for the crop. The scaling is believed to
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reconcile climatic differences. However, the applicability of the
reconciling technique presented here must be validated by conducting
comparative tests on different climatic regions.

Use of W, has great conservation implications, Comparison of W,
with Wet indicates the amount of water that can potentially be saved if
soil surface evaporation is reduced through proper conservation
measures,

_V_VL was computed to test the applicability of model (3. 1) to field
data, OThe model was developed by de Wit (1958) using container data,
Although the linearity of the model holds for the field data, the marginal

l'is higher than m = 115 given by de Wit.

product m, = 140 kg ha™? day”
Yet m, falls within the range 90 <m <160 kg ha~! day'1 obtained by
Hanks et al. (1969).

No definite trends were apparent in the relationship between inter-
stage dry matter and interstage stress days (Figures 5.5 - 5, 8),

A.6, Linear grain vield models

Since grain yield can only be sampled after crop maturity, selection
of independent variables for grain yield is extremely difficult, Linear
and nonlinear models were formulated and tested.

The linear models include (6.1), (6.2), (6.3), and (6.4). Model (6.1)
relates grain yield to final dry matter, model (6.2) relates to dry mat-
ter production the preceding fall and interstage dry matter, model (5.3),
relates grain yield to dry matter production the preceding fall, final
dry matter, and tillers, and model (6.4) adds the number of days
Tmax3_27°C and Uallo kph to model (6.3). The coefficients of deter-
mination ranged from 0,48 to 0.75 and were all significant at o= 0. 01,
Model (6.1) was tested by excluding the extremely low yield of 1963.

The value of g=0.44 in model (6.1) was compared with other in-
dependent estimates. A value of g = 0.36 with a very high coefficient
of determination (R2 = 0.96) was obtained for the one year Texas data

(Figure6.2), Yet, the two year western Kansas date indicate curvilinear
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relationship between grain yield and final dry matter (Figure 6. 3),
Therefore, the linearity may not hold when combining different years
as was indicated by the data analyzed in this study,

Model (6.2) which relates grain yield to interstage dry matter in-
volved negative coefficients which imply a decrease in grain yield with
an increase in interstage dry matter during the first and fourth inter-
stages., The first interstage included periods established to be critical.
Therefore, it appears thal negative coefficients for the first interstage
and possibly the last are not reasonable. However, further tests may
be necessary before rejecting the model,

Grain yield and seasonal water use were poorly and negatively
correlated. However, models which relate grain yield to water use or
other related variables can be derived by substituting any one of the
dry matter yield models (5.1) through (5.4) into the linear grain yield
models (6.1), (6.3), or (6.4). The derived marginal product for model
(6.1), 85.8 kg ha™lem” 1, was coincidentally identical with the estimated
water use efficiency. But lae variability from the estimated lines was
still large (Figure 6.4). Models (6. 3) and (6.4) appear to have physical
basis. Particularly model (6.4) indicates that climatic extremes may
affect grain yield severely., The effects of such extremes can only be
evaluated by comparing data from different years. Therefore, field
experiments must be conducted for several years if the analytical re~
sults are to incorporate annual variations due to the uncertain climatic
effects, ‘

A.7. Nonlinear grain yield models

The nonlinear multiplicative model (3.7) wab tested using wheat and
grain sorghum: data. The parameter A; is eqfuivalent to the elasticity
of relative yield -8-0 with respect to the interstage relative water use
(Wet ) . The physical significance of A ; >0 is that for a given level

oc /1 \-g—ﬂ
oc

of relative stress ) , the greater the stress parameter A;, the
greater the yield reduction, 2 i <0 implies that grain yield increases
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with increasing stress. Thus, only} ;> 0 and not A, <0 can have
physical relevance.

The statistical estimates of negative }‘i during the first and third
interstages (Table 6.4) make model (6.6) inapplicable for the winter wheat
yield. Although the estimates of the parameters A ; for grain sorghum
were all positive, the insensitivity of the model to the range of Ai
(Figure 6.8) make the applicability of the model for singular inputs of
water questionable. The model is commonly used with aggregate inputs
in which the (%gic. )i are replaced by discrete and unique input

variables.

B. Conclusions

1. Number of days, growing degree days, solar thermal units,
and potential ET were compared as phenological indices for wheat. The
number of days was the least variable.

2. Crop evapotranspiration was shown to be predictable with suffi-
cient accuracy from climatic, crop, and soils data by the combination
method with proper regional and crop calibrations.

3. Wheat dry matter yields were highly correlated to Wgy, Wi,
W,., and Wet . The linear models with the respective marginal prod-
ucts of 195 kg ha~1 em™!, 228 kg ha~1 ecm™!, 100 kg ha™?!, and

140 kg ha™l day~1 may be sufficient for predicting dry matter yields
when soil water is limiting. The scaling of the crop ET or T by the
corresponding daily potential ET, or T, to obtain W, is believed to
reconcile climatic differences.

4, Grain yield models are extremely difficult to i“ormulate.
Winter wheat grain yields may be predicted using dry matter production
the preceding fall, tillers, final dry matter, and number of days

o .
Tmax > 27°C and U, > 10 kph:

G = 232 + 1.27 DM, + 0.9 N; + 0, 31 DMy - 114,12 M.,

p
The coefficient of determination R2 = 0. 75. DM, may be considered a

proxy for the factors affecting growth during the fall. DM; may be
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replaced by one of the variables in the dry matter yield models. Yield
increases with increasing DMp, Nt, and DMf (Wet) and decreases witﬁ
increasing exposure to temperature and wind extremes M.

5. Relating grain yield to interstage dry matter involved negative
coefficients which imply a decrease in grain yield with ah increase in
dry matter production during the first and fourth interstages. The first
interstage included periods established to be critical. Apparently nega-
tive coefficients for the first interstage are not reasonable,

6. The multiplicative nonlinear model was inapplicable for dry
land winter wheat production. Its negative elasticities (; < 0) imply
that grain yield increases with severity of stress. Although the elas-
ticities were positive for grain sorghum, the model appears to be
relatively insensitive.

C. Recommendations

The production model is the basis to efficient allocation of re-
sources on the farm or on a larger scale. Planning and management of
farms can properly be executed using production models. Estimates of
the production isoquant anc. marginal rate of technical substitution for
multiple factors of production along with input and output price relation-
ships can be used to derive the most profitable combination of farm
inputs.

Therefore, the selection of the proper yield model is of paramount
importance. The model that predicts best should be selected at a given
stage of technological development. Great care must b_;e exercised not
to substitute elegance for substance.

It must be emphasized that water is only one of the many variables
that affect yield of crops. Year to year variation in climate alone can
cause great variation in yield, thus the need for conducting experiments
for more than one year. Inclusion of all or many of the known processes
that influence crop yield requires enormous resources for thorough
validation. Simpler models must be used while adding further

complications as confidence in the structure is established.
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Realizing that this study dealt with secondary analysis of the data,
experiments with crop yield response to the soil-water-climate environ-
mental complex may be designed considering the following points:

1. A model incorporating the major factors that affect the plant
processes of photosynthesis, respiration, and transpiration should be
built to simulate on a daily basis.

2. In addition to accounting for the total energy, the model must
consider the effect of climatic extremes such as temperature above and
below the thresholds, and the duration of the extremes.

3. The model must be constructed so that parts can be removed
and replaced with better process relationships.

4, Since year to year variation in climate can significantly affect
the results, the experixﬁents must be conducted for several years under
field conditions.

5, Various interactions of the controllable inputs of irrigation
water and fertilizer should he considered, Water stresses may be im-~
posed between tillering and booting, booting and heading, and heading
and soft-dough stages for wheat. The amounts of water applied should
range from optimum to critical levels.

In addition to the ahove, further studies are needed to:

6. Test the applicability of scaling daily ET by corresponding .
potential for the crop to reconcile climatic differences; and

7. Validate the transpiration .model developed in this study.
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PROGRAM ETEST (INPUT sOUTPUT +FILMPL s TAPES=INPUT » TAPE6=0UTPUT ¢y PUNCHY»
1TAPEY)

COMMON THAX (366) » TMIN(366) RS (366) oP (366) o WIND (366) sETPR(3I66) +ETPS
A(366) +RS0(366) +G(366) sETPP(366) yRN(366) +NDIR(100) 9RIG(100) yPREC(36
l6[oC(8.8)oD(8)oVPD(366)oTAVG(366)oVP(366)9RL0(366)oRNRS(366)oDl(B)

COMMON KSA»KSBeMEND

COMMON/A/ R(4) +HEAD(8) +LABY (4) sLABX (4) +DATE (8) +SPEC(8B)

COMMON/B/ XA(20) 9YA(20) s AP +NDB 9NN 9GRyHEADS

COMMON/C/ ETX(366) +XXA(50) +DXA(50) +DYA(50) +DXXA(50) yETRE(50)

COMMON/D/ ETRM(50) o+ DM(S0)s ETRET(S0) +ETRMT(50)

COMMON/E/ TE(366)s GDD(10)s DGUD(20)s STU(10)s DSTU(10)+STUD(366)

COMMON/F/ CPANE (10) +PANE (366) +DDM(10)s» DAYS(10) +DCETKCO(10)
COMMON/G/ SD(50)+DSD(50) +ETRETC(50)s AKCO(366) +ETC(366)

COMMON/H/ RAIN(S0) oT(366) sCTA(50) +ETRCO(366) »CETKCO(50)

COMMON/0/ ETRD (366) +E(366) +CEA(50) 4ETR(366) + AKCOT (366) +AKC (366)

COMMON/P/ AKCT (366) ¢AKS (366) sAKA(366) ¢ TKCOT (366) +CTKCOT(20)

COMMON/Q/ CETRD(20)2CTRD(20) +ASW(366) +ET (366) »TRD (366)

INTEGER HEAD
GRRRBRDACORBRRARRIRBEINIBNOHNRROUDDOHOBONIRRDDNDRDNGDACHIBRNRNRDRORRNNE

[ 224 2] QQGQOQDQGDQ#DQ0900ﬂliilb..000600006..000..0..000“000.0.....'....

MM®## DEFINITIONS OF MAJOR TERMS YTy YY)
ssnns TAYG IS AVERAGE TEMPERATURE rYYYY?Y!
sssas YPD IS SATURATION VAPOR PRESSURE OF WATER YY)
annes YyPS IS VAPOR PRESSURE IN MILLIBARS rYI YY)
ssses WIND OR UA 1S WIND RUN YY)
sssns RS IS OBSERVED SOLAR RADIATION YT Y
asses RSO 1S CLEAR SKY SOLAR RADIATION annans
sass0 RLO IS NET OUTGOING LONGWAVE RADIATION T2
seeess® RN IS DAILY NET RADIATION T T2ZLY
seses G IS SOIL HEAT FLUX I YY]
snaee ETPP IS POTENTIAL EVAPOTRANSPIRATION ‘ TYYYY ]
snees ET IS ACTUAL EVAPOTRANXPIRATION rYrYY ]
sssss ETR IS INCREASE IN ET DUE TO RAIN FYY YY)
anene F IS DAILY EVAPORATION FROM THE SOIL SURFACE SRNB0E
anans CEA IS CUMULATIVE EVAPORATION YT Y
snens T IS ESTIMATED DAILY TRANSPIRATION YT Y]
sasss CTA IS CUMULATIVE ESTIMATED TRANSPIRATION 2ANNRNS
swase NDOB IS BEGINNING DATE YY)
anaes NDP IS DATE OF PLANTING ' annnse
senes NDE IS DATE OF EFFECTIVE COVER (12221
anses NDH IS DATE OF HARVEST YY Y ¥
sasen NDS IS STOP DATE YYYY
asene KSA IS PLANTING DATEs KSA=IPDA YT TYY )
saeas KSB IS HARVEST DATE KSP=IPDB T YTTY Y
sesne IPDA IS THE BEGINNING DATE YTy Y
ssssa IPDB IS THE ENDING DATE rYYYYY]
sess® MEND IS THE BLGINNING DATE WHERE CLIMATIC DAT RECORD (12110
ansns BECOMES COMPLETE YY1
sssss XXA IS CUMULATIVE POTENTIAL ET (12212
ennas XA IS CUMULATIVE ESTIMATED ET Y YY Y]
sanse P IS DAILY PRECIPITATION YYY YY)
aunne RAIN IS CUMULATIVE RAIN FALL OR PREECIPITATION L1224
assnse AGW=SAVB IS DAILY AVAILABLE SOIL WATER (12211
snane AKCO IS BASIC CROP COEFFICIENT T2

snees AKCT IS ACTUAL CROP COEFFIENT FOR TRANSPIRATION bbbl dodd
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#asos AKA IS CROP COEFFICIENT ADJUSTMENT FOR LIMITED SOIL WATER wessas

sanos AKS IS CROP COEFFICIENT MODIFIER FOE SURFACE WETNESS LA A
aanne AKC IS CROP COEFFICIENT YYYTL
soene CETKCO IS CUMULATIVE CROP POTENTIAL ET sennes
eessse ETRD Is DAILY RELATIVE ET YITYY
MMeoa#s TRD 1S DAILY RELATIVE TRANSPIRATION (YY)
snnee CTKCOT IS CUMULATIVE POTENTIAL TRANSPIRATIOM (122 21
snnee TKCOT IS THE DAILY POTENTIAL TRANSPIRATION i 222X L
anone PANE IS DAILY PAN EVAPORATION [T Y)
sosne CPANE IS CUMULATIVE EVAPORATION YY)
saeee STY IS DAILY SOLAR THERMAL UNIT YYYYY)
sncne GDD IS OAILY GROWING DEGREE-DAY (22T T
savoe SAVB IS AVAILABLE SOIL WATER YYYY L)
ssoo® SAVT IS HOLDOING CAPACITY FOR AVAILABLE SOIL WATER (22121
ssoaa GR IS GRAIN YIELD Y YY)
sesre DM IS DRY MATTED YIELD AT SAMPLING DATES *RBNNN

BRTRO FRBBRVOIRBORDARNRORDONRIRINORDRNOBRDURNBNOPEOROBRODORBBRNNBEARNNNDINES
YXIYYYZYYYY YR YRR 222X XTSRRI LTI Z AR A2 AR A2 XL YYD )

200 PERC=0,0
READ(S5¢202) IPDs IPDA+ IPDBy (HEAD(I) 9 1=194)
READ (5+201) KSABKSBsMEND

M=63

N=212

CALL INPUT
sena0 THE STATEMENT BELOW RETAINS THE VALUE OF ETPP (PAN EVAP) BEFORE IT #ssasss
asne# GOES ANY TRANSFORMATION., THE VALUE IS STORED UNDER PANE. hdebeded 4

DO 100 K=MEND.KSB
100 PAME (K) SETPP (K)
CALL RSOC
CALL PSC(MyN)
CALL PENET(KSAsKSB)
IF (MEND.GT«KSA) GO TO 101
G0 TO 1022
101 DO 102 K=KSAyMEND
ansae WIND IS ASSIGNED A DUMMY VALUE TO AVOID ERROR MODE 2 IN THIS LOOP ®essas
WIND(K)=10.00
_ PANE (K)= ETPP(K)
102 CONTINUE
asne® CONVERSION TO METRIC UNITS IS ODONE BELOW RNRNEN
1022 DO 1021 I=KSA.KSB
TAVG(I)2 (TAVG(I)=32.0)/1.8
WIND(I)aWIND(I)®1.,609
ETPP(I)=ETPP(1)%2.,54
P(I)=P(1)*2.504
PANE (I)=PANE(I)*2.S4
TE(L1)=TAVG (1) =248
IF(TE(I) eLTe 0¢0) TE(I) =040
IF(TE(I) «GTe24¢0) TE(I): 2440
IF(I.LT.MEND) GO TO 118
STUD(I)= TE(I)#*RS(I)
. 60 70 1021
118 STUD(I)= TE(I)®*190.
1021 CONTINUE
anee NN IS TREATMENT NUMBER AND HEADING NUHBER
103 READ (5¢203)NNs (HEAD(I) 9121+8)
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IF (NN.EG.20)G0 TO 200

IF (NN,EQ.0) CALL ETREL

IF (NN.EQ.0) CaLL EXIT

IF (NN,EW.1) WRITE (64204)

IF (NN,EQ.1) WRITE(6+205) HEAD
IF (NNJ,EQ.1)WRITE(6+2052)

C NDB=BEGINNING DATEs NDP=PLANTING DATE+NDE=-DATE OF EFFECTIVE COVERs
C NOH=DATE OF HARVEST, NDS-STOP DATEs SAVB=AVAILABLE WATER,
c SAVT=S0IL CAPACITY FOR A.W,
READ(5+ 206)NDBeNDPyNDE yNDHaNDS+SAVBeSAVT9KLYS
o STORE INFORMATION ON TAPE

WRITE(]) NNo HEAD.NDB¢NDS
SAVB=SAVB®2.54
SAVT=SAVT®2.54
AB=NDB
AP=NOP
AE=AP+73.00
READ(S54207) Ms (DATE(J) ¢ SPEC(J) 9J3] M)
DO 1041 J=1l+4&
1041 SPEC!{J}=SPEC(J)*2.54
READ(S.,208) GR+GRMAX9DMMAXy (DM (J) 9 J=19M) yHEADS'
18=NDB~-1
YA(1)=SAvVB -~ SPEC(1)
wnsae R IS A TERM USED TO ACCOUNT FOR RAIN IN DAYS 19 2¢ 39 4 Ladd 4l
R(4)=P(NDB=3)
R(3)=P(NDB=2)
R(2)=P{(NDB=]1)
R(1)=P(NDB)
C CALCULATES A CROP COEFFICIENT
DO 119 I=NDB+NDS
ETR(I)=0.0 $ RX=R(]})
IF(1.LT.NDP) GO TO 117
IF (1.GE+AE) GO TO 10S
Al=]
PCT=100.%(A1=AP)/ (AE~AP)
AKCO(1)=C(Ns1)*C(Ns2) *PCTeC(Ny3)#PCTH#22+4C(Ne4)#PCTH83
IF (PCT.LT.20e) AKCO(I)=0.,09
IF (AKCO(I)eGTela00) AKCO(1)=1,00
AKCOT(1)=AKCO(I)*(PCT=10.0)710040
IF (PCTeLTe10.0) AKCOT(I)=0404
GO TO 106
105 DT=1-AE
AKCO(1) =C(NsS)*C(Ny6) #DTeC(NoT)*DTR#2¢C(N9B) *DT#43
IF (AKCO(I)+GT«1a00) AKCO(I)=1,00
. AKCOT(I)=0.90%AKCO(])
106 IF (AKCO(I)«GTeles00)AKCO(I}=],00
aese ETX IS POTENTIAL ET FROM A CROP OF ALFALFA ABPHR S
IF(ETPP(1) LT, 0000) ETPP(I)=0,00
ETX(I)= ETPP(]I)
ETKCO(I)=AKCO(I)®ETPP(])
TKCOT(1)=AKCOT (L) *ETPP(I)
IF (SAVB.GTSAVT) GO TO 107
anaas AKA IS AN ADJUSTING FACTOR FOR LIMITED SOIL HATER (22221
AKA(I)= ALOG(100.05Ava/SAVTol.)/ALOG(IOI.) '
AKC(I)=AKCO(I)®#AKA(])


http:AKCO(I)=1.0O
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AKCT(1)=AKCOT (L) =AKA(])
ET(1)=AKC(1)#ETPP(I)
T(I)=AKCT (1) *ETPP(I)
GO 70 1071
107 EXY(1)=AKCO(I)*ETPP(I)
. T(I)=AKCOT (1) =ETPP(I)
1071 IF (AKC(I)«GT.0.90) GO TO 115
C e#*aTHIS GROUP OF CARDS ACCOUNTS FOR PRECIP ON DAY] #cosssnsnsaasansese
IF(R(1)«LE«0.0)G0O TO 108

sansd AKS IS AN ADJUSTMENT FACTOR DUE TO SURFACE WETNESS kb Ll g
AKS(1)= 0.90-AKC(])
endes ETR IS INCREASE IN ET DUE TO RAIN Lol 1l

ETR(I)=AKS(I)®ETPP (1)
R(1)=R(1)=-ETR(I)
IF(R(1)+GE«0.0)GO TO 114
R(2)=R(2) +R (1)

R(1)=0.0

. GO TO 109

108 IF(R(2)«LE«0.0)GO T0O 112
AKS(1)=30.80%(0¢90=AKC(I))
ETR(I)=AKS (1) *ETPP(I)
R(2)=R(2)-ETR(I)

109 IF(R(2) «GE«0.0)GO TO 114
R(3)=R(J)+R(2)

R(2)=0,0

110 IF(R(3)«6GE«0,0)G0 TO 114
R(4)=R (&) +R(3)

- R(3)=0.0

111 IF(R(4) «GE+0+0)G0 TO 114
ETR(I)=ETR(I) oR (&)
R(4)=0,0

. GO TO 114

112 IF(R(3) +LE«0+0)GO TO 113
AKS (1)=0.5%(0.90=AKC(I))
ETR(I)=AKS (1) =ETPP(I)
R(3)=R(3)=ETR(2)

- G0 TO 110

113 IF(R(4)«LE«0.0)GO TO 114
AKS (1)=20.3%(0.90-AKC(I))
ETR(I)=AKS (1) *ETPP(I)
R(4)=R(4)~ETR(])

_ . G0 TO 111

114 IF (ETR(1)«LTe0+00)ETR(I)=0.00

» ETC 1S CROP EVAPOTRANSPIRATION

R ETC(I)=ET(I)

115 ET(I)=ET(I)+ETR(I)
SAVBaSAVB+RX=ET (1)
IF(SAVB.LT.0.0)SAVB-O-O
IF (SAVB.LE.SAVT)GO TO 116
PERC=SAVB=SAVT

- SAVB=SAVT

116 IF (ET(1)eLTe0005) ET(I)=0400S
IF(ETX(I) «L.Te0e01) ETX(1)=0.01
TRD(1)=T(I)/TKCOT(I)
ETRD(1)=ETC(I)Z/ETKCO(I)
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ASW(I)=SAV8B

. PREC(1)=PERC
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1161
120

201
202
203
204
205

2051
2052

206
207
208
209
210

R(4)=R(3)

R(3)=R(2)

R{2§=RL1)

R(1)=P(Ie1)

PERC=0.0

CONTINUE

DO 120 I=NDBsNDS

ETPP(I)=ETX(])

E(D)=ET(I)=-T(I)

WRITE INFORMATION ON TAPE

WRITE(1)PANE(I) sETX(I) oET(I) o T(I)sEC(I) sP (L) 9ETRO(I) 9 TRD(I) ¢ AKCO(I
1) vAKCOT(I) oAKA(I) sAKC(I) 9ETKCO(I) o TAVG(I) 9 TE(1) o STUDC(L) 9 ASW(I) o
2TKCOT (1) .

IF (NN.NEJ1) GO TO 120

IF(I.LT. MEND) GO TO 1161

IF((I=NDB) «EQeS50e0Rs (I=NDB) ¢EQe103) WRITE (6+2051)

IF((I=NDB) eEQ¢50s0Re (1~NDB) «EQe103) WRITE (602052)
WRITE(69209)IoTAVG(I) oVP(I) o VPD (1) oWIND(I) 9RS(I)sRSOCL) sRLO(I)
LRN(I) ¢G(I) oRNRS(I) sETPS(I) sETPP(I)9ET(I) o T(I)9E(I) 9P (1) +PREC(I)»

BASW(I)

GO TO 120

WRITE(69210) IoTAVG(I) oETPP(I)sET(I) o T(I)+EL(I) sPL])

CONTINUE

CALL CUMLTV
GO TO 103

FORMAT (2X+313)

FORMAT (313+4A10)

FORMAT(12+4A109794A10)

FORMAT (1H1) :

FORMAT (49X94A1097944X94A1097/7/91X9*DATE TAVG VPS vPD UA
1RS RSO RLO RN G RN/RS ETP/RN ETP ET T E R
2AIN DRAIN ASHW®)

FORMAT ( 1H19//791Xs #pDATE TAVG VvPS VvPD UA
1RS RSO RLO RN G RN/RS ETP/RN ETP ET T E RA
2IN DRAIN ASW®)

FORMAT ( * c MB MB KPH CAL. PER CM SQ. PE
1R DAY CM CM CM CM CM CM CM#y/
2)

FORMAT(S5IS92F52915)

FORMAT(I2¢79(4(FS5.00¢F5.2)))

FORMAT (F7+29 TF740) )

FORMAT (1X9I149F6e)92F6e29F60195F6009F6039FTe397F602)

FORMAT (1X9I149F6e19631XeS5F6.2)

END :

SUBROUTINE CUMLTV

COMMON TMAX (366) s THIN(366) +RS (366) oP (366) +WIND (366) +yETPR(366) +ETPS
A(366) +RS0(366) +G(366) +ETPP (366) sRN(366) yNDIR(100) +RIG(100) 4PREC(I6
16) +C(8+8) 9D (B) yVPD (366) ¢ TAVG (366) 9 VP (366) »RLO(366) +RNRS (366) +D1 (8)
COMMON KSA9KSBeMEND


http:FORMAT(F7.29
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*408

COMMON/A/
COMMON/B/
COMMON/C/
COMMON/D/
COMMON/E/
COMMON/F /
COMMON/ G/
COMMON/H/
COMMON/0O/
COMMON/P/
COMMON/G/
DIMENSION
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R(4) +hEAD(3) yLABY (4) s LABX (4) ¢DATE (8) +SPEC(8)

XA(20) YA (20) oAPsNDB s NN9eGRyHEADS

ETX(366) 9 XXA(50) 9DXA(S0) 4DYA(S50) +DXXA(50) yETRE (50)
ETRM(S0) » DM(50) s ETRET(50) +ETRMT (50)

TE(366)y GDD(10)+ DGDD(10) s STULYOD)s DSTU(10)+STUD(266)
CPANE (10) «PANE (366) »DDM(10)s DAYS(10) +DCETKCO(10)
50(50)+0SD(50) +»ETRETC(S0) s AKCO(366)+ETC(366)
RAIN{(S0) 9T (366) +CTA(SO) +ETKCO(366) s CETKCO(S0)
ETRD(366) +E(366) 9CEA(S0) yETR(366) 9 AKCOT (366) +AKC (366)
AKCT (3661 yAKS (366) vAKA(366) ¢+ TKCOT (366) +CTKCOT (20)
CETRD(20) +CTRD(20) »ASW(366)+ET(366) »TRD(366)
TOET(20)sCETC(10) «OCETC(10)

XXA 1S ACCUMULATED POTENTIAL ET #40sadantaotissasnsen
GDD IS ACCUMULATED GROWING DEGREE~DAYS ##sdnowptcone

STU IS ACCUMULATED SOLAR THERMAL UNITS
CPAE IS CUMULATIVE EVAPORATON

18=ND8-1

CTA(1)=0.0
SO(1)=0.00

RAIN(]) =

L2221 XY2XY )
(2 XTI 21 L]

0.00

CPANE(1)=0.00
GDD(1) =0.0

STU(1) =0,

0

CETKCO0(1)=0.00

XXA(1)=0.0

XA(1)=0.0

CETC(1)=0.

0

CTRD(1)=0.00
CETRD(1)=0.00
CTKCOT(1)=0.0

CEA(1)=0.0

CETKCO(1)=0.0

M=4

DO 126 I1=1.M

IA=]IB+]

IB=DATE(II) ¢0001

18=18-])

IF(11.EQ.1)G0 TO 121
CETKCO(1I)=CETKCO(II=1)
CTA(II)=CTA(IL=1)
GDD(I1)=GDD(1I~1)
STU(II)=5TU(II=1)

RAIN(II1) =

RAIN(1I=1)

XXA(II)=XXA(II=1)

CPANE(I1)=aCPANE(II~])

XA(II)=xA(II=])

CTRD(I1)=CTRD(1I~-1)
CETRO(11)=CETRD(1I~-}1)

CEA(II)=CEA(II~])
CTKCOT(11)=CTKCCT(II=1)
YA(I[)=(SPEC(11=1)=~SPEC(II) + YA(II=1})
DO 123 JJ=1As18B

CTA(II)=CTA(II) *T(JN)

RAIN(II) =

RAINCII) ¢ P(JJ)

CETC(II)=CETC({II)+ETC(JJ)
XA(II)=XA(I1) & ET(JJ)
YA(II)=YA(LI1)eP(JJ)=PREC(JJ)



123

124

125
126

127

128
130

Nes sss
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CETKCO(1I)=CETKCO(1])+ETKCO(JJ)
XXA(IT)=XXA(RI)*ETR(JN)
GOD(11)=(GLD(I1) ¢ TE(JJ))
STU(II) =(STU(Il) + STUDWIN))
CPANE (11)=CPANE!II) ¢PANE(JJ)
CTRD(II)=CTRO(II) ¢TRD(JJ)

CETRO(I1)=CETRD(1I) +ETRD(JJ)
CEA(IT)=CEA(IL) +E(JJ)

CTKCOT (I11)=CTKCOT(II)e TKCOT(UJ)
CONTINUE

IF(II.EQ.1) GO TO 124
DCETC(II)=CETC(II)=CETC(I1~1)
OXA(ID) =XA(I1)=XA(LI-]1)
OYA(II)=YA(II)=YA(II~1)
DXXA(LI)=XXA(II)=XXA(II=1)
DCETC(II)=CETC(II=-1)
0GOD(II) =GDD(II)=-GDD(II~]1)
DCETKCO(11)=CETKCO(II)~CETKCO(II=])
OSTU(II) = STU(ID)= STU(1I-1)
DAYS(II) =DATE(II)=DATE(II-1)
OOM(II)=DM(II)=DM(II~1)

60 TO 125

OXA(II)=XA(II)
DCETC(IN=CETC(IID)
DYA(ID)aYA(LD)
DCETKCO(I1)=CETKCO(II)
OXXA(II)=XXA(II)

DSTU(II) = STU(IIl)

0GDO(II) = GOD(II)
DOM(II)=0OM(II1)

DAYS (11)=DATE(L1)~AP
ETRE(II)=DCETC(II)/DCETKCO(II)
ETRM(II)=DYA(II)/DCETKCO(II)
CONTINUE

D0 127 11=1v4

STU(I1) =STU(I1)/710000.

GDD(II)= GOD(II)/1300.
0GDD({11)=DGDO(KI)/1300.
OSTU(II)=DSTU(II)/T710000.
TOET(II)=CTA(ID)/XA(ID)

CONTINUE

IF (NN.GT+1ANDsNN.LTeS) GO TO 128

WRITE(6+2111)HEAD

WRITE(6+212)

GO TO 129

WRITE (6+213) HEAD

D0 122 Ii=leé
HRITE(60216)DATE(II)QXA(II)QYA(II)oXXA(!l)oCPANE(II)oETRE(I!)0
1ETRM(II) 9CETKCO(IT) oRAIN(II)» CTA(II)oCEA(II)9CETRD(II)
2CTRD(II) o TOET (II)

WRITE INFORMATION ON TAPE

WRITE(1) (DATE(FI) o XACII) ¢YACIT) oXXA(II)CPANE(II) s CTA(II)
ADM(I1)+GDD(II)9STU(II) +DGDD(II)s DSTU(II) 9DAYS(II) 9CEA(II)4CETRO(X
BI) +CTRD(II) +CTKCOT(II) SPEC(II)QCETKCO(IID’ I12194) yGRoHEADS

111 FORMAT(1H1 947X 94A100/944X94A10)
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FORMAT (1HO 91 7X9®ACCUMULATED ET#418X92*STAGE ET RATIO®,12Xe® *y
1/702X9®DAY 92X "ESTIMATED®* 42X+ #HHEASURED 9 2X9#POTENTIAL® 42X o #PAN EVA
‘2PR 22X e tESTIMATED #42X+*MEASURED® 92X 9o #CETKCO ®#92Xs"RAIN 296X 9®CT
AR 6X49CE 246Xy PCETRD®96X93CTRD®y ® T/ET®)

FORMAT (1HO9aTXv4A100/ 964Xes04AL10)

FORMAT (1HO9F4.096F 10639 2F 11029 4F10e3 9F6.3)

RETURN

END .

SUBROUTINE INPUT

DIMENSION DP(366)

COMMON TMAX (366) » TMIN(366) yRS(366) +P (366) yWIND(366) +ETPR(366) vETPS
A(366) +RS0(366) +1G(366) +ETPP(366) yRN(366) +NDIR(100)+RIG(100) »PREC(36
16)+C(8+8)+D(8)sVPD(366) s TAVG(366) 9 VP (366) +RLO (366) +RNRS (366) +D1(8)

COMMON KSA+KSBIMEND

VPP (T)=10e24(=7e9028%(373.16/(5.%(T=3260)/9¢4273¢16)~1.)+5,02808%A
ALOG10(373416/(Se®(T=32¢0)/9¢4273616))=1e3B16E=7#(10%#()1,344%(]e~
B373416/(5.9(T=-326)/9442736¢16)))=1,)48+1328E=39()0.%#%(=3.49149%(373
Col6/(547(T=32,)7/94273,16)=16))=1s)*3,0057))

Cesew CROP COEFF. BEFORE EFFECTIVE COVERFOR SMALL GRAINS (WHEAT)

C(191)=0.1605 C(1+2)==1,140E-2%5 C(193)=4+B843E=4% C(1l+4)==2,893E=6

Ce#®  CROP COEFF. AFTER EFFECTIVE COVER FOR SMALL GRAINS (WHEAT)

C e
C

000000

C(19¢5)=1e2503 C()16)=8,532E=3% C()97)==Te261E=4% C(1+8)=4.44E=6
*n INPUT FOR NORTH PLATTE
READS PERCENT SUNSHINEe RS
READ(S+13) (RS(I)e1=63+212)
13 FORMAT ISX+25F3.2)
READS SATURATION VAPOR PRESSUREs VPDe
READ(S5914) (VPD(I)+12634212)
14 FORMAT (SXe25F3e1)
READS THE FOLLOWING
TMAX= MAXIMUM TEMPERATURE
TMIN= MINIMUM TEMPERATURE .
P= PRECIPITATION OR RAIN
ETPP= PAN EVAPORATION
WIND= DAILY WIND RUN IN MILES
READ(5915) (TMAX(K) o TMIN(K) 2P (K) sETPP(K) s WIND (K) ¢K=63+212)
15 FORMAT(SX92F3e09F3e29F36¢39FI6292F3e09F3629F3e39F30192F3¢00F3629F30
239F3e102F3¢09F3e29F3e39F3¢192F36409F3429F3e39F3e1)
RETURN
END
SUBROUTINE PENET (NoeM)
CALCULATES PENMAN POTENTIAL EoTe
COMMON TMAX(366) 9 TMIN(366) sRS(366) yP (366) o WIND (366) 9vETPR(366) +ETPS
A(366) yRS0(366) 96 (366) sETPP(366) sRN(366) sNDIR(100) +RIG(100) sPREC(36
16)+C(898) sD(8) s VPD(366) o TAVG(366) o VP (366) yRLO(366) +RNRS(366) +D]) (8)
COMMON KSAsKSBeMEND
VPP(T)=10e40(=7¢9028%(373e167(5¢%(T=32¢0)/9¢4273e16)=1:)¢5,.02808%A
ALOG10(373616/(5¢2(T=32:0)/9¢%273¢16))=1e3816E=7%(10,%*(11,344% ()0~
B373016/(5¢%(T=326)7/96¢¢273616)))1=16)¢84132BE~38()0,#9(=3,49149%(373
Cel6/(5,2(T=324)17/942273616)=10))=10)*+3.00571)
NN=KSA«3
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D0 S J=NN.KSB

S TAVG (J) = (TMAX(J) +TMIN(J)) /2,
IF (MEND o GToKSAJCALL JENET (MsN)
DO 10 I=MEND,KS8
VPS1=VPP (TMAX (1))
VPS2=VvPP (THIN(I))
IF (VPS2.LE.040)VPS2=040
VP (1)=(VPS1¢VPS2) /2,0
IF (1+LEe3) RETURN
G(I)=(TAVG(I)=(TAVG(I~1)+TAVG(I=2)+TAVG(I=3))/3,0)*5,
TEN=((TMIN([)=32.)/1e8 ¢ 27361/ 100,
TAX= ((TMAX(I)=32+)/148 ¢ 273.)/100.
RLO(I)=(0637=000442VPD(I)#20.50)%11o71% (TAX®RL+TEN®4)#0.5
RN(I)=0e7T9RS(I)=(0e9 #RS(I)/RSO(I)+0s1 )*RLO(I)
T1=00414.0125¢TAVG (1) =4,534%TAVG(]) #92/10,0%%5
T22.959=.0125¢TAVG (1) ¢4,534%TAVG (1) #%2/1040%%5
ETPP(I)=(T1#(RN(I)=G(I))+¢T2%15.36%(140+0+36*WIND(I))*(VP{I)=
1VPD(1)))*0.000673
RNRS (1) =RN(I) /RS(I)
ETPS(I)=ETPP(I)/(RN(1)%0.000673)

10 CONTINUE
RETURN
END

SUBROUTINE RsSOC
COMMON TMAX(366) s TMIN(366) sRS(366) oP(366) s WIND(366) +ETPR(366) +ETPS
A(366)oRSO(366)06(366)oETPP(366)oRN(366)oNDlR(loo)oRIG(lOO)oPREC(36
16)oC(BoS)90(8)oVPD(366)9TAVG(366)oVP(366)oRLO(366)oRNRS(366)9Dl(8)
COMMON KSA+XKSBeMEND
c CALCULATES CLEAR SKY SOLAR RADIATION
c THE CARDS SET THAT FOLLOW INITIALIZES RSO
DO 1 I=1+366
1 RSO0(1)=20.0
C #ne INPUT FOR NORTH PLATTE
RS0(1)=2270.
RSC(32)8350.
RSO (61)=&460.
RSO (92)m575.
RS0(122)=670.
RS0(153)=725.
RSO (183)=720.
RSO (214) =640,
RS0 (245) =590,
RS0 (306)=340.
RSO0 (336) =265,
RSO (366) =270,
1A=]
I8=1A
4 IBulBe)
IF(RSO(IB) +EQ.00)GOTO4
A=A ’
B=]18



119

SLe= (RSO(IB)=RSO(IA) )/ (B=A)
D010 J=IAsIB Lo
CX=J=1A

10 RSO (J)=RSO(IA)+SLO(CX)
1A=18
IF (1A.LT.366)G0 T0 &
RETURN
END

SUBROUTINE JENET (MysN)
aens CALCULATES JENSEN-HAISE POTENTIAL ET

COMMON TMAX(366) 9 TMIN(366) ¢RS (366) 4P (366) yWIND{366) +ETPR(366) +ETPS
A(366) yRSO(366) 96 (366) +ETPP(366) +RN(366) +NDIR(100) +RIG(100) yPREC(I6
16)oC(BoB).D(B)oVPD(366)oTAVG(366)oVP(366)oRLO(366).RNRS(366)oDl(B)

COMMON KSA+KSBsMEND

DO 4] = KSA+MEND

41 ETPP(I)=(0.014®*TAVG(1)=0437) #RS(I)%*0.000673

RETURN

END

SUBROUTINE PSC{(MsN)

COMMON TMAX(366) o+ TMIN(366) ¢RS(366) 4P (366) ¢WIND(366) sETPR(I66) +ETPS
A1366) yRSO(366) 96(366) yETPP (366) +RN(366) +NDIR(100) +RIG(100) +PREC(I6
16)oC(soa)oD(B)oVPD(366)oTAVG(366)oVP(366)oRLO(366)oRNRS(366)oDl(B)

COMMON KSA+KSBeMEND

DO S I=MeN

RS(I)=RSO(I)®(e35¢,61*RS(]))

S CONTINUE
RETURN
END
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