THE USE OF CLIMATIC DATA FOR

MAIZE GRAIN YIELD PREDICTIONS

by

JOHN BERTRAM MALLETT

B.Sc. Agric, Natal. M,S5¢. Agric, Natal

Submitted in partial fulfilment of the requirements for the degre
of Doctor of Philosophy in the Department of Crop Science, Facult

of Agriculture, University of Natal, Pietermaritzburg.

1972



CONTENTS

Chapter Page
- ABSTRACT - 1
- INTRODUCTION - 3

1 - EFFECT OF A MOISTURE STRESS DAY UPON 8
MAIZE PERFORMANCE -
MATERIALS AND METHODS 11
Moisture stress day 14
RESULTS AND DISCUSSION 16
Effect of moisture stress before silking 16
upon grain yield, leaf area and plant height
Effect of moisture stress after silking 19
upon grain yield

2 - IDENTIFICATION OF A DAY OF MOISTURE STRESS 22
IN MAIZE AT CEDARA -
INTRODUCTION 22
MATERIALS AND METHODS 23
Theory 28
RESULTS AND DISCUSSION 30

3 - MODEL FOR DETERMINING MAIZE YIELD 34
PROBABILITIES ON A DOVETON SOIL -
INTRODUCTION 34
DECREMENT IN YIELD DUE TO STRESS 35
STRESS DAY 36
EVAPOTRANSPIRATION 37
AVAILABLE SOIL MOISTURE 39
Water movement 41
Root distribution 42
Water holding characteristics of a Doveton 45
soil
PROCEDURE FOR EXECUTION OF MODEL 45
CONCLUSIONS 46

4 - APPLICATION OF MODEL - 48

CEDARA 48



Chapter

Expected yields for Cedara
Test of results

Planting date and its effect upon yield
probabilities

Temporal variations in stress periods
ESTCOURT AND NEWCASTLE

STATIONS OUTSIDE NATAL

DISCUSSION

Natal

Yield predictions for other areas
IRRIGATION PLANNING -

ASSESSMENT OF WATER USE EFFICIENCY
APPLICATION OF MODEL TO IRRIGATION PLANNING
VARIATION OF MANAGEMENT ACCORDING TO CLIMATE
Maximising irrigation efficiency

DISCUSSION

EFFECT OF SOIL TYPE ON SHAPE OF STRESS DAY
DISCRIMINATION CURVE -

Determination of discrimination function
DISCUSSION

GENERAL DISCUSSION -

ACKNOWLEDGEMENTS -

REFERENCES -

APPENDIX -

Page

49
49
50

51
55
58
62
62
63
65
65
66
68
70
74
%S

75
81
82
85
87
92



ABSTRACT

The development and testing of a mathematical model
for moize grain yield predictions is described, The
model is based upon daily considerations of soil moisture,
atmospheric evaporative demand and stage of crop develop-
ment.
Final yield predictions depend upon a knowledge of
yield decrement due to moisture stress and the number of
occcasions that stress is recorded, This information was
determined 1in the following manner:-
(i) Stress imposed in lysimeters before and after
anthesis was found to reduce grain yields by
3,2% and 4,2% per stress day respectively.

(ii) A stress day was identified with the aid of
mass=measuring lysimeters and a U.S. Weather
Bureau Class A evaporation pan for measuring
atmospheric evaporative demand. A nomogram
constructed 1in. terms of evaporative demand and
available soil moisture, which discriminates
between stress and non-stress days, was obtained
for the Doveton soil used in the lysimeters.

The model was opplied to Cedara rainfall and evapora=-
tion data and yield probability patterns for three planting
dates were cbtained, It was found that highest yields

(8,5 Mg ha ) and least seasonal yield varioction, may be ex-
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The Cedara : Doveton yield prediction model was also
appiied to climatic records for two other Natal stations
(Estcourt and Newcastle), and six stations outside Natal
(Bethiehem, Potchefstroom, Hoopstad, Standerton, Ermelo
and Krugersdorp). Interesting comparison of the suit-
ability of their respective climates for maize production
was obtained,

A method which uses the predicted number of siress
days and the resultant yield decrement to determine the
most effective and economic irrigation scheduling is
developed and described,

The effect of moisture holding characteristics of
varicus soils upon the shape of the discriminating curve
is discussed, and a method of obtaining discriminating
curves for other soils by modifying the Doveton curve 1s

described.



INTRODUCTION

Farmers are often inclined to confuse the occasional
good season with the norm, thereby not recognizing that
they may be in an area unsuited for maize production,
where recurrent inclement seasons make economic production
of maize hazardous, Attempted production, however, fre-
quently continues with the ultimate and inevitable pros-
pect of erosion and financial failure.

In order *to apply eccnomically sound long term plan-
ning in maize production, a method must be found to predict
the probability of obtaining grain yields between selected
limits in given regions, If optimum use is to be made of
agricultural resources then this problem deserves urgent
attention, Apart from encbling the delimitation of areas
according to drought risk, the ability to predict yield
probability levels will simplify decision making regarding
maximum fertilizer application rates, and the advisability
of irrigation.

The need for a reliable method of yield prediction 1is
emphasized by the findings of the Marais Commission's
Inquiry into Agriculture (1970) which voices serious con-
cern regarding the unbaolanced development of farming systems
in the summer rainfall areas of South Africa where, for
varicus reasons, overemphasis is placed upon the production
of maize. The Commissicon suggested further, that unsuit-

able areas should be withdrawn from moize production and



aliowed to revert to natural grazing. The method of
identifying unsuitable land 1s, however, not described.

The main factors which effect crcp performance are
tezhnology, physical properties of solls and weather,

The level of technology adopted is dependent upocn the
farmer, while the soil's physical properties remain con-
stant for a particular site. Weather, however, changes
from season to sedson, It foeliows therefore that
seasonal yield fluctuations are attributable almost en-
tireiy to weather variability,

Study of the averages of individual climatic elements
over long periods of time, together with knowledge of soil
type, give approximations of the cropping potential of areas,
The empirical metheds of classifying climate as proposed by
Klages (1942) and Thernthwaite (1948 & 1954) are examples

of thi

n

, but none of these methods providesaccurate pre-
dictions of yield.

The most important elements of weather that influence
crop performance are the supply of radiant energy and mois-
ture, The amount of radiant energy available at the earth’s
surface varies according to time of year, altitude and
latitude, Superimposed upon these determining factors
which are constant for a given location, are short=term
variotions induced by changing cloud cover, humidity and
advecticn, Besides influencing photosynthetic rate,
energy supp.y, together with windspeed and humidity, deter-

mines the evaporative demand of the atmosphere. Moisture



supply derives from rainfall. However, the mean amount,
variation about this mean value, and seascnal distribu-
tion of precipitatien vary markedly from place to place.

Photosynthesis and carbohydrate production in plants
can only proceed while turgor in the plant tissue is main-
tained, Should moisture stress occur, photosynthesis is
interrupted and tnhe growth process is checked ZDenmead &
Shaw (1960), Vaadia, Raney & Hagen (1961), Shaw & Laing
(1966) and de Jager (1968)5 until turgor is restored by
the removal of moisture stress,

Denmead (1961) showed that the scil moisture content
at which plants wilt in the field 1s nct constant, but de=-
pends upon prevailing weather conditions and soil type.
Under conditions of low atmospheric evaporative demand
plants mointain turgor at soil moisture levels that would
prove inadequate when evaporotive demand rises.

Should an estimate of seasonal yield be required, the
day to day interaction between evaporative demand and avail-
able soil moisture (ASM) must be investigated. Such an
investigation could best be carried out using a mothematical
model which accounts for ali the individual processes in-
volved.,

Dole (1968) repcrts a study feor regional planning pur-
poses where the interaction upon a maize crop of potential
evapotranspiration, soil moisture, and the ease with which
availoble s0il moilisture con be extrocted was examined, He

determined the number of doys without stress in a 63-=day
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phenoilcgical period from six weeks before silking to three

weeks after silking for four locations in Iowa, Potential

yields were dependant upon the number of days without

stress in this period. He found that although farmers®

yields were strongly aoffected by weather-technology inter-

actions, there was some indication of decreasing farm yields
with increasing prcbability of unfavourable weather, and
stronger evidence of increasing coefficients of variability
with increasing chances of unfavourable weather,

In this thesis an analytical approach involving the
complex weotheh - crop growth interaction is attempted, and
a mathematical model 1is developed and applied to the pre-
diction of maize yields, Development of the model was
carried out in two main steps:-

1. the determination of the decrease in yield per unit stress,
both at different growth stages and as a function of
duration of stress, and

2. the identification of a stress day as defined in terms of
the interaction between atmospheric evaporative demand
and available so0il moisture.

Once this information is available it becomes possible
to process past weather records and determine the timing and
number of stress days that occur in a given season. The
yield decrement due to stress can then be determined for the
season,

The model was applied to past Cedara climatic data, en-

abling the establishment of yield probability patterns.



Weather records for a number of other stations were pro-
cessed, making possible a comparison of the suitability of
their respective climates for maize production, The
effect of the moisture holding characteristics of various
soil types, as well as the choice of different planting
dates was also examined to illustrate their influence upon
yield. The influence of climate upon effective irrigation

scheduling was also investigated.



CHAPTER 1
EFFECT OF A MOISTURE STRESS

DAY UPON MAIZE PERFORMANCE

The first step in the construction of a mathema-
tical model for predicting crop yields is the deter-
mination of the decrement in yield due to moisture

stress., This will now be discussed.

INTRODUCTION

Soil moisture supplies play a major role in deter-
mining the size of the South African maize crop. In
1966/67, which was a relatively dry season, the total
yield was 5 056 000 Mg while 1967/68, which was favourably
endowed with rain yielded 9 762 OO0 Mg of maize grain.

It has been found that moisture stress at different
stages during the growth cycle of the maize plant causes
yield reductions which are related to the length, timing
and severity of the disturbance. Loomis (1934) reported
that once seedlings emerge only limited soil moisture 1is
required for the slow growth that tokes place., He found
that low moisture supplies check growth, but stimulate
root penetration so that the plants seem better able to
withstand subsequent dry weather because of their more ex-
tensive root systems. Salter & Goode (1967) report
Russiaon workers as stating thdt drought during the early

vegetative stage has little if any effect upon final maize



grain yields.

Smith (1914) published results showing that the ten
day period immediately following flowering\is most critical
with regard to rainfall. This period centering around
tasseling and silking was found by Miller & Dudley (1925),
Robb (1934), Wallace & Bressman (1937), Davis & Pallesen
(1940), Houseman & Davis (1942), Robins & Domingo (1953)
and Denmead & Shaw (196Q) to be the most sensitive to
moisture stress.

Tanner & Lemon (1962) deduced that since this period
of maximum moisture sensitivity corresponds exactly with the
period of maximum energy supply, maximum leaf area and
maximum transpiration, the serious consequences of moisture
stress found then are to be expected.

Denmead & Shaw (1960) found that stress during the
vegetative stage delays enlargement of plant parts and
although plants can recover fully once moisture is adminis-
tered, the reduced plant size is accompanied by a lower
final dry matter and grain yield. Stress applied during
ear filling has a more direct effect upon yield because it
reduces assimilation during the critical period when daily
assimilation rates are normally high and when most of the
assimilates are being used for grain production.

There is disagreement in the literature regarding the
magnitude of the reduction in yield due to stress_ -

This could possibly be explained by the different methods

of imposing stress and different definitions of stress used.
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Percentage of possible grain yield reduction per stress day
T
Researchers
Robins & :
Growth Stage Denmead & Shaw TR Wilson
(1960) (1953) (1968)
% % %
Late
Vegetative 3-4 2
Flowering 6-8 6-8 2-3
Ear filling 2 B 5-6

TABLE 1 Reported effects of a stress day upon maize grain

yields

Variety is also important as short season types might be ex-
pected to be more sensitive to a single stress day than long
season types. Climatic and seasonal differences could also

be responsible for some of the reported discrepancies.

Results reported by different workers are given in Table

Although the work of Denmead & Shaw (1960) and Robins
& Domingo (1953) yielded similar values, those of Wilson
(1968) differ somewhat from the former two.,

The object of the work reported now was to investigate
the effect of moisture stress upon grain yield, leaf area
and plant height,

Particular interest was vested in the

effect of stress upon grain yield as this information was
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required to build the model for prediction of yields.,

MATERIALS AND METHODS

The effect upon maize grain yield of a day of
moisture stress was determined in cylindrical containers,
the problem being approached in a manner similar to that
used by Denmead & Shaw (1960) . The small drums used in
this technique ensure uniform distribution of roots through-
out the soil and even moisture removal from the entire soil
profile 1s assumed. Examination of root proliferation
after the growing season, showed an homogeneous distribution
throughout the entire depth of the pots.

The containers used were non-draining steel drums
0,46 m in diameter and O,70 m deep. They were buried in
the soil with their rims 0,05 m above ground level. An
aluminium neutron probe access tube, protruding 0,10 m
above soil surface was placed in the centre of each con-
tainer. Fach drum was filled with 128 kg of soil which
had been thoroughly mixed with the equivalent of 1000 kg
ha ™l fertilizer mixture 2-3-4 (24). The maize hybrid S.A,
60 was planted in hills of three seeds each 0,305 m apart
in each container. The seedlings were thinned.to one per
hill when 0,15 m tall. The row of pots lay precisely be-
tween two rows of plants in a field of mailze also with
plants 0,305 m apart. The row spacing was 0,914 m, so

that the plants in the containers formed part of the
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uniformly spaced maize population in the field. With the
planting dates used, S.A. 60 normally takes approximately
145 days to mature at Cedara, A very strict pest control
schedule was adhered to.

The soil in the pots was held at above 70% available
soil moisture at all times and a neutron probe was used to
monitor moisture fluctuations. In hot weather, wilting
could be induced within four days, suggesting uniform
moisture removal throughout the drum with little chance of
water collecting at the bottom of the containers,

The containers were filled with soil to 0,01 m below
the rim and left open during the early part of the season.
This made watering o slow and laborious process but per-
mitted excessive rainfall to overflow. About a week before
stress was due to be imposed, covers were tailored from
black polyethylene sheeting and fastened around the access
tube and the plant stem with plastic adhesive tape. The
skirt of the plastic cover was secured around the rim of the
container with binder twine. Once the stress treatment had
run 1its course, the covers were removed completely., The
installation of the pots is illustrated in Plate 1.

Three separate experiments were carried out. The
treatments imposed in two were O, 2, 4, 6 and 8 days of stress
applied during the late vegetative and ear filling stages re-
spectively. In the third experiment only the ear filling
stage was investigated. Starting 10 days after silking,

four-day stress periods were introduced in each of four



Plate 1la,

la Pots lined up ih trench prior to
filling

lb Filled pots showing probe tubes

lc Plants growing in pots

b & ¢ Installation of pots in the field

13.
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consecutive ten-day intervals., In all three experiments,
randomised block designs with five treatments and five
blocks were used. One pot containing two plants was con-
sidered to be a plot.

Non-destructive leaf area determinations were made 1n
the field by measuring leaf length (L) and maximum width
(w) . Leaf area was calculated by summing the products
(L X W) for each leaf of a plant and multiplying the total
by 0,78 zl_eof Area = 0,78 Z(L X W)S McKee (1964) using
ten different hybrids obtained a factor of 0,73 but a
closer approximation of leaf areas measured, using a
planimeter, was obtained at Cedara using a factor of 0O,78.
Hunter, Kannenberg & Gamble (1970) found a factor of 0,75
to be more suitable at Guelph.

Moisture stress day

Although this experiment was conducted in containers
where stress induction was rapid and complete, &xtyqpolation
of the results obtained,to conditions in the field is justi-
fied considering the sensitivity and rapid reaction of the
photosynthetic process to stress,

The curve illustrated in figure 1 after Downey (1971),
i1llustrates the norrowness of the turgor pressure field over
which photosynthetic shut~down occurs. Further, from the
work of Shinn & Lemon (1968) and Barnes & Woolley (1969) it
can be inferred that the maize plant is under stress when
the relative turgidity of an upper leaf 1s below 90%.

Even under field conditions therefore the shut-down of
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Relative mat

PhotoQ\,ntho.ﬁ]S

% Relatwe turs;dity

Fig, 1 Diagram of relationship between photo-
synthesis and relotive turgidity
(after Downey 1971)

photosynthetic processes approximates a step function once
turgor drops below 90%.

In the container experiment a moisture stress day was
deemed to have occurred when visible wilting of all the leoves
on a plant occurred from 10.30 through 16.00 h.

Induction and identification of this condition was simple
and 1t was not considered necessory to determine the relative

turglidity of the leoves.
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Fig. 2 Grain yield per plant as affected by
molsture stress before silking.

RESULTS AND DISCUSSION

Effect of moisture stress before silking upon grain yield,

leaf area and plant height. (Stress treatments commenced

three weeks before silking).

Grain yield per plant, leaf area and plant height were
found to decrease lineorly with the number of moisture stress
days between O and 8, As can be seen from figures 2, 3 and

4 data yielded significant regression ccefficients.
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Fig. 3 Leaf area per plant as affected by moisture stress

before silking.

¥* *
Grain yield per plant was reduced by 3,23% : 0,43%,

*¥* 4 y **
leaf area by 3,16% - 0,48% and plant height by 2,77%

+

- 0,43% per stress day. The rate of grain reduction 3,23%

per stress day agrees well with the value (3-4%) obtained by

Denmead & Shaw (1960).

In addition to the observed effect of stress upon the
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Fig. 4 Plant height as affected by moisture stress before

silking.

morphology of the plant, it was noted that although stress

appeared to have little effect upon the date of tasselling,

the severest stress treatments caused silking to be delayed

by from six to eight days. As a precaution against poor

pollination, hand pollination was super~imposed upon the

natural process, Du Plessis & Dijkhuis (1967) found that

18,



unfavourable moisture regimes before flowering caused the time
lapse between pollen shed and silking to be lengthened. They
used this relationship to predict yields.

Although plant height might not be expected to have a
marked effect upon grain yield, reduction in leaf area could be
important because of the resultant reduced assimilatory surface.
The reduction in leaf area observed in this experiment would
appear to be largely responsible for the observed reductions in
grain yield, Leaf areas were measured 10 days after silking.
The leaf area index (LAl) of the unstressed plants was 3,1,
These findings are therefore in agreement with those of Hoyt &
Bradfield (1962) and Eik & Hanway (1966) who found that a linear
relationship exists between maize grain yields and leaf area for

LAl values below 3,3,

Effect of moisture stress after silking upon grain yield

Storting approximately 20 days after silking, moisture stress
treatments varying from O to 8 days were imposed upon maize plants
growing in containers., The plants were all of uniform height,
leaf area and maturity, Plotted yield data fitted a straight
line as can be seen from figure 5 and grain yields were reduced
by 4,09% : 0,52% per moisture stress day; the linear regression
coefficient being highly significant.

It was shown by Hanway (1962) that after silking, until
maturity, dry mgtter accumulation in the plant takes place 1in the
ear at a uniform rate. In the container experiment at Cedara this

@]

period was approximately 50 days.
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Fig. 5 Grain yields as affected by moisture stress after
silking.,

Yields should therefore have been reduced by 2% for each day
on which assimilation was prevented, The yield reduction
measured 1n these experiments was just lower than 4%.

This high figure 1s due to the fact that most stress days
occur when incident solar radiant enérgy is high, hence
assimilation rate in the unwilted plohts greatly exceeds the

overall mean value of 2% per day which includes all cocl,

overcast and rainy days.



Time of stress application Decrease in yield below control
(No. days after silking) (percent decrease)
10 ‘ 15,9
20 18,2
30. 16,3
40 18,0
Mean 17,2 2 1554

TABLE 2 ‘The effect upon grain yield of four days of moisture
stress applied at different times after silking.

"In the third container experiment, four days of ‘stress were
imposed starting 10, 20, 30 or 40 days after silking. A control
treatment where no stress was applied was also included, As can

be seen from Table 2, no difference between the stress treatments

could be measured.,
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CHAPTER 2
IDENTIFICATION OF A DAY OF MOISTURE STRESS

IN MAIZE AT CEDARA

In order to apply the information regarding yield reduction
due to stress to past weather records, it must be possible to
identify a day of moisture stress in terms of atmospheric
evaporative demand and available soil moisture. How this was

achieved will now be discussed.

INTRODUCTION

Veihmeyer & Hendrickson (1955) published data indicating
that between field capacity and wilting point, soil moisture was
equally available to plants. In this case potential transpiration
rate would be mointoihed above wilting point. It has been found,
however, that once the available soil moisture content falls
appreciably, potential transpiration rate can only be maintained
at low evaporative demand or for crops growing on sandy soils.
Thornthwaite & Mather (1955), Makkink & van Heemst. (1956),.Hagan,
Peterson, Upchurch & Jones (1957), Lemon, Glaser & Satterwhite
(1957), Scholte Ubing (1960), Bahrani & Taylor (1961), Denmead
(1961), Denmead & Shaw (1962) and Hill (1965) have published data
showing that for given evaporative demands, actual transpiration
rate will fall below the potential as the moisture supply de-
creases.,

In the experiment examining the effect of a moisture stress
day upon maize performance it was shown that it is possible to

define a stress day and determine the loss in grain yield due to



23,

the imposition of such, In order to apply these results in
practice it is necessary to be able to identify stress conditions
in terms of evaporative demand and soil moisture status.

Using United States Weather Bureocu Class A evaporation
pan readings as a measure of the atmosphere's evaporative demand
and mass-measuring lysimeters to measure the soil's moisture
status, an attempt was made, under summer conditions at Cedara,
to establish the sets of supply and demand which constitute

moisture stress days.

MATERIALS AND METHODS

A U.S.W.B. Class A evaporation pan was situated in an open
space adjacent to a field of maize at the Agricultural Research
Institute, Cedara, Natal, Daily pan readings were made at
08.00 h. These readings were used as an indication of atmos-
pheric evaporative demand,

Open pan evaporation, EO and not potential evapotrans-
piration PET or evapotranspiration ET was chosen for an estimate
,Of demand, as 1n any yleld prediction programme this observation,
or an estimate thereof would be used.

Ten mass-measuring lysimeters were used to follow the daily
marchof s01l moisture content. A trench 16 m long by 0,6 m wide,
a recording station and a 9 m shunt line were constructed in a
maize field, Four low plotform trucks each copable of carrying
four lysimeters 0,46 m in diameter and 0,70 m deep were placed on

rails in the trench. The rims of the lysimeters were at ground

level. The lysimeters were similar to the drums used in the ex-
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periment to determine yield decrement due to stress described
in Chapter 1, and the same assumptions regarding uniform
moisture removal and root proliferation were made. Definition
of a stress day is as described earlier, viz. visible wilting
of all leaves on a plant to occur at least from 10.30 through
16.00 h.

The maize in the field was planted in 0,914 m rows with
plants O,305 m apart. The lysimeter trench was situated pre-
cisely between two maize rows and when the trucks were touching
one another the plants in the lysimeters were in one continuous
row and 0,305 m apart as were the plants in the field. The
plants in the lysimeters formed part of the uniformly spaced
maize population in the field, A short extension line permitted
each lysimeter to be brougnt to the recording station where it
could be hoisted off the truck by block and tockle and the mass
determined.,

Each lysimeter was filled with 128 kg of air-dry-soil of the
Doveton series (see van der EY kK, Macvicar & de Villiers 1969).
Field capacity of the so1l is 34% moisture by volume and wilting
point is 22%. Before filling each lysimeter the equivalent of
1000 kg ha T of mixture 2-3-4 (24) was thoroughly mixed with the
soil, An attempt was made to achieve the same bulk density
(1200 kg m_3) within the lysimeter as in the field. Each lysi-
meter contained two plants spaced 0,305 m apart. The hybrid
S.A. 60 was used, The lysimeters, lysimeter trench, recording
station and covered shunt line are illustroted in Plate 2.

The scale used for mass-measuring the lysimeters was modified
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2a Lysimeters at recording station

2c Recording station and covered
extension line

Plate 2a, b & ¢ Lysimeters, trench and recording
station
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by adding a minlature rider and beam directly beneath the
existing beom as 1llustrated in Plate 3c.

These modifications permitted mass measurements to ¢
resolution of z 4,5 g. In these lysimeters 162,3 g was
equivalent to a moisture loss of 1 mm, Hence changes 1n
mass corresponding to 0,03 mm of water were measurable.

The lysimeter mass determinations were made dally between
06.45 and 0O7.15 h.

Aluminium access tubes for soil moisture determination
by the neutron scatter method were placed concentrically 1in
each lysimeter, Probelreodings agreed with mass measurements
but small differences were observed between lysimeters, so that
each lysimeter reauired its own calibration curve. Use of the
probe was discontinued as it proved to be less accurate and
more time consuming than mass measuring. Furthermore, whereas
one person could manage the mass measurements, two were required
for the probe,

A shelter which could be raised as the crop developed was
erected over the shunt line so that during wet weather the trucks
could be rolled under cover. This shelter also prevented the
crop from being damaged on the two occasions when hail fell.

The shelter is illustrated in Plate 2c.

A wide range of soil moisture contents in different lysi-
meters was maintained at a given time. This ensured that on
most days stressed and normal plants were growing under the same
evaporative demand ccnditions. Whenever possible two lysimeters

were brought to field capacity simultaneously, There was close



Plate 3a,

3a Siting of Class A pan adjacent
to experimental field.

3b Interior of mea@%ring station
showing lysimeters, hoist and scale

44 ' "; ’ "" ..'_1 . _ 3 =

3¢ Modified scale beam showing
miniature rider.

b & ¢ Class A pan, inside of recording
station and modified scale beam.

27.
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agreement within pairs during drylng as can be seen from
Figure 6.

The period from 20 days before silking to 30 days after
silking was considered, Although 10 lysimeters were used
in the final determinations, two additional lysimeters were
placed at the open end of the trench to eliminate border
effects, The leaf area indices recorded in this study were
between 2,0 and 2,5. The small variation can be ascribed to
the effect of the stress treatments applied,
Theory

Pan evaporation (Eo) and available soil moisture (ASM)
for each day were plotted on a nomogram and stress days were
differentiated from normal days using dots and crosses respec-
tively. The empirical curve which best separates the two
different sets of data (stress vs normal) is token to be the
discriminating function describing the critical conditions of
supply and demand i.e., it represents the critical available
moisture which will induce stress should evaporative demand
be equal to or greater than the value indicated by the curve
(see Fig. 7).

An empirical function discriminating between wilted and
non-wilted maize plants growing under given sets of supply

(ASM) and demand (E.) can be found by plotting corresponding

o)

values of these observations for each day on a graph of EO
vs ASM and dividing the wilted from non-wilted data by a line

which yields the lowest number of misclassifications. Such a

curve may be determined 1n the following manner:
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If P = probability of a misclassification
M = number of plotted points falling on wrong side of line,
and
N = total number of observations,

then if the subscripts N and W indicate normal and wilted
conditions respectively

Py =

zZl =0
=

W

Now, for an accurate discriminator
(1) Py and P, must be a minimum, and

(ii) PN = PW

Hence the smooth curve which best meets conditions (1)

and (ii) will be the discriminating function.,

RESULTS AND DISCUSSION

During the 50 day test period a total of 314 sets of lysi-
meter mass measurements, Class A pan recordings and state of
turgor observations were obtained. Rain eliminated several
day's data, During this period the maximum pan reading was 14,2
mm and the average 5,8 mm,

The dato obtained consisted of two populations, the
first of 120 occasions when wilting occurred and the second of
194 when turgor was maintained. The empirical discriminating
function (see Fig. 7) separating these two sets of data was
determined by the method discussed. This curve (Curve I) iden-
tifies a stress day for maize on a soil of the Doveton series.

A number of smooth discriminating curves were drawn

separating wilted and non-wilted data. The lowest walues of P
) . 15

nd P f [ h = = co =4

a w for which PN . PW were found to be PN To4 (7,7%) and
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PW = I§6 (7, 5%) . Curve I in Fig. 7 wos described according to
these conditions.

The magnitude of PN and PW indicates that discrimination
accurate to 7,6% can be applied, or for each 13 wilted days de-
fined, one will be erroneous. It has been shown that a decrease
in yield of between approximately 3 and 4% per stress day 1s ex-—
pected, and if a total of 13 stress days were to occur in one
season then the maximum error for the technique would be approx-
imately 4%.

Denmead (1961) plotted a similar curve for maize on an Iowa
Colo silty loam, but whereas in the Cedara case evaporative demand

was represented by E. Denmead (1961) used transpiration at field

O
capacity (PET) in place of Class A pan evaporation. Using
Penman (1956), Denmead (1961) stated that PET bore a relationship

of 0,83 to E Using this ratio it was possible to convert

o
Denmead's (1961) data for presentation (Curve II) in Fig. 7.

Close agreement with the curve for Cedara is evident, However,
no adjustment for evaporation from the soil surface was possible
and since this might be appreciable, porticularly when available
moisture 1s high, this could explain the difference between the
curves.,

In soils which exhibit a sharp increase in soil moisture
tension for a given reduction in ASM, the slope of the discrimina-
ting curve will be steep, or conversely, where soil moisture 1is
readily available over the entire range of ASM, the slope of the

curve will be small. Any intermediate slope is possible depending

upon the characteristics of the particular soil. Port of the



S

differences between Curves I and II in Fig. 7 could thus be ex-
plained., The necessity for determining discriminating functions
corresponding to the different soil types is emphasized by these

effects.
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CHAPTER 3
MODEL FOR DETERMINING MAIZE YIELD

PROBABILITIES ON A DOVETON SOIL

INTRODUCTION

Soil moisture tension restrains the flow of water towards
roots. This negative force 1increases as soil moisture content
decreases (Gardner 1960). When atmospheric evaporative demand
exceeds the rate at which soil can supply water against soil
moisture tension, conditions of moisture stress exist in the
plant and it wilts (Denmead 1961). The concomitant cessation
in photosynthesis and growth results in decreased yields as demon-
strated in Chapter 1.

If a model is to be constructed to predict yield probabili-
ties, 1t must attempt to describe yield as a function of soil
moisture content and atmospheric evaporative demand. It should
consider soil and atmospheric conditions on each day of the grow-
ing season 1in order to determine the occurrence and number of days
on which stress conditions prevail, and then, using this information
estimation of the decrease in final yield due to the total number of

stress days is made possible. The mathematical model for this pro-

cess takes the form:-

P(100 - 2L )

Y = ceesssosnaanas (1)
100
where;
. . : : -1
Y = seasonal maize grain yield (Mg ha ),
P = potential or possible seasonal grain yield (Mg ho_l), and
Ln = decrement 1in final grain yield due to day n being a stress

day (%) .
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The essence of constructing such a model is in the definition
of a stress day in terms of atmospheric evaporative demand and soil
moisture conditions, and the determination of final seasonal yield
due to stress., Development of the model will be undertaken by

considering these two aspects.

DECREMENT IN VYIELD DUE TO STRESS

Ln' the decrement in final seasonal grain yield due to day n
being a stress day was determined as described in Chapter 1 by
subjecting plants tc varying numbers of stress days at different
stages of development and measuring the corresponding decrements
in final yield, From these results Equation 1 was derived.

Before silking Ln was found to be equal to 3,2% decrease 1n
yield per unit stress day, while after silking the figure was 4,2%.
Within these two periods |_n was found to be independent of stage of
development. Furthermore, |_n was unaffected by stress days occur-
ring intermittently or continuously. No values for |_n were
attained during flowering but at this stage the plant 1s particular-
ly susceptible to moisture siress. The value 7% which falls within
the 6 to 8% range found by both Robins & Domingo (1953) and Denmead
& Shaw (1960), has been adopted. The value of |_n used in the model
is thus a function of stage of development of the crop.

Stress during the early vegetative stage is reported to have
little effect upon final perférmonce {Loomis (1934) and Salter &
Goode (1967)5, while Dale & Shaw (1965) (they were able to account
for 81% of yield variations when considering the number of days on

which no stress occurred) ignored stress which occurred earlier

than 42 days before silking.,
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In Fig. 8 the relationship between I_n and time as used 1in

the model 15 illustrated.
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Fig. 8 Schematic diagram of relationship between age of

crop and percentage yield decrement due to one day
of moisture stress.

STRESS DAY

In Chapter 1 a stress day is defined as "a day on which
visual wilting of the leaves of the crop occurs uninterruptedly
between 10.30 and 16.00 h. Such doys are identified by apply-
1ng the discriminating function found experimentally (see Fig.
73, Here, atmospheric evaporative demand was meadsured using a
U.S.W.B. Class A evaporation pan and soil moisture content was

determined by mass measurement., Stress days were identified by
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observation and the results permitted construction of the dis-
criminating function shown in Fig. 9.

Figure 9 may be used to determine whether a day is a day of
moisture stress by plotting the evaporative demand at the exist-
ing soil moisture. Should this point lie in the shaded area
wilting will not occur, but should it fall on or above the dis-

criminating function a stress day is recorded,

EVAPOTRANSP IRATION

Use of the mathematical model requires daily estimates of

evapotranspiration to compute instantaneous available soil moisture.
potential

A constant relotionship exists betweenKevopotronspirotion of maize
and evaporation from a Class A pan ZDenmeod & Shaw (1962) and
Cackett & Metelerkamp (1964)59 The value of the constant varies
with the development of the crop and application of this factor
permits the estimation of evapotranspiration for each day of the
growing season. Denmead & Shaw (1962) obtained a maximum value
for ET/EO of 0,82 at anthesis while Cackett & Metelerkamp (1964)
obtained a value closer to 1. Both sets of workers obtained
ET/EO curves for the growing season of essentially the same shape.
In the Cedara lysimeter trial the ET/EO ratio, during the period
centred around silking, was computed to be ©,75. A curve
similar in shape to those described by Denmead & Shaw (1962) and
Cackett & Metelerkamp (1964), but peaking at O,75 was constructed

for Cedara and is 1llustrated in Fig. 1O.



Fig.

(mm.)

oPen waler cua‘:orqt,\on

- N w F OO~ L

(o]

38-

| Wilted / oL

] | l L | ) ke i |

10 20 30 4o 50 c0 70 80 90 100

Available soil mosture content (%)

Discriminating function for defining stress days
in terms of atmospheric evaporative demand and
soil moisture for maize growing in soil of the
Doveton series.



39.

C
.9
X
19
8.
g S - ‘ ’
v ], = !
§- /,/ ! |
T =1 | 1
| i | B
s | I g
[ 9 : '3
e e / [ -2
~ —(L 6 e 2 Q)“ / | | S
o v i ,
.2 g / |
PS 5 = : w / | &% y
T | IRt i\
S i |
] (73 | \
- { y |
T 2 2 I | L Y,
+ =i \ N
[~% | |
g | | |
7] L :
|
e | \
)
S 5 ST TR ER | (L L o o U 11 A 1 o T 3
& 0O 1o 2 2o 40 50 60 10 %0 90 1o HO QO 130 1yo 150 Len

Days ofter P\antjnﬂ

Fig. 10 Seasonal trend 1in ET/EO ratic.

AVAILABLE SOIL MOISTURE

Use of the discriminating function (Fig. 9) implies
knowledge of the available soil moisture and evaporation for
each day. In the present opplication an empirical model as
proposed by Show (1963) was used for estimating soil moisture.

The soil was divided into several layers and the water
budget of each was estimoted sepaorately. Moisture status
for the entire depth 1s the aggregate over all layers.

Consider the nth laoyer of the soil profile. At the end

of a day the available soil water W,, 1s given by:
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= - T R
W= WO, + WI - E (2)
where:
WOH = the available moisture in the layer at sunrise (mm),
WIh = water flowing into the layer either from rainfall

(top layer) or by percolation from above (mm), and

E. = water extracted by the rocts for use in evapotrans-—

piration (mm).,

WIH for the surface layer is determined from recorded rainfall
less runoff, with runoff being a function of rainfall and antecedent
precipitation index (Shaw 1963).

The equation used to calculate the antecedent precipitation

index (AP1l) is:

AP1 = Pl/dl +P,/dy 4 eeeeiieieies PU/d + PO/2 i sy & A
where;

PO = precipitation on day being considered,

Pi = precipitation 1 days prior to PO

d, = i*days

Shaw (1963) made use of an intermittent correction to P_ later
in the season, When PO< 25 mm or the top 900 mm of the soil pro-
file was not at field capacity he put Po = Q. This correction was
not applied at Cedara as it did not seem to fit local conditions.

The nomogram due to Buss & Shaw (1960) as reproduced by Shaw
(1963) may be used to obtain runoff from APl and precipitation.

For deeper layers WIn is the excess in WH4over field capacity
for the (n-l)th layer from the previous day. Should Wlb be greater

than field capacity only the amount of water equal to field capacity

is transferred from the (n-l)th layer and the rest 1s stored.
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Water movement

The percentage available moisture was calculated for each
day. and in the steps required by the model. From day 1 to day
16 the entire top ;g% mm of soi1l was considered and during this
period the water loss was assumed to be 2,5 mm per day with
meteorological conditions being ignored. During this period
the plants are small and contribute little towards ET so thaot
conditions are analogous to bare soil, with short term
evaporative losses not normally being suffered at depths greater
than 150 mm, After day 16 when roots progressed beyond 150 mm
the full model functioned but if stress conditions were encountered
before day 29 those were ignhored.

The model reviewed the soil moisture situation at sunrise
each day. Water movement through the soil was considered layer
by layer, with each layer or zone 300 mm deep, which 1s the depth
evocuated by gravitational water 1n one day. When excess water
(WI) entered a zone from above it was added to available water
(WO) already in the zone and the total was available to plants
for the next 24 hours regardless of whether this total exceeds
field capacity (f.c,) for the zone.

The model furthermore assured for layer n, that;

i If WI:n + WOﬁ> f.c. then excess of f.,c. was available for
percolation after 24 hrs,
ii If WI_ + wo,}_j)z f.c. then an amount equal to f.c. was
available for percolation after 24 hrs, and
iii If WIh,+ WOT?<fﬂcu no percolation from zone n would take place.

If insufficient moisture was available (to supply E_) the
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excess requirement stored for each layer was tapped, starting
from the top and moving down layer by layer. This assumes
moisture removal to be transferred from a dry layer to the
upper layers first.

If a stress day occcurred 1t was assumed that no
evapotranspiration took place and all initial moisture was
returned to each layer,

Root distribution

A daily adjustment for root distribution was necessary
because of increased volume of soil and consequently moisture
available each day due to root proliferation. Cackett &
Metelerkamp (1964) found root elongation rate to be linear up
to the maoximum depth reached at anthesis, Similar cbservations
were made on a Doveton soil at Cedara., The root volume-depth
pattern found at Cedara bares favourable comparison with the
published findings of Weaver (1926), Fehrenbacher & Alexander
(1958) and Shaw (1963). Separate moisture extraction patterns
were established for eoch day of the growing season and several
of these are illustrated in Fig. 11,

Once evapotranspiration had been determined from the
ET/EO curve in Fig. 10, it was necessary to find the proportiocn
of moisture extracted from the different layers, Before anthesis
while the roots are growing downwaords, the entire stored water
reserve in any zone was only considered available to the plonts
once the roots had passed right through the layer. While only
a portion of a zone was penetrated by roots the amount of stored

Ll

water in thot zone considered available to the plant was taken
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be directly proportional to the distance penetrated into that
zone by the rocots,

Eﬂ was therefore calculated from the estimation of
evapotranspiration combined with factors adjusting for root
distribution in the soil. The value of W (percentage of total

soil moisture) for use in Fig. 9 is:

w
W= = Va x 100 ORI
Field Capacity

A graphic illustration of the model for estimating W 1s
presented in Fig. 12,

Layer No. &

Depth (mm) =N\
o) :
o] )
1
WOl
300 ‘
WI2 —i =
2
W02 2
600
] E
3
WO3 3
900
o] E
4 WO, 4.4
1200 |
WIo
Lost Wy, = WO, + WL, - K
W= (2" 100
)X b M s
WIl = Rain - Runoff
WI2 to 5 Percolate from upper layer in excess of its field capacit
WO, = Available moisture in layer n at sunrise
E = Evapotranspiration., E.  is a function of root distributien

. - Y
pattern and time, “

FIG. 12 Model for estimating daily percentage of total ovailab
so1l moisture,
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Water holding characteristics of a Doveton so1il

The water holding characteristics and rooting pattern which
occur in a Doveton soil are used in the model, As maize roots
normally penetrate to 1200 mm in this soil, only the water
holding characteristics of this depth are considered. The
meisture holding characteristics of various depth zones were
determined with pressure plate apparatus as well as gravimetri-
cally using undisturbed cores taken 1n the field. These values

are presented in Table 3,

Depth BUlk Wlltlng an.Ld Available soil moisture
zone density point capacity
1 1 il

mm g/ml (%) (%) (%) (mm)

I_'i\- n)t"q' ‘JS C".\:w
0-300 1,266 26 32 6 22,8
300-600 1,126 23 35 12 40,6
600-900 1,368 19 29 10 41,0
900-1200 1,397 24 32 8 B D

Percentoge of dry mass.

TABLE 3 Moisture holding chaoracteristics of a Doveton soil.

PROCEDURE FOR EXECUTION OF MODEL
Computation was executed on the I.B.M. 1130 computer., Eacn
day of the growing season was considered starting from 1st November
as planting date.
After determining the percentage of the totol available
moisture (W) within the root zone, the critical soil moisture
(CASM) corresponding to recorded atmospheric evaporative demand for

that day was extracted from the discriminating curve and compared
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with W A stress day was identified if W { CASM.
welt 1

The dotes cf stress days was recorded and thelr corres-

ponding L values determined. The total of all Ln values gave
n .

the percentage yield decrement due to stress. An estimate of
seasonal yield was then made by applying Equation 1.

A schematic representation of the steps used in the com-

puter programme 1is given in Fig. 13, The complete computer

programme 1is listed in the Appendix.

1 Infiltration 1
2 Water budget for each layer
3 Adjust for water deficit
Total water in n layers - ASM (mm)

Determine f.c. 1n root zone
Determine ASM (%)

4 Determine CASM W
Compare ASM and CASM
If ASM { CASM If ASM > CASM
Record stress day Repeat for next
and date. Return day
moisture status to
initial
Fig. 13 Schematic representation of steps used in computer

programme.,

CONCLUSIONS
A mathematical model which may be used to determine fre-
A Y&lcl
quency distribution of ¥ from climatic records was developed.
The longer the period covered by the data considered the more

accurate will be the predictions of probabilities of obtaining

grain yields between selected limits.
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The usefulness of the model results from its application
to past weather conditions for, if the number of stress days
which occurred over the past twenty years, say, are deter-
mined and it is assumed that the average weather over the
next 20 years will be the same as that over the past 20 years,
an estimate of the drought risk and hence expected yield may
be obtained. This type of estimote is called a climatological

prediction,
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CHAPTER 4

APPLICATION OF MODEL
CEDARA

The model expounded in Chapter 3 applies to a Doveton soil
since the soil's water holding characteristics and the plant's
rooting pattern apply specifically to this soil. The Doveton
is a clay laom which holds 138 mm of available moisture in the
top 1200 mm. The application of the model to other soil types
will be discussed later,

The climate of Cedara is similar to that of the major maize
growing areas of South Africa in that it can be classified as
mesothermal or steppe, having a distinct period of summer rain
with dry winters. Cedara rainfall and temperature means cal-
culated for 50 years of data are presented in Table 4,

Cedara ‘ 29%32's 30°17 E Alt 1076 M
MONTH TOTAL
J A s 0O N D J F M A M J

Rain- 15,724,044,281,6111,6128,8122,8136,8155,6%2,830,715,4880,0J
fall |

Rain 4 6 19 16 18 21 19 17 17 -kl & 4 149
Days

Max . 19,021,5R2,7R3,0| 23,6| 24,7 24,9 24,9 24,022,8p1,019,1
gemp
C

Min. 4,2 6,8 8,8500,8/ 12,1 1374 14,3 149 13,501,0Q 7,4/ 4,5
gemp
&

Mean 11,614,115,716,8 17,9 19,1 19,6/ 19,7 18,716,914,211,8
gemp
o

TABLE 4 Mean monthly rainfall and mean number of rain days, mean

temperature and mean daily maximum and minimum temperature
for given months for Cedara.
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Expected yields for Cedara

Class A pan records were available for Cedara for a period
of 12 years starting with the 1959-60 season. The yield pro-
bability model was tested over the entire 12 year period with
calculations carried out for each day of each growing season.

The potential or possible yield P was taken as 10,0 Mg of grain
per hectare which 1is bagsed upon present day estimates for better
than average levels of technology.

When making climatological predictions it is important
to know the chance of occurrence of particular yields. This in-
formation is best obtained from histograms of the probability of
occurrence of yiébs between selected limits. The Cedara pre-
dictions are therefore compiled and presented in this form in
Fig. 14.

The histogram indicates that at Cedara the probable average
yield is 7,9 Mg hc:ul while o yield of between 8 and 10 Mg ha-l
can be expected 1n just better than one out of two seasons. The
chances of getting yields between 6 and 8 Mg honl are one 1in four,
and just less than one in five for yields between 4 and 6 Mg ho_l
It is unlikely thot yields below 4 Mg ho“l will occur.

Test of results

Table 5 presents the predicted yields together with subjective
ratings for the actual seasons. The ratings were obtained from a
perusal of the results of several maize trials at Cedara. As
hybrids, fertilizer rates, planting dates and plont populations
varied from trial to trial and season to sedson, a rating 1is the

only basis on which comparisons can be made. Furthermore,
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Fig. 14 Histogram of probability of occurrence of seasonal
maize yields between selected limits at Cedara.

technology has made spectacular advances during the past 12

years, so that a high yield in 1959/60 is considered. relative-

ly poor today.
Although the comparisons are not conclusive a fair
correlation between yield and rating seems to exist.

Planting date and its effect upon yield probabilities

In its original form the model used was constructed for

the prediction of grain yields when planting date was 1/11.
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Season Predicted Yield (Mg ha-l) Season Rating
1959/60 6,49 Fair
1960/61 8,49 Good
1961/62 10,00 Good
1962/63 9,39 Good
1963/64 -3yt _ Falr
1964/65 7.0 Poor
1965/66 6,97 Fair
1966/67 9,34 Good
1967/68 9,07 Fair
1968/69 5. 57 Poor
1969/70 8,42 Good
1970/71 9,30 Good

TABLE 5 Predicted maize grain yields and season rating for
Cedara.

Trials and experience at Cedara indicate that better yields
are generally obtained from early plantings. It was there-
fore decided to test the effect of early planting by re-running
the programme using 15/10 and 15/11 as planting dates. Yield
probability histograms for each planting date are presented in
Fig. 15.

From the three histograms presented in Fig. 15 1t is
evident that predicted mean yield decreased while seasonal
yield variation increased as planting date was delayed.

Thus, for better and more reliable yields early planting is in-

dicated.

Temporal variations in stress periods

Certain physiological growth stages of the maize plant are
more sensitive to moisture stress than others, For example,
ylield is seriously decreased by drought which occurs during
anthesis (see Fig. 8). If a known time distribution pattern

of drought probability exists for a given place, this will
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greatly assist farm planning, as now planners, using this know-
ledge can select suited hybrids and planting dates which will
improve yields. It was therefore decided to investigate the
distribution of stress days throughout the growing season.

Fig. 15 indicates that early planting is advisable hence
this principle should be accepted. Next, periods of high
moilsture stress were sought in order to obtain information
regarding most sulitable germination-to-anthesis and anthesis
-to-maturity periods. The growing season was divided into 29
pentades and stress probabilities determined for each. Histo-
grams depicting stress probability with respect to time, for
each of the three planting dates are illustrated in Figs. 1l6a,

b & c. From Fig. 16a it can be seen that least stress (3,75
days yr‘l) may be expected from early planting, with no obvious
stress vs time pattern being apparent. The probability of
expected stress increases to 5,75 days yr_l when planting is
delayed until 1/11 (Fig. 16b) with a distinct increased chance
of stress occurring towards maturity. Far the 13/11 planting
date (Fig. 1l6¢c) the number of predicted stress days is 6,83 yr-l
while the greatest chance of stress occurrence is between
pollination and moturity.

In summary therefore, Figs. l6a, b & ¢ indicate that stresc
probability increases from about the 20th February onwards and
hence, for hybrids requiring approximately 145 days of growth to
come to maturity, planting early in October is advisable, It may
be inferred from the changing stress vs time pattern with planting

date that, should planting be delayed until after 15/11, the higt
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stress probability periods occurring during the later growth
stages in the plant's life cycle could coincide with pollination

with serious consequences.

ESTCOURT AND NEWCASTLE‘

Class A pan evaporation records were available for limited
periods for both Estcourt and Newcastle and as these centres re-
present important farming areas in Natal, it was decided to apply
an analysis to these data similar to that used for Cedara.

Rainfall and temperature means for Estcourt (20 yrs) and
Newcastle (40 yrs) are listed in Tables 6 and 7. A cursory
examination of these data indicate that these stations might
have harsher and more exacting climates for maize production than
Cedara, It was decided that because of the limited amount of
data available, the low September and October rainfall and few
rain days during these months, only the 1/11 planting date for
Estcourt and Newcastle could be considered,

From the predictions made by the model, yield frequency
distribution histograms were constructed for Estcourt and New-
castle and are presented in Fig. 17,

The predicted mean yields for Estcourt and Newcastle at
4,7 and 5,4 Mg howl respectively, are considerably lower than
the 7,9 Mg hoﬁl expected at Cedara. The: probability of ob-
taining yields between 8 and 10 Mg ho-l at Estcourt is 0,25 and
at Newcastle O,37. At both centres drought risk is evident
with the probability of obtaining yields below 2 Mg ho-l at

Estcourt being 0,25 and at Newcastle 0,37,



Estcourt (29°01's 29°52 E  Alt 1181 m)
MONTH TOTAL
J A S 0 N D J F M A M J
Rainfall 10,7 19,0 33,0 68,9 99,5 128,6 105,1 113,9 106,9 52,9 21,8 6,0 766,3
(mm)

Rain days 2 3 6 11 14 16 14 13 12 7 4 1 103
Max temp 18,7 21,4 24,1 25,4 26,1 27,1 27,3 26,9 25,6 24,0 21,2 18,9
=
Min temp 2,4 5,1 8,1 11,3 12,8 14,3 15,0 14,9 13,7 10,4 6,0 2,6
-

10,4 13,3 16,1 18,3 19,5 20,7 21,1 20,9 19,7 17,2 13,6 10,7

Meon temp
&

TABLE 6

Mean monthly rainfall and mean number of rain days,
mean daily maximum and minimum temperature for given months for Estcourt.

mean temperature and

*9S



Newcastle

(27°45 s 29°56 E

Alt 1199 m)

MONTH TOTAL
J A S @) N D J F M A M J

Rainfall (mm) 17,2 13,9 36,8 78,1 130,0. 135,8 159,3 141,3 126,3 46,1 24,9 9,8 919,5
Rain days 2 2 5 11 13 14 13 .11 11 6 3 1 92
Mox temp 20,1 23,1 25,7 27,1 27,7 28,9 - - 28,4 27,7 26,4 25,1 22,5 20,1
C
gin temp 1,6 4,9 8,4 11,9 13,1 14,3 15,0 14,9 13,2 9,5 4,7 1,4
C
geon temp 10,9 14,0 17,1 19,5 20,4 21,6 21,7 21,3 19,8 17,3 13,6 10,7
()
TABLE 7 Mean monthly rainfall and mean number of rain days, mean temperature and mean daily

maximum and minimum temperature for given months for Newcastle.

" LS
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Fig. 17 Histograms of probability of occurrence of

Climatic
stations

areas of

to apply

seasonal maize yields between selected limits
at Estcourt and Newcastle.

STATIONS OUTSIDE NATAL

records were avallable for a limited number of

spread throughout the recognised maize growing

South Africa, but outside Natal. It was decided

the existing Cedara : Doveton model to these data



595

to compare approximately the maize production possibilities of
these different areas. The widespread distribution of these
additional stations will be observed from the map depicted 1in
Fig. 18.

A comparison of rainfall and Class A pan evaporation be-
tween the Natal locations already considered and the stations

outside Natal is presented in Table 8.

Annual ! Av. No. Mean Daily
Location Rainfall Rain _?oys 'Growing Season'
| (mm) yr Eq (rm)
Cedara 880,0 149 5,0
Estcourt 766,3 103 6,0
Newcastle 919,5 92 5,6
Bethlehem 677,4 104 7,2
Hoopstad 442 .8 44 8,9
Potchefstroom 612,0 57 7,5
Krugersdorp 785,8 96 5,2
Ermelo 7556 91 5,3
Standerton , 719,3 { 71 J 6,1

TABLE 8 Mean annual rainfall and number of rain days:
and mean daily class A pan evaporation for the
growing season for nine maize growing locations.,
From the predictions made by the model, yield frequency
distribution histograms were constructed for Bethlehem,
Hoopstad, Potchefstroom, Krugersdorp, Ermelo and Standerton
and are presented in Fig. 19.
Of these stations Ermelo and Krugersdorp appear to have

the most suitable climates for maize production., Both display

little chance of crop failure and mean yields of 5,4 and 5.3
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Mg ho_l respectively, may be expected. The Standerton climate
is less reliable since a chance of 1 in 3 exists of obtaining
yields less than 2 Mg ho—l. The model predicts high drought

risks for Bethlehem, Hoopstad and Potchefstroom,

DISCUSSION

Except in the case of Cedara where three planting dates
were considered, analyses for all other locations were made
using planting date 1/11. In the ensuing discussion therefore,
whenever comparisons between stations are made the Cedara 1/11
planting only, is considered. The model assumes similar soil
characteristics and plant growth patterns at all locations.
Although the model should be modified by substituting soil
characteristics, length of growing season, soil depth, plant
population density and root growth pattern, as applicable to new
areas considered, it was executed as used at Cedara. The results
therefore indicate how a maize crop managed as at Cedara would
perform in the chosen regions and provides valuable information
regarding the relative suitability of areas for maize production.

It is not difficult to modify the computer programme to take

into account these edaphic and technological factors.

Natal

Results from the Cedara, Estcourt and Newcastle analyses may
be used to compare the effectiveness of their different climates
for the production of maize and the results are summarized in Table
9.

Although Newcastle experiences the highest annual rainfall, it

also presents a relatively high drought risk for maize production
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Location Av. Av. No Av. No Mean Mean No .
Annual Rain Stress Yield Yield Yedrs
Rainfall Days Days Decrement Considered
-1 -1 -1
(mm) yr Mg ha Mg ha

Cedara 880,0 146 5,75 2,1 7,9 12
Estcourt 766,3 103 17,4 5,3 4,7 8
Newcastle| 919,5 92 13,0 4, 5,4 8
Ermelo 755,6 91 12,3 4, 5,4 g
Krugers-— 785,8 96 13,4 4,7 5,3 9
dorp

Stander- 719,3 71 15,1 5,8 4,2 9

ton
Potchef- 612,0 57 30 9,2 0,8 9
stroom

Bethlehem| 677,4 104 30 y 3 0,7 9
Hoopstad 442 ,8 44 30 9,9 0,01 5
TABLE 9 Rainfall and number of predicted stress days and their

. . . -1
and its predicted average yield 1s only 0,7 Mg ha

Estcourt which receives 150 mm less rain annually,

effect upon yield at three locations in Natal and six
locations outside Natal,

higher than

Predicted

mean annual production for both Estcourt and Newcastle is

approximately 3,0 Mg ho—l

From the predictions made

Cedara has a reliable seasonal

duction.

yields exist,

At both Estcourt and

but drought risk

in Natal,

is great,

less than Cedara (7,9 Mg ho—l)a
it can be seen that
weother pattern for maize pro-

Newcastle the potential for high

Additional analysis showed that early planting at Cedara

improves the chance of consistently obtaining high yields.

Yield predictions for other areas

Of the stations outside Natal,

predictions for both Ermelo
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and Krugersdorp showed these areas to be better suited for maize
production than Estcourt, Their mean annual expected yields

were almost identical to that obtained for Newcastle (5,4

Mg ho‘l) whilst both displayed less seasonal yield variation

than the Natal station. It appears that Standerton (4,2 Mg ho_l)
and Estcourt (4,7 Mg ho-l) possess a similar potential for maize
production.

The model predicts poor maize production potential for
Bethlehem, Hoopstad and Potchefstroom (0,7, 0,01 and 0,8 Mg ho—l
respectively). At these sites successful maize cultivation would
depend upon the selection of soils with favourable water holding
characteristics, water conservation measures, the use of low plant
populations and wide row spacing. These drought evasive tactics
are in fact adopted by farmers in these areas, thereby ensuring
more regular and somewhat higher yields than predicted (approx.
0,5 Mg ho—l) by the Cedara : Doveton model. South Africa's low
average maize yield of approximately 1,0 Mg ho—l is largely
attributable to the regular ploughing of vast areas with similar-
ly low potential,

The model here described, permits yield predictions to be
made for various sites considering stage of plant development and
using daily values of available soil moisture and atmospheric
evaporative demand. It permits a precise evaluation of climatic
potential with special reference to moisture supply and can make

possible accurate comparisons between locations.
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CHAPTER 5

IRRIGATION PLANNING

The yield probability model discloses the mean number of
stress days that may be expected per season at any particular
location. This information has a valuable use as it indicates
the amount of supplementary irrigation that is required in an
area, and together with the estimated yield decrement per stress
day, 1t could also provide an estimate of the possible benefit
which might be derived from irrigation. Furthermore, the
model may be used to compare the potential for irrigation of
different localities, and the determination of the level above
which (datum level) available soil moisture (ASM) should be

maintained to produce a selected yield.

ASSESSMENT OF WATER USE EFFICIENCY

To enable the entrepreneur to make decisions he must be
able to evaluate the efficacy of supplementary irrigation. This
can best be accomplished by determining the number of stress
days eliminated per unit of supplementary irrigation. The
factor used to describe this function will be named the Stress
Day Reduction Factor (F) and is defined as the number of stress
days eliminated per unit increase in maintained datum ASM (DASM) .
DASM 1s defined as that value of available soil moisture below

which soil moisture is not allowed to fagll.
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Hence, by definition

F = ﬁ (NE) fee s eana (5)

where NE = number of stress days eliminated.

Available soil moisture can be derived from rainfall or
irrigation, but when investigating irrigation possibilities it
must be assumed that the source is supplementary irrigation

alone.

APPLICATION OF MODEL TO IRRIGATION PLANNING

Consider the three locations in Natal (Cedara, Estcourt
and Newcastle) for which yield predictions have been made. To

date most irrigation decisions have been based upon soil moisture

i-‘:v-. -\-L{ .\-l...,.‘-“.--.‘.iea [‘-’Lu‘v_l“-..\) o5
status. It was therefore decided to find out,at which values of
CASM, stress is most likely to occur. Hence, histograms of the

probability of occurrence of different values of CASM were con-
structed and are illustrated in Fig. 20. These figures reflect
that there is an almost equal chance of stress occurring at any
given value of ASM ranging between 40 and 80%. This is particu-
larly true in the case of Newcastle.

The practical significance of this fact to irrigation plan-
ning is the implication that increasing the minimum DASM from 50
to 60% say, eliminates approximately the same number of stress days
as would be the case if DASM were increased from 60 to 70%.
Selection of DASM level is a management decision and does not alter

the amount of water used.

The management decisions to increase DASM from 50 to 60% and
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to increase DASM from 60 to 70% will result in the same decrease
in number of stress days per unit of increased DASM, i.e. the
Stress Day Reduction Factor (F) is constant irrespective of the
chosen level of DASM,

In conclusion therefore it appears that water use efficiency

is independent of the DASM selected, but might vary with climate.

VARIATION OF MANAGEMENT ACCORDING TO CLIMATE

In many instances when planning irrigation, the main dif-
ficulty is deciding on the datum level of ASM.

Although the previous section indicates that F is inde-
pendent of ASM, it is also intimated that F might vary with cli-
mate., This relationship will now be investigated.

F may be determined by plotting the number of stress days
eliminated (NE) against the value of ASM which must be main-
tained to ensure the non-occurrence of this number of stress
days. Such a graph is given in Fig. 21, and F may be found
from the slope of this curve,

It is evident from Fig. 21 that the slopes of the curves
obtained for different places vary markedly, Hence it may be
deduced that F and the efficiency of use of supplementary water
depends upon climate. In the present investigation values of
F determined from Fig. 21 are 0,33, 0,24 and O,11 days for Est-
court, Newcastle and Cedara respectively.

It can be seen that if an irrigation programme assures that
the DASM level is 50% say, then different numbers of stress days

will be eliminated at each centre. It thus appears that DASM
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Fig. 21 Available soil moisture levels to be maintained if a
selected number of stress days are to be eliminated.
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must be chosen according to climate and will vary from place
to place,

Maximising irrigation efficiency

In an effort to assist management decision making a theory
for maximising irrigation effectivity will now be developed.

The symbols to be used are as follows:-

Symbol Interpretation i Unit

L Decrease in yield per stress day _ %

c Additional capital required for supplementary R
irrigation

ASM Available soil moisture : %

DASM Datum available soil moisture %

TSM Total available soil moisture mm

A Total area irrigable ha

o) Period between irrigations day

NE No of stress days eliminated

a Area covered per irrigation unit Rerha dd\”

c Cost per irrigation unit R :

E Mean daily evapotranspiration mm dc:y_l

H Irrigation application rate mm dc:y—l

S Total water storage 1

R Profit* per unit area- R ha =5

YPot Potential yield Mg R

Y Yield per unit area Mg hc_l

I Income per unit mass of produce R kg_l

G Length of growing season day

F Stress reduction factor day

f Fixed farming costs per unit area R ha_l

n Life of scheme yr

*

The subscripts "i" and "o" when applied to symbols shall in-

dicate that the appropriate value of the variable with or with-

out irrigation respectively is to be used.
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The treatment shall ignore rainfall and it shall be
assumed that additional labour costs for moving irrigation
equipment are negligible and that it is possible to apply in
one day as much water as is required to restore ASM to field
capacity.

The object of the exercise shall be to set up rules
whereby the difference between profits with and without
irrigation may be maximised. Let this difference in profits
be denoted X.

The extent of an irrigation scheme may be limited by:=-
1 Capital outlay,

2 Total water available for irrigation, or
3 Application rate.

Hence to promote decision making for a particular scheme,
tests to ascertain which factor will limit the project must be
defined.

Limitation 2, If water 1is not to limit the area to be
irrigated than

S

A—lob_éE (hG) P (6)

Limitations 1 & 3. There is an interaction between

limitations 1 & 3 as application rate is a function of finances.
Hence, the argument proceeds as follows:-
The number of irrigation units purchased =
and the area covered per Jc p¢4

oJ

irrigation unit = a

oln
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Now, since

d
F = Gagw (NE)

and the straight line curves in Fig. 21

converge at an ASM of 30%

asm = NE 4 30
F
_ (100 - DASM) TSM :
Hence, p = 100 E (day)
NE, TSM
= - = ‘ . . (8

Assuming adequate water ( [_100-DASM | TSM/100) to bring
rooting depth to field capacity, may be applied in one day; 1if

the area irrigable

)

O

A =p (a

c
then from egn 8

NE, TSM C
A= (70 - _EJlOO.E aZ (ha) Ce e e (9)

The value of ‘A found from egn 9 may not be greater than that

found in egn 6. Furthermore (condition 3)

H C
ASE (a2) veeven.. (10)

The largest area A permitted by the scheme may be calculated
from egqns 6, 9 and 10O,
The difference between profits obtained with and without

irrigation are given by,

AR = (Ri - Ro) ceveeese (11)
Now Ri = AY.I - fA - C/n
and Ro = AYol - fA
AR = AI(Yi - Yo) - C/n Ce e (12)
A= (70 - NE)TSM C

F ’100.E Oc
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Now,
: NE(L)YPot 13
vi = vo + RELLL (13)
. . NE(L)YPot
v « Y1=YO = 100

from eqgn 12

Al (Yi - Yo) - C/n

_ (A.L.NE.L.YPot,
- 100

AR

- C/n

Now substituting for A from egn 9

NE, TSM 3
AR = {ﬁ}?O - F_) el o;] I.NE.L.Pof} - C/n
5 100
NE~, TSM €
= (7ONE - = ) To656 E Yo I.L.Y.Pot - C/n
TSM C _
Put WO'—E OC I.L.Y.Pot = J
. J 2
o AR =-z NE“+70J.NE-C/n SRR (1112 &
d J
TNE (AR) = —ZFNE+7OJ
Maximum when
NE = 35F R S <1,
or, NE = $(100-ASM at which NE = Q) F

Substituting the £ value for Estcourt, Newcastle and

Cedara as obtained from Fig. 21 in egn 15 it is found that for

Estcourt NE = 11,55 days, for
Newcastle NE = 8,40 days and for
Cedara NE = 3,85 days.

These NE values will be attained by adopting a datum ASM
level of approximately 65%. Although it was expected that
different DASM levels might be required for different locations

this 1s not found to be the case.
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- DISCUSSION

The practical application of these findings should have
important economic repercussions as irrigation scheduling 1is
often based upon the arbitrary selection of the DASM level.

A theory (egn 15) for maximising irrigation effectivity
has been developed and should simplify irrigation planning,
scheduling and design. - The important factor required by the
theory is the stress day reduction factor F, which defines the
number of stress days eliminated per unit increase in DASM level
for a given site. Provided F ‘can bé ascertained, the entrepre-
neur has a precise analytical method for determining the most
efficient DASM level for his particular conditions,

It can also be seen that a system like drip-irrigation,
which ensures consistently high ASM levels, therebyeliminating
all stress days, must outperform spray irrigation where the
perpetual maintenance of high DASM levels is a practical im-
possibility if the normal cyclical system involving the rotation

of piping networks is employed.
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CHAPTER 6
EFFECT OF SOIL TYPE ON SHARE OF STRESS

DAY DISCRIMINATION CURVE

In Chapter 2 the development of a stress day discriminating
curve for a Doveton clay loam soil is described. In order to‘
demonstrate the model's usefulness for comparing the climatic
potential for maize production in different locations, the
Doveton curve has been used throughout this thesis. Where
other soil types occur, however, the appropriate discriminating
functions should be used to ensure reliable predictions are ob-
tained.

Differences in shape between the discriminating functions
for different soils will reflect the differences in ease of water
extraction by plants from these soils. A soil with a higher
clay content than a Doveton will produce a flatter curve, while
one with a higher sand content may be expected to have a steeper
curve. Examples are illustrated in Fig. 22,

On a day when an E_ reading of 5 mm is recorded for example,

@]
maize on a clay would wilt at ASM values 55%, while plants on
the sand would be able to tolerate ASM values as low as 20%

before wilting.

Determination of discriminating function

Before widespread application of the yield prediction model
is possible, discriminating functions for the more important maize
producing soils are required. The use of mass measuring lysi-
meters for establishing these functions is an exacting, time

consuming, laborious and expensive operation. An alternate
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Fig. 22 An example of variations in the discriminating
curve that may be expected as the soil's clay
content varies.

method of obtaining discriminating functions for individual
soils by modifying the Doveton curve, using soil moisture
suction data, will now be described.
Method

Modification of the Doveton curve to produce a dis-
crimination curve applicable to given soils was carried out

in the following steps:-
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l. Using the Doveton soil moisture suction curve illustrated
in Fig. 23, Table 10 was constructed. Values for soil
moisture suction corresponding to chosen ASM values were
listed in columns 1 and 2. EoAvolues corresponding to the
selected ASM values were extracted from the original Dove-
ton discriminating curve (See Fig. 9) and are listed in
column 3 of Table 10.

Suction ASM EO
(bars) (%) (mm)
0, 100,0 -
o, 97,0 -
o, 93,0 -
0,6 89,0 -

0,7 85,0 15,0
0,8 82,0 12,5
0,9 78,0 10,7
1,0 75,0 10,0
2,0 42,0 6,5
3,0 33,0 5,1
4,0 28,0 4,2
5,0 25,0 3,3
6,0 22,0 2,8
7,0 19,5 2,1
8,0 17,0 1,8
9'O 1415 1,2
10,0 i Sl 0,6
11,0 9,5 -
12,0 7,4 -
13,0 4,0 -
14,0 2.0 -
15,0 &6 .} .

TABLE 10

+i 1A Alirva C e~ O

Soil moisture suction values (Column 1) corresponding to
chosen ASM levels (column 2) as appearing in the Doveton
soil moisture suction curve, Fig. 23, E. values (column
3) corresponding to ASM values in the Doveton discrimina-
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23 Doveton soil moisture suction curve.

Next, the curve illustrated in Fig. 24 was constructed by
plotting from Table 10 the corresponding values of soil

moisture suction (column 1) versus E column 3), Fig. 24

o ¢
is a discriminating curve of evaporative demand and soil
moisture suction which is applicable to any soil type.

Since the computer programme uses a discrimination function

based on available soil moisture, rather than soil moisture



79.

19
151
e
164+
15 -
o
131
w2t
"y
[{ol
Eo
(me) T
st
“F
A
51
.
.
E -
\
[ ) 1 J \ ] | 1 L
2 ) %) Lo 20 30 5,0 90 N 1S
Makric suction (bars)
Fig. 24 Doveton matric suction vs evaporative demand curve.
suction, it 1s convenient to transform suction values
to ASM.

This can be carried out simply by substituting
appropriate values of ASM for the soil suction values

in Fig. 23.
Making use of soil moisture suction values determined by
Scotney (1970) for a number of Natal soils, discrimination

functions for a selection of these soils were constructed and

are illustrated in Fig. 25.
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DISCUSSION

The practical application of the yield probability pre-
diction model is greatly extended if discrimination curves
for different soils are available. A method for producing
such curves has been explained making it now possible to apply
the model to virtually any maize producirg area. The sig-
nificance and importance of this modification is self-evident.

Discriminating functions are extremely sensitive to soil
type, as is evident froh the marked differences between the
shapes of the curves illustrated in Fig. 25. A crop growing
on a Balmoral for example will tolerate higher atmospheric
evaporative demands before wilting than a crop on a Bergville.
Weather conditions being identical and water holding capacities

similar, less stress days will be recorded on the Balmoral with

resultant higher yields.
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GENERAL DISCUSSION

In its existing form the Cedara : Doveton model makes

possible maize grain yield predictions for the hybrid SA 60

grown on a Doveton soil at Cedara. Without modification, the

model can be used to compare the relative suitability of dif-

ferent climates for maize production at population densities

similar to those used in the developmental experiments.

If accurate yield predictions are required for other

locations, however, the computer programme will need to be

altered in accordance with the requirements of the new site.

Information about a location which must be available before

yield predictions are possible, is the following:-

Soil type

i

ii

iii

The soil's moisture suction curve must be available in
order to construct the appropriate discriminating curve.
The soil's moisture holding characteristics at different
depths must be known to determine the soil's water holding
capacity within the crop's root zone. These characteris-
tics vary with profile depth.

It must be known whether an impervious or semi-impervious
layer exists within, or just below the normal root zone,
as account will have to be taken of this when determining
the soil's water storage capacity. Such layers are
characteristic of the important Leksand, Sandy Avalon and
to a lesser extent Avalon soils in Natal, and contribute

significantly towards their high yield potential.
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Plant

i The length of growing season of the crop must be known
as this influences the amount of moisture required from
planting to maturity.

ii In order to compute soil moisture removal patterns,
knowledge must be available of root distribution and
profileration, as these vary with time throughout the
soil profile.

iii Wide crop rows and low plant populations, as used in
many of the more arid parts of South Africa, reduce the
crop's potential yield but have the effect of making
soil moisture reserves last longer. Allowance will
have to be made for these facts in the computer program-
me when these planting patterns are used.

Evaporation

The model uses daily Class A pan evaporation data for yield
predictions. Unfortunately these records are not plentiful, so
that in many cases an estimate of evaporation from other climatic
records will have to be used. It is not anticipated that the use
of these estimates will reduce appreciably, the accuracy of the
model's predictions.

Rainfall
The acquisition of the daily rainfall records required by the

model should provide no problem.

Should widespread use of the yield prediction model be planned,
provision will have to be made in the computer programme for the

storage of a wide range of discriminating curves, lengths of
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growing season, rooting pattern and soil depth permutations and
soil moisture storage capacities. The computer programme can
easily accommodate these modifications, and the appropriate
features for a given locality would be used in the model when
executing prediction computations.

Besides the model's use in agronomic planning, irrigation
scheduling, economic and sociological studies, its application
should prove of considerable value to agricultural research
workers in their quest to improve crop technology. The
model's ability to isolate and identify the confounding effect
of weather, will greatly simplify the task of interpreting the
results of field experiments that frequently display inexplica-
ble, complex seasonal variations.

The type of problem tackled in this thesis was completely
dependent upon the use of an electronic digital computer for its
successful solving. This powerful tool will in future be in-
creasingly relied upon by agricultural research workers for the
solving of similar and more complex problems.

Provided the crop's basic behaviour patterns have been
established and are thoroughly understood, mathematical models
can be used to simulate numerous sets of environmental and soil
conditions, thereby rapidly providing results that would other-

wise only be achieved after many years of expensive and laborous

field experiments.
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Model limitations

In order to allow for the construction of a practical working
yield prediction model, it was necessary to make assumptions that
simplified some of the extremely complex plant/soil moisture rela-
tionships found in the field. Brief comment is made below of the
two most important assumptions applied.

The first and most important simplification brought about,
concerns the concept of wilting being a function of atmospheric
evaporative demand and soil moisture suction. Evidence obtained
in the mass measuring lysimeter experiment indicated that uniform
moisture removal from the entire lysimeter soil profile could be
assumed. Wilting could therefore be associated with a specific
relationship between soil moisture suction and atmospheric eva-
porative demand. Successful application of the yield prediction
model is depéhdent upon the extrapolation of these findings to
field conditions. Under field conditions, however, the suction
patterns existing at the soil/root interface resulting in wilting
are unlikely to be identical throughout the entire rooting depth.
In order to accommodate this situation the rooting depth was
considered in a series of 300 mm layers and a stress day was only
recorded when the soil moisture content of all layers was at or below
cASM. If, for example the soil moisture content of only three out
of four layers was at or below CASM, a stress day was not recorded,
provided the remaining layer could meet the plant's moisture re-
quirements. Although not a perfect solution to the problem pre-
sented by varying soil moisture content with rooting depth, the
model was nevertheless able to satisfactorily accommodate the si-
tuation.

The second important simplification concerns the rate of

drainage of gravitational water through the soil profile. The
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rate of drainage of gravitational water through an unimpeded
profile is a continuous process and the use of a neutron probe
on a Doveton soil at Cedara has indicated that gravitational
water will evacuate a 900 mm profile in 3 days. Since the yield
prediction model operates on a daily basis, a step process of
gravitational water movement, at the rate of 300 mm per day was
adopted. A similar technique was used by Shaw (1963) when es-
timating the soil moisture status under a growing maize crop.

A limit upon the amount of moisture that could pass through
a 300 mm layer in one day had also to be decided upon since it
would be unreasonable to accept that no limit exists. In the
model the limit set for this amount was arbitrarily selected as
being eguivalent to the field capacity of the layer in question.
It is not considered that this constraint had any marked effect
upon the accuracy of the yield predictions made by the model,
since it is highly improbable that a stress day would have occurred
within the four to five days necessary for the removal from the

rooting zone of such copious supplies of gravitational water.
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APPENDIX

. COMPUTER PROGRAMME LISTING

// FOR

#LIST SOURCE PROGRAM

#ONE WORD INTEGERS

#10CS(CARDy1132 PRINTERsDISKsTYPEWRITER)

DEFINE FILE 1(145429UsNWW)

DEFINE FILE 2(198sUsNAS)

DEFINE FILE 3(14592sUsNET)

DEFINE FILE 4{(1989sUsNFC) f

DEFINE FILE 5(145989UsNEX)

DEFINE FILE 6(145929sUsNRL)

DEFINE FILE 7(180929UsNCW)

DEFINE FILF 8(20092sUsNEV)

DEFINE FILE 9(145929UsNRN)

DEFINE FILEL1O(145929UsNTW)

DEFINE FILE 11(15792sVUsNRR)

DEFINE FILE 12(1454529UsNAP)

DEFINE FILE 13(1092609UsNRO)

DEFINE FILE14{145929UsNKF)

DEFINE FILEL15(145929UsNCC)

DEFINE FILE 16(3009659UsNRD)

DEFINE FILE 17(300+655UsNED)
CXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXK
C RAYN WRITES RAINFALL TO DISK
C EVAP WRITES EVAPORATION TO DISK
C FYLE WRITES CASM TO DISK
& RUNOFF TO DISK
C ET/EO0 RATIO TO DISK
C ROOT PROGRESS TO DI15K
C FASM TO DISK
C PREP CALCULATES ETRAN(N) AND CASM(N) AND WRITES TO DISK
C WIN CALCULATES API WRITES 1T 7O DISK
C RUNOFF WRITES IT TO DIsSK
C WATER WRITES IT TO DISK
C AWl COMPUTES WATER BUDGET DAY 1 TO 16
C AW2 COMPUTES WATER BUDGET DAY 17 TO 28
C AW3 COMPUTES WATER BUDGET DAY 29 TO 91
C AW4 COMPUTES WATER BUDGET DAY 91 TO 145
CXAXXXXXXXXXXX XX XXX XX XXX KX LXK XXX KX LXK XXX XX X X

COMMON NDO ¢MOsNYO

100 FORMAT(318)
101 FORMAT(214)

READ (29100)NDOsMOsNYO

READ(29101)NsM

CALL EDAT

CALL RDAT

CALL FYLE

CALL EXT

DO 3 NYO=NM
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CALL DATSW(1sJ)
GO TO (192)eJ
STOP
2 CONTINUE
CALL RAYN
CALL EVAP
CALL PRFP
CALL WIN
CALL AWl
CALL AW2
CALL AW3
CALL AW4
3 CONTIMUF
CALL EXIT
END

—

// FOR
#ONF WORD INTEGERS
#L[ST SOURCE PROGRAM
SUBROUTINE EDAT
DIMENSION EQ(31)sLM(12)
DATA LM/31+28+31930931930931931930931+30931 /

N=1
Coxxxxx IF WEATHER BUREAU FORMAT PUT IWB=1sFOR ATS FORMAT
C IWB =0 (IWBsell0)
READ(2+5102) 1WB
1 CONTINUE

IF(IWB)2014+202+201
201 READ(2+101)1YsMsEO
101 FORMAT(7Xs212+31F2.0)
GO TO 204
202 READ(2+203)1YsMeNDs (EO(III)sII1=1eND)
203 FORMAT(5X9312+4X931F240)
204 CONTINUE
IF(IY)1591542
2 DO 200 I=1,31
200 EO (1)=EO(1)%*0.254
IF(M=2)64446
4 1Y=1Y+1900
IF(IY=(1Y/4)%#4)60+5460
5 LLL=29
IY=1Y=1900
GO TO 66
60 1Y =1Y=1900
6 LM (2)=28
LLL=LM(M)
66 WRITE(17'N)IYsMoLLLs(EO(TI)sI=14LLL)
WRITE(34102)1YsMoLLL(EO(I)oI=1sLLL)
102 FORMAT(3110/15F661/16F6,1)
N=N+1
GO TO 1
15 CONTINUE
RE TURN
END
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#LIST SOURCE PROGRAM
#*ONE WORD INTEGERS
PROGRAM TO PREPARE RAINFALL DATA FOR ANALYSIS

* %

AN NNANANANNO AN

NOannNNN

100

101

102

REQUIREMENTS FOR FIRST CARD
IY PUNCHED IN COLUMNS 1 AND 2

IM PUNCHED IN COLUMNS 3 AND 4

IWB PUNCHED IN COLUMN 6

MILLE PUNCHED IN COLUMN 8

IY=INITIAL YEAR EoeGe 63 4y IM=INITIAL MONTH EoGe O4
[WB 1S 01 FOR WEATHER BUREAU DATAs0 FOR NARI DATA
MILLE IS 00 FOR DATA IN INCHES, 01 FOR DATA IN MILL
IMETRES (NARI)

FOR WEATHER BUREAU DATA MILLE 1S READ ON EACH DATA
CARD AND NEED NOT

RF. SPECIFIED ON FIRST CARD

STATION NAME IS PUNCHED BETWEEN COLUMNS 10 AND 68

CATA CARDS

NART DATA 1S PUNCHED IN FORMAT 21499([43F440)
WEATHFR BUREAU DATA IS PUNCHED IN FORMAT 1XI1s6X
21299(0129F4,.0)

THE FIRST VARIABLFE READ ON WeBe DATA CARDS IS MILLE
LAST DATA CARD 1S BLANK

SUBROUTINE RDAT

INTEGER DAYS(12)9s1D(9) sNAME(30)
REAL RAIN(31)sLRAIN(31)

DIMENSION R(31)

DATA DAYS/31928031930931030931931930,31030931/9LRAIN/31*O./
READ(2+100)1YsIMsIWBWMILLE ¢NAME
FORMAT(4]12+30A2)

IS=(]Y=1)%12+1M

DO 1 I=1»31

RAIN(I)=0.

I0UT=1

MERR=0

Ml=]

IFCIVIB) 34344
READ(ZOIOI)IYQMQ(ID(J)QR(J)9J=199)
FORMAT (21449 (14sF4,40))

GO 70O 5
READ(?’IO?)MILLE’IY’M’(ID(J)’R‘J)’J=1’9)
FORMAT(1X1196X21299(129F400))
MILLE=MILLE=5S

[F({M=1)334846

[Y=(15-1)/712+1

MI=IS=(]Y=1)%]2

1S=1S5+1

[IF{M1-1)3347434



34 IF(M=M1)6+2+6 .
7 1S=15=1
[C=15=2
GO TO 16
8 1C=15=2 -
GO 7O 21
9 IF(IWB)10»10,11 :
10 READI(2, 101)IYoMo(ID(J)oR(J)oJ 199)-
- GO TO 12
11 READ(Z’IOZ)MILLEoIY’Mg(ID(J),RIJ)oJ 199)
MILLE=MILLE=5
12 IF(M)30+30s13
30 10UT=2
GO TO 16
13 IF(M=12)115915914
14 WRITE(39103)1YsMs (ID(J) sRIJ) 9d=109)
103 FORMAT(10X*MONTH GREATER THAN 12 ON FOLLOwiNG CARD'/
~10X21499(15sF5e0))
MERR =1
GO TO 9
*15 IF(M=M1)16421916
16 1T=15 _
GO TO (31935)s10UT
31 Ml=M
GO TO 36
35 M=LAST
36 IYY=(IT=1)/12+1
IMM=T=12%(]1YY=1)
NDAS=DAYS( IMM)
IF(IMM=2)19517+19
17 IF(IYY=IYY/4%4)19,18,419
18 NDAS=29
19 GO TO (39937)s10UT
37 IF(IMM=M)38,439,38
38 WRITE(16'IT=ICIIYYsIMMyNDASSLRAIN
[T=1T+1
GO TO 36
39 WRITE(16'IT=IC)IYYsIMMsNDAS) RAIN
[5=15+1
GO TO (40+27)s10UT
40 DO 20 I=1431
20 RAIN(I)=0
[T=M+12%([Y=1)
[F(IT=158)33,21416
21 LAST=M
DO 26 13149
IF(ID(I))999,22
22 L=1D(1)
IF(L=31)24424423
23 WRITE(39104)IYsMy(ID(J)sR{J)sJ=149)
104 FORMAT(10X*DAY GREATER THAN 31 ON FOLLOWING CARD'/
=10X21449(154F540) )
MERR=1
GO TO 9






G NCW=NCW+1
DO 11 I=1»10
P(1)=11%0.1005
11 11=11+1
WRITF(34,101)( P{J)sCASMIJ) »J=1510)
1 CONTINUF
C******-x FdH R K KR i****-)(**%**i**i*************************#
C RUN-OFF
DO 12 N=1,10
I1=1
DO22 I=1913
READ (29100)RR
DO 2 J=1s10
PlJ)=11
R{IITII=RR(J)
[IT=11+1
2 CONTINUF
22 WRITE(35101)¢( P(J)sRR(J)9J=1910)
12 WRITE (13'N)}R
WRITE (3+102)
102 FORMAT (/7))
C;(- R e PR E E R R E R R E R EEEE R E TSRS TS RIS RS R L E B L X S
C ET/EQO RATIO
K=1
NKF=1
DO 4 N=1s15
READ (291031}E
DO 112 1=1,+10
ND(]1)=K
[FINKF=146)1119112+112
111 WRITF(L14'NKF)YEC(T)
NKF=NKF+1
112 K=K+1
4 WRITE(36104)( NDIJYSE(J) 9J=1410)
103 FORMAT (10FBa.3)
(****i-l******-}(-*******l%**l*******i******************** ¥ H 3
C ROOT PROGRESS
K=1
NRL=1
DO 60 I=1+10
READ(29106)RT
106 FORMAT(10FB.0)
DO 61 J=1910
WRITE(6'NRLIRT(J)
NRL=NRL+1
ND(J) =K
61 K=K+1
60 WRITE(39107)INDIJ)sRT(J)eJ=1910)
107 FORMAT(10(16sF640))
DO 62 I=1019145
RTT=1200.
62 WRITF(6*]IRTT
DO 65 l=1+4
DO 64 [1=1,10
[IK=100+10% (J=1)+11
READ(6'IKIRT(IT)
64 ND(IT)=IK .
65 WRITE(3s107)(ND(II)sRT(ITI)s11=1410)
CHLAXXAXKEXKXXRXLHKEL XKL XXX EXRALE XX KA XXX XK XXX XXKARK A,

97.



125

FASM
RfAD(ZolOb)FASM
WRITE(G'1)FASM
R[AD(A'l)FASM
wRITE(B;lOS)FASM
FORMAT(4F8.2)
RETURN

f ND

// FOR

#LIST

SOURCE PROGRAM

*ONE WORD INTEGERS

100
102

// FOR
*#LIST
*ONE W

C
C

SUBROUTINE EXT
DIMENSION E(4)
WRITE(34102)
FORMAT (4 FB840)
FORMAT (5X'EXT!)
NEX=1

DO 1 1=1+91
READ(2+100)ME
WRITE(S'NEX)E
NEX =NEX+1

CONT INUE

DO 72 1=1+91
READ(S'IIE
WRITE (35100)E
RETURN

FND

SOURCE PROGRAM

ORD INTFGERS

SUBROUTINE RAYN

REWARFes CANNOT HAVE NDOsMO=(1=10)s1( JANUARY)
NDO sMO=(1=10) s 2MARCH

DIMENSTION R(31)sLNTH(12)s RAN(12)sNA(12)
COMMON NDO sMOsNYC :

DATA LNTH/31928531930931+30931931+30931930s31/
WRITE (3+105)NYOsMOsNDO



105

120

121

122

[aV]

~ oW

10

11

12

87

88
102

FORMAT(318)

IFI{NDO=1011209120+121

MI=MO=-1

NDI=NDO+LNTH(MI =10

GO TO 122 '

NDI=NDO=~10

M =MO

CONTINUF

N=1

NRD=1

NN=1

READ(16'NRC)Y NYsMslL sR
NRD=NRD+1

IF (NY=NYO)}1s2s1
IF{M=M]I)119s3y1

LENTH=LNTH (M)

DO 6 I=NDIsLENTH

WRITE(II'N)R(1)
IF(N=1Y1)59444

WRITE(IINNIR(T)
N=N+1

NN=NN+1

GO TO &

N=N+1

CONT INUF - ’
READ{1I6!NRDINY sMsL oR
NRD=NRD+1

DO 11 I=1,L

IF (N=155)898s11
IF(N=11)10+949

WRITE(Q'NNIRI(T]}

NN=NN+1

WRITE(ILI'NIR(T)
N=N+1

CONT INUE

IF (N =155)747912
KK=1

DO 88 11=1412

DO 87 I=zl1ls12
K=(I]=1)%12+]
READ(9'KIRAN(I)
NA(TI)=K

WRITE(34102) (NALJ)sRAN(J) s U=1912)

FORMAT(12(16sF441))

RETURN

END

99.



// FOR
¥ IST

SOURCE PROGRAM

#ONE WORD INTFGERS

C

10
11

13
103

// FOR
*_[ST
#*ONE W

C

100
101

—

SUBROUTINE TO WRITE EVAP DATA TO DISK
SUBROUTINE EVAP
DIMENSION EO(31)sEV(145)
COMMON NDOsMOsNYO
K=1
N=1
READ(17'N)}IYsMoLLLIEO
N=N+1

IFINYO=1Y)84s291
IF(MO=M)89391
DO &4 I=NDOsLLL
WRITE(8'KIEQ(])
K=K+1
CONT INUE
READ(1T7T'N)IYsMsLLLIEO
N=N+1
DO10I=1sbLLL
IF{K=145)949410
WRITE(B'K)EO(])

K=K+l
CONT INUE
IF(K=146)8+11911
X=1los
DO 13 I=14+145
READ (B'I)}EV(I])
FORMAT({10 F10s1) .
WRITE(39103)(EV(K)sK=14145)
RETURN
END

SOURCE PROGRAM

ORD INTFGFRS
SUBROUTINE PREP
SUBROUTINF TO WRITE ETRAN AND CASM TO DISK
DO 4 I=19145
READ(B'I)EOQ
READ(14'])EKF
ET=EO®EKF

WRITE (3*1)HET
IF(EO=184)101910145100
EO=18

CONT INUE
IF(EO=e40005)19192
EO=0,61

JEEO¥104+0,05
READ(T7'J)CASM
WRITE(15'1)CASM

CONT INUF

RETURN

END

100.
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// FOR
®_.1ST SOURCE PROGRAM
#ONE WORD INTFGERS
SUBROUTINFE WIN
C SUBROUTINE TO CALCULATE WATER ENTERING SOIL
DIMENSION RR(125)sRRR(125)
C EXECUTE DAY BY DAY
C FIRST CALCULATING ANTECEDENT PRECIPITATION INDEX
N=1
DO 3 NN=1s145
API=0.
DO 1 I=1+10
J=NN+]=1]1
READ(11'*U)P
P=P/(11l=1)
API=API+P
1 CONTINUE
READ(9'N)P
P=P /2,
API=API+P
WRITE(12'NJIAPI
N=N+1
3 CONTINUE
C)(XX)(XXXXXXXX)(XXXXXXXXXXXXXXXXXKXXXXXXXXXXXXXXXXXXXXXXXX
C CALCULATE RUNOFF
C FIRST FILE 1S APO
DO 51 N=14145
READ(12'N)API
[F (API=T740)49445
4 J=2
Al=0,0
A2=T7,0
GO TO 50
[F (AP1=12.5)69747
6 J=3
Al=7,0
A2=12.5
GO TO 50
7 IF(AP[=1945)818+9
8 Js4
Al=12.5
A2=19.5
GO T0O 50
9 IF{API~25.0)10911411
10 J=5
A1=19.5
A2=25,0
GO TO 50
11 IF(AP1=32.0)12413,13
12 J=6
Al=25,0
A2=32.0

\n
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GO TO 50
13 IF(API=37e5)144915415
14 J=7
Al=32.0
A2=3745
GO TO 50
15 IF (API=5040)16417417
16 J=8
Al=37.5
A2=50+0
GO TO 50
17 IF(API=6245)18+19+19
18 U=9
Al=5060
A256245
GO TO 50
19 J=10
Al=6245
A2=275,0
50 READ(13'JU=1)RR
READ(131'J) RRR
READ(9'N)RAIN
[F(RAIN=12449)249244+23
23 WRITE(34101)N
101 FORMAT(20X41('#%)/20X** ON THE'I4s'TH DAY
—~RAIN EXCEEDED 124,9 %'/
#20X41( %))
RAIN = 124,
24 K=RAIN + 1,
RF=RR(K)
RFF=RRR(K)
R=RF+((API=Al)/(A2=-A1)* (RFF=RF))
READ(9'N)PPN
WWWzPPN=R
51 WRITE(L1'N)wWwWW
DO 52 I=1+145
READ(12'1)API
READ(S'1)PPN
READ(1'I)WWW
52 CONTINUE
RETURN
END
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// FOR
#_IST SOURCFE PROGRAM
#ONE WORD INTFGEFRS
SUBROUTINE AW 1
DIMENSION ASMF (4)sFASM(4)
WRITE (3,100)
100 FORMAT(1H1s10X'ASM IN TOP 150MM'/5X'DAY's5X'MM'/ /)
READ (4'1)FASM
ASM =12,
DO 6 N=1s16
READI1'N)W
W=W=24s5
ASM = ASM+W
IF(ASM = 12¢)39292
ASM‘iZo
GO TO 5
IF(ASM) 435,45
ASM = 0O,
WRITE(33101)Ns»ASM
FORMAT(6XT1295XeF5,1)
CONT INUE
ASMF (1)=ASM+13,
DO 8 L=24
8 ASMF(L)= FASM(L)
WRITE({2'1)ASMF
RETURN
END

N

[o AN Sl S ) S V)

// FOR
*LIST SOURCE PROGRAM
*ONE WORD INTEGERS
SUBROUTINE AW2
DIMENSION ASMF (4)43FASM(4)
READ(4']1)FASM
READ(2'1) ASMF
ASM=ASMF (1)
WRITE(34100)
100 FORMAT(//10X'ASM IN TOP 300MM!'/5X'DAY!' S5X'MM'//)
DO 1 N=17,28
READ(1'N)W
READ(3'N)ET
ASM = ASM = ET+W
IF (ASM=25,)442,2
2 ASM=25,
GO TO 6
4 JF(ASM)Ss646
5 ASM=0,
6 WRITE (3+101)NyASM
1 FORMAT(6X1295XsF5,41)
1 CONTINUE
ASMF(1)=ASM
DO 8 L=24y4
8 ASMF(L)sFASM(L)
WRITE (2'1)ASMF
WRITE(34100)
RETURN
END
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// FOR
#1157 SOURCE PROGRAM _
*ONE WORD INTEGERS o
SUBROUTINF Aw3 ‘
DIMENSION ASM(4) sFASM(4) eXS(G), ASMT (&) oEX(4) 9 ADLI(6)
101 FORMAT(T7X91394F10e19F1l0e39F10e19/60X9sF1061/60XsF10e1/60X9F1Cslo
*¥4F10elsl11C)
102 FORMAT(1H1} :
103 FORMATI(S5X' DAY '5X' APl '5X'RAIN '5X'" WIN 'OX'EVAP 'SX'ETRAN'SX
*VSASM 'S5XIYTASM 'S5X'PASM '5X'CASM 'SX'CONQ ')
WRITE(345102)
WRITE(3,103)
READ(4'1)FASM
DO 19 N=29,491
READ(1'N)W
READ(2'1)ASMT
READ(3'NIET
READ(5*NIEX
READ{6'N)RL
READI(B'*NIEO
READ(12*N)API
READ(15'N)CASM
DO 2 L=1ls4
ADD(L)=0s
2 XS(LY=0a
sz=Oo
DO 3 L=1s4
3 FX (L) = EX(L)*ET/100.
ASM(1)=ASMT(1)=EX (1)

c IF LAYER IS DRY TRANSFER DEMAND
IF (ASM(1)) 44545
4 XS(1) ==1+%¥ASM(1)
ASM(1)=0e+W
ADDI(2)=0o
GO T0O 8
5 X5(1)=0,
C IF NOT DRY TRANSFER ADD TO LOWER
IF (ASM(1) = 254) 809646
B0 ASM(1) = ASM(1) + W
GO TO 8

6 ADD(2)=ASM(1)=25,
IF(ADD(2)=254)889747
B8 ASM(1) = 254 + W

GO TO 8
7 ADD(2)=25,
ASM(1) = ASM(1) = 25, + W
C REPEAT FOR LOWER LAYERS
8 DO 113 L= 244
ASM(L) = ASMT(L) = EXI(L)

IFCASMIL))9910s10
9 XS(L)==1e*ASM(L)
ASM(L)=0e+ADDI(L)



10
11
110

111

13

113

14

15

16
17

300
301

302

303

11la

201

20

220

221
222

ADD(L+11=0.
GO 7O 113
XS{L)Y=0os
IF(ASM(L)=FASMIL) 11351111
ADD(L+1)=ASM(L)=FASM(L)
I[F (ADD(L+1)=FASM (L))1109111s111
ASM(L) = FASM(L) + ADDI(L)
GO TO 113
ASM(L) = ADD(L+1) + ADD(L)
ADD(L+1)=FASM(L)
GO TO 113
ADD(L+11=0.,
ASM(L) = ASMI(L) + ADDI(L)
CONT INUF
DO 14 L=1ls4

TXS 3TXS+XS(L)
DO 17 L=1s4
ASM(L)=ASM(L)=TXS
IF(ASMIL))15916916
TXS==1e¥ASM(L)

ASM(L) =0
GO T0O 17

sz=OD
CONT INUE
TASM‘O.
FC=00
RLL=RL/300

IL=RLL
PU=RLL=-IL

LO=1L+1
IF(LO=-5)301+300+300

LO=4

PU=1.
DO114 L=1sLO
P=1,

IF(L=L0)303+302,303
P=Py
TASM=TASM+P*ASM (L)
FC=FC+P*FASM(L)
CONT INUE
PASM = TASM/FC#100.

IF (PASM=CASM 120192019202
ST =1
DO 20 L=zl¢4
ADD (L) =0
CONT INUE
ASM{1) = ASMTI(1)
ADD(2)=ASM (1)=FASM(1)
IF (ADD(2))2209220,221
ADD(2)=0.,
ASMI1) = ASM{l) + W
GO TO 224
IF(ADD(2)=FASM(1))2225223+223
ASM(1) = FASMI1l) + W

105,
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GO TO 224
223 ADD(2)=FASM(]1)
ASM(1) = ASMT(1l) = FASM(1) + W

224 DO 228 L=2s4
ASM(L) = ASMT (L)
ADD(L+11=ASM (L)=FASMI(L)
IF (ADD(L+1112259225+226
225 ADD(L+1)=0,
ASM(L)=ASM(L)+ADD(L)

GO TO 228
226 1F (ADD(L+1)=FASM(L))2228+227+227
2228 ASM(L) = FASM(L) + ADD(L)

GO TO 228

227 AKDD(L+1)=FASMI(L)}
ASM(L) = ASMT(L)} = FASM(L) + ADDI(L)
228 CONTINUE
DO 229 L=1s4
ASMT (L)=ASM(L)
229 CONTINUE
WRITE(2'1)ASMT
GO T0204
202 ST=0.
DO 24 L = 14
24 ASMT (L) = ASMI(L)
WRITE(2'1)ASMT
204 READ (9'NIR
WRITE(39101INsAPI sRIWIEOSET s (ASM(J) 9J=194) s TASMePASMyCASMHST
WRITE(IO'N)TASM
19 CONTINUF
RETURN
END

/7 FOR
*LIST SOURCE PROGRAM
*ONE WORD INTEGERS
SUBROUTINE Awa
DIMENSION ASM(&4)sFASM{&4) 9 XS(4) ASMT (4) sEX(4) sADDL6)

101 FORMAT(7X+1394F10619F10e39F10e19/60X0F10e61/60XsF1061/60XsF10sly
*4F 10619110}

102 FORMAT(1H1)
103 FORMAT(5X' DAY '5X' API '5X'RAIN '5X' WIN 'OX'EVAP 'S5X'ETRAN'5X
*15ASM '5X'TASM '5X'PASM 'S5X'CASM 'SX'COND ')
WRITE(3+102)
WRITE(35103)
READ(4'1)FASM
DO 1019 N=92s145

EX(1)1=60.
EX({2)=15,
EX{3)=15,

EX(4)=10.



80

88

10
11
110

111

13
113

14

READ(L'NIW

READ(2'1)ASMT
READIB'NIET

READ(6'N)IRL

READI(B'N)EO
READ(12'N)API
READ(15'N)CASM

DO 2 L=ls4

ADD(L)=0e

XS(L)=0e

TXS=0e ,

DO 3 L=rlsé '

EX (L) = EX(LI*ET/100.
ASM(1)=ASMT(1)-EX(1)

IF LAYER IS DRY TRANSFER DEMAND
[F (ASM(1)) 49545

X5(1) ==14*%ASMI(1)
ASM(1)=0e+W

ADD(2)=00

GO. TO 8

X5(1)=0e

IF NOT DRY TRANSFER ADD TO LOWER
IF (ASM(1) = 254) B0s696
ASM(1) = ASM{1) + W

GO TO 8
ACD(2)=ASM(11=25,
IFIADD(2)=25,)88Bs7s7

ASM(1) = 25+ + W

GO 70 8

ADD(21=25,

ASM(1) = ASM{1l) = 25 + W

REPEAT FOR LOWER LAYERS
DO 113 L= 244
ASM(L) = ASMT(L) = EX(L)

IF(ASM(L))9+10s10
XS{L)==1e%*ASM(L)

ASM(L)=0es+ADDI(L)
ADD(L+11=0,

GO TO 113

XS(L)=0,
TF(ASM({L)=FASM(L))13s11s11
ADD(L+1)#ASM{L)=FASMI(L)

IF (ADD({L+1)=FASM (L))110s111s111
ASMIL) = FASMIL) + ADDI(L)
GO TO 113

ASM(L) = ADDIL+1) + ADDI(L)
ADD(L+1)=FASMI(L)

GO TO 113

ADD(L+1)=00

ASM{L) = ASM(L) + ADD(L)
CONTINUE

DO 14 L=1s4

TXS =TXS+XS(L)

DO 17 L=lsa
ASM(L)=ASM(L)=TXS
IFIASM(L) 115916916

107.



15

16
17

300
301
302
303

114

201

20

220
221
222
223

224

225
226
2228
227

228

TXS==~1e*#ASM(L)
ASM(L)=0e
GO TO 17
TXS5=0e
CONT INUF
TASM=0e
FC=0o
RLL=RL/300,

IL=RLL
PU=RLL=-IL
LO=TIL+1
[F(LO=51301+300+300
LO=4

PU=1,
DO114 L=1loLO
P=1.
IF(L=L0)303+302»3073
P=pPU
TASM=TASM+P*ASM (L)
FC=FC+P*FASMIL)
CONT INVE

PASM = TASM/FC*100.

IF (PASM=CASM 120192019202
ST =1

DO 20 L=1ls4

ADD(L)=0e
CONT INUE
ASMI(1) = ASMT(1)
ADD(2)=ASM (1)=FASMI(1)
1F (ADD(2)122092204+221

ADD(2)=0e

ASM(1) = ASM(1) + W

GO TO 224
IF(ADD(2)=FASM(1)1222+223+223
ASM(1) = FASM(1l) + W

GO TO 224

ADD(2)1=FASM(1)

ASM(1) = ASMT{1l) - FASM(]1) + W

DO 228 L=2+4

ASM(L) = ASMTI(L)
ADD(L+1)=ASM (L)=FASMI(L)
[F (ADD(L+1)122592259226
ADD(L+11=0,
ASM(L)=ASM(L)+ADD(L)

GO TO 228

IF (ADD(L+1)=FASM(L))222892274+227
ASMI(L) = FASM(L) + ADD(L)

GO TO 228

ADD(L+1)=FASMI(L)

ASM(L) = ASMT(L) = FASM(L)} + ADDI(L)
CONT INVF

DO 229 L=1s¢4
ASMT (L) =ASM(L)

108.



229

202

24

204

1019

109.

CONT INUE
WRITE(2'1)ASMT
GO T0204

ST=0.

DO 24 L = 14
ASMT (L) = ASMI(L)

WRITE(2'1)ASMT

READ (9*N)R
WRITE(33101INsAPIsRIWIEOSET 9 (ASMIJ) 9J=194) s TASMsPASM9CASM ST
WRITE(I0'*N)TASM

CONT INUF

RETURN

END
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