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FOREWORD

Australia has extensive areas of semi-arid grazing lands which are economically
important, but subject to wide variations in rainfall so typical of semi-arid climates. The
often severe disruption caused by this variability to the productivity of animals grazing native
pasture is not unique to Australia. However, Australia is uncommon in possessing both this
significant problem, and the appropriate scientific resources to develop methodologies that
can usefully assist 1and management in the semi-arid zone.

Whilst control of a region's climate may well be outside the feasible economic reach
of mankind, there are many land management options which need to be investigated., This
book describes and evaluates one such optlon:— the use of shallow farm dams to temporarily
store water for strategic irrigation of animal fodders such as sorghum crops which may be
harvested and subsequently used to feed animals that are grazing parched pastures.

The benefits of irrigation, even limited supp!ementary irrigation, are well known. But,
how feasible is this in a context of a surface water supply dominated by the climate, in a
topographic and economic context which allows only shallow storage of water that is then
so vulnerable to evaporative loss? Occasional success in such an enterprise has been
experienced, But what is the productive and economic future of this practice In the longer
term?

Indeed is it at all possible to escape from the tyranny of specificity in the piace
and time of field experiments? What if our expensive field experiments were all carried
out in the proverbial "seven good years' or the "seven lean years!? Are they almost
valueless, or can we use the wit of man to overcome these apparently cruel limitations?

It is in the face of such very real and demanding questions that Australian scientists
have provided prominent international leadership in the devefopment of modelling
methodologies. Griffith University in collaboration with the Queensiand Department of
Primary industries have been involved also in the development, application and testing of
this approach. In this approach, experimental work is seen as interactive with and
complementary to analysis of our c¢urrent understanding of the physical, biologic and
economic systems involved.

The School! of Australian Evironmental Studies of Griffith University has shared with
the Queenstand Department of Primary Industries a deep interest in not only understanding
the components of environmental and productive systems, but also putting knowledge of
these components together to provide a quantitative representation of the systems with which
we are concerned, This synthesls transforms knowledge of components into a form more
relevant to management decisions.

The following considerations show that the problem considered in this book is a very
clear example of the need for an approach which integrates the behaviour of component
sub—systems so that the behaviour of the whole system can be understood; The biolegical
and economic output of a shallow storage irrigation system involves the generation and
collection of occasional runoff, and competition between its use in supplementary irrigation
and loss by evaporation if stored for irrigation over time.. Also crop growth in response to
weather and alternative irrigation strategies requires recognition that the effects of water
stress on yleld depend strongly on the stage of phasic development of the crop at which
such stress occurs, Economic evaluation must consider alterpative scales of operation and
the relative frequency of possible outcomes in the face of long-term climatic variability.
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What might be optimum strategies for such a complex system? Answers are certainly
not intuitively obvious. However, when all the component sub-systems are brought together,
much as a conductor produces a symphony from the varied output of component instruments,
then the overall message emerges.

The examiners of the Ph.D. thesis on which this book is based expressed considerable
approval of the manner in which this analysis of components and their integration to provide
practical answers was achieved.

To emphasise the significance of synthesls and the importance of the integration of
knowledge it was decided to publish the work as a single book rather than as fragmented
articles distributed possibly in more than one journal. This book form also provides a vista
of how the complex problems of agricultural systems can be clarified by the powerful
methodology of interacting systems modelling with field experimentation.

This ,book provides answers to the specific questions outlined earlier for a broad
production region of Australia. We are bold enough to hope that this significant case study
in the use of systems methodology will provide stimulation and encouragement to others
dealing with complex systems, even if these systems and their problems are quite different
in character from those addressed in this book.

{ thank the author for his invitation to introduce this volume, and record my pleasure
at the interaction which led to its present form.

Prof. Calvin Rose
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SUMMARY

The Mitchell grass plains of North West Queensland are used almost exclusively for
extensive grazing by sheep and cattle. However, the nutritive value of pastures is
frequently poor and thus strategic use of grain and forage suppfiements to boost wool and
beef production has been considered by many graziers in the region. Therefore,
opportunities for crop production in this tropical, semi-arid area need to be evaluated.

The gently undulating topography and fertile, cracking clay soils of the Mitchell grass
plains are well suited to agriculture but rainfall, which is highly variable and strongly
seasonal (summer dominant), is only sufficient for dryland forage cropping in about twenty
percent of years. The reglon's mean annual rainfalf is 400 mm. The land system is also
well suited to storage of ephemeral run—off in shallow but expansive farm dams, and use of
such dams for irrigation of crops is termed ‘'shallow storage irrigation'. Distinctive features
of shaltow storage irrigation are: rapid use of water for irrigation before evaporation losses
become too great, and agricultural use of the bed of the dam. This !atter feature is
termed ‘ponded-area! cropping and is practised by planting successive strips of crop around
the edges of the dam as irrigation and evaporation cause the dam's water line to recede.

This study evaluates the biophysical and economic potential of irrigated grain sorghum
and ponded-area forage sorghum production from shallow storage irrigation systems on the
Mitchell grass plains of north west Queensland.

The method of research was based on a systems anmalysis approach. A series of field
experiments was conducted with the results being used to develop a weather driven
mathematical model that would simulate the performance of a shallow storage system.
This required division of the cropping system to its component parts so that the effects of
major factors such as the weather and management on processes within components could be
determined and understood. However, more importance was attached to the performance of
the whole system and thus emphasis was given to the integration of information.

The field experiments were conducted at the Queensland Department of Primary
Industries' Richmond Shallow Storage Research Project at Richmond in north west
Queensiand., These experiments included: (i} observations of run—off from a 160 ha native
pasture catchment from September 1968 to October 1978, (ii) effects of irrigation strategy
and plant density on the components of grain sorghum yield, and {iii) the effects of time of
pianting and nitrogen fertilizer on ponded-area forage sorghum vyield.

The shallow storage systems model was composed of: (i) four physical component
models to estimate: catchment run—off, water storage in the dam, irrigated grain sorghum
production, and ponded-area forage sorghum production, and {ii) a financial accounting model
to estimate annual costs of crop production. A water balance sub-model was included in
each of the physical component models, The catchment run—off model also included a
pasture biomass sub-mode! because of the significant influence that temporal changes in
pasture biomass were observed to have on infiltration and run—off. The irrigated grain
sorghum production model included sub—models for planting strategy (time and area),
irrigation strategy (area, frequency and timing), phasic development and vyield. The
ponded-area forage sorghum model included sub-models for planting strategy (timing and
area} and dry matter yield. Cumulative evapotranspiration, temperature and plant density
were used as predictors of forage vield.

The systems' model and fong-term (60 year) weather records of daily rainfall and
mean monthly temperature from the Richmond Post Office were used in a series of
computer simulation experiments, These experiments showed that large changes in crop
production and costs of production resulted from: (i) climatic variability, (i} changes in
management strategy such as time of planting and irrigation, and (iii) changes in the
system's design such as the shape and size of the dam and the slze of the irrigation area.

Dryland grain sorghum yields were estimated to range from 160 to 3190 kg/ha with
yields in excess of 2000 kgfha (the estimated economic minimum) occurring in only 12
percent of years. Grain ylelds were found to increase with increasing irrigation frequency up
to a maximum yleld of 4387 kg/ha when three Irrigations were applied, Water stress during
the flowering phenophase was found to reduce yield more than stress at other growth
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stages. The application of one supplementary irrigation timed to occur at early flowering
was estimated to give a long~term mean yield of 3154 kg/ha. The long-term mean dry
matter yield of forage sorghum grown on the ponded-area during autumn and winter was
estimated to be 1.6 tfha. The range in yields was 1.3 t/ha for crops grown on stored soil
moisture alone to yields exceeding 7 tfha for crops receiving unusually high winter rainfall.

Principles of shallow storage design and management that minimized the cost per tonne
of crop production were isolated from the results, Two such principles were: (i) the
designed capacity of the dam and size of the irrigation-area should be matched so that the
dam can potentially water the irrigation-area twice without further recharge from run—off,
and (ii}, a flexible irrigation strategy should be used which has three irrigations in the
schedule (with irrigations timed at the floral initiation, flowering and grain filling
phenophases of grain sorghum), but if water supply is lmited then priority should be given
to maximizing the area of irrigation at flowering.

The frequency and magnitude of catchment run—off was by far the most important
factor affecting crop production. The effects of rainfall variability on catchment run—-off and
subsequent irrigation supplies had far more effect on the variability of crop production than
other factors such as the direct effects of rainfall variability, temperature and evaporative
demand on crop vields,

The catchment run-off model was found to accurately estimate dally run—off
(R? = 0.89) during the field experimental period when the mean and median depth of
annual run-off from the catchment were measured to be 76 and 50 mm respectively, and
sufficient run—off for irrigated cropping occurred in eight out of ten years. However, the
simufation results suggest that this data Is biased when compared to Jong-term averages,
The mean annual depth of run—off over the 60-year simulation period was only 35 mm and
annuaf run—-off was 5 mm or less in 50 percent of years. Sufficient run—off for irrigated
cropping was estimated to occur in only 42 percent of years and in one eight year period
there were seven years in which run-off was negligible.

It was therefore concluded that evaluation of shallow storage irrigation without
reference to long—term weather records would have been misleading. Conclusions of a
general nature which follow from this are:

{i} Short-term measurements of biological productivity can give misleading estimates of
the mean and median in climates as variable as the climate of the Mitchell grass plains,

(i) Where field experiments are conducted in varlable climates it is important to
measure the environmental conditions of the experiment and to then test the results over
tong periods of time, This implies that modelling and simulation are essential components of
the research method.

{iit) It is important to obtain field data from a diversity of environmental conditions
so that parameters in the model are not biased.

(iv) Emphasis should be attached to variation in short-term (5-10 vyears) production
because of its relevance to the horizons of farm planning.

The main finding of this study was that crop production from shaliow storage
irrigation systems was not reliable and does not have the necessary low cost productivity for
inclusion in animal production systems on the Mitchell grass plains of North West
Queensland. Shallow storage irrigation has the biological capacity to boost animal production
but it fails because of economic considerations.

Although the above conclusion is negative in terms of agricultural production, the
study was successful with respect to evaluating an agricultural system. The results have
been wuseful in countering a renewed interest by graziers in agriculture., In extending
information to primary producers the author has found that information taken directly from
the field experiments has been useful but of limited value. Producers have found it difficult
to see the relevance of isolated pieces of information because of the problems of integrating
to the whole system. In contrast, results from the simulation experiments (such as a time
series of crop vylelds, profits and losses) have had an Iimmediate impact on aroducers,
Therefore, the study was successful in its objective of measuring the key variables and then
integrating the field data to a form pertinent to management decision making.
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CHAPTER 1
DEFINITION OF PROBLEM

1.1 lIntroduction

The Mitchell grass plains occur in Australia's semi-arid zone and are used almost
exclusively for extensive sheep and cattle grazing. They sweep in a discontinuous arc from
the Kimberiey region of Western Australia, through the Northern Territory and Queensland
to the New South Wales Border {Moore and Perry 1970). Queensland's northern Mitchell
grass plains that are the focus of this study occupy some 10 M ha, form a reasonably
homogeneous bio—physical wunit and have an approximate geographic centre of 144 East,
22 South (see figure 1.1). Future references to the Mitchell grass plains will apply to
this study region.

The gently undufating topography of the Mitchell grass plains naturally lends itself to
storage of ephemeral run—off in shallow farm dams. Use of such dams for irrigation of
crops has been considered in the study region as one way of producing stock feed needed to
improve animal production. The term used to describe this agricultural system is shallow
storage irrigation and an example of such a scheme is shown in plate I,

This monograph uses systems analysis methods to evaluate field data and assess the
potential for grain and forage sorghum production from shallow storage irrigation systems on
the Mitchell grass plains. The shallow storage irrigation scheme shown in Plate | is
central to the study as it was the site of run-off observations and field crop experiments
reported herein.

This chapter discusses the rationale for cropping on the Mitchell grass plains, gives
details of the agricultural environment and glves further information about the concept of
shallow storage irrigation. The detalls of this first chapter are important to defining the
objectives of study given in chapter 2. They are afso Important to later chapters that
give the results of field experiments and develop a mathematical model of the shallow
storage irrigation system. The model and Jong-term weather records are used in computer
simulation experiments to quantify changes in crop production that result from changes in the
weather or from changes in the system's design and management.,

1.2 The Rationale for Cropping on the Mitchell Grass Plains

The Mitchell grass plains are of considerable economic importance in Queensland.
They carry up to 50% of the State's sheep population and a small but significant proportion
of the cattle population (Australian Bureau of Statistics 1975). Typical properties in the
reglon range in size from 5,000 to 30,000 ha, carry 3,000 to 20,000 sheep, and are
normally operated by a manager plus one farm hand (Australian Bureau of Statistics, 1979).

Annual rainfall in the region averages less than 500 mm, is highly variable and
strongly seasonal, with 75% normally occurring in the months of December to March,
defined here as the 'wet season'. This rainfall pattern and the generally hot arid
conditions of the environment leads to: frequent drought, pasture of low protein content
during the dry season, a seasonal pattern of animal liveweight gains and Josses, high rates
of reproductive failure in sheep and high rates of animal mortality (Moule 1954, 1956;
Smith 1962, 1964, 1965; 'Rose 1972, 1976; Lorimer 1976; McCown 1981; McCown et al.
1981}, Animals are generally expected to gain weight from the onset of the wet season
untll May, maintain weight during winter, .and lose weight during the hot arid meonths of
spring.

Stephenson et al. (1976} and Knights et al. (1979) showed that increases In the
plane of nutrition available to ewes and weaners led to substantial increases in productivity.
White (1978) calculated that the sheep industry of the study region would benefit by
$10 million per annum if the number of lambs reared to the number of ewes joined could
be increased by ten percent above the current low level of forty-five percent.

Attempts to Improve animal nutrition by introducing legumes to the native pasture, or
by replacing the native pasture grasses with exotic species, have not been successful and
the prospects for success in this direction are remote.,



2.

(a)
Richmond Townsville
MEKinley
Winton
A
Longreach
Hfracombe 0
0
\
(b) 18
o,
£
iE
Julia Greek Townsyille

20 - Richmond
Cloncurr
L ]
22
73]
< el
@ .
'g Winton Aramac
b= Tropic of_Capricorn
= | mmee s ms mammmow mow AT TR RT A RY M e m = - aom -
o
- . Longreach/pa caidine
24 @
&
g
26 :
140 142 144 146 148

Longitude ®° E

Figure 1.1 Location of Mitchell grass plains study region (shaded area) with respect to:
{a) local government authority areas of Queensland and (b} townships and river systems.
(Source: Queensland Resources Atlas, 1980)



Plate 1 Aerial view of the Queensland Department of Primary Industries

plains at Richmond in north west Queemsland (May 1970).
1976.

used to irrigate 25 ha of grain and forage crops.
Although the dam was 600 m wide at the wall and covered 60 ha of land when it was full, the maximum depth of water stored was

Richmond Shallow Storage Research Project on the Mitchell grass

This experimental site was set up in 1967 with field studies continuing until
Ephemeral run—off from a 1660 ha native pasturz catchment was temporarily stored in this scheme in a 400 ML dam before it was

The irrigation-area is shown as the dark patch in the centre of the photograph.

only 2 m with 50 percent of water stored in the top 50 cm. Thus, evaporation

losses rapidly reduced the dam's surface area and
volume. A plan of the experimental site is shown in figure 3.1 on page 26.

‘t
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Poor animal nutrition has given impetus to cropping as a means of providing additional
stock fodder. Possible stock manpagement options using crops to improve nutrition are:
feeding crop supplements such as grain, hay or ensilage to pregnant/lactating ewes during
spring to increase reproductive rates; feeding crop supplements to weaner sheep to decrease
mortality and possibly increase their life time wool-clip and reproductive capacity;
supplementing rams and bulls; fattening bullocks by grazing forage crops; and conservation
of forage for drought mitigation. Whilst this latter management alternative has fallen from
economic favour {Morley and Ward 1966} it is retained here because biological gains are
potentially great.

Widespread cropping with forage sorghum for silage production during the 1960!s
showed that the fertile, cracking clay soils and gently undulating topography of the Mitchell
grass plains were well suited to cultlvation (Skerman 1958}, Cropping was successful in
some years, but the climate was found to be too variable and too arid for sustained
dryland agriculture (Commonwealth Bureau of Agricuitural Economics 1964; Clewett 1969;
Weston 1971; Skerman 1978; Clewett and Pritchard 1980). Clewett (1969) estimated
from water balance studies that dryland forage crops could be grown in anly thirty percent
of years and therefore concluded that irrigation was an essential requirement for successful
¢crop production.

In reviewing climatic limitations of dryland <ropping, Weston {1965, 1972) observed
that crops could be planted in a high percentage of years, but many failed to reach
maturity through the lack of follow up rain, Weston contended that the heavy rains which
allowed planting also produced considerable run-off. He therefore proposed that the
reliability of crop production could be increased to approximately 70% of years if run—off
was stored in farm dams for subsequent irrigation, The concept of storing ephemeral
run-off in farm dams as an irrigation supply for cropping gained momentum during the
1960's, and Is now known in the region as shallow storage irrigation (Weston 1972).

The Queensland Department of Primary Industries began a research programme to
investigate the possibilities of crop production from shallow storage irrigation systems in
1967. As a consequence, the Richmond Shallow Storage Research Project (RSSRP) was
established for field experiments at Richmond {20°44'S, 143°07'E) in north west Queensiand
{see plate l}. Run—off from native pasture to the dam at the RSSRP was measured by a
weir Installed by the Queensland Water Resources Commission in 1968.

Crop production experiments conducted at RSSRP from 1970 to 1976 were the
responsibility of the author. Thk monograph uses data collected from the experimental
programme at RSSRP.

Previous analyses of shallow storage irrigation by Wegener and Weston (1973),
Clewett {1975) and Skerman (1978) have shown that the system has merit, However, these
analyses have been mainly qualitative and have excluded the interactive effects of c¢limatic
variability with system design and management. Therefore, further examination of crop
production from shallow storage irrigation systems is warranted.

1.3 The Agricultural Environment of the Mitchell Grass Plains

Features of the study region's agricultural environment that are discussed below
include its physlography, climate, soils, vegetation and cropping history. Surface run—off
from native pasture is also considered because of its Important influence on the supply of
water for irrigation. Vegetation is considered because of its effect on surface run-off.

The two most outstanding features of the Mitchell grass plains are firstly, the spatial
homogeneity of physiography, soils, vegetation and land use, and secondly, extreme temporal
variation in rainfall, run—off, plant growth and animal production. Spatial variation in
climate is not pronounced. Maps that show the Mitchell grass plains as a homogeneous
unit are the soils map by Campbell et al. (1970), the vegetation map by Weston and
Harbison (1980} and the land use map by Skerman (1970).

Further evidence of spatial homogeneity is provided by the land resources survey of
the Gilbert-Leichardt area (28 M ha) by Perry et al. (1964) which included 4.8 M ha of
the Mitchell grass plains on its southern boundary. Although the survey Identified 61 land
systems possessing similar topography, geology, solls and vegetation, the Mitchell grass plains
were shown as one unit, the Julia land system, that was only interrupted by some narrow
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alluvial deposits along tributaries of the Flinders River.
Physical aspects of the regions agricultural environment and the regions history of
cropping are described in the following sections.

1.3.1 Physiography
The northern portion of the study region is drained to the Guif of Carpentaria by the

Fiinders River whereas the southern portion is drained to Lake Eyre by the Diamantina,
Thompson and Barcoo River systems (see figure 1.1(b}).

The region's homogeneity c¢an be traced in part to its commeon lithelogy. In early
Mesozoic times an inland sea covered the entire region, and as marine sediments were
deposited in depths ranging from 600 to 1,500 m the Pre-Cambrian basement of injand
Queensland sagged to form the Great Artesian Basin (Prichard 1964). These Cretaceous
sediments are now exposed and undergoing a phase of erosion. Elevation is 100 to 300 m,
and except for some rare flat topped residuals of laterized material in the south which
have resisted erosion, the local relief of the gently undulating plains is less than 30 M.
The gradient of focal stream channels typically ranges from 1:100 to 1:2000 and the
gradient on major rivers is often less than 7:5000.

1.3.2 Climate

The restrictions that climate places on piant growth is dominated by the absence of
rainfaff rather than temperature or radiation (Fitzpatrick and Nix 1970}, Climatic
classification by Thornthwaite (1948) Is semi-arid tropical, whereas Koppen (1936} classified
the region as semi-arid steppe. Perry (1970) places the region within Australiats arid zone.

Three factors contribute to the regions climatic characteristics; the absence of
topographic relief, continental insulation and Jlatitudinal position. The combination of these
factors produces a climate which shows some spatial trends, but more importantly a climate
with extreme temporal variation in rainfall. Dick (1958} shows that the regions temporal
variability in rainfall is outstanding when compared to other regions of the world with a
similar mean annual rainfall.

Latitudinal position and continental insulation place the region at the }imit of rain
bearing weather systems, and thus rainfall is highly variable. The lack of surface relief
results in only gradual c¢limatic change. Analysis by Stewart {1973) showed that the rain
bearing frontal systems which continually cross southern areas of the continent in winter,
seldom penetrate to north Queensiand. High temperatures and winds from the north often
produce a weak trough along the region's interior border during the early summer months.
These conditions produce scattered electrical thunderstorms, but their effectiveness Is
minimized by high levels of evaporative demand, often exceeding 10 mm/day of Class A pan
evaporation.

Conditions are more favourable for deeper intrusions of maritime air associated with
the southern advance of the intertropical convergence zone from December to March,
Continental insufation precludes the north-west monsoon as a reliable source of rainfall,
The principal source of summer vrainfall is from highly variable tropical cyclones
degenerating to large rain depressions as they move inland.

The long term means of temperature, evaporation and rainfall at seven locations on
the Mitchell grass plains are given in table 1.1. This data illustrates a number of
features. Firstly, the climate's pronounced seasonality with little spatial variation. The
slightly cooler temperature, lower summer rainfall and high winter rainfali at Longreach
compared to more northern towns js caused by effects of latitude on radiation and synoptic
patterns. Secondly, extremely hot, dry weather conditions prevail during summer. Frosts
are not common in the region, Winton having an average of four light frosts per year.
Thirdiy, median annual rainfall is considerably less than mean annual rainfall.

Marked seasonality In rainfail leads to the expressions 'wet season' for the summer
months {November te April inclusive), and 'dry season! for the winter and spring. Annual
rainfall is frequently expressed on a climatic year basis (October to September) rather than
on a calendar year basis and is used througheut this study.

Three separate distributions are evident in the temporal distribution of rainfalf. The
first is seasonal {shown in table 1.7}, the second is annual, and the third is longer with an



Table 1.1

Characteristics of climate at seven locations on the Mitchell grass plains

Location Mean daily Mean daily Mean Rainfall (mm)
Temperature (°C) Evapn.t (mm) Annua! -
s Evapn.t Mean Median Mean Wet Mean Dry
max i mum minimum {imm) Aanual Annual Season®* Season**
Jan. July Jan. July Jan. July
Northern Towns
Hughenden 36.1 24.5 23.1 9.5 7.2 4.0 1954 497 488 401 86
Richmond 36.9 25.7 23.0 8.9 7.3 3.6 2046 471 420 406 65
Julia Creek 3%.8  26.1 23.8 8.8 - - - 458 413 400 58
Cloncurry 37.8 25.2 25.0 10.7 8.1 3.5 2106 470 443 412 58
Southern Towns
Barcaldine 35.8 22.8 22.8 7.4 7.4 3.0 1860 502 456 362 140
Longreach 37.3 23.2 22.6 6.9 7.7 3.0 1978 442 392 331 111
Winton 37.7 24 22.6 7.7 7.9 3.2 2052 407 339 319 88
Source: Bureau of Meteorology (1975).

+  Approximation of Penman evaporation (Kieg and McAlpine 1969).

* November to April inclusive.

**  May to October inclusive.

'9
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Figure 1.2  Percent deviation of ten-year mean rainfall from the long-term mean rainfall
at Aramac, Queensiand. (Source: White 1978)

i} l-defined periodicity, These last two distributions are illustrated in figure 1.2, Analysis
of annual rainfali in Queensland by Stewart (1973) showed the characteristics of long term
oscilfations were not predictable. Nevertheless, such oscillations have been of great
importance to the viability of the pastoral industry.

Qscitlations in rainfall lead to an ever-present hazard of drought. Everist and
Moule (1952) showed that the probability of drought exceeding eleven months in the
Richmond, Winton and Longreach districts was 0,12, 0.16 and 0.16 respectively. The
probabitity that drought would exceed four months at these centres was 0,90, 0.85 and
0.74 respectively.

Slayter (1964} quantified the aridity and variability of the environment by using water
balance methods to estimate the length of the growing season for native pastures and
agricultural crops. Probabilities of pasture growth exceeding B, 12 and 20 weeks in any
year were found to be 0.74, 0.52 and 0.13 respectively at Richmond., Comparable
probabilities of the growing season for agricultural crops were found to be 0.28, 0.15 and
0.03 respectively. The mean date of planting rains was mid jJanuary with a standard
deviation of one month. The longer growing season for pastures was associated with their
ability to grow on falls of rain that occurred before¢ the heavy rains that were required to
initiate planting. The only other climate data examined by Slayter on the Mitchell grass
plains were from Hughenden where growing season lengths were found to be siightly longer
than for Richmond.

1.3.3 Solls and Vegetation

Weathering of the siltstone and fine grained argillaceous greywacke sediments
underlying the Mitchell grass plains has led to the formation of brown clay soils. These
soils lack profile development, crack extensively when dry, and contain free gypsum at
depth (Stace et al. 1968). The soil is defined as Ug 5.3 in the Northcote (1965)
classification system and as ‘'grey-brown soils of heavy texture! in the Stephens (1962)
classification,

The physical and chemical properties of the solum relate to its high clay content
(approximately 64%). Below the top few centimetres of surface soil, which is typically
strong fine granular and seff mulching, the soil structure is classed as massive. Soil water
holding capacity is high, Estimates of water storage at 'field capacity! (0.1 bar} and
'wilting point! (15 bar) are approximately 0.44 and 0.24 gfg respectively. In dry soil,
cracks extend to the bottom of the solum and may be 8 cm wide at the surface. In the
absence of cracking, infiltration rates are low {6 mm/fhr), The C horizon of yellow
impermeable clay usually occurs at a depth of appreximately one metre. This clay is a
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good building material for the construction of water storages.

Low soit permeability prevents leaching so that bases and salts are retained in the
profile. Chemica! analysis data are shown in table 1.2. This table shows soil reaction
to be alkaline with high base saturation and accumulation of salts at depth. The level of
salt is not restrictive to plant growth and values of sodium not sufficiently high to cause
dispersion. The availability of major bases is adequate for plant growth. Studies by
Skerman (1958), Denning and Bell ({1974), and Scanlan (1980) showed plant growth to
increase with application of nitrogen, phosphorus and possibly manganese; however application
of potassium, boron, magnesium, copper, zinc, iron and molybdenum did not increase yields.
The supply of sulphur is generally adequate because free gypsum is usually present.

Vegetation on the Mitchell grass plains is characterized by the presence of one of
the four species of Mitchell grass {Astrebia spp., mainly A, Llappacea), the absence of
trees or shrubs {sometimes sparsely present) and a wide variety of annual grasses and forbes
(Blake 1938; Davidson 1954; Everist 1964; Perry and Lazarides 1964). Other perennial
grasses include Aristida latifolia (feathertop), Dichanthium sericeum (blue grass} and Eulalia
fulva {brown top). The most important of the annual grasses is Iseilema spp. (Flinders
grass)» '

Perry {1970) describes the plant community as one with discrete tussocks of Mitchell
grass up to 100 cm high, 30 cm in diameter and 50 cm or more apart with some spatial
organisation. The spaces between tussocks are bare in Jong dry periods but support a wide
variety of annual grasses and forbes following rain. In dry weather each tussock is
isolated by deep cracks in the soil. Basal cover is usually less than 4%.

Peak biomass is usually reached by April-May following cessation of summer rain,
Winter rainfall promotes the growth of forbes but has little effect on Mitchell grass growth
(Roe and Allen 1945; Scanlan 1980} and often accelerates the decline in pasture quality.
Dry matter pasture yields range from almost zero in droughts to about 3000 kgfha in high
rainfall years {Orr 1975).

1.3.4 Surface Run—off

There are a number of qualitative conclusions that can be made from the foregoing
sections about surface run—off and water supplies for shallow storage irrigation systems.
Firstly, annual run—off should be low because of: the region's aridity, the gently undulating
topography, the high inflltration rate of the soil when it is dry (i.e. infiltration via
cracks), and the high water holding capacity of the soil. Secendly, annual run—off should
be highly variable because: annual rainfall is highly variable, and the infiltration rate of
the soil is low when fully wetted (soil cracks are closed). Finally, the extreme changes
in surface vegetation of native pasture caused by the ‘'tide' of droughts and good seasons
should have significant effects on run-off. This has been found in other environments
where decreases in catchment vegetation due to drought, burning or increased grazing
pressure have led to increased run—off (Hibbert 1967; Schreibner and Kincaid 1967; Sartz
and Tolsted 1974; Hawkins and Gifford 1979; and Pressland 1982, 1983).

Measurements of stream flow have been recorded at very few sites on the Mitchell
grass plains. The records that are available are summarized in table 1.3. The two most
important features of this table are the high variability of annual run—off and the very short
duration of records. The length of record is too short to adequately calculate statfstical
parameters and distributions such as the mean and the probability of exceedance of annual
flows.

A number of studies have attempted to estimate the long term characteristics of
run—off from the Mitchell grass plains by analysis of rainfall records. Weston (1972)
examined long term, daily rainfall records for six towns from Hughenden to Cloncurry and
estimated run—off to occur in 70% of years and to occur if dally rainfail exceeded 75 mm
in November-December, 50 nmwn in January-April, and 100 om in May—October. These
criteria were based on some fileld observations and the experiences of graziers in the
region.

Morwood (1976) assessed run—off characteristics throughout Queensiand using the
USDA-SCS run—off model which empirically relates run—off to rainfall, soil type and
vegetation, For the Mitchell grass plains at Richmond, Moorwood estimated run-off to




Table 1.2 Soil amalysis data from two sites on the Mitchell grass plains

Profile B144=* B146**
Depth (cm)

0-10 10-45 45-90 90-115 0--8 8-45 45-71 71-84 84-115
pH 8.0 7.4 7.7 7.8 8.4 9.0 9.2 2.1 7.8
Total sol. salts (%) 0.05 1.67 2.35 4.67 0.02 0.07 0.11 0.15 1.15
Chloride (% NaCl) 0.01 0.03 0.24 0.49 0.01 0.02 0.02 0.04 0.21
CaCO, (%) 0.02 0.07 0.02 0.14 0.36 0.42 0.27
Organic carbon (%) 0.44 0.48 0.42 0.44 0.43
N (%) 0.0351 0.046 0.041 0.042 0.038 0.020
C/N ratio 9 10 10 10 11
Available P,Og{ppm) 529 240 240 344 562 1492
Total P, 05 (%) 0.167 0.113 0.118 0.081 0.051 0.062 0.177
Gravel (%) 2 1 1 3 0.5
Coarse sand (%) 1 1 1 3 5 4 3
Fine sand (%) 16 16 14 29 28 27 27
Silt (%) 18 18 19 16 14 16 21
Clay (%) 63 63 64 50 50 52 48
Exchange capacity 58.0 45.0 51.7 49.5
Ca (m.e.%) 43.0 17.8 39.9 32.8
Mg (m.e.%) 11.1 7.9 9.3 8.2
K {m.e.%) 1.95 1.4 1.1 0.54
Na {m.e.%) 0.90 17.5 1.39 7.96
H (m.e.%) 1.1 0.37
Saturation (%) 98 99 100 100

* from Winton~Cloncurry road approximately 32 km south
** from 35 km north of Longreach on Winton road.

Source: Hubble and Beckman ({1957).

of Kynuna.
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Table 1.3 Annual series of run—off from gauged catchments on the Mitchell grass plains.

Site (WRC* Station Catchment Annual Run—off (mm, for climatic year October-September)
Identification 2
No. No. Name Area (km") 69-70 70-71 71-72 72-73 73-74 74-75 75-76 7677 77-78 78-79 79-80 Mean
1 915001 Mitchell Grass 2.6 13 95 59 40 338 60 60 12 0 23 21 66
at Richmond
2 915006 Mountain Ck. 181 - 20 27 3 127 62 71 4 0 - 3 35
near Richmond
3 915008 Flinders River 16915 - - 31 18 200 45 19 11 0 50 - 47
at Richmond
4 915208 Julia Ck. at 1320 - 42 30 4 249 16 19 36 1 70 1 47
at Julia Creek
5 915003 Flinders River 107150 - 64 27 16 250 44 45 27 4 76 - 61
at Walkers Bend
6 003205 Darr River near 2730 1 25 23 134 198 1 10 23 2 0 1 38

Longreach

Source: Queensland Water Resources Commission, unpublished data.
*  Queensland Water Resources Commission.

"ol
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exceed 7 mm per annum in 75% of years if the catchment was in poor condition, and to
exceed 2 mm per annum in 75% of years if the catchment was in good condition.

The most recent estimates of long term run—off characteristics of the study region are
given by the Australian Water Resources Council (1978). This study determined run—off
jsopieths from the long term rainfall records of 800 weather stations throughout Australia in
a multiple regression model that was established from a much smaller number of rainfall
stations with run—off records. The resulting maps showed run-off from the Mitchell grass
piains to have a median of less than 10 mm per annum and to exceed 25 to 50 mm per
annum in ten percent of years. The study stressed that due care must be exercised in
applying the results because the statistical methods of extrapolation could be misleading,
particularly in regions where run-off data were not available.

1.3.5 History of Cropping

Skerman (1978), in an excellent review of North West Queensland's cropping history,
traces the first crop grown in Western Queensland to one acre of potatoes at Blackall in
i874. Cropping did not develop on a regional scale on the Mitchell grass plains until the
1950's when a number of factors converged to encourage dryland production of forage
sorghum {Sorghum spp. Hybrids and S. bicolor) for emsilage. The objective was drought
mitigation for sheep. Skerman {1978} shows that from the first crop of 600 tonnes ensiled
in 1953, the spread of dryland cropping was rapid. At its peak, silage production in
western Queensland was equal to half of the State's production and 67 000 tonnes were
ensiled in the period 1956-58. n 1959 there were 38 properties with underground silage
reserves.

Although dryfand cropping of forage sorghum for silage is no longer a part of
property management in north—west Queensland, it is appropriate to discuss this practice in
more detail as it sets in context the forces found to influence the viability of cropping
enterprises.

Some reasons for the rapid expansion to silage production were: the determination of
graziers to fessen the consequences of drought, bouyant wool prices, a sequence of years
with above average rainfall, the development and increased availability of machinery for
broad-acre agriculture, generous tax rebates on the purchase of agricultural machinery,
active extension by the University of Queensland and the Queensland Department of
Agricuiture and Stock, over-estimates of cropping frequency and yield, and under—estimates
of ensilage losses.

Skerman (1978) recognized nine factors as being responsible for the cessation of
dryland cropping. They were: declining wool prices after 1958, rises in labour costs and
reduced availability of labour, difficuities of integrating cropping with station management,
low frequency of cropping due to inadequate rainfall, high cost of fallowing, difficulties of
silage excavation and feeding, high ensilage losses in storage and excavation, low protein
content of silage, and low dry matter yields per hectare of sorghum.

To this list can be added the value of not investing capital in an inelastic resource
as it limits the options available to mitigate the effects of drought. Silage is almost
non-saleable. Morley and Ward (1966) concluded that graziers would almost certainly find
it more economic to invest their limited capital in avenues other than fodder conservation
for drought because storage and capital investment costs make this option very expensive.

The many problems of dryland cropping led to limited development of irrigated
agriculture,  [rrigation schemes that are dependent upon permanent water supplies have
limited application on the Mitchelf grass plains because of the scarcity of such supplies.
Permanent water-holes on rivers are geographically isolated, use of artesian water is
restricted and national development of a large irrigation scheme is of low priority.

Effective use was made of the many artesian bores that occur on the Mitchell grass
plains for irrigation of forage crops during droughts in the 1960's {Queensland Department of
Primary Industries, unpublished data). Clewett and Pritchard (1980} concluded that bore
water irrigation of forage crops will probabiy continue to play a significant part in drought
mitigation because these schemes have the capacity to feed large numbers of stock and
because they can be quickly brought into operation. However, bore licences are only
issued for domestic use and stock watering purposes, and therefore the Water Resources
Commission may be expected to rigidly enforce its regulations should attempts be made to
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use the water for irrigation schemes other than drought mitigation.

1.4 Concepts of Shallow Storage Irrigation Systems

There are two distinctive features of a shallow storage irrigation system:
(i) The first feature is the very shallow depth and Jarge surface area of water that
Is stored in the dam. When this feature is coupled with the hot, semi-arid climate
of the Mitchell grass plains, then the volume of water stored in the dam is rapidly
reduced by evaporation. For example, evaporation [osses from the dam at RSSRP in
the first eight weeks after the dam filled were usually about 50% of storage
capacity., Thus, management of shallow storage systems requires rapid and strategic
use of water with no attempt being made to maintain water supply from one year to
the next.

{if) The second feature is agricultural use of the land area that is periodically

flooded by the dam. Evaporation and use of water by imrigation causes the surface

area of water in the dam to contract. This exposes the bed of the dam which is
defined here as the 'ponded— area'. Flooding recharges the soil moisture of the
ponded-area to capacity and hence the ponded-area may be planted to crops as the
water {ine of the dam recedes. This practice is similar to the old farming system
of the Nite Valley, where the river terraces were planted to crops as the flood
water receded (Kamal 1971), and also to run—off farming in the Negev desert of

fsrael (Shanan et al. 1969).

The ponded-area does not require any sced-bed preparation before planting.
However, to take advantage of surface moisture it is important that planting occurs soon
after the tand surface is exposed.

" There is a chance that ponded—area crops will be flooded if run-off ocecurs in late
autumn, winter or spring. However, the seasonal distribution of rainfall in table 1.1 shows
that the risk of this happening is very low. Because autumn and winter rainfall is so low,
the growth of ponded-area crops is aimost totally reliant on the soil moisture reserves
accumulated by flooding. Crops grown on the ponded-area are not irrigated.

1.4.1 Components and Design of the System

A shallow storage system may be separated into four main components:

(i} A native pasture catchment area that produces run-off {see plate 11}, This area

is grazed by sheep or cattle and may have an area of about 400 to 4000 ha.

(i) A shallow storage dam buiit across the small water-course that drains the

catchment area described in (i} (see plate 1). The volume of this storage may

range in size from about 40 ML to 1000 ML depending on needs and circumstances.

The maximum depth of water storage might vary from one to five metres,

(i) An irrigation area {see plate IIl). This is best sited down-stream of the water

storage so that irrigation can be by gravity flow with water applied to the land by

furrow irrigation, In some circumstances it is necessary to pump water to the

irrigation-area and was the case at RSSRP. The size of the irrigation-area might

range from 20 ha to 400 ha.

(iv)  The ponded-area of the dam (see plates IV and V). The size of the

ponded-area is determined by the maximum surface area of the dam. This might

range from 10 to 100 ha.

A compromise between a number of competing factors is usually involved in choosing
a dam site on a property. Such factors are: catchment area, storage capacity, adequacy
of bywash, location of irrigation-area, size of irrigation-area, and proximity to homestead.
Construction of a large dam on a sinall catchment will cause a large variation in crop
production, whereas, construction of a small dam on a large catchment will cause a loss in
potential crop production, and may also lead to bywash erosion problems.

Another siting factor to consider is the gradient of the stream bed, as this confrols
the depth te volume relationship of the dam, and hence the velume of water that is likely
to be lost by evaporation,
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1.4.2 Management of the System

The review in section 1.3.4 of surface run-off from the Mitchell grass plains showed
that run-off cannot be expected in all years, and therefore conservation of crop products is
essential if supplementary feeding programmes are planned on an annual basis.

High evaporation losses from shallow storages indicate that crop production will be
most efficient if water is stored for only a short period of time before it is used for
irrigation, Quick maturing summer crops are most suitable for this purpose.

Weston {1972) selected grain sorghum as the optimum choice of c¢rop for the
irrigation~area because it was a summer growing, high protein, high energy and saleable
product that could be stored and transported easily. Grain production also minimizes labour
and machinery requirements when compared to silage or hay production. However, forage
rather than grain production is preferable on the ponded-area. Experiments by the author
(unpublished) showed that water stress in ponded-area crops was sufficiently severe to
prevent successful production of grain, but not severe enough to prevent useful growth of
forage. Weston and Smith (1977) showed that cattle could be successfully fattened when
grazed for 90 days on ponded-area forage sorghum crops.

Weston {1972) typified the operation of a shallow storage irrigation system as follows:

*  Pjough the irrigation~area in October/November each year in preparation for

cropping.,

* Delay planting of grain sorghum on the irrigation-area until storm rains have

produced sufficient run-off from the catchment for subsequent irrigation of crops,

These rains would norinally be expected in january, February or March and would

also provide soil moisture for planting.

* Use all stored water in one supplementary irrigation when the grain sorghum

reaches the heading stage of development (about 8 weeks after planting).

*  Harvest the grain sorghum five months after pianting.

* Plant forage sorghum on the ponded-area every ten days or so during

MarchfAprilfMay as evaporation and irrigation reduce the dam's water level and

expose the ponded-area.

* farvest the forage sorghum on the ponded-area as hay or use the ponded-area to

fatten cattle by grazing.

* Feed conserved grain and hay to stock as required in supplementary feeding

programmes.

Time and area of planting on the irrigation-area are important management decisions.
One option is to plant on storm rains which provide sufficient soil moisture for planting but
do not produce run—off from the catchment for subsequent irrigation. This option exposes
crops to possible failure if *follow up' rain does not occur. A second option is to ensure
crop vields by postponing planting until sufficient run—off occurs from the catchment to meet
the expected requirements of subsequent irrigation, This option was proposed by Weston
{1972).

Another important aspect of management concerns Irrigation strategy. In arid
climates the timing and frequency of irrigation have large effects on both crop yield per
unit area and the area of land that a farm dam can service (Hagan et al. 1967). Losses
in production and economic returns can be substantial if allocation of irrigation water is
sub—optimal. The question thus arises of whether it is more efficient to frequently irrigate
a small area of crop, or to irrigate a larger area only once.

Another question concerns the effects of c¢limatic variability on irrigation scheduling
because of its effects on the volume of irrigation water available and the level of soil
water deficit of crops on the irrigation-area. Projections of future Irrigation supplies and
crop demand are important when planning irrigation schedules as is recognition of changes in
the sensitivity of yield per hectaTe to water stress at varying stages of crop growth.

There are two important principies of irrigation strategy. Firstly, irrigation efficiency
of cereal grain crops is maximized {in terms of yield increase per unit of water applied)
when irrigation occurs during the flowering period {(Salter and Goode 1967). Secondly,
optimal management requires a flexible approach to irrigation timing, frequency and area
because of dynamic and stochastic factors affecting irrigation supply, crop vyield and
economic returns {Flinn and Musgrave 1967; Dudiey et al. 1971 {(a), 1971 {(b); Mapp et
al. 1975, and Ahmed et al. 1976}, Thus, operating rules for optimal irrigation
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management are often environment specific,

1.4.3 Factors Affecting Production and Costs of Production

The effects of the environment (climate, soils) on crop production from shalfow
storage systems are tempered by the system!s design and by the effects of crop
management., Design factors (such as catchment area, storage capacity, stream gradient at
the dam site and size of the irrigation-area) are time invariant; however, management
strategies (such as planting and irrigation) may vary from season to season depending on
weather conditions.

Total crop production from a shallow storage system is the sum of production from
the fhrrigationarea and the ponded-area. The most important factor effecting yield per unit
area is the availability of water in the root zone but its effect on growth is tempered by
nutrient supply and temperature conditions.

Crop production from the irrlgationarea is the spatial integral of vyield per unit area.
if irrigation supplies are not sufficient to water the entire irrigation-area then portions of
the irrigation-area may exhibit marked differences in yield, Thus in calculation of crop
production it is important to recognize differences between: (i) the size of the
irrigation-area {this is the area of l!and that is ploughed each vyear in preparation for
cropping), {ii) the area of ploughed land that is planted, and {iii) the area of planted land
that is irrigated once, twice or three times.

Differences in vyield per unit area alse occur on the ponded-area. This occurs
because the ‘ponded-area is planted in contour strips as the land emerges from flooding, and
hence the effects of rainfall and temperature on plant growth will be different for each
strip. The area of each strip depends on the depth to surface area relationship of the
water storage and the rate at which evaporation and irrigation reduce the dam's water
fevel,

Because the availability of water is the most important factor controlling production,
it is useful to define the flow of water through the physical system. The flow chart in
figure 1.3 shows that rainfall is the system!s only source of water. Flows between the
main components of the system are shown to be: run-off from the catchment area to the
shallow storage dam, Irrigation from the dam to the irrigation-area, and infiltration from the
dam to the root zone of the ponded-area. losses of water from the system are shown to
be evapotranspiration, over—flow from the dam, run-off from the irrigation-area and deep
drainage to groundwater. This latter flow is usually negligible.

The rate of infiitration on the catchment area, the irrigation-area and the
ponded-area {when it is not flooded} is a function of rainfall intensity, plant cover, soil
properties and antecedent soil moisture conditions, Evapotranspiration rates from the
catchment, irrigation-area and ponded-area are dependent on evaporative demand, soil
moisture content, soil properties and plant properties. The rate at which evaporation reduces
the dam's volume is dependent on evaporative demand and the surface area of the dam.

The main effects of variation in rainfall are to alter; the timing and magnitude of
run—off; the volume of water available for irrigation; the time of planting on the
frrigation-area; the soil water deficit, irrigation strategy and vield of irrigated crops; and
the time of planting, area and yield of ponded-area crops.

Costs of crop production may be separated into flxed and operating costs. Fixed
costs relate to factors of the design such as the purchase cost of agricultural machinery,
fencing and construction of the water storage and jrrigation works. Operating costs include
the costs of seed, labour and machinery operation, maintenance and repair.

An important factor contributing to the long-term cost per tonne of crop production is
the possibility of zero crop production in some years. Zero production occurs If: (i)
rainfall is not sufficient for planting on the irrigation-area, and (ii) run—off does not occur
to ftood the ponded-area. Fixed costs and the costs of ploughing in preparation for
planting would still be incurred in this circumstance.
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1.5 Conclusions

The spatial attributes of the Mitchell grass plains were shown to be reasonably
homogeneous. Therefore they may be lumped with some degree of confidence to a set of
average conditions. In contrast, tempora! variation in the environment is extreme and hence
the use of probability and time series distributions are necessary for assessment of animal or
agricultural production in the region. Assessment based on a set of average conditions has
little meaning.

The failure of dry-land cropping in the region led Weston and Harbison {1979} to
classify the Mitchell grass plains as being suitable only for the grazing of native pastures.
However, soil characteristics offer no impediment to agriculture, and therefore removal of

the climatic constraint by irrigation should alflow permanent agriculture. Government -

legislation does not permit use of artesian water for permanent irrigation schemes and
therefore irrigation supplies for cropping must come from surface run—off.

It was conciuded that crop production from shallow storage irrigation systems warrants
further research because:

(i) supplementary feeding programmes would benefit stock production,

(iiyinformation regarding run—off from native pasture was inadequate to assess the
potential use of this water for irrigated cropping,

(iii) agricultural research of crop production on the HMitchell grass plains has been
limited and confined to dry-land farage sorghum production, and

{iv} previous assessments of shallow storage irrigation systems have been confined to
static models whereas the highly variable nature of the climate demands that such
assessments be dynamic.
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CHAPTER 2
OBJECTIVES AND PLAN OF STUDY

2.1 Objectives

This monograph tests the hypothesis that use of shallow storage irrigation systems on
the Mitchell grass plains of North West Queensland could be an effective way for
properties in the reglon to produce crops required for supplementary feeding programmes of
sheep ~and cattle. To quantitatively evaluate the biophysical and economic feasibility of

this hypothesis, a number of investigations were conducted with the following five objectives:

(i) To quantify the effects of environment, and in particular the effect of climatic
variability on: the characteristics of run—-off from native pasture; the level of
water supplies available for irrigation; the frequency of crop production; the water
requirement, yield and total production of grain sorghum grown on the Irrigation-area;
and the yield and total production of forage sorghum grown on the ponded-area.

(i1} To quantify the effects of water storage capacity on orop production for a range

of dam sites defined by catchment area and stream gradient.

{iii) To quantify the effects of planting strategy (timing and area), and irrigation

strategy (timing, frequency and arga) on the cropping frequency, water requirement,

vield and total production of irrigated grain sorghum crops.

(iv) To determine the effect of climatlic variability, shallow storage design and crop

management on the cost of crop production, and

(v} To isolate principles of shallow storage design and management that can be

applied to maximize crop production or minimize the cost per tonne of crop

production.

The effective management of a shallow storage irrigation system requires that it be
an Integral part of property management. For example, the need for supplementary stock
feeding is dependent on seasonal pasture conditions, and therefore management objectives in
¢rop production could alter from season to season. However, this study only considers
management practices which have a direct effect on crop production. Sheep production,
cattle production and supplementary feeding programmes are therefore exogenous to the
system under study.

The boundary of the system wunder study, and the linkages between the main
components of a shallow storage irrigation system, are shown by the relational diagram in
figure 2.1. Property management in this figure is shown to bridge the boundary of the
system to emphasize that conclusions reached can only serve as a guide to optimal
management of the system.

2,2 Plan of Study

The research programme was conducted in two phases. The first phase was
collectlon of field data on surface run-off from native pasture, and collection of crop
production data from field experiments. The second phase was analysis of the data to form
a mathematical model of the system, so that computer simulation experiments using long
term weather data could be conducted. The reasons for adopting this approach are given
in the following review.

2,2.1 Use of Mathematical Modelling and Computer Simulation

An agricultural system may be defined in a general sense as a complex set of
related components which form an autonomous framework. Dent and Blackie (1979} assert
that the fundamental characteristic and unifying theme of systems theory is that the whole
system is more complex and comprehensive than the sum of its individual parts. Because
there are a large number of refated components in agricultural systems, many difficulties
occur when property managers attempt interpretation of raw data which come from time and
site specific field experiments. However, in making decisions a manager is required to
extrapolate data through space and time, across boundaries of soil pfant and animal science,
and then temper the result with constraints of land, labour, capital and attitudes.
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cqmponents of the system, solid arrows show direction of material flows and broken arrows
show direction of information flows.)

In a review of systems studies In agriculture Ebersohn (1976} stressed that efforts
committed to detailed field experimentation were not being matched by comparable efforts in
synthesis of results. Thus, a major challenge to agricuftural research is to establish fast
and reliable methods for integrating knowledge.

Because systems display a hierarchial structure, a better understanding of their
performance may be gained by decomposing the system to simpler components that are
finked by flows of material or information (Goodall 1976). Autonomous components so
defined can be further decomposed to the next layer of detail.

The decomposition of systems to lower levels of organization, and the definition of
the inter—telationships between autonomous components in a system is the province of
modelling. In contrast, the measurement of functional relationships is the province of fleld
experimentation and observation. Whilst field experiments are often regarded as physical
models of real agricultural systems their reality is constrained by the inflexible controls
Imposed by experimental design, and their generality is limited by the many variables that
cannot be controlled (Christian et al. 1978},

Rose {1973) defined a model as 'a set of hypotheses describing the performance of a
system!, and simulation as 'the study of the behaviour and consequences of models!. The
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advantage of defining models in this way is that hypotheses may be presented conceptually
andfor mathematically. The definition inciudes not only mathematical equations of
functional relationships but also the assumptions and constraints that are frequently embedded
in hypotheses, Thus, a holistic approach is used that provides a basis upon which numerical
values predicted by a mathematical mode! may be assessed with respect to assumptions.

Process models of agricultural systems are concerned with structure and mechanisms.
They attempt to numerically describe features of the system {such as soils and vegetation)
and to represent physical processes {such as infiltration, evapotranspiration and plant growth}
with mathematical cause—effect relatlonships. The principles of conservation of mass and
energy are commonly central to the structure and operation of process models. The
principle of mass c¢onservation has led to the name 'soil water balance model' for
description of the flux of water through the soil-plant-atmosphere system.

Mathematica! models and simulation have been successfully applied to quantify the
performance of complex, dynamic systems In the physical sclences (Van Dyne 1978).
Following this success and the increased availability of computing facilities to handle
‘problems that were previously intractable, the method is now receiving widespread use in
* biological systems (Dalton 1975; de Boer and Rose 1977; Baier 1977; Innis 1978; and
McKeon and Scattini 1980}.

There is a rapidly expanding literature describing the incorporation of systems
research, mathematical modelling and simulation into the scientific method (Dent and
Anderson 1971; Chapman and Dunin 1975; Arnold and de Wit 1976; Dillon 1976; Spedding
and Brockington 1976; Dent and Blackie 1979, Baier 1979). Morley (1977) states
'modelling which is purposive, seeking to integrate knowledge, however unprecise, inte a
meaningful structure which may be used in the development of understanding, or the
application of knowiedge, is indeed a scientific activity’; and in concluding a review in
hydrology, Mein (1977) states 't is clear that use of catchment models for flood prediction
and extending short term stream flow records from Jonger rainfall records is good
engineering practice!,

Use of modelling and simulation has not been without criticism and debate in the
literature (Passioura 1973). Frequently the distinction is not made between the validity of
simulation as part of the scientific method and the validity of the hypotheses which form
the model. The accuracy of simulation is dependent on the set of hypotheses used to
define the system and if these fail to describe essential features then output errors will
occur 'a priori'.  Invalid hypotheses often stem from three sources. Firstly, the immense
simplification of the 'real' system that is necessary when formulating the structure of
mathematical models; secondly, the scarcity of data or the lumping of data may lead to
ill-defined functional relationships; and thirdly, the possibility that processes have been
wrongly or poorly conceived. Therefore, it is important to stress that simulation
experiments do not necessarlly lead to valid conclusions.

Where models are constructed for the purpose of system simulation and decision
making, then the validity of individual relationships in the model should be reviewed with
respect to the performance of the whole system. [t is possible that use of an ili~defined
relationship in the model may be of little consequence to the performance of the whole
system because of strong, negative feed-back influences. White (1978} concludes that 'the
proper test for a model Js improvement in decision making compared to more intuitive
approaches!.

The application of modelling and simulation that has received most attention in
agriculture Is the simulation of processes through time using weather data as input to the
mode!. For example, the method has been used with reasonable accuracy to:

() estimate changes in soil molisture (Fleming 1964, Baler 1969, Fitzpatrick and Nix

1969, Carbon and Galbraith 1975, Makkink and van Heemst 1975, Rosenthal et al,

1976, Greacen 1977, Hitlel 1977, and Rickert and McKeon 1982},

(i) estimate catchment run—off (Boughton 1966, Crawford and Linsley 1966, f-\ston and

Dunin 1980},

(iti) estimate pasture growth (Rose et al. 1972, van Keulen 1975 and Innis 1978},

and

{lv) estimate crop growth and yield (Nix and Fitzpatrick 1969, Goutzamanis and

Conner 1977, Maas and Arkin 1978, and Hammer and Goyne 1982},
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Models of agricultural systems have been effective in evaluating the agricultural and
pastoral potential of regions and determining the influence of climatic variabilty on
agricultural practices (Slatyer 1964, Fitzpatrick and Nix 1970, Harrison 1976, White 1978,
Lestie 1982), Simulation experiments have also been effective in studies aimed at
optimizing the design and management of agricultural systems, particularly irrigation systems
{Flinn and Musgrave 1967, Dudley 1972, Dudley et al. 1971a, 1971b and 1972, Mapp et
als 1975, Ahmed et al, 1976, Trava et al. 1977, Ritchie et al. 1978, English 1980, and
Culf 1981).

important differences exist in the models given above with respect to the level of
resolution used to describe processes, and the time step used during simulation. Some models
require a time step of minutes or less to meet the objectives of study, whereas others may
satisfactorily use daily or weekly computations to meet objectives. Models in the latter
group are obviously of little use for detailed investigation of processes such as photosynthesis
or infiltration. However, it Is also true that detailed process models have found Httle use
in studies concerned with description or management of agricuitural systems {Hammer 1981)
because of the absence of input data andfor high cost. Therefore, an important aspect of
modelling is keeplng the objective of study, data inputs and mathematical description of
processes in balance.

[t is inferred from the above review that modelling and simulation should be an
effective method of analysing the performance of shallow storage irrigation systems, provided
the mathematical descriptions of components and processes in the system are derived
satisfactorily.

The decision to use modelling and simulation in this study was based on the need to:

(i} integrate the results of many fleld measurements, recorded at different times and

from different components of the system, to a form convenient to managerial decision

making,

(1) investigate effects of shallow storage desigh and management on crop production

that were outside the scope of field experiments, and

(iii) quantify changes In system performance caused by the effects of climatic

variability .

The ten year moving average of rainfall in the study region was shown in chapter 1
to deviate from the long-term mean for long periods of time. Therefore, it Is likely that
crop production characteristics observed during a short experimental perlod may well differ
from long term expectations, and hence there is need to simulate the performance of the
system using long—term climatic records.

2.2.2 Organization of Chapters

A mathematical, weather—driven model of a shallow storage irrigation system s
derived in the next five chapters. This was achieved by decomposing the system model to
a number of component models and sub-models. Thus, the terms system model, model and
sub-modef are used in a hierarchial sense. The decomposition of the system mode! is given
in figure 2.2, This figure also shows the chapter in which the models and sub-models are
derived.

Experimental data recorded at the Richmond Shaltow Storage Research Project was
used to derlve each of the models in chapters 3 to 6. Each of these chapters contains a
description of the experimental procedures, and an analysis of results that are relevant to
the model derived. Each chapter also gives a literature review of the structure, processes
and functional relationships of the model derived in that chapter. This sequential method
of reviewing the literature was chosen to achieve clarity.

In chapter 8, a series of computer simulation experiments examine the effects of
climatic variability, shallow storage deslgn and crop management options on characteristics
and costs of crop production. The simulation experiments were conducted over a period of
60 vyears using daily climate data from the Richmond Post Office as input to a FORTRAN
computer program of the system model. The results are analysed by frequency and time
series distributions,

Conclusions are presented in chapter 9 after discussing and interpreting the simulation
resufts with respect to the objectives of study. This final chapter also gives a
retrospective view of the research methods and discusses possibilities for future research,
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Table 3,3 Estimated minimum and naximum equivalent ponded depths of soil molsture
storage on the gauged Mitchell grass catchment.

Soit Layer Depth (om) Sof! Molsture Storage {mm)
Minimum Maximum  Availabile
Ranga*
1. Surface 0 -10 4 38 34
2. Sub-Surface 10 - 30 18 78 60
3. Sub-Soil 30 - 90 B1 215 134
Profile 0 -~ 90 103 331 228

* Available range = maximum minus minimum water storags,
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Effects of Soil Cracks and Pasture Biomass on Infiitration. Rainfall was observed to
enter the soil profile via cracks so that pockets of wet and dry soil were frequently
encountered when soil sampling after rain.  *¥hen pasture biomass in the catchment was
very low (<400 kg/ha of dry matter, as in plate VI} then soil cracks were observed to
siump and erode during the course of storms. This process left large surface depressions
and blocked further entry of water via cracks. If rainfall was sufficient to cause run—off
then further soil movement occurred such that the micro-topography was levelled (as in
piate Vil},

Restriction of infiltration to the sub—soif was observed on 3 February 1970 when
892 mm of rain and 12 mm of run-off were recorded, On this occasion pasture bfomass
was close to zero (see plate VI) and antecedent soff molisture was fow (21% of the
available range}. The -ssults of soll sampling on the 3 February (tabie 3.2} show that
solf molsture in the surface and sub-surface layers was recharged to near capacity but sofl
moisture in the sub-soil was recharged to only 117 mm (27% of the available range).
Because significant run—off occurred it was concluded that infiltration to the sub—soll was
restricted.

When the abave-ground biomass of pasture on the catchment was high {approximately
3000 kgfha of dry matter as in ptates IX and X), then soil cracks were far more stable
during the course of storms, and hence high inflitration rates were maintained for a fong
time. Presumably vegetation was able to absorb rainfall energy and bind the soll so that
the rate of erosion around cracks was retarded. Siumping of cracks did accur but soil
expansion due to water uptake assumed greater importance in filfing cracks. Under thick
vegetatlon the microtopography of the soil surface remained quite rough after heavy rainfall
and run-off,

The malntenance of high infiltration rates during the course of storms when pasture
biomass levels were high is best illustrated by the results of soil sampling on 7 January
1975, and by measurements of rainfall and run-off on the following day. On this occasion
pasture biomass was estimated to exceed 3000 kg/ha. Rainfail in the previous two weeks
was 142 mm so that sofl moisture was recharged to 236 mm (58% of the avallable range)
by the 7 Janvary 1975 (see tabie 3.2). Pluviograph records show that an intense storm of
9 inm occurred that night between Bpm and 11pm with persistent intensities of 30 mm/hr.
The average depth of run—off recorded from this sterm was only 4 mm (see table 3.1).
This data suggests that a high infiltration rate was malntained throughout the course of the
stonn, and that soil moisture was recharged to capacity in all soil fayers. This data
contrasts the data discussed above where inflitration to the sub—sofl on 3 February 1970 was
apparently reswricted, 1t was concluded that the difference in infiltration characterstlcs
was primanily due to the effects of pasture blomass,

Soil moisture in the surface and sub-surface layers of soill was observed to be
recharged to near capacity in each ralnfall sequence that produced run—off. This suggests
that it was changes in the rate of infiitration to the sub-soii that had the most influence
on the partitioning of rainfali to run-off, rather than the rate at which rainfall couid be
absorbed by the surface layers.

To gain a better understanding of biomass effects on the characteristics of catchment
run—off, a number of hydrographs were plotted and their shape analysed. Hydrographs used
in this analysis were all those In which rainfall ceased before peak discharge occurred, and
in which peak discharge equalled or exceeded 2.0 m”/s, Six of these hydrographs {ocut of
a total of ten) are shown In figure 3.4. The hydrographs in this figure fall inte two
groups, and may be separated by differences [n pasture biomass. The first group, with the
steeper recession curves, were observed in 1971 when pasture biomass was less than
400 kg/ha. The second group, with the flatter recession, was observed in 1975 and 1976
when pasture blomass exceeded 2000 kgfha.

The shape of hydrographs was analysed by calculating hydrograph recession constants.
This was done by fitting the following egquation to the recession side of all the hydrographs
selected above:

In D=kt +c (for D > 0.4 m%/s) {3.2)
where D = discharge over the weir {m®/s), t = time after peak discharge {hr),
k = hydrograph recession constant, and ¢ = constant.
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The hydrograph recession constants found in this way are plotted against pasture
blomass in flgure 3.5, Thk flgure shows that increases in the hydrograph recession
constants were associated with increases in pasture blomass. This relatlonship and the data
in figure 3.4 suggests that increases In pasture blomass led to a reduced rate of over-Jand
flow; and hence a greater opportunity for inflitration to accur.

3.2.4 Conclusions )
The following conclusions were reached from the field observatlons:

(i) The duration of run=-off records was not long enough to adequately determine the
probability distribution of annual run—off.

(it} Soil cracks and the siumping of cracks to form surface depressions have s!gniﬂcant
effects on infiltratlon of water to tayers of soil below the surface layer.

(i) Increased pasture blomass increases the structural stability of soft during storms,
and reduces the rate of over-land flow. Both dof these factors increase infiftration
and reduce run—off.

{iv} A useful simplifled descriptlon of the infiltration process might be: an unrestricted
rate of inflitration to the surface 30 cm of soil until its water holding capacity is
reached, followed by a restricted rate of inflitration to the sub—soll that is dependent
on the level of sub—soil moisture and pasture biomass.

3.3 Derivation of Pasture Biomass Sub-Model

The previous section showed pasture blomass te have a significant effect on inflitration
and run-off. Therefore the catchment run—off model was developed as two sub-models; a

pasture biomass sub—mode! and a water balance sub-model.
The purpose of the pasture biomass sub-mode! was te predict temporal changes in
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pasture biomass that could be used in the water balance sub-model to regulate the
infiltration/frun—off process. A simple, pasture biomass sub-model was developed for this
purpose.

Pasture biomass was considered to consist of only two pools. Firstly, an above
ground pool of grass (G), and secondly, a detached pool of litter (L)} lying on the soil
surface. The rate variables considered to effect these pools were the growth of new
grass, the consumption of grass by grazing animals, the detachment of grass to form litter
and the decomposition of litter by weathering. At the level of detail required a time step
(t) of one month was considered adequate for simulation,

The pasture biomass sub-model is shown as a flow chart in figure 3.6 and Is
mathematically represented by the following difference equations:

Soil and
Atmosphere

Mean
Monthly
Air
Temperalure

/
. Grass Growth Ral
p .-—D\ rass Growth Rale

Evapotrans
-piration
Rate

1

i

i ~
|

' Y

¥

GRASS BIOMASS

s

\,_-+D< Litter Production Rate D< Grazing Intake Rate

y A

LITTER BIOMASS

-

“oo_.oX Litter Decomposition Rate

Soif and
Atmosphere

Figure 3.6 Flow chart of pasture biomass sub-model {Pools are shown as boxes, rates as
valves, sources and sinks as clouds, exogenous variables as circles, solid lines with arrows
show direction of mass flows, broken lines with arrows show information flows}.
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B=G + L 3.3)
G{t} = G(t=1} + GG ~ Gi - LP (3.4)
L(t) = L{t-1) + LP - LD {3.5)

where B = Above ground pasture biomass {kg/ha), G{t} = Level of grass pool
at time t one month later than t-1 {(kg/ha), L{t) = Level of litter pool at
time¢ t one month later than t-1 (kg/ha), GG = Rate of grass growth
{kg/ha/month), GI = Rate of grazing intake {kg/ha/month), LP = Rate of litter
production {kg/ha/menth), LD = Rate of litter decomposition (kg/ha/month)

The rate variables in these equations were calculated in the following way. The
rate of grass prowth was calculated as the product of water use efficiency (WUE} and
monthly evapotranspiration (ETM) estimated by the water balance sub-model. Thus:

GG = WUE * ETM (kg/ha/month} {3.6)

Because the soll was observed to alr dry it Is necessary to estimate values of soil
moisture below which evapotranspiration does not contribute to pasture growth. The only
fleld data available to make this estimate was the data applicable to grain sorghum that is
shown in figure 5.4. From thils data it was assumed that estimates of ETM in equation
3.6 should not Include sofl moisture josses below 14 mm in the 0-10 cm layer, 40 mm in
the 10=30 cm layer and 130 mm in the 30-90 cm layer of simufated soil moisture profiles.

The relatlunship In equation 3.6 Is based on the work of de Wit [1958). de Wit
showed on theoretical grounds, and supported with a wide range of experimental data, that
plant growth in arid climates was proportional to the ratio of transpiratfon to evaporative
demand, The assumptions of this theory are that the rate limiting factor of photo-
synthesis is the diffusion of carbon dioxide, and that the rate of diffusion of carbon dioxide
is propertional to that of transpiration.

Where de Wit's theory is modified 1o modei plant growth in proportion to
evapotranspiration, as is the case in this and other studies {lve et ai. 1976, Stewart and
Hagan 1973}, then it is assumed that the ratio of transpiration to evapotranspiration can he
adequately determined.

Salter and Goode {1967) and Stewart and Hagan {1973} show that equation 3.6 holds
for many experiments, however, watar use efficiency Is dependent on species, site and
climate (van Keulen 1975), Reported values of water use efficiency for Astrebla grassiands
in summer range from 4 kg/ha/mm {Davies et al. 1938} to 6 kgfha/mm (Roe and Allen
1945} which are similar to values for other semi-arid grasslands, Christie (1978) measured
values of 3.9 kg/ha/mm for mulga grassiand, and 6.9 kg/ha/mm for buffel grass. The
maxjimum value adopted in this study was 5 kg/ha/mm. The maximum water use efficlency
was reduced by a temperature index (Ti) if temperature was below optimum (defined below)
and a grass vield index (GY!) if paswre biomass was jess than 1000 kgfha. The
relationship used to determine water use efficiency was:

WUE = 5 x Tl x GY! (kg/ha/mm) (3.7)

The optimum mean daily temperature for Mitchell grass growth and development
appears to be 27 to 30°C. Jozwik (1970} found growth per tifler and leaf production
increased as temperature increased from 21/16°C (day/night) to 30/25°C, and Christie (1975)
found growth of seedlings at 20, 25 and 35°C to be 14%, 72%, and 40% respectively of
growth at 30°C. Whalley and Davidson (1969) proposed that Mitchell grass enters an
hormonally controlied state of dormancy during the winter, and in this state enzymes to
hydrolyse starch for growth are not produced following light falls of rain. In an irrigated
field study during winter (mean dalfy temperatures approximately 16°C) Scanlan (1980)
measured very low water use efficiencles of 0.5 kg/ha/mm in a Mitchell grass dominant
pasture. These findings were used to determine the relationship between temperature index
and mean monthly temperature that is shown in figure 3.7 (a), and Is calculated by:

TH = 0.33 + 0.67 exp (~{T-27)2/15) it T < 27,
Tl = 1.0 if 27 < T < 30, and
Ti = 0,33 + 0.67 exp {~{T-30)%/15) : if T > 30 (3.8)



40.

where T = (Tmax + Tmin}/2, Tmax = mean monthly maxdmum temperature at
screen height (°C), and Tmin = snean wmonthly minimum temperature at screen
height {°C}.

Fasture growth rate was related to pasture bfomass because the rate of carbon
fixation by the pasture is dependent on the area of green leaf present. The relationship
between grass yield index and biomass of the grass pool used to modify water use efficiency
was adapted from the buffe! grass data of Peake et al. (1979), and the Mitche!l grass
model of White {1978). The relationship is shown in figure 3.7 (b) and lIs:

GY! = min{1.0, {0.4 + 0.6 «x 10“363} {3.9)

Grazing intake was estimated from grass biomass with the relatlonship shown in flgure
3.7 {c). This relatlonship is a simpiified form of the relationship used by White {1978).

The rates of [itter production and [itter decomposition per month were estimated in
proportion to the grass yield and litter yleld present at the start of each month. Losses
from the pasture due to trampling were conceived as forming part of litter production and
decomposition processes. The following relationships were used:

TR

LP = 0.09 G (kg /ha/month) (3.10)
LD = 0.20 L (kg /ha/month) (3.11)

tnitially the litter production and decomposition proportionality constants were set at
0.045 and 0.07 in accordance with the work of Christie {1975). However, at these values

the model tended to over-estimate pasture biomass. White Christie's value of 0.045 for

{a) 'r
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Figure 3.7  Relationships used in pasture biomass sub-model to caleulate (a) temperature
index, (b) grass yield Index and {c} grazing intake.
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{itter production was obtained during winter, he also found that titter production in summer
was variable but higher in general,

3.4 Derivation of Water Balance Sub-Model

3.4.1 General Description

A dally water balance model interacting with the pasture blomass sub-model was
developed to simufate the average depth of run—off per day from the gauged Miichell grass
catchment. Factors contributing to the structure of the water balance were: the fact
that rainfa]l was the only source of water to the catchment; that losses of water from
the catchment could occur as evapotranspiration to the atmosphere, overland fiow of run-off
to streamflow arid deep drainage to ground-water; the assumption that tha catchment area
was uniform with respect to climate, soll type, vegetation and run—off, so that depth of
solf water storage at any time over the catchment was considered to be uniform; and the
assumption that groundwater made mo contribition to stream flow, and thus streamflow was
produced entirely by overland flows of run—off,

From the above considerations the equation to conserve mass of water per unit ground
area as time {t) is incremented by one day (%am to 9am) is:

St) = S(t-1) ~ET + R « Q - G (3.12)
where St = Depth of soil moisture storage {mm) at 9am on day t, ET = Rate
of evapotranspiration (mm/day}, R = Rate of rainfall {mm/day}, Q = Rate

of run—off {mm/day), and G = Rate of deep drainage {mm/day).

In the calculations of S{t}, evapotranspiration losses were deducted before rainfall
was added because rainfall in the dry tropics usually occurs in the late afternoons or at
night. .
A flow diagram of the water balance sub-model is shown in flgure 3.8. This flgure
shows that rainfall Is received by a pool at the sofl surface, and then redistributed to three
layers of soil .and te run-off, Redistribution of water from the swface pool was considered
to occur before the start of the next day and thus no evaporation losses were deducted
from the surface pool. Figure 3.8 also shows direct infiliration of water from the surface
poci to all soll layers (via cracks) as well as percolation of water from one soil layer to
the next. Pasture biomass is shown to effect only the rate of water flow into the third
soil fayer. Evapotranspiration is shown to ocour from all thres soil fayers.

The following sections discuss characteristics of sofl water storage, and derive the
relatlonships used to estimate evapotranspiration, infiltration, run-off and deep drainage.
However, detalls of parameter optimization methods are glven first so that the optimized
parameter values may be gven when describing evapotranspiration and infiftration

relationships.

3.4.2 Parameter Optimization Methods

The value of parameters defining rates of evapotranspiration and infiltration were
optimized separately. The obfectlve functlon used to optimize evapotranspiration parameters
was the root mean square(RMS) of differences between simulated soff molsture (Ss} and the
observed soil moisture (So) data given in table 3.2, By definition:

RMS = {So - Ss)%/N (3.13}
where N = number of comparisons.

Run—off is the difference between rainfall and infiltratlion and hence the infiltration
parameters were optimized by minimizing differences between simufated run—off (Qs) and the
observed run-off {Qo) data in table 3.1. Values wers raised to the power 0.75 before
differences were calculated so that the weighting given to large run—off ayents was
reduced. The objectlve functlon for optimization was the root mean square cdlculated
from:

RMS = (Qo" ™" - Qs "*)2/N - (3.14)
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In optimizing the infiltration parameters the run—off events during the last half of the
record 1974 fiood from 21st January to the 10th February were deleted because flows on
the run—off hydrograph during this period could not he adequately separated and attributed
to daily rainfall records.

Parameters were optimized iteratively in factoral combinations using the method of
Cochran and Cox {1966). Three cycles of optimization were used. In each cycle the
evapotranspiration parameters were optimized first so that the infiltration parameters would
develop from a mode! which gave reasonable estimates of soil molsture.

The calibration period for parameter optimization was 1st October, 1966 to 30th
September 1978, This gave the model a iwarm wp' period of two years before simulated
data was compared to observed data. Daifly rainfall recorded at the weir of the pauged
catchment was used in simulation.

3.4,3 Soil Water Storage Characteristics

A model with three soil water storages was chosen because single layered models
tend to over-simplify evaporation and infiltration processes, and a mode] with more than
about three layers possihly represents unjustified complexity. A small surface soil storage
{0-10 cm soit depth) was chosen so that the model couid simulate rapld evapotranspiration
following light falls of rain. The lower level of the second {sub-surface} soil layer was
set to 30 cm because soil profiles were observed to wet up completely to this level at
least in rainfali sequences producing run—off. The lower fevel of the third (sub-soil} |ayer
was set at S0 em because at approximately this depth soill type changed from a uniferm
brown cracking clay to an impervious, non—cracking, yellow clay. Soif samples taken from
below 90 om showed only very slight changes in soll water content with time.

The levels of soit water storage in the surface, sub—surface and sub-soil layers are
referred to as 51, 52 and 53 respectively. The minimum levels to which evapotranspiration
can reduce soil moisture {S1min, 52min and S3min respectiveiy}, and uhe maximum fevels to
which infiftration can recharge soil molsture (SImax, 52max and S53max respectively) are
those shown in table 3.3.

3.4.4 Evapotranspiration Relationships

Evapotransplration is controlied by a complex set of soil, plant and meteorofogical
faciors so that a detatied description of the evapotranspiration process requires both energy
bakance equations and soil-plant-atmosphere mass transfer equatlons (Hagan and Halse 1967).
This approach is not svitabie where meteorological data are restricted to monthly
temperature records as is the case in this study, and thus a simpler emplrical approach was
adopted.

Many successful water balance madels use simple empirical relatiomships to modify
evapotranspiration as evaporative demand and soff water availability change (Bafer 1969;
Fitzpatrick and Nix 1969; Eagleman 1971; McCowan 1573; Raosenthal et al. 1976). One
graup of these models uses the assumption that the ratie of actual to potentlal
evapotranspiration can he calcuiated from soil water status without reference to the
prevailing avaporative demand. A second group alters the ratlo as evaporative demand
changes in accord with the results of Denmead and Shaw (1962}, and Makkink and van
Heemst (1975). johns and Smith (1975) examined these approaches by comparing six
separate models of evapotranspiration in a soil water budget. Thaey found an overall
similarity among models in computed soll water deficits and attributed this to strong negative
feedback infiuences. These influences were firstly, the limits set on the upper and lower
bounds of water storage and secondly, over~ or under~estimates of evapotranspiration were
coinpensated in subsequent perfods by decreased or increased estimates of evapotranspiration,

Evapotranspiration is often separated in water balance models to solf evaporation and
piant transpiration (Ritchie 1972; Hammer and Goyne 1982; Rickert and McKeon 1982).
This separation is used to account for the effects of factors such as root distribution, sofl
surface tiith or mulch and plant cover on evapolranspiration. While large changes in
pasture biomass were observed on the catchment, the relationships given below do not
separate ET to E and T because: (i) the effects of pasture dynamics on ET were
considered to be far less important than the effects of soil moisture and evaporative
demand, and (i) the canopy structure of Mitchell grass pasturs is quite complex and hence
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in the absence of data the division of ET to E and T would be artificial,

Estimates of evaporative demand (Eo) were caiculated each month from mean monthly
temperature data using the method of Fitzpatrick {1968}, This method calculates Eo from
the vapour pressure deficit of the atmosphere that Is weighted according to the mean
maximum screen temperature, with a further adjustment for relative humidity to account for
advective energy.

Thls method of calculating evaporative demand was chosen for the following reasons:

(i} The equation was developed speciflcally for use in situations where meteorologlcal

information was restricted to simple clmatic variables such as those avajfabie in the

long-term ciimatic records of Richmond,

(i} the equatlon was calibrated to approximate Pemman-s estimation {Penman 1948} of

potential evaporation which is generally regarded as a well based physical model of

the process,

(i) the equatlon was developed in tropical, semi~arid Australia and therefore in a

climate simitar to the Mitchell grass plains, and

{iv) the equation has been shown to glve reasonahly accurate estimates of monthly

gvaporation in both the 'wet' and 'dry' seasans of both troplcal and temperate

regions of Australia.

The functional relationship chosen to estimate evapotranspiration follaws the results of
Jahns and Smith {1975}, The rate of daily evapotranspiration {ET} for any scil [ayer (k)
was related to the level of available soil water storage in that layer, and to the rate of
atmospheric evaporative demand {Eo} as foliaws:

ET = a x exp (b x 5AVK} x Eo {3.16)
where SAVk = Percent avallable soil waier storage of fayer k {i.e. 100 x
{5k-Skmin)/{Skmax~5kmin}, and where a and b are empirical constants for
fayer k.

Values of the evapotranspiration parameters a and b in equation 3,16 for each
fayer of soii were found by the aptimization methods described earlier. The values thus
obtained were:

Surface soll layer; a = ,0107, b = .054,

Sub-surface layer; a = ,0107, b = ,051, and

Sub-soif layer; a = 0061, b = ,050,

The relationships found between the ratlo of ET/Eo and availabie soil moisture for
each soil fayer, and the whale proflte are shown in figure 3.9. Features of this figure
are: (I) the potential rate of evapotranspiration {le. ET/Ec = 1.0} was only maintained at
very high fevels of soli moisture, and thus for only a short duration after rainfaii, and (ii)
when soil molsture in each layer exceeds 70% of the available range then the sum of the
ratios of ET/Ev from each fayer exceed 1,0.

Calculatlons of evapotramspiration from the profile wsing equation 3.16 were restricted
as follows: (i} soit moistre In each layer was not reduced below the minimum sofl water
storage shown in table 3.3; (i) the maximum rate of evapotranspiration from the 0-90 c¢m
soif  proflie was set equal to the evaporative demand; and (i} the rate of
evapotranspiration from each soil fayer was reduced in equal proportions to satisfy (i} if
initial calculations of evapotranspiration from the profile exceeded evaporative denand,

3.4.5 Inflitration and Run=Off Relatipnships

The inflltration of water into soils that are uniform and non—compressibie is well
understood {Childs 1969; Philip 1969; and Rose 1966). The theory is based upon Darcy's
faw which specifles the rate of flow as proportional to the hydraulic gradient where the
co-efficlent of proportionality (hydraulic conductivity) is strongly dependent upon pore size
geometry and soil water content, Fleming and Smiles (1975) show that soil physicists and
hydrologlsts have met with varying degrees of success in applying the theory to simulate
inflltration under fleld situations. However, the theory is not applicable to cracking clay
soils where inflitration via cracks and other preferred pathways is a dominating factor of the
process. For this reason, and also becauwse iong~term rainfalf data were Hmited in this
study to 24 hour totals, an empirical approach was adopted for estimating infiitration.




45'

Relationships, simitar to those used in the Boughton mode! {Boughton 1966} were used, with
parameters deflned by least squares optimizatlen. Field observations showed the importance
of infiltration wvia preferred pathways such as cracks, and the influence of vegetation on
Infiitration. Therefore these factors were represented in the model.

Figuwre 3.B shows that rainfail was considered to be received by a surface pon] and
then distributed to infiltration and run—off. The possible retention of rainfall on foliage
was ignored. Distributlon of water from the surface pool was considered to be
instanteneous so that there was no carry over from one day to the next. Thus, run—off
{Q) is the difference between rainfall (R) and infiltration {F) (i.e. Q = R — FJ.

Infiltration was calculated as the summation of water distributed to the surface,
sub—surface and sub-scil fayers {F1, F2 and F3 respectively) plus loss of water to deep
drainage {G}. Thus:

F=Fl+F2+F31+G  (mm/day) (3.17)

The proportions of rainfafl distributed to the surface, sub—surface and sub-soif layers
were calculated from daily rainfall rate, antecedent soil moisture conditlons and pasture
biomass. In situations where rainfall was flight {e.g. 10 mm/day} and the soil was dry
and cracked, then 70% of ralnfail {i.e. 0.7 R} was considered to infiltrate the surface
soff layer, and 15% to Infiltrate to each of the sub-surface and sub-soil layers via
preferred pathways.,

it was assumed that infiltration to the surface soll layer couid occur without
restriction until its capacity was reached. Thus the proportion of rainfali distributed to the
surface sol! layer was calculated from:

F1 = min{0.7 R, S1max ~ S1) {mm/day} {(3.18)
where S1max ~ S1 = water storage deflcit in surface layer (mm}

Distribution to the sub—surface soll fayer was caleulated as the minimum of: (i} the
water storage deflcit of the sub-surface layer (S2max~52}, or (i} 15% of rainfall (0,15 R}
plus any excess rainfall from the surface soil layer {i.e. 0.7 R-Fi}. Thus:

F2 = min{S2max - 52, 0.15 R + 0.7 R = F1}  (mm/day) (3.19)

Ratio of
ET/Eo

Percent Avallabie Soil Moisture

Figure 3.9  Effect of percent available solf moisture on the ratio of actual
evapotransplration (ET) to evaporative demand {Eoc) found in each soli layer of the
catchment water balance sub-model. The curves are; for 0-20 cm profile, — — ~for
0-10 om soif fayer, ---— for 10-30 com soil layer, and w--— for 30-90 cm soil layer.
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Infiltration to the sub—soil layer (F3} was considered as a raie controlled process and
was calcufated using the hyperbolic langent function of Boughton (1966} as follows:

F3 = F3max x tanh {XS / F3max}

{3.20)

where XS = The rainfall excess not distributed to the surface and sub-surface

layers {i.e. R - F1 - F2 (mm/day}), and F3max =

maximum rate at which

inftitration to the sub—soil can occur and is dependent on sub—soif moisture and
pasture biomass conditions (mm/fday}.

The refallonship between F3 and XS fs shown in figure 3,10 {a} for two levels of
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This figure shows that F3 approaches X5 when XS << F3max, and F3 approaches
F3max when X5 >> F3max.
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F3max was calculated by Boughton (1966) as a function of amtecedent sub-soil
moisture in which F3max was decreased exponentially as the soit muolsture deficit decreased.
A similar relationship was used in this study but with two Important differences. The
differences were: (i) F3max was decreased equally with decreases in the water storage
deficit of the sub—soil {i.e. 353max - 53), until a minimum value (fo) of F3max was
reached, and (if) F3max was increased with increases in pasture biomass.

The effect of pasture biomass on F3max was considered to be zero when pasture
biomass was zero and to have its maximum effact when pasture blomass was approximately
1500 kgfha or greater. A blomass index was calculated that would have a linear and
additive effect on F3max. The relationship used between biomass index {B1} and pasture
biomass {B) Is shown in figure 3.70{(b} and is mathematically glven by:

Bi = 0.5 + 0.5 tanh {(B-a}/b) {3.21)
where a and b are optimized parameters and were found to be: a = TG0
kgfha, and b = 300 kgfha.

Changes in Fimax were calculated by:

F3max = max{fo, min{100,{53max ~ 53} ~ ¢ + d Bi} {3.22}
where fo, ¢ and d are optimized constants and were found to be:
fo = 10 mm/day, ¢ = 40 mmfday, and d = 35 mm/day.

Figure 3.10{c) shows this reiationship when Bl = 0 {i.e. when pasture biomass is
zero) and when BI = 0.99 (l.e. when pasture biomass equals 1500 kgfha).

Physical meanings of the optimized constants in eguation 3.22 are as follows. The
value of fo = 10 suggests that the maximum rate of deep drainage Is less than 10 mm/day.
The value of b = 35 suggests that increases in pasture biomass from zero to 1500 kg/ha
{approximately) will decrease run-off by up to 35 mm/day. The value of a - b =5
suggests that soil moisture must be recharged to near capacity before significant run—off will
occur when pasture bjomass exceeds 1500 kgfha approximately.

Figure 3.10{c) shows this reiationship when Bl = 0 {i.e. when pasture biomass is
zera) and when Bl = 0,99 (l.e. when pasture biomass equals 1500 kg/ha).

Physical meanings of the optimized constants in equation 3.22 are as foliows. The
value of fo = 10 suggests that the maximum rate of deep drainage ¥s less than 10 mmfday.
The value of b = 35 suggests that increases in pasture biomass from zero to 1500 kg/ha
{approximately) will decrease run—off by up to 35 mm/day. The value of a ~ b = §
suggesls that soil moisture must be recharged to near capacity before significant run—off will
occur when pasture biomass exceeds 1500 kgfha approximately.

The daily loss of water from the catchment by deep drainage to ground water was
calculated as overflow from the subsoil.

3.5 Evaluation of Catchment Run—off Modei

3.5.1 Comparison of Simulation Results te Observed Data

The performance of the model In simutation is given firstly with respect to run-off,
and then with respect to soif moisture storage.

After the first three rounds of optimizing evapotranspiration and inflitration parameters,
the model explained 65% of the variation in daily rup-off. However, there were two
events where simulated and observed run—off was considerably different. These differences
occurred on the 9 March 1971 and 12 January 1974, and are shown as ringed points In
figure 3.,11{a). Theso large differences affected the optimization of paramecters so that the
flt of simulated to observed run—off for other run—off events was also poor.

On 9 March 71 predicted run—off was much less than observed run—off. On this
occasion rainfall over the catchment and surrounding areas was of high intensity and showed
greater areal variation than normal (see table 3.4). This table, when used with the site
plan of RSSRP in figure 3.1, shows that rainfali on 9 March 71 had a steep cast-west
gradient. It was therefore concluded that the average rainfall received over the gauged
catchment was much greater than that recorded at the wejr, and hence a considerable
under-estimate of run—off by the model on 9 March 71 was to be expected,
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Table 3.4 Areal variation of daily rainfall on days of observed run—off for the period 1
October 69 to 20 January 74.
Rainfall at Rainfall at RSSRP (mm)* Mean Coeff. of
Date Richmond Rainfalf Variation
Post Office {1) (2) (3} (4) (5) {nm) (%)
{rm}
24 Dec 69 59 46 57 39 58 50 51.5 15.4
03 Feb 70 76 B8 96 Bg 97 74 B6.7 11.3
09 Mar 71 152 70 15 55 37 4 1.7 58.8
27 Mar 71 19 19 24 22 10 9 17.2 36.4
30 Mar 71 50 69 52 63 67 62 60.5 12.9
16 Apr 71 97 85 B8 B3 BS 84 B7.0 5.9
17 Apr 71 12 8 9 8 9 9 9.1 17.5
18 Apr 71 24 10 9 9 10 8 11.7 52,2
11 Jan 72 63 55 62 70 65 50 60.8 11.8
06 Mar 72 96 86 B9 89 9% 96 92,5 5.5
07 Mar 72 37 33 34 40 33 36 35.5 Ta7
08 Feb 73 47 36 41 42 43 41 41.7 8.5
29 Mar 73 143 145 136 128 149 145 141.0 5.1
30 Mar 73 44 33 27 25 26 27 30.13 23.9
03 Jan 74 36 75 71 64 84 15 17.5 14.4
08 Jan 74 21 20 20 20 9 12 17.0 30.2
12 Jan 74 42 45 45 50 38 48 44,7 9.5
14 Jan 74 37 25 15 17 23 31 24.7 33.8
17 Jan 74 25 18 18 18 20 23 20.3 14.8
18 Jan 74 19 23 20 21 20 21 20.7 6.6
19 Jan 74 61 64 63 65 61 60 62.3 3.1
20 Jan 74 37 37 39 40 34 30 36.2 10,1

* Numbers identity rainfall recording site. Their locations are shown in figure 3.1
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Simufated run—off was much greater than observed run-off on 12 January 74. On
this occasion rainfall was contained within a rainfalf sequence which produced run—off before
and after run—off on 12 January. Since simulated run—off showed reasonable agreement
with observed run-off on these events, it is unexpscted that simulated run—off on 12 January
should differ. sa much from the observed,

Since the objective of simulation was to extend the duration of catchment yield
records, it was assumed more appropriate to use a mode! which gave close agreement to
observed run—off in a lfarge proportion of cases and a poor fit on some, than it was to use
a mode} which gave a mediocre fit to all observations. Therefore, rainfail on 9 March
1971 was adjusted to the mean of the weir and Post Offlce records. Run-off on 12
January 1974 was excluded from the objective functlon and other statistical measures, and
parameters In the mode! were re—optimized. The value of parameters so obtained were
those given for equations 3,16, 3.20 and 3.21.

These adjustments markedly increased the fit of simulated run—off to observed run—off
(see figure 3,11(b) and table 3.6). The coefficient of determination increased from 0,65
to 0.89. Table 3.5 shows that the regression siope and intercept of simulated run—off
versus observed run—off were not statistically different from 1.0 and zero respectively.

The data in tabie 3.6 shows that the model performed equally wel! in predicting
run—off at all levels of antecedent moisture and pasture biomass conditions, and in all
Years.

The coniribution of the pasture blomass sub-model to the aceuracy of estimating
run-off was tested: (i} by deleting the effect of pasture bjomass in equation 3,21, and
(i} by re-optimizing the parameters fo and a in equation {3.21}. These changes caused
the run—off objective function to increase by 21% and the coefflcient of determination to
decrease by 6%. Conslderable under«estimates of run-off occurred when pasture hiomass was
fow, For example, when pasture biomass was iess than 500 kg/ba in 1970 and 1971, then
simulated run—off was only 35% and 71% respectively of observed annual run—off,

A single factor sensivivity analysis showed most parameters were at optimum fevels to
minimize the run-off objective function. However, there wers some remalning at
sub-optimum values. Perturbations of +10% in parameter values showed that some changes
in seolt waler swrage, evapomanspiration and pasture hiomass index parameters would
marginaily increase the statistical agreement between simujated and observed run—off ({see
table 3.7), The decision to cease optimization was a subjective judgement. It was guided
by criticisms that may be levelled at statlstical measures of model adeguacy, and by the
experiences of Johnston and Pilgim (1973) and Pickup {1977), who show the irrelevancy of
seeking a global optimum.

Table 3.5  Statistical comparison of simulated dally run—off by catchment water balance

sub-mode! to observed daily run—off, for the period 1 Octoher 1969 to 30 September 1978.

pp——"

No. of events observed 32
No. of events modelied 30
No. of comparisons 36
Mean observed run~off {mn} 14.0
Mean simulated run—off (mm) 14.8

Arithmetic mean difference {mm) 0.7
Mean of absolute differences (rm) 3.7
Std. dev., of differences 2.9
0.8
1.0

CoefficientL of determination .89
Regression slope «03
std. error of slope 0.06
Regression intercept ~0,57
std. error of intercept 4.82

Value of objective function (see eq. 3.14} 2,17
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Table 3.6  Comparison of simulated run—off predicted by the catchment run—off model to
run—off observed from the gauged Mitcheil grass catchment at RS55RP.

Date Observed Run-off (mm) Simulated Run-aff (mm}
daily annual dajily annual

Total for 68/69 nil nil

24 Dec 69 1.0 0.0

03 Feb 70 12.0 9.0

Total for 62/70 13.0 3.0

09 Mar 71 34.1 35.1

27 Mar 71 2.5 0.0

a0 Mar 71 20.9 12.8

16 Apr 71 36.4 49.4

17 Apr T 1.0 0.5

18 Apr T 0.4 0.8

Tota! for 70/71 95.3 98.6

11 jan 72 7.4 0.0

12 Jan 72 0.0 2.1

06 Mar 72 32.6 40.3

07 Mar 72 19.4 26.0

Total for 71/72 59.4 68.4

08 Feb 73 0.7 0.0

29 Feb 73 26.8B 21.9

30 Feb 73 12.1 8.0

Total for 72/73 39.6 29,9

03 Jjan 74 2.6 10.6

08 jan 74 0.4 6.0

11 jan 74 0.0 1.5

12 Jan 74 6.0 37.8

14 jan 74 8.6 2.6

15 jan 74 0.0 0.6

17 Jan 74 1.7 6.6

18 jan 74 3.3 9.3

19 jan 74 49.0 52.8

20 jan 74 29.4 27.8

Total faor 73/74* 337.7 276.8

08 Jan 75 4.2 11.3

17 Jan 75 1.6 0.0

23 Jan 75 3.0 .0

15 Feb 75 29.2 20.1

26 Feb 75 21.13 22.5

20 Mar 75 0.0 3.1

01 Apr 75 0.5 1.9

Total for 74/75 59.8 58.9

06 Feb 76 24.9 22,0

07 Feb 76 18.6 16.7

09 Feb 76 10.4 5.4

11 Feb 76 6.5 1.1

Total for 75/76 60.4 45,2

21 Dec 76 12.3 14.9

Total for 76/77 12.3 14,9

* Daily run—off during the 1974 flood from 2t January to 9 February is not shown,
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Table 3,7  Single factor sensitivity analysis of simulated run—off to changes in the
parameter values of tha satchment run-off model.

Parameter Value {X-10%, X+10%) RMS** a1t  RMS** at
X10% X+10%

Soit water storage capacity

Surface layer Slmax = 34,2, 41.8 103.6 99.4
Sub—surface fayer 52max = 70.2, B85.8 109.3 102.3
Sub-soil tlayer S3max = 193.5, 236.5 121.,1 113.4
Whole praofile Smax = 292.5, 368.5 164.6 138.0

Evapotranspiration parameters in eqn 3.6

Surface layer a = 0096, .0118 100.9 99.6
b = ,0486, .0594 103.2 100.6
Sub-~surface fayer a = ,0096, .011B 100.9 99,9
b = ,0459, ,0561 104.0 102.2
Sub-soil layer a = ,0055, .0067 102.1 100.13
b = ,0450, ,0550 107.6 102.1

Rainfall Distribution parameter

Propartion of rain directed to
surface layer = 0,63, 0,77 102.0 104.1

Pasture Biomass Index parameters ih eqn 3.21

630, 770 98.9 101.6
270, 330 100. 1 99.8

a
b

[E |

fnflltration parameters In eqn 3.22

fo = 9,0, 11.0 105.0 105.0
c = 36.0, 44.0 105e0 10500
d = 31.5, 3B.5 105.0 105.0

¥ Parameter values at ~10% and +H10% of their optimum value.

** Vajue of root mean square (RMS) of run—off objective function (egn. 3.14 in text)

when expressed as a percentage of the RMS found when using the optimum parameter

value, A value of 100 indicates no change in RMS, Values {ess than and greater than

100 indicate increases and decreases respectively in the agreement batween observed and
L simulated run—off.
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The agreement found between simuiated and observed soli moisture in each layer is
shown in figure 3,12, The regression anajyses in tabie 3.8 show that in the sub—surface
and sub—soil layers the model consistently over-estimatsd soil moisture when the soil was
dry. The regression slopes are significantly fess than ones and the regression intercepts are
significantly greater than zero., A reduction of the evapotranspiration rates when the soif
was wel, and an increase in evapotranspiration when the solf was dry did not lmprove the
refationships as other {osses in :model accuracy occurred. Therefore, it would seem that
the infiltration model could be improved. by distributing a greater proportion of rainfall
directly to the sub—surface and sub—scil fayers, Since the modal mave reasonably accurate
estimates of run=off and soil molsture, a re-examination of the rainfall distribution
parameters to marginally improve the models fit to sofl moisture observations could not be
justified.
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Figure 3.12  Comparisan of simulated to observed soif moisture for each fayer of the
catchment water balance sub—model.
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Tabfe 3.8  Statlstical comparison of soil mwlsture estimated by catchment water balance
sub—model to observed snil molsture,

Surface  Sub- Sub-— Whote
layer surface soil profife
layer fayer

0-10cm 10~-30cm 30-90cm 0-90cm

Mean observed soil moisture (mm} 16.3 44,4 123.1 183.8
Mean modeiled soil matsture {nm) 18.0 43.0 125.4 186.4
Number of comparisons 33 32 31 33
Arithmetic mean difference (nm) 1.7 -1.4 3.4 2.6
Mean of absolute differences (nm) 3.5 6.0 12.0 18.8
Std. dev. of differences 2.8 4.8 10.2 14.4
Root mean square of differences 4,44 T.70 15.69 23.53
Coefficient aof determination 0.84 0.90 0.91 0.90
Regression slope 0.9 0.86 0.81 0.76
std. error aof siope 0.07 0.05 Q.04 046
Regression intercept 3.01 5.21 27.30 45.30
std, error of intercept 4.15 6.21 9.44 18.03

Table 3.9 Comparlson of observed run—off from gauged catchment to observed run—off
from catchment of dam at RSSRP,

Date Gauged catchment Dam catchment
ruen—off {nm) run-off [mm)
09 Mar 7 34.1 23,
27 Mar 71 2.5 3.
11 Jan 72 7.3 4.
06 Mar 72 32,6 22,
08 Feb 73 0.7 4,
29 Mar 73 26.8 32,
03 Jan 74 9.6 10.
08 Jan 75 4,2 11,
15 Feb 75 29,2 22,
01 Apr 75 0.5 1,
. 21 Dec 76 12.3 10,
Mean 14.5 12,9
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3.5.2 Application of the Mode|

Results in the previous section showed that the model gave reasonably accurate
estimates of daily run—off from the gauged catchment for the calibration period 1 Ogtober
1968 to 30 September 1978, Since this calibratlon period included a wide range of
environmental conditions from extreme drought to extreme flood, the catchment run—off
mode! should give satisfactory estimates of daily run—off from the gauged catchment when
used in simuiation experiments involving long-term (60 year) weather data as input to the
model.,

The run-off weir catchment was nested within the catchment of the shaflow storage
dam at RSSRP. Therefore comparison between run-off data from the weir and observations
of inflow to the dam provides one measure of areal variatlon in runoff. The depth of
run—off from the dam's catchment was calculated from changes in the damts water storage
level, and a storage depth to volume relationship established for the dam from survey data
provided by Queensiand Water Resources Commission, Catchment run—off into the dam was
stightly under estimated because bywash losses and losses into the bed of the dam were not
taken into account. Neveriheless, the results In table 3.9 show there to be reasonable
agreement {R? = 0.82) 1In the behaviour of the gauged catchment and the dam's
catchment., The lower inean yield of the dam's catchment was possibly dus to the losses
described ahove.

Because of the homogeneity of sofls and vegetation on the gauged and dam
catchments, the main reason for the variation in run—off hetween these catchments was
probably due to areal variation in rainfall. Areal varation In rainfall increases as
catchment size increases, Therefore use of the mode! in simulation experiments which do
not account for areal variation in rainfall, should be restricted to catchments that are of a
similar size to the gauged and dam catchments,

Grazing pressure and fires have large effects on the vegetation of the Mitcheil grass
plains, Grazing pressure also has significant effects on the structure of the surface soil
because of trampling. However, no attempt was made to determine the effect of these
factors on the predictive accuracy of the model.

3.6 Conciusions

The main conclusion of this chapter is that the run—off model should have reasonably
general application to the Mitchel) pgrass plains, and hence should provide sufficiently
accurate estimates of catchment vyield to be wuseful in evaluation of shaliow storage
irrigation.

Other conciusions were;

(i) Antecedent soff moisture conditions had the greatest effect on the redistribution

of rainfat! to infiftration and run=off. However, temporal changes in the blomass of

Mitchell grass pastures also had a significant effect on rums—off.

{I) Rainfall must recharge soil molsture to almost capacity, particufarly at high

fevels of pasture biomass, before appreciable run—off occurs. The very slow rate of

deep drainage (10mm/day) causes the redistribution of rainfall almost to switch from
infiltration to run—off.

(iif} The switching of infiltration to run-off, the high water holding capacity of the

soit in retatdon to annual rainfall, and the high variabiiity of annual rainfall suggests

that: the long term probability distribution of amnuval! run—off will show a significant
proportion of years with zero run—off and a significant proportion of years with very
high Tun-off,



55‘

CHAPTER 4
WATER. STORAGE MODEL

The water storage model provides the link between the four physical components of
the shaljow storage irrigation system as shown in figure 4.1. The physical dimensions of
the water storage are important because they determine the proportion of run-off from the
catchment that Is retained for subsequent irrigation, the surface area of land that is flooded
for subsequent ponded-area cropping, the volume of water that is lost by e¢vaporation and
the cost of constructing the dam wall,

This chapter develops refationships that describe the physical characteristics of shallow
storage dams, and then derives a water balance sub-mode! for calculation of changes in the
volume, height and surface area of water storage.

Catchment Atmosphere

Run-off
Model

Run-off Rate l

[ Rainiall >G {)@vapohansp!raﬁo;ﬂ

irripation
~area
Muodel

v

frrigation

Water
Storage
in Dam

f infiltration )

Figure 4.1 Flow diagram of dam water balance sub-model. {Water storage in the dam is
shown as half an eliptical cone of height H, fength L and width W, Rates are shown as
valves, sources and sinks as clouds, exogenous variablos as circles and material flows as
arrows., )
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4.1 Physical Characteristics of Dam

it was noted in chapter 1 that shallow storage dams are constructed by forming an
earth wal} across a small water~course. The volume of water in such a storage Is related
to the height and width of the wall and the gradient of the stream bed.

The surface area of gully dams often have the shape of half an salfipse and the
cross section of the gully at the dam wall is often 'V' shaped ([see figure 4,1). Thus,
water storage in such a dam approximates hailf an inverted elliptical cone where the |ong
radius of the eilipse is the length (L) of the dam, the short radius of the ellipse is half
the width (W) of the dam at the dam wall, and the height of the cone Is the height {H)
of water storage in the dam at the center of the dam wall., The volume of water
storage in half an eliptical cone is glven hy:

1.1 1
V o= o3 M{gWILH), {4.1)
and the swface area (A} of water storage is given by:
1 1
A =4{n {FW)L) (4.2)

The gradient (G} of the stream bed and the gradient {g)} of the bank at right angles
to the stream bed at the dam wall are given by:

G = HfL and g = HEW,

ff these gradients are assumed constant then H/L and H/W are also constant, When
expressions for these constant shapes are substituted into equations 4.1 and 4.2, then the
volume of water storage and the surface area of water storage are proportional to the cube
and square respectively of the height of water storage as follows:

iy

H3 and 4,3)
TR

The realism of using half an eoliptical cone to define the relatfonship between V and
H was tested by comparing predicted values of V against observed values of water storage
in the dam at RSSRP. Testing was as follows: a grid survey of the ponded-area was used
to determine the observed values of V for increments in H. This survey showed the dam
to have the foliowing characteristics when It was filled to capacity: maximum
volume = 439 ML, maximum depth = 2.0 m, maximum length = 1954 m {thus G = 1:977},
and maximum width = 396 m (thus g = 1:99),

The value of p in eguatlon 4,3 was calculated in two ways., Firstly, from the
values of g and G [p = 50644}, and sccondly, from the values of V and H when the dam
was at maximum capacity (p = 54875). Table 4.1 shows that as H Increases from 0.2 to
2,0m that there is not only ciose agreement between these two predicted values of V, but
aiso close agreement between predicted and observed vaiues of V for all values of H.

it was concluded that use of half an elliptical cone to describe the characteristics of
water storage in a shallow storage dam was physically realistic,

Normal engineering practice was used to specify the foliowing design characteristics
for construction of the dam wall across a 'V' shaped gully: a crest level 1.0m above
maximum water- storage level, a erest width of Z,5m, a slope of 1:3 on the side batters,
and a core trench below ground level that is 2.5m wide and slopes from ground fevel at
the extremities to T.5m below ground level at the centre of the gully.

The height {h} and width {w} of the dam wali were calculated from:

h=Hmax + 1t and w -~ 2 hfg {4.5) and {4.6)
where Hmax = masximum height of water storage in dam (m?),
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Table 4.1 Comparison of observed to predicted volumes of water storage in the dam at
RSSRP.

Height {H) of water Observed volume Predicted* volume of dam

in dam (m) of dam (ML) V = 50644 H® V = 54875 H?®
0.2 3 1
0.4 7 3 4
0.6 16 11 12
C.B 36 26 28
1.0 65 51 54
1.2 105 88 95
1.4 158 139 151
T+6 222 207 225
1.8 304 295 320
2.0 439 405 439

¥ using egquation 4.3 in text.
The volume (v) of earth required for dam wall construction was calculated from:

v=va+t vb + ove 4.7)
where va = volume of earth below c¢rest to ground level {m?) = (2.5 h w)/2,
vb = volume of earth in core trench (m®) = {2.5 x 1.5 w}/2, vc = volume
of earth in batters {m®) = (3 h?w)/2.

The storage to excavation {5E} ratlo of 3 dam 1is the ratio of water storage capacity
to voiume of earth required to construct the dam wall, For example, the dam at RS5RP
had a capacity of 439ML and required 11500 m of earth for construction, Therefare, its
SE ratio was 38:1. This ratle is very high when compared ta farm dams that are
constructed on steeper topography. The SE ratio of such dams is frequently less than 10:1.

The high SE ratios of shaflow storage dams reduces the cost per unit of water
storage., This is an important atirlbute and compensates for the iarge proportien of water
that is lest by evaporation.

4.7 Dam Water Balance Sub-Model

The variables effecting the water balance of a shallow storage dam that Is
constructed across a small water course are shown in figure 4,1 and are discussed below,

The volume of water held in the dam at the beginning of ecach water year (Ist
October) is generally but not necessarily zero. Increases in water storage are mainly due
to run-off from the catchment and this normaily occurs during the period January to March,
Rainfalf is also a direct Input to the dam, but is of much lesser importance than run—off.

When the depth and surface area of the dam is increased by run—off, a proportion of
the water Js {ost by finflitration inte the bed of the dam (i«e. to the solf of the
ponded-area), Soll sampies taken from the ponded-area after 2-3 months of flooding
showed that infiltration from the dam did not penetrate to a depth greater than
approximately 1,5m. Dry soll was often encountered at this depth, Thus, infiltration to the
ponded-area was considered as am instantaneous process wetting the soil to a depth of
1.5 m.

If the sum of run—off and rainfall exceed the dam's capacity then the excess water
is lost through the dam's hywash to stream flow. Other tosses from the dam occur as
evaperatlon to the atmosphere and supply of water te the irrigation area. These losses
generally reduce the dam's water level to zero by the month of September in any year.
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In some situations it is necessary to locate the irrigatlon-area upstream of the dam
so that it is necessary to pump irrigation water. This was the case at RSSRF. However,
it is preferable to locate the irrigation—area downstream of the dam so that water can be
deflvered by pgravity flow,

The conservation equation used to simulate changes in the volume {V) of water
storage in the dam between times t, and t; was:

V, = V; = T (VEVAPHVRAIN#VRUN-VINFIL-VOVER-VIRRIG) {4.8)
where Vi = Volume of water storage at wime t, (m?), V; = Volume of
water storage at time t, {m?), VEVAP = Rate of evaporation from dam!'s
surface {m®/day}, VRAIN = Rate of rainfall to dam!s surface (m>/day},
VRUN = Rate of rup-off from catchment {m?3/day), VINFIL = Rate of
infiltration to ponded-area (m?/day}, VOVER = Rate of over~flow through
dam's bywash {m?3/day}, and VIRRIG = Rate of irrigation supply to
irrigation—area {m3/day}.

The order of presentation in this equation was the order of computation during
simulatien.  Evaporation josses from the dam were deducted first because an event stepping
method of water balance calculation was used, The minimum time step was one day, but
this was extended so that the water balance model was accessed only when rainfall or
run—off occurred or when irrigation and planting on the ponded-area was scheduled,

Calculation of VEVAP, Evaporation is assumed to oceur uniformly from the surface
of a dam, If DEVAP is the depth of evaporation between times t1 and t2, then tho
volume of water remaining in the dam at t2 was calculated from equation 4,3 as follows:

V, = max{0, p{H; - DEVAP}"} {(4.9)
0,333
where Hy = Height of water in dam at ty (m} = (V; /p}) ",

The depth of evaporation was calculated as a fixed proportion of the dally
evaporative demand (Eo} that was accumulated between t; and t, as follows:

DEVAP = 0,99 ):ij Eo (4.10)

The proportionality constant in equation 4.10 was derived in the following way.

The height of water in the dam at RSSRP was measured twice weekly in 1970, T,
73, 75 and 76 by a gauge located on the downstream side of the dam wall. Water
height was observed with an accuracy of + 1.0 mm. Monthly evaporation loss was
calcujated from these height recordings afier they had been corrected for rainfall run—off
and irrigation use. Monthly evaporation foss was then calculated as a proportion af
monthly evaporative demand as shown in table 4.2. Missing values occur each year in this
table because irrigation use and evaporation depleted water supplies within eight menths of
the dam being filled. No measurements were taken in 1972 and 1974,

The resufts in tabie 4.1 show that the ratio of observed evaporalion to evaporative
demand varied between 0.84 and 1.13, This variation was not related to the [evel of
evaporative demand or the heipht of water in the dam, and thus the mean ratio of 0.99
was adopted as tho proportionality constant in egquation 4.10,

Calculation of VRAIN and VRUN, The increase in storage volume due to rainfall
was calculated by increasing the height of water storage by the depth of rainfail and then
recafculating storage volume using equation 4,3, The method of calcutating the volume of
run—off was described in the previous chapter.

Calculation of VINFIL and VOVER. Run-off from the catchment not only causes an
increasp in storage volume, but also infiltration to the bed of the dam over the damis
incremented surface arca, Let V and A be the increase in storage volume and surface
area due te run—off alone, Provided the dam does not overflow, the following relatisnship
holds:

VRUN = V + VINFIL (4.11)
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Table 4.2 Observed monthly evaporation losses from the dam at RSSRP {Edam} as a
proportion of monthly estimates of evaporative demand (Eo)*.

Ratio of Edam/Ea Predicted*?
Evaporation
1970 1971 1973 1975 1976 Mean (mmf{month)
}an D.95 - - - - - 233
Feb 1.01 - 0.95 - - 0.98 170
March 0,87 T.12 1.09 1.13 0.92 1.03 178
April - 1.01 1.07 0.84 0.92 0.96 149
May 0.99 0.98 0.93 1.13 0.93 0.99 121
June 1.02 Q.90 0,92 G.98 1.13 0.99 99
July 0.98 1.09 0.95 1.00 - 1.01 113
Aug - - - Q.92 - - 134
Sept - - - 1.04 - - 165
Oct - - - - - - 210
Nov - - - - - - 242
Dec - - - - - - 257

Mean 0.97 1.02 0.99 1.01 0.98 0.99

* Monthly values of Eo were estimated by the method of Fitzpatrick {1968},
i Vajues predicted by equation 4.10 in text with the long term mean monthly values
of Eo are shown in Appendix A.

Both V and VINFIL in this equation are unknown. To determing their values it &
necessary to express both in terms of H. The following procedure of three steps was used
for this purpose.

(I} Increases inm the volume and surface area of water storage caused by run—off are

given by:

v = pH,> - pH,"and A = 3pH,® - 3pH,? {4.12) and (4.13)
where H,; = height of water in dam after VEVAP is deducted and WRAIN
added {mn}, and H, = height of water in dam after VRUN is added {m}.

{ii} The depth of water infiitrating (DINFIL) to the bed of the dam aver the
incremented surface area was assumed to be 64 mén. This s the available range of
sail water holding capacity of the ponded area (292 wmm, see sectlon 6.3.2] minus
the available range of soil water holding capacity of the catchment area {288 mm,
see table 3.3}, Thus: -

VINFIL = DINFIL x A = 64 {3pH,2 - 3pH,%} {(4.14)
(i) Substitution of cquations 4,12 and 4.14 Into equation 4,11 glves:
VRUN = {pH,® -~ pH,?) + 64 (3pH,? - 3pH,?) {(4.15)

The value of H,; in this equation was found using Newton's numerical iteration
method (Petersen 1969). Values for V, A and VINFIL were then found by substituting
the value of H, into equations 4.12, 4.13 and 4,14 respeclively.

{f the value Tound for H, was greater than the dam!s maximum height for water
storage then the volume, height and surface area of water storage were set to their
maximum values [Vmax, Hmax and Amax respectively) and V, VINFIL and VOVER were



calculated from;

V = Vmax - pHj° (4.16)
VINFIL = 64 (3pHmax >~ 3pH,?) (4.17)
VYOVER = pH,® -~ VYmax {4.18)

Calcuiation of VIRRIGG., The valume of water suppiied to the irrigation area is
dependent on; the volume of water in the dam, the area of crops on the [rrigation-area,
the soit moisture defich in the root zonme of the irrigated ¢rops, and the timing and number
of future irrigations, Where future irrigations remain on the irrigation schedule then
calculations of VIRRIG must take into account the volume of water required for these
irrigations and future changes In storage volume caused by evaporation, rainfall and run—off,

The method used to relate al! of the above factors and then calculate VIRRIG is
given in chapter 8.
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CHAPTER 5
IRRIGATED GRAIN SORGHUM PRODUCTION MODEL

Production of grain sorghum from the irrigation-area of a shallow storage irrigation
system is the product of area of cropping by average yield per unit area. Chapter 1
showed that both area of c¢ropping and yield per unit area could vary from year to year
depending on seasonal conditions and management factors. Chapter 1 also showed that
portions of the Irrigation—area could have different yields per unit area if the supply of
irrigation water was not sufficient to allow use of the same watering regime over all
portions of the irrigation-area.

If the irrigation-area is divided on the basis of irrigation strategy {i.e. frequency and
timing)} into n portions, and if AC{i} and GY({i) are the area and grain yield per unit area
respectively of portion 'i', then the grain production (GP) from the whole irrigation-area is
given by: '

GP = )i;: AC(i}) x GY(i) (5.1)

Effects of the weather, shallow storage design and management on AC(i) are
investigated in chapter 8. This chapter gives:

(i) A literature review of environmental factors affecting the yield of grain sorghum,

particularly those factors which may be expected to apply on the Mitchell grass

plains. A discussion of models used to predict grain yield is included in this review.

{if) The methods and results of field experiments at RSSRP which investigated the

effects of irrigation strategy on grain sorghum vyieid.

(ili) The derivation of a mathematical model to predict yleld of grain sorghum from

weather data.

5.1 Literature Review

Grain sorghum, Sorghum bicolor (L. Moench) is an annual, summer growing,
determinate grass. It has the C4 pathway of carbon fixation (Hatch et al. 1967), and
thus Its maximum growth rate is attained under conditions of high temperature and radiation
(E!-Sharkawy and Hesketh 1964, and Ludlew 1976). Physiologica! advantages allow the
Sorghum genus to use water efficiently, particularly under conditions of water stress (Ludlow
1976, Brown 1978, Anderson 1979).

The final expression of grain vield in a cereal crop is dependent upon the interaction
of genotype with sequential changes in environmental factors such as; radiation, daylength,
temperature, evaporative demand, soil water availability, soil fertility, weed competition and
predation by pests and pathogens.

Genotype by envirenment interactions are complex but division of grain yield into its
components Is useful because it often leads to simplification since the development of grain
occurs in a sequential manner. Grain yield per hectare may be decomposed into the
factors: plants per hectare, fertile tillers per plant, grain number per fertile tiller, grain
size and fraction of grain lost to lodging. Lodging is a term used to describe the collapse
of the stalk supporting the panicle so that recovery of grain by machinery at harvest is
difficult and often not possible.

The amount of grain lost to lodging depends on stem strength, windiness, the timing
of harvest and the efficiency of the harvesting operation, Crop density is also a factor
because mutual support frequently occurs among plants that would otherwise lodge. The
term 'stem strength" is used to imply resistance to lodging and includes factors such as
stem diameter, stem pith disintegration, plant height and panicle weight. Stem strength is
a function of genotype, the duration and intensity of moisture stress, and the incidence and
vigour of fungal stem infection such as charcoal rot (Macrophomina phaseoli) (Chamberlain
1978).

The terminology of Vanderlip and Reeves (1972) is used to describe phasic
development in this study. The main stages of phasic development and the approximate
time after planting that these stages occur under average fleld conditions are:
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(i) emergence { = 4 days),

(i) floral initiation (i.e. differentiation of the growing point from leaf production to

development of floral organs) { = 30 days),

{iiil} booting (i.e. final leaf fully expanded with the panicle enclosed by the sheath

of the final leaf) { = 50 days),

(iv} half bleom (i.e. 50% of heads in flower) ( = 60 days),

{v) dough {i.e. approximately one half of the grain dry matter has accumulated) { =

BO days}, and

(vi) physiological maturity (i.e. maximum dry weight of the grain has been reached)

{ = 95 days).

Distinction is made between a development stage which is a point in time and a
phenophase which is a period of time. For example, the half bloom development stage is
the point in time when 50% of heads reach flowering, whereas, the anthesis phenophase is a
period of time spanning the whole flowering period.

5.1.1 Factors Effecting Phasic Development

Maturity in sorghum Is controtfed by dominant and recessive genes at four gene locii,
the degree of heterosis present and the sensitivity of alleles at each locus to environmental
conditions (Quinby 1967, Quinby et al. 1973). The rate of phasic development is mainly
the result of interaction between genotype and temperature, but it is also influenced by
other environmental conditions such as daylength and water stress (Coleman and Belcher
1952, Quinby and Karper 1961, Pauli et al. 1964, Whiteman and Wilson 1965, Quinby 1967,
Caddel and Welbel 1971,1972).

Sorghum is a quantitative short day plant (Major 1980} and therefore if daylength is
longer than the critical photoperiod then time to floral initiation increases as daylength
increases. However, most commercially available grain sorghum hybrids are insensitive to
daylength under normal field conditions because daylength is shorter than the critical
photoperiod (Quinby and Karper 1961, Miller 1968, Major 1980). The grain sorghum hybrid
used in the experiments at RSSRP (Dekalb E57) is in this category, and thus further
consideration of the effects of daylength on phasic development is not needed.

Severe moisture siress has been observed to delay phasic development of sorghum in
glasshouse pot trials {Whiteman and Wilson 1965, Langlet 1973). However, similar results
have not been reported from field experiments, presumably because the level of stress at
floral initiation is not so severe., Some field trials have shown that milder moisture siress
can slightly hasten development (Salter and Goode 1967, Turner and Begg 1981) possibly
because of increased leaf temperature.

Summation of temperature for prediction of phasic development has been used for two
and a half centuries, and has been found to be accurate for many crops (Wang 1960,
Waggoner 1974). This method was traced by Wang (1960) to the work of Réaumur
(1735). The principle of Reéaumur's heatsum is that the rate of phasic development
increases as temperature increases so that the integral of temperature (T) over time {t) is a
constant when calculated over the duration of a phenophase. Thus:

H=/"T. ot (5.2)
where H = Réaumur's thermal constant or heatsum ({usually expressed in units
of 'heat units!, ‘degree days' or ‘growing degree days'), and N = duration of
phenophase (days).

This equation has been adapted in many ways to improve its predictive capacity
{Nuttonson 1948, Robertson 1968, Cross and Zuber 1972, Maas and Arkin 1978). The most
frequently used adaption is the ‘remainder index method' (Wang 1960), This method
subtracts a base temperature {Tbase) from the mean of daily maximum and minimum
temperature (Tmax and Tmin respectively), so that the thermal constant is calculated by:

H=/" (DMT - Tbase) . dt (5.3)
where DMT = Daily mean temperature {°C} = (Tmax + Tmin){2.0.

Values of DMT during the summer growing season of Sorghum in tropical regions are
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usuafly 15 to 30°C, whereas, values of Tbase for grain sorghum have been found to be 4
to 10°C (Vanderlip and Arkin 1977, Gelroth and Vanderlip 1978, and Schaffer 1980). Thus,
H is proportional to DMT in tropical environments and hence integration of {5.3) gives:

H = N{PMT - Tbase) (5.4)
where PMT = phenophase mean temperature {°C) = (E:‘(Tmax + Tmin)/2)/N.

The appropriate values of H and Tbase in this equation that are applicable to the
phasic development of a particular sorghum hybrid may be determined experimentally from
observations of N and PMT. Re-arrangement of (5.4} for interpolation of experimental data
by linear regression gives:

1/N = (1/HPMT - (1/H)Tbase (5.5)

Planting dates for grain sorghum on the Mitchell grass plains are expected from
December to April. Long-term mean daily temperatures for the months of January, March
and May at Richmond are 29.6, 27.5 and 20.6 °C respectively. Therefore, the rate of
phasic development of crops growing in January should be slightly faster than for c¢rops
growing in March and considerably faster than for crops growing in May. The importance of
these changes on the rate of phasic development become evident in the next section, where
the sensitivity of grain yield to water stress at different stages of growth is discussed.

5.1.2 Effects of Water Stress on Grain Yield

Piant water stress develops when plants cannot extract sufficient soil water to meet
the rate of atmospheric evaporative demand. The result is a decrease in leaf water
potential, an increase in resistance to the diffusion of water vapour and carbon dioxide and
a decrease in the rates of both transpiration and photosynthesis {Milthorpe and Moorby
1974), This causes a reduction In growth rate.

The rate at which water stress develops is dependent on soil factors ({such as
hydraulic conductivity and water holding capacity}, plant factors (such as root distribution
and leaf area) and atmospheric conditions (such as radiation and wind) {Hagan et al.
1967). Prolonged and severe water stress can be expected in dryland crops grown on the
Mitchell grass plains because of the hot, arid conditions. However, the sofl has a high
water holding capacity, and thus water stress should not develop quickly after soaking rains
or irrigation.

Water stress decreases the yield of grain sorghum by:

{i) reducing emergence (Evans and Stickler 1961 and Radford 1983},

(i) limiting root expansion and thus subsequent ability to withstand moisture stress

(Whiteman 1962},

(i) reducing 1leaf area expansion, and thus subsequent photosynthetic capacity

{Vanderiip and Arkin 1977),

{(iv}) reducing titfer number per plant (Blum 1973),

(v) reducing grain number per panicle (Bielorai et al, 1964, Griffin et al. 1966,

Langlet 1973 and Brown 1978) by reducing the development of florets, reducing the

viability of gametes at anthesis, and by causing abortion of grain embryo during the

early grain filling period,

(vi) reducing grain size (Bielorai et al. 1964, Plaut et al. 1969, Langlet 1973},

and

{vii) increasing lodging losses (Bond et al. 1964, Chamberlaln 1978).

The above findings show that water stress can reduce grain yield at all stages of
crop development, and that all components of grain yield are effected.

Because of compensation between the components of yield, the effect of water stress
on a component Is not only related to the level of stress imposed at the time of its
development, but is also related to the stress imposed at previous growth stages {Aspinal et
al. 1964, Grafius 1972). Grain number per panicle s not only dependent on the level of
water stress during floral development and early development of the grain embryo, but is
also dependent on the number of plants established and the number of fertile titlers per
plant. CT
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Cereal grains have some capacity to boost the supply of photosynthate to grain sites
under conditions of molsture stress during grain filling. Some carbohydrate stored in the
stem can be translocated to the grain or the proportion of assimitates directed to the grain
can be increased at the expense of assimilates directed to stem maintenance {Chamberlain,
1978}, Whilst Chamberlain did not find clear evidence of the above mechanisms in
sorghum, he did find a strong association between pith disintegration and the availability of
carbohydrates in the stem., Lower supplies of assimilates in consequence of reduced
photosynthesis caused by water stress led to increased pith disintegration and lodging. This
- suggests that grain size could provide a useful measure or index of the resistance of plants
to lodging.

The yield of grain sorghum is most sensitive to the effects of water stress at booting
and during the anthesis phenophase (Painter and Leamer 1953, Musick 1960, Musick et al.
1963, Swanson and Thaxton 1957, Bielorai et al. 1964, Henderson 1967, Finker and Malm
1971, and Hiler and Clark 1971). This sensitivity is common to all cereal grains {Salter
and Goode 1967} and has fed to the general recommendation that irrigation schedules shouid
give priority to irrigation between booting and half bloom {e.g. Robins et al. 1967, McNee
1971, Hiler et al. 1974, Keefer 1981). The benefit of irrigation at this time can carry
through to the dough phenophase .so that severe reduction in both grain number and grain
size is avoided.

[t follows from the above that accurate prediction of phasic development is important
for both grain yield estimation and optimal allocation of irrigation water.

5.1.3 Effects of Temperature on Grain Yield

The nett assimilation rate of C4 grasses is close to zero at temperatures of 5-10 °C,
and reaches a maximum at temperatures of 3545 °C (Ludlow 1976), However, daily dry
matter accumulation is maximized at lower temperatures because of night-time respiration.
For example, Downes (1972} found that dry matter accumulation of sorghum was greater at
day/night temperatures of 27/22 and 30/25 °C than it was at day/night temperatures of
21/16 and 33/28 °C. He also found that changes in daytime temperature of 24 to 36 °C
had little effect on dry matter accumulation, but that increases in night time temperature
from 19 to 31 °C reduced dry matter accumulation by sixty percent.

Sorghum is not tolerant of frost (Ludlow 1976), and large losses in yleld can occur
if frost occurs at anthesis. Dessication of floral parts can also occur under heatwave
conditions (Skerman 1978).

Since Sorghum is a genus of tropical origin {Anderson 1979}, most commercial hybrids
of grain sorghum have been bred in warm temperate climates. It has been suggested that
these hybrids lack tropical adaptation and give lower grain yields when grown in the tropics
{(Downes 1972, Ludiow 1976, Henzell 1980, and Leslie and Keefer 1982), For example,
the maximum grain yield recorded in tropical Queensland of 8 t/ha (Keefer 1981) is some
6-8 t/ha less than maximum recorded yields (Heslehurst 1982). A yleld of 10 tfha has
been recorded in the tropics {Wright 1982), but this crop was grown during winter.

it is possible that yield depression in the tropics Is only apparent because agronomic
factors affecting yield have not been exhaustively investigated (Leslie and Keefer 1982).
However, it is .unrealistic to expect that yield will not be affected in some way by the
large differences in temperature and radiation conditions that exist between warm temperate
and tropical climates. These differences can be exacerbated by local conditions which
affect time of planting.

Ludlow (1976} and Henzell (1980} suggest that the higher temperatures of tropical
conditions cause the rate of phasic development to increase more than the daily rate of
nett assimilation, While factors contributing to a lower assimilation rate (relative to phasic
development} in tropical conditions may be shorter daylength, greater cloud cover, higher
respiration losses and higher evaporative demand, the net result of this hypothesls is less dry
matter accumulation per phenophase. The main consequence is less assimilate available for
development of the panicle.

5.1.4 Sail Nutrient Avaiiability
Information on the fertility of the Mitchell grass plains for crop production is
limited. Because of the region's short history of cropping there is no literature describing
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long term effects of cropping on soil fertility.

The chemical analysis of soils pgiven in table 1.2 showed that most soil nutrients
were in adequate supply except nitrogen and phosphorus, and possibly zinc.

At a number of sites on the Mitchell grass plains Skerman (1958) found that nitrogen
deficiency reduced the vyield of dryland forage sorghum when the land was continually
cropped for three years. A nutrient omission trial showed that nitrogen applied at 48 kg/ha
significantly increased vyield of italian forage sorghum by 35%, but the omission of the
following nutrients did not affect yield; phosphorus, potassium, boron, manganese,
molybdenum, copper, zinc and magnesium.

The recommendation developed from commercial experience with crops of forage
sorghum irrigated with bore water during the drought years of the 1960's, was to withhold
fertilizer at planting and apply 60 kg/ha of nitrogen to ratoon crops {E.]. Weston, personal
communication). No other nutrients were found to increase yield.

In contrast to the above findings, an experiment on the irrigation-area of RSSRP
showed that nitrogen applied at planting had either little or no effect on grain sorghum
yleld (Clewett and Weston 1980}, The experiment tested the effect of plus and minus
nitrogen and phosphorous fertilizer on grain yield and was repeated for six years over an
eight year period. The experiment was initially planted into recently ploughed Mitchell
grass pasture and was thereafter sown into land which had been continually cropped but not
fertilized. No differences In grain yield, nitrogen content or phosphorous content were
found in the sixth year of cropping. The mean nitrogen content of the non-fertilized
treatment was 1,9%, which is well above the Australian average (Reid 1981), and much
higher than wvalues reported in the literature for crops grown in nitrogen—deficient
circumstances (Herron et al. 1963 and Mackenzie et al. 1970}, It was concluded that
nutrients were not limiting the grain yields of the irrigation experiments at RSSRP,

5.1.5 Effects of Plant Density on Grain Yield

Grimes and Musick (1960) reported rapld increases in krrigated grain sorghum vyields
with increasing plant density up to 10 plantsim?, but minimal effects of density on yield
above this level. Yield was only reduced by 10% in their experiments when plant density
was increased to 170 plants/m2. Under drytand conditions, the data of Brown and Shrader
{(1959), Philips and Norman (1962), Bond et al, (1964} and that of Karchi and Rudich
(1966), show only marginal differences in grain yield over a population density of 4.5 to 20
plants/m?, The results of Brown and Shrader (1959) also show that the optlmum plant
density for grain production decreases as the level of water stress increases. In conditions
of severe stress they found the optimum density to be less than 4 plants/m?,

In Central Queensland, Thomas et al. (1981} conducted seven grain sorghum
popul ation density experiments over 4 years. In these experiménts environmental conditions
were similar to those found at Richmond and the density treatments were 3.7, 8.6, 13.6
and 18,5 plantsfm?. On pooling the results they found the mid-range densities to be
marginally superior, but in all experiments the effects of plant density were small, and In
three experiments plant density had no statistically significant effect. Their results do not
show an interactive effect of density with water supply.

Harper (1977) concluded that over a large range of plant densities the effect of
density on yield is minimal and often absent because individuals in the population compensate
changes in plant density with changes in yield per plant. However, at low densities
individual plants do not have the capacity to entirely compensate for' changes in density,
and so the effect of density on yield per unit area assumes importance.

Since vyield per unit area Is the product of vyield per plant and plant density,
Holliday (1960} and Harper (1977) suggest that relationships between yield and plant density
should be established by determining the relationship between yield per plant {GY/D} and
plant density (D) as follows:

GY/D = af(1 + abD) (5.6)
therefore GY = aD/(1 + abD) (5.7
where a and b are constants.

The reciprocal of equation 5.6 has been shown by Holliday (1960) to be linear for a
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wide range of crops and is known as the !'Reciprocal Yield Law!., The reciprocal equation
is:
1/(GY/D) = 1fa + bD (5.8)

The values of a and b in this equation can be established from experimental data by
linear regression.

5.1.6 Structure of Grain Yield Models
This section gives background concepts on modelling grain yield. Discussion begins
with simple statistical models and flows through to compiex, process orientated models.

{i) Yield = f {simple climatic variables).

Lewin and lLomas (1974) found good agreement between wheat yield and total
precipitation during the growing season {R? = 0.7} In semi-arid regions of lsrael. However,
in more humid regions the model was inadequate and it was necessary to use water balance
technigues to gain accuracy in yield estimation. Nix (1976} used a similar model to show
that a considerable proportion of the variation in the long term mean wheat yields of
statistical divisions in the Australian wheat belt could be attributed to rainfall after half
bloom (R2 = 0.61, n = 20).

(i)  Yield = f (evapotranspiration accumuiated over entire growing season}.

This approach has been used successfully in pasture models where total above ground
blomass is of interest {Rose et al. 1972; Stewart and Hagan 1973), However, the
relationship may be expected to break down where it is used to predict the vyield of
specific plant parts such as grain, because the effect of water stress on grain yield is
largely dependent on the stage of development at which stress is imposed. There are of
course exceptions, For example, Greacen and Hignett (1976} successfully predicted the
yield of wheat In South Australia from seasonal evapotranspiration. However, in this region
the availability of water to wheat crops before flowering is relatively constant (Nix 1976).

Downey (1972} reviewed the results of 14 authors who reported both grain yield and
seasonal evapotranspiration. Although a trend line was clearly evident when relative yield
was plotted against relative evapotranspiration, Downey concluded that the concept of
critical phenophases was necessary for accurate estimation of grain yield.

(iii} Yield = f (water stress during one phenophase)

This approach has been applied to cereal grains and uses the finding that cereal
grains are most sensitive to the effects of water stress during the anthesis phenophase. For
example, Nix and Fitzpatrick (1969) found that a water stress index, computed for the
anthesis phenophase from the results of water balance simulation, accounted for 60-83% of
the variation in wheat and grain sorghum vyields in Central Queensland. The water stress
index was calculated as a function of soil moisture availability and evaporative demand.

{iv)]  Yield = f (water stress in two or more phenophases in an additive model).

Hiler and Clark (1971) and Mapp et al. {1975} modelled yield as linear functions of
daily water stress indices that were accumulated over the growing season. In their models
the daily stress indices were computed from the degree of water stress and the susceptibility
of yield to stress at each growth stage. Mapp et al., calculated daily water stress as a
function of soil water avallability and evaporative demand, whereas, Hiler and Clark
calculated water stress from the ratio of evapotranspiration to evaporative demand.

These models recognize that water stress depresses grain yield in all phenophases, but
that the magnitude of yleld reduction to a given stress varies according to the phenophase.
Thelr major shortcoming is that they do not recognize interactions in yield which occur
between phenophases because of the additive structure of such models.

(v) Yield = f (water stress in two or more phenophases in a multiplicative modeli).

The model of Jensen (1968) fits this structure. He defined the degree of water
stress operating in each phenophase as the ratio of actual to potential evapotranspiration.
The ratio in each phenophase was then modified to accommodate the sensitivity of yield to
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stress. He then defined relative yield (i.e. the ratio of yield to potential yield) as the
product of the above ratios, Multiplicative models of this type refiect changes in the
components of yield,

(vi)  Yield = f (water stress and other environmental variables in two or more
phenophases) .

Models of this type introduce further complexity because they recognize yield to be a
function of more than one variable and that the effect of each variable is not constant
during the crop's life cycle.

Baier (1973) used this approach to predict the yield of wheat at many locations over
a large region of Canada. When yield was modelled on minimum temperature, maximum
temperature (a synonym for radiation), or the ratio of actual to potential evapotranspiration,
he found that the coefficients of determination between predicted and observed yields were
only 0.24, 0.30 and 0.34 respectively. However, when these three environmental
variables were combined into the one model the coefficient of determination rose to 0.77.
Whilst the model used a process approach to estimate the soil water balance, the grain
yield mode! was statistically based. Gradual changes in the effects of each variable on
yield were defined as fourth power polynomial functions of biometeorclogical time.

{vii) Yield = f (accumulation and distribution of dry matter),

Models in this group are process orientated and calculate the growth of plant organs,
The grain sorghum model 'SORGF! (Ritchie (1972), Arkin et al, (1976), Vanderlip and
Arkin (1977} and Maas and Arkin (1978}}), the wheat models of Rickman et al. (1975} and
Fisher {1979), and the sunflower model of Hammer and Goyne (1980} are examples. An
important . feature of models in this group which sets them apart from the -models previously
discussed, is the dynamic interaction of the soil water balance with plant growth.

Daily calculations of the SORGF model are: (a) progress in phasic development,
(b) leaf area development in response to temperature, {c} light interception from calculated
feaf area and plant arrangement, (d} potential daytime net photosynthesis from calculated
light interception, and (e} reduction of potential photosynthesis due to temperature, moisture
stress and night-time respiration, Leaf area, soil meolisture and evaporative demand are used
to c¢alculate the ratio of actual to potential transpiration. This ratio is then used to
calculate moisture stress. An empirical dry matter partitioning sub-model is used to
distribute dry matter to leaves, roots, stem, panicle and grain on the basis of phasic
development. The model does not consider the components of vyield or recognize the
process of lodging. Fisher (1979} considers that the division of plant dry matter into its
components is an important aspect of modelling vield because this provides the means of
establishing whether the supply of photosynthate or the size of the sink is limiting the
development of grain yield. The sink refers to the number and potential growth rate of
grain.

The above process models merge with more detalled, physiclogical models such as
those described by Fick et al, (1973), Thornley (1977), Goutzamanis and Conner (1977} and
Charles—Edwards and Fisher (1980). Such models are aimed toward gaining a better
understanding of growth processes rather than the applied nature of objectives in this study.

5.1.6  General Discussion of Grain Yield Models

A considerable range of c¢rop models has evolved, presumably because of the many
objectives, data constraints and environmental conditions that prevail. Variables important
to yield prediction in one environment were found to be unimportant in others. For
example, a multi-variable model was required to predict wheat vyields in Canada (Baier
1973), whereas, wheat yields in lIsrael were predicted with similar accuracy by Lewis and
Lomas (1974) using a simple rainfall relationship.

Simulation of phasic development and the soil water balance was central to nearly
all of the models reviewed., Models which rely on empirical relationships between water
stress and grain yield and those which calculate growth of dry matter from transpiration or
evapotranspiration hinge on the classic work of de Wit (1958), as discussed in chapter 3.

Process modeis of plant growth are appealing because they have general application,
but complexity decreases their utility. In comparison to the experimentally-based models of
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Nix and Fitzpatrick (1969), Hiler and Clark (1971) and Baier (1973), the process models
place greater demand on meteorological and experimental data for development or validation
of functional relationships. Computing time for simulation is also greater. No evidence was
found to suggest that process models were more accurate in predicting yield.

The following factors suggest that an experimentally—determined grain yield model
rather than a process orientated growth model would be most useful in this study:
(i) long-term weather data is restricted to daily rainfall, monthly temperature and monthly
evaporative demand, (ii) fleld measurements included soil moisture and the components of
grain yield, but did not include leaf area development and total dry matter accumulation,
and (i} yield predictions need to be computationably efflcient so that a farge number of
simul ations can be conducted without Incurring large computing costs.

Most experimentally based crop yield models use a time step of one day or one
week for calculating the soil water balance. The main reason for using a daily time step
s usually accuracy in prediction of infiltration, whereas, the main reason for using a weekly
time step is usuvally decreased data management, computing time and cost. This can be
important where the model is required for many simulations.

Weekly models have been shown to adequately predict evapotranspiration In weeks
that rainfall is nil, or changes in crop management (such as irrigation) do not take place.
Therefore, It seems that the advantages of both daily and weekly models could be obtained
if a2 model was developed in which the water balance was only calcuiated when events
such as rainfall, irrigation or changes in crop phenophase occurred. Such an ‘levent
stepping! model would be of most advantage in arid climates.

An experimentalfy-based mode! linking environmental influences to the components of
grain yield was not found in searching the literature, Use of such a model should be
advantageous because the components of yield develop sequentially, and hence environmental
influences could be related te each component as it develops. Furthermore, each of the
components of yield can be measured at one sampling (i.e. at harvest), and thus resources
committed to data collection for development of functional relationships are not great.

It was concluded that the following sub—models would be useful for prediction of
grain production in this study: (i) prediction of phasic development from temperature, (ii)
prediction of the soil water balance from rainfall, irrigation and evaporative demand, and
(iit) prediction of grain yield from its components, using experimentally—derived relationships
to estimate the components of yield as functions of weather variables such as temperature,
and weather-derived variables such as evapotranspiration.

5.2 Field Experimental Methods

Eleven field experiments to test the effect of irrigation strategy on the water use
and yield of grain sorghum were sown on the irrigation-area of RSSRP from February 1970
to April 1975. The experimental site (described in chapter 3) was cropped each year from
1968 to 1975 excepting 1969 and 1974, when the land was bare fallowed.

Land preparation normally involved disc ploughing in October/November to incorporate
the previous seasons stubble, followed by a light cultivation to remove weeds promoted by
early summer storms. Late planting in Experiments 4, 5, 10 and 11 {to be described later)
necessitated additional cultivations before planting.

The first experiment of each season was planted when sufficient rainfall had occurred
to produce run—off from the dam's catchment and provide adequate soil moisture for crop
establishment. The experiment number, planting date, sowing rate, number of irrigation
treatments, number of replications and experimental design for each of the eleven irrigation
strategy experiments is shown in table 5.1. This table shows that Experiments 6 and 7
also investigated the effects of plant density on grain production. [rrigation treatments in
all experiments were usvally 10.5m wide and 200m jong.

Nitrogen fertilizer was applied at planting in all experiments at the rate of 35
kg/ha. The hybrid Brolga was used in Experiments 1 and 2 but was replaced with the
higher ylelding hybrid Dekalt E57 in all subsequent experiments. Irrigation was applied by
syphoning water from a head ditch to furrows {see plfate I} in chapter 1).

Climatic conditions for the experimental period are shown in Appendix A and were
discussed in chapter 3.
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Table 5.1 Experimental designs of irrigation strategy experiments

Exp. Planting Sowing No of No of Experimental
No. Date Rate Irrigation Repki- Design
{seedsfm?} Treatments cations
1 10 Feb 70 17 7 3 Randomized block
2 6 Mar 70 17 8 3 Randomized block
3 12 Mar 71 17 1 1 Block
4 6 Apr T1 11 16 2 2% Factorial
5 12 Mar 72 22 8 4 2° Factorial
6 14 Feb 73 * 5 3 Split plot Ran.block
7 22 Feb 73 * 3 3 Split plot Ran.block
8 4 jan 75 22 1 4 Block
9 13 Feb 75 22 4 3 Randomized block
10 25 Mar 75 22 1 1 Block
11 23 Apr 75 22 3 3 Randemized block

*  Three sowing rates of 13, 20 and 27 seeds/m? used in split plots.

irrigatlon strategy refers to the frequency and timing of irrigation. Irrigation
frequency is the number of irrigations that are applied during the growing season. The
terms single, double and triple irrigation are used to describe irrigation frequency.

Irrigation timing is the stage of phasic development at which irrigation is applied.
Because the rate of phasic development was different” in each experiment it is necessary to
normalize the way in which Irrigation timing is specified. The standard adopted was for a
crop which grows at a constant rate of phasic development and reaches floral initiation,
booting, anthesis, dough and physiologic maturity in 30, 50, 60, 80 and 95 days respectively
from planting. Thus, if an irrigation- was timed te occur 55 standard days after planting
then it was applied midway between booting and half bloom. It will be shown later that
the standard rate of phasic development given above is equivalent to the average rate of
phasic development for crops sown in February.

Table 5.2 shows the irrigation frequency and timing of each treatment used in the
irrigation strategy experiments.

A number of factors disrupted the field experiments. They are reported here because
the problems experienced are likely to also affect the potential of shallow storage irrigation
systems.

A pilot experiment (planted in February 1968) was destroyed at the boot stage by a
locust plague (Locusta migratoria). No experiments were conducted in 1969 because of
drought. Poor and erratic establishment occurred in Experiment 1 ({planted 10 February
1970) and hence a sectlon of the experiment was ploughed out so that Experiment 2 could
be pianted, Experiment 3 (planted 12 March 71} was abandoned after grasshoppers removed
90% of seedlingss It was therefore ploughed out so that Experiment 4 could be planted
on 6 April 71. However this experiment was severely damaged by frosts at anthesis.
Experiment 5 (planted 10 March 72) was Initially designed as a 2% factorial with irrigations
at 27, 42, 57 and 72 standard days after planting, However, because of erratic
establishment the irrigation at 72 days was deleted and replication was doubled. A similar
design was proposed for Experiment 6 (planted 14 Feb 73) but the design was disrupted by
196 mm of rain one week before booting.

No experiments were conducted in 1974 because the shallow storage dam was washed
away by record floods. The dam was rebuilt in time for the 1975 experiments.
Experiments 8 and 9 {planted 4 January 75 and 13 February 75 respectively) were disrupted
as irrigation strategy experiments because of continual ralnfail with experiment 8 being
entlrely rain grown.
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Tabfe 5.2 Frequency and timing of irrigation treatments

Exp. Treat, Irrigation Treat, Irrigation Treat. Irrigation
No. No . Strategy¥* No. Strategy* No . Strategy*
1 (3) 22 {(2) 22/43 (3) 22/52
(4) 22760 (5) 22/71 (6) 22/43 /60
(7) 22152171
2 (1) nil (2) 39 (3) 49
{(4) 55 (5} 65 {6) 33/49
{7) 49/65 (8) 39/55
3 (1) nil
4 (1) nil (2} 24 {3) 38
{4) 55 (5) 75 (6) 24738
{(7) 24155 (8) 24175 (9) 38/55
(10} 38/75 (11) 55/75 (12) 24/38/55
(13) 24[38/75 (14) 24/55]75 (15) 38/55/75
(16) 24/38/55/75
5 (1) nil {2) 27 {3) 42
(4) 57 (5) 27/42 (6) 27/57
(7) 42157 (8) 27742757 '
6 (1) nil (2) 32 (3) 60
(4) 70 {5} 32470
7 (1) 52 {(2) 61 (3)_ 70
8 (1) nil
g (1) nil (2) 58 (3) 67
(4) 58/67
10 (1) nif
1 (1) 22 {2} 34 (3) 45

*  Timing of irrigation is shown in standard days after planting. The timing of double and
triple irrigations. are separated by slashes,

The loss of grain to birds was always a difficult problem to control and large areas
of Experiments 8 and 9 were destroyed. Galahs (Eolophus roseicapilia), little correllas
(Cacatua sanguinea) and sulphur-crested cockatoos (C. galerita) were the main pests, but
damage was also caused by quarrions (Nymphieus hollandicus) and brolgas {Grus rubicunda).
Experiment 10 ({planted 25 March 75} was abandoned after galahs and little correlas
removed more than 95% of seedlings. Experiment 11 (planted 23 April 75} was abandoned
after frosts between booting and half bloom had killed most of the leaves and florets,

Loss of vyield from weeds, insects (other than grasshoppers) and pathogens was
negligible in all experiments and thus no control measures were necessary.

Data Collection Plant density at establishment was measured in all experiments by
randotnly selecting rows and counting the number of plants in 30 m of row.
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Time to half bloom was recorded in Experiments 1 to 9. Because the hybrid Brolga
was used in Experiments 1 and 2 the phenology observations for these experiments were
made on adjacent areas of Dekalb E57. Leaf appearance was recorded in Experiments 8
and 9.

Gravimetric soil water content was measured in the following number of profiles
(each replicated six times) in each experiment: 30 in Exp.1, 31 in Exp.2, 15 in Exp.4,
27 in Exp.5, 34 in Exp.6, 30 in Exp.7, 2 in Exp.8 and 6 in Exp.9. The uwusual
depths of soil sampling were: 0-5, 5-10, 10-15, 15-30, 30-45, 45-60, 60-75.and 75-90 cm.
The samples were obtained with a S5em Jarret hand auger in Experiments 1 to 5 and with
an hydraulically driven Veihmeyer tube in Experiments 6 to 9. Gravimetric soil moisture
was converted to volumetric soll moisture per unit area using bulk density and the method
of Fox (1964) described in chapter 3.

Soil samples to determine the relationship between soil water potential and soil water
content were collected in February 1978, The samples, bulked over 3 sites, were taken
from 4 depths; 0-10, 10-20, 20-30, 3090 cm. Two replicates were collected. The soil
water content at 1, 5 and 15 bars was measured using the pressure plate method and soil
water content at 0.3 bars was measured using the filter paper method.

The fellowing components of grain yield were recorded in Experiments 5 to 8 by
hand harvesting sub-plots: plant density, panicle density, grain vyield, grain size and
proportion of yield lost to lodging ({i.e. ratio of panicles lodged to total number of
panicles). Sub-plot yields and grain size were recorded in Experiments 1 and 2, and grain
size was recorded in Experiment 9. The total number of sub—plots sampled per treatment
and the datum area of sub—plots were: .

Experiment No, 1 2 5 6 7 8
No. of sub—plots/treat 3 3 36 36 18 4
Datum area (m2) 23 23 2.9 3.1 3.1 15

Grain number per unit area was calculated by dividing grain yield per unit area by
grain size. Grain number per plant was calculated by dividing grain number per unit area
by plant density.

Grain ylelds were also determined in Experiments 1 to 9 (except 3} by harvesting
with a commercial header. The datum area of samples ranged from 400 to 800mZ2.
Because of the large datum area required by the commercial header, this method was prone
to sampling errors caused by irregularities in plant density and patches of bird and pig
damage.

5.3 Phasic Development Sub-Model

The objectives of this section are to:

(i) derive from experimental data a relationship based on Reaumur's heatsum that can
be used in simulation experiments to predict the phasic development of the grain
sorghum hybrid Dekalb E57, and

(i} specify phenophases that are to be used in deriving the water balance and grain
yield sub-models (sections 5.4 and 5.5 respectively).

Methods  Values of Tbase and H (from planting to half bloom) in equation 5.4 were
determined from dally minimum and maximum temperature observations and recordings of time
to half bloom in Experiments 1, 2, 4, 5, 6, 7, 8 and 9.

This relationship was then used to:

(i) compare the use of daily, mean monthly and long-term mean monthly temperature

data for prediction of phasic development,

(i) determine the effect of sowing date on time to half bloom, and

(iii} specify heatsum values that signify the start and finish of phenophases.

Results and Discussion  No differences in time to half bloom were observed among
treatments of the same experiment, and hence It was concluded that water stress had little
or no effect on phasic development.
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Figure 5.1 Effect of mean daily temperature on the time to half bloom of Dekalb E57
grain sorghum { @ observed data, linear regression line, —— == line of
best fit to the data of Angus (1979, pers. comm.}.

The relationship found between the reciprocal of time from planting to half bloom
(1/N) and phenophase mean daily temperature {i.e. PMT = (L% (Tmax + Tmin)/2)/N) is
shown In figure 5.1, and Is mathematically given by:

1/N = 0.000682 PMT - 0.0017 {5.9)
Rearrangement of this equation gives:
N{PMT - 2.5} = 1466 (5.10)

f.e. H = 1466 degree days, and Tbase = 2.5°C,

Although the heatsum relationship of equation 5.9 fits the data very well
(R? = 0.97) the values of H at half bloom and Tbase are uncertain because of the lack
of data below 20°C.

In a regime of lower temperatures (15-24°C) ). Angus (pers. comm.} collected
phenolfogical data from Dekalb E57 grain sorghum at Lawes, Queenstand, and found a
heatsum of 715 degree days (approximately) and base temperature of 11°C (approximately).
This base temperature Is between 1 and 7°C higher than found elsewhere for other sorghum
hybrids (Vanderllp and Arkin 1977, Gelroth and Vanderlip 1978, and Schaffer 1980).

Comparison of the resuits obtained in this study to those of Angus {see figure 5.1)
suggest that the relationship between the reciprocal of time to half bloom and temperature
is curvilinear. Therefore, little physical meaning can be attached to the estimated base
temperature of 2.5°C. However, this does not diminish the value of equation 5,10 for
prediction of phasic development where mean daily temperature ranges from 19 to 29°C.
There are only two months of the year at Richmond which have a long-term mean
temperature outside this range. These months are June and July and they have long-term
mean temperatures of 17.6 and 17.3°C respectively. It Is therefore concluded that
equation 5.5 should give an effective method of predicting the phasic development of
Dekalb E57 graln sorghum at Richmond and at other locations on the Mitchell grass plains.

Predictions of time to half bloom using daily, mean monthly and long-term mean
monthly temperature records in equation 5.10 are compared in table 5.3. This table also
shows the observed times to half bloom that were used to derive equation 5.9.

]
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Table 5.3  Comparison of predicted times to half bloom of Dekalb E57 grain sorghum
using daily, mean monthly and long-term mean monthly temperature data.

Exp. Planting Mean daily Time to half bloom
No. Date temperature* Observed Predicted**

(°C) (3 () (o)
B8 04 Jan 75 27.6 59 58 58 55
2 11 Feb 70 27.8 60 58 59 59
9 13 Feb 73 26,3 61 61 62 60
6 14 Feb 73 27.2 58 59 59 60
7 25 Feb 73 26.6 59 59 61 63
5 12 Mar 72 23.7 70 68 69 68
4 06 Apr T 18.8 90 90 89 30

* Daily mean of maximum and minimum temperatures from planting to half bloom.
**  Predicted from equation 5.10 using: (a} daily temperature data, (b) mean monthly
temperature data, (¢) long-term mean monthly temperature data.

Table 5.3 shows that use of long-term mean monthly temperature records led to
considerable error in a number of cases. 1t was concluded that use of such data is
unsatisfactory for predictions of phasic development. In contrast, use of mean monthly
temperature records led to very little error in prediction of time to half bloom.

Where monthly temperature records are used to predict the time between two growth
stages that occur <¢lose together (e.g. booting and half bloom), then errors on a
proportional basis could be large but the magnitude of the errors will remain small and
hence of little agronomic importance. Thus, use of mean monthly records is of acceptable
accuracy and preferable to use of dally records in simulation experiments because of the
increased efficiency that can be achieved in data management.

The effect of planting date on time to half bloom is shown in figure 5.2. This
figure shows that as planting date advances from 1st December to 31st March then time to
half bloom increases on average from 54 to 76 calendar days. Thus, the date of haif
bloom advances on average from 24th January to 15th June. If planting is advanced to
30th April then the average time to half bloom is 87 days and the average date of half
bloom is 26th July.

There is a reasonable chance that frosts will occur on the Mitchell grass plains
sometime during late June and July. Since grain sorghum is particularly sensitive to frost
injury from booting to soft dough, it was concluded that an effective rule for management
of grain sorghum crops on the Mitchell grass plains might be to use the 31st March as the
last possible date for planting, The severe frost damage to the grain vield of Experiments
4 and 11 (planted on 6 April 71 and 23 April 75 respectively} was mentioned earlier,

Heatsum values at development stages defined by Vanderlip and Reeves (1972) are
shown In table 5.4, This table also shows:

(i) the number of days after planting at which each stage of development occurs
when the mean daily temperature is constant at 27°C, and
(ii) division of phasic development into five phenophases, each of 400 degree days,
and one phenophase {germination) of 200 degree days. These phenophases are used
when deriving the water balance and grain yield sub-models, These sub-models also
refer to a grain filling phenophase, which is defined here as the period when the
heatsum advances from 1400 to 2200 degree days (i.e. the combination of the
anthesis and dough phenophases),

The rate of phasic development shown in table 5.4 is used throughout the text as a
standard to specify time of irrigation, For example, if irrigation occurs at floral initiation,
booting and soft dough then water Is applied when the heatsum reaches 733, 1222 and 1710
degree days respectively., This is equivalent to irrigation at 30, 50 and 70 standard days
after planting.



4.

90[-

sol

6o

50+

Time from Planting to Half Bloom (days)

Dec Jan Feb
Planting Date

March Apr
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Table 5.4 Relatfonship of development stages and phenophases of Dekalb E57 grain

sorghum to heatsum values and time after planting.

Heatsum Time after Development Phenophase
{°C days) planting* {days) Stage
203 3.3 ptanting emergence
513 21 5th leaf establishment
600 24.6
733 30 floral initiation floral initiation
1000 40.9
1222 50 booting booting
1400 57.3
1466 60 half bloom anthesis
1800 73.7
1955 80 dough dough
2200 90
2321 95 physiologic maturity ripening
2600 107

* when temperature is constant at 27°C.
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5.4 lrrigation-Area Soil Water Balance Sub-Model

5.4.1 General Considerations

The flow chart in figure 5.3 shows that the water balance sub-model developed for
the irrigation~area was very similar to the water balance sub-model developed to predict
catchment run—off (shown in figure 3.8). Both sub-modeis are for the same soil type and
both are simifarly restricted by the type of meteorological data available for simulation
{(i.e. daily rainfall and monthly temperature and evaporative demand).

Similarities between the two sub-models are: (i) rainfall received at the soil surface
is distributed to surface run—off and three soil moisture stores {a surface store of 0-10 ¢m
soil depth, a sub-surface store of 10-30 cm soil depth and a sub-soil store of 30-90 cm
soil depth), (ii} infiltration can occur directly to all soil layers vla c¢racks, (iii)
infiltration to the surface and sub-surface layers occurs at an unlimited rate until their
capacities are reached, (iv) the rate of infiltration to the sub-soil Is dependent on the level
of water storage in the sub—soif, (v} overflow from the sub-soil goes to ground water and
is lost from the system, and (vi) evapotranspiration is lost from all soil stores.

The irrigation-area water balance sub-model was developed differently from the
catchment water balance sub-model in the following ways: (i) irrigation was an input, (i)
infiltration was not modelled as a function of plant biomass because the irrlgation-area was
normally in bare fallow for most of the summer wet season and because the soil was not
covered with litter when a crop was present, and (iii) estimates of c¢rop cover were used to
regulate evapotranspiration because of the considerable influence that crop development had
on changing the contributions of soil evaporation and plant transpiration to
evapotranspiration.,

The conservation equation used to represent the daily water balance of the
irrigation-area per unit ground area as time progressed from day t, (at 9 am) to day t,
{at 9 am) was:

S(ty) = S{t4) + LR(-ET +R -Q - G + 1) (5.11)

where S{t,) and S(t;) = Equivalent ponded depths of soil moisture at times t;
and t, respectively, ET = Rate of evapotranspiration {mm/day), R = Rate of
rainfall {mm/day}, Q = Rate of run—off (mm/day}, G = Rate of deep drainage
(mm/day), | = Rate of irrigation (mm/day).

The order of terms in this equation was the order of calcufations during simulation.
The equivalent ponded depth of irrigation was calculated as the depth of water required to
recharge soil moisture in all soll layers to capacity.

The irrigation-area water balance sub-model used event-stepping during simulation.
Events which caused calculation of the water balance were rainfafl exceeding 3 mm,
changes in crop phenophase, planting and irrigation. If conditions satisfied these event
stepping requirements then equation 5.11 was contracted to:

t
S(to) = S{ty) - L ET (5.12)
where R £ 3 mmfday and Q = G =1 = 0.

Small rainfall events {R < 3) mm/fday were modelled by reducing daily evaporative
demand by the amount of rainfall occurring. The method of calculating ET over periods
of more than one day is given later,

The maximum period between simulation events (i.e. to ~ ty) during cropping was
the duration of one phenophase {i.e. 17 standard days), However, the period between
simulation events may extend to months when crops were not present.

5.4.2 Evapotranspiration

Observed Patterns of Soil Moisture Loss  Figure 5.4 shows the proflle distribution of
soil molsture found in Experiment 5, treatments 1 to 4, at successive stages of the drying
cycle, and laboratory estimates of sofl moisture at 0,3 and 15 bars of soil water tension,
While soil water availability cannot be theoretically or practically determined in simple
terms of ranges of soil water contents or soil water potentials (Stanhill and Vaadia 1967),




76.

Dam
Water

Balance
Maodel

. Rainfall )d
D’ Irrigation

| Q‘.y
SURFACE POOL — "‘
Koil Surface

R R N R R N PN L L N R R R N ]

DC Infiltration

D/— Evapotrans
A=+
-

. \ -piration
'
: 7 |
_] SURFACE LAYER
WATER STORAGE [ ™,
¥
Overllow
: o
‘\
Tea --»D/ Evapolranspiration ) Df Infiliration
\ * \ via cracky
1
. J

SUB-SURFACE LAYER
WATER STORAGE

T
i
¢

Overflon >q
4 Infiltration
X .
.. ' via cracks
" "0( Evapotranspiration “‘

Y v

f

5UB-SOIL LAYER
WATER STORAGE

Deep Prainage \,G

Figure 5.3  Flow—chart of Irrigation-area water balance (Forrester (1962) flow chart
symbols show: sources and sinks as clouds, level variables as boxes, rate variables as
valves, exogenous variables as circles, material flows as solid arrows, and information flows
as broken arrows) -



77.

Soil Water Content {mm per {0cm of seil)

10 20 30 40 50
20 | D\ \ * O\)
’g 40 - \ '.' .‘ l '._
= Treatment | \ V/ u'.
E' 60 | 3 :
= ¢ .
% :
% 8o} y/. :
100 L
10 20 30 40 50
] LI T 1 4
\ ™~ b."-..
20 \c\\i' A \T te.
g or o X \A ® .
- Treatment 2 \ A
£ ' .
& 60 - \ \ : :
Q ) L
3 0 A .
# sor Wt :
O A :
100 -
0 20, 30 40 50
" A1 . P T 1
\E}- A \A ", .
20F \ \‘.\ \A ‘.
n D\\ A . .
= 40 F \ .‘_ \ ) .'-
EL Treatment 3 L ' A S
£ . M
& 60 \ \: / s
[ . s
“ eop \ :
n N
100 L
10 20 30 40 50
1 LI | 1
u . o A
\_l\\i Ny e
20 - a '\D Ne N e
_— a0 | \ !& / o..
E ] 0 WA .
£ Treatment 4 .
=3 L] -
s sor \ Z/ :
g [ .
“ gol Y v :
100 |—

Figur¢ 5.4  Patterns of soil moisture extraction observed in experiment 5. Treatment 1
received no irrigation and treatments 2, 3 and 4 recelved single irrigations on days 27, 42
and 57 respectively. {Symbol code; O = 10 March {2 days before planting), ® = 13 April
(day 30), & = 23 May {(day 62}, A& = 6 June (day 71), O = 21 June (day 81) m = 12
july (day 94), — - — water content it 15 bars, ---- - water content at 0.3 bars,



78.

the soil water content at 0.3 and 15 bars is sometimes used to specify field capacity and
wilting point (Buchman and Brady 1965).

The data in figure 5.4 suggest that soil molsture was recharged in the surface and
sub-surface layers to approximately the laboratory estimate of field capacity (0.3 bars),
The data also show very little change in soill moisture content at 90 cm of soil depth, and
loss of soil water from well below 15 bars of soil water tension in all soil layers.

Plant vigour and turgidity observations made on Experiment 5 in treatments 1 to 4 on
the 21 June 1972 (81 standard days after planting) are of particular significance with
respect to wilting point, On this day treatment 2 had exhausted its capacity to maintain
transpiration as it was observed to be wilting in the early morning. Wilting was not
observed on previous mornings. Treatment 1 was senescing rapidly but treatments 3 and 4
had the appearance of growing vigorously without wilting during the course of the day. The
soil moisture profiles of these treatments showed treatments 3 and 4 to be at approximately
15 bars of soll water tension, whereas, treatments 1 and 2 were far below this level.

The contribution of air drying to evapotranspiration from the soil surface and from
soil cracks was thought to account for a significant amount of soil water less, but cannot
be determined from the data.

These observations [flustrate the difficulties of using laboratory measurements of soil
water content and soil water potential to specify the maximum and minimum water storage
capacity of soil layers in a water balance model,

Evapotranspiration Relationships A considerable change occurs in the contributions of soil
evaporation and plant transpiration to evapotranspiration as the leaf coverage changes during
crop growth. However, simple relationships to estimate evapotranspiratien (ET) from
evaporative demand (Eo), soll moisture (S} and leaf area (COVER)} have proven to be
reasonably refiable (Fitzpatrick and Nix (1969}, Berndt and White 1976, and Rosenthal et al
1976).,

The potential rate of evapotranspiration (PET} is the maximum rate at which ET can
occur when soil molsture is freely available, The ratio of PET to Eo is dependent on the
proportion of ET occurring from the soil and from plants, and thus may be related to the
stage of crop growth (Slatyer 1960), or more accurately a function (f) of leaf area
(COVER) {Ritchle and Burnett (1972). Thus:

PET/Eo = f(COVER) {5.13)

Dermead and Shaw (1962), Ritchie et al {1972) and others have shown that ET
reduces soil moisture from its maximum capacity at the potential rate until soil water status
is reduced to a critical threshold. Ritchie defined the scil water content at this point as
the lower limit to potential evapotranspiration {LLEo). At soil moisture contents greater
than LLEo the ratio of ET to PET is equal to one, but at soil moisture contents lower
than LLEo the ratio of ET/PET decreases as soil moisture decreases. An exponential decay
has been found as one useful way to describe this relationship. Thus:

ET/PET =1 for S 2 LLEo (5.14)

ET/PET = a exp{kS) for S < LLEo (5.15)
Substitution fram eq.5.13 gives:

ET/Eo = f{COVER) for S 2 LLEo (5.16)

ET/Eo = f{COVER) a.exp(kS) for S < LLEo (5.17)

During crop development there are two times at which the crop cover function is a
constant, The first is before planting when the land is in bare fallow, continuing untit
shortly after planting when seedlings do not contribute greatly to soil water loss. The
second time is when a full canopy cover has been achieved. Development of leaf cover is
usually complete by booting, and, given adequate soil moisture, is maintained during grain
filtling. Thus equations 5,16 and 5.17 may be rewritten for these two conditions as
fallows:



1]

79.

ET/Eo = m {for S 2 LLEo) (5.18)
ET/Eo = b exp(kS) {for S < LLEo) (5.19)
where m, b and k are constants which have different values for the bare soil
and full cover conditions, as does the value of LLEo.

Since ET Is proportional te Eo in equation 5,18, values of S5 at time t can be
calculated from:

S¢ = Smax - m SEo for S¢ 2 LLEo (5.20)
where Smax = Maximum soil moisture storage capacity (mm), and SEe =
Cumulative evaporative demand since soil moisture was at capacity (mm).

The form of equation 5.20 when SEo is plotted on a logarithmic scale is [llustrated
by the dashed curves in figure 5.5. Note that the linear form of equation 5.20 is
transformed by the logarithmic scaling.

There is a difficulty in using equation 5.19 to determine b and k from experimental
data in which S is measured at intervals separated by longer than a few days. Over such
longer intervals, ET wiil change non-linearly with S, so that use of a mean value of S
wouid lead to error,

A general method of determining the constants b and k in equation 5.19 is presented
below which avoids the error referred to above. This general method depends on the
experimental observation that soil moisture stored at apy time in a profile following
saturation becomes linearly related to In{SEo) as is illustrated in figure 5.5. Hence, for
any soil layer, S can be expressed as:

S = ¢ — d In(SEe) (5 < LLEo) {5.21)
The derivative of this equation is:
dS/d(SEe} = - dfSEo {5.22)

For a time step of one day dSfd{SEo} = -ET/Eo and hence substitution into equation
5.22 gives:

ET/Eo = dfSEo (5.23)

Rearrangement of equation 5.21 gives; SEo = exp((c-S)/d) and hence substitution
into equation 5,23 gives:

ET/Eo = df(exp({c~S)/d)
= d exp{—c/d)exp(S/d} (5.24)

This equation now has the same form as equation 5.19, and values of b and k are
thus given by:

b = d exp{-c¢fd} .and (5.25)
k =1/d (5.26)

Since soil moisture is related to cumulative evaporative demand, equations 5,20 and
5.21 may be used in an event stepping model to calculate changes in soil moisture.

Suppose S < LLEo and water input occurs, then it is assumed that S can be
calculated using equations 5.20 or 5.21 as appropriate, starting from the new higher water
content resulting from this input.

in the above discussion it has been assumed that f{COVER)} in equations 5.16 and
5.17 has been a constant appropriate to either bare soil or full cover conditions, for which
evapotranspiration rate will be denoted ETbare and ETfull respectively. Partial cover can
be described by an index CI, of value 0.0 for bare soil, and 1.0 for full cover.
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Figure 5.5 Volumetric soil moisture measured under crops with a complete canopy cover
versus evaporative demand accumulated since the soil proflle was wetted to capacity. (a)
Surface soil layer (0-10 c¢cm} (b} Sub-surface layer (10-30 cm), and {c} Sub-soil layer
{3090 cm). {Solid lines are regression lines. The dashed line is explained in the text).
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(0-10 cm}, Sub-surface soil layer (10-30.cm), and (¢} Sub-soll layer (30-90 c¢m). The
solid line in (a) was found by regression. The dashed lines and the solid lines In (b) and
{(c) are explained in the text.



Table 5.5 Linear regressions of soil moisture versus the natural log of evaporative demand accumulated since soil moisture content was at capacity
{see equation 5.21 in text).

Soil Lavyer Experiment N Regression Regression Std. Error Std. Error Coeff. of
and Depth No. slope intercept of slope of intercept Determ.
FULL COVER
Surface 1 19 -7.602 51.74 <6851 3.266 .879
(0~10cm) 2 18 -7.669 50.88 .6942 3.090 .884
5 14 -7 .689 54,76 .7347 2.424 . 901
6 24 -6.333 49.15 .9393 3.512 .674
Combined 78 =7.304 51.73 .4362 3.648 .786
Sub-surface 1 19 ~14.47 120.4 .8036 3.785 950
{10-30cm) 2 18 ~16.82% 131.1%* 1.372 6.108 .904
5 14 -12.03 114.6 1.429 1.714 . 855
6 24 -12.07 109.3 . 9381 3.507 .883
Combined 78 -13.84 118.5 .6334 5.298 - 863
Sub-soil 1 19 ~16.86 247.2 2.297 10.80 .760
{30-90cm) 2 18 -22.19% 274 .4% 2.201 9.797 . 364
5 8 ~16.66 258.6 3.332 10.43 . 807
6 24 ~-18.64 257.8 1.444 5.397 . 883
Comb ined 72 ~18.61 257.6 1.076 8.918 - 811
Whole Profile 1 19 -39,17 419.0 2.531 11.92 »934
(0-90¢cm) 2 18 -48,20% 464.1%* 2.620 11.67 .955
5 8 -36.66 421.7 4.643 14.54 .912
6 24 -37.03 416.3 2.524 9.435 . 907
Combined 72 -40 .54 430.7 1.517 12.57 .911
BARE SOIL
Surface Combined 26 -6.386 48.0 3661 2.100 927
(0-10cm)

* Significantly different from combined regression parameter at P.05

*78
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The evapotranspiration from partial cover (ETpart} accumulated over any time period
is assumed given by:

Y ETpart = Cl x Y ETfull + (1-Cl} x )Y ETbare (5.27)
where Y, indicates accumuiation.

Changes in soil moisture under crops with partial cover are therefore given by:
S¢, = St; — LETpart (5.28)

Field Measurements of Evapotranspiration Values of m in equation 5.20 and values of ¢
and d in equation 5.21 for both bare soil and full cover conditions were determined from
soill moisture data and Eo estimates In the following way.

Volumetric soil moisture data was divided into three groups according to the amount
of plant cover at sampling. The groups were: bare soil, full cover, and remainder. To
increase the number of samples in the bare soil group the observations made shortly after
pianting were also included,

Figures 5.5 and 5.6 show the relationships between 5 and SEo in each soil layer for
both the bare soil and full cover soif moisture groups. The solid lines in figure 5.5 and
figure 5.6(a) were found by linear regression {using equation 5.21). Insufficient data were
recorded in the 10-30 cm and 30-90 cm fayers of the bare soil group to adequately
establish a relationship between S and SEo by regression, Therefore the solid lines in
figures 5.6{(b) and {c) were hand fitted by assuming soil moisture content was: (i) 66 mm
in the 10-30 cm layer and 210 mm in the 30-90 cm layer when SEo was 100 mm, and (ii)
46 mm in the 10-30 ¢m layer and 180 mm in the 30-90 cm layer when SEo was 600 mm.

The dotted line in figures 5.5 and 5.6 represents soil moisture loss when S 2 LLEo
{i.e. when ET Is proportional to Eo}. The method used to calculate the position of these
dotted lines is given later.

Table 5.5 shows the results of linear regression of S versus In(SEo) for: (i) each
layer of the full cover group In each experiment, and for all experiments combined, {ii) the
whole profile of each experiment and all experiments combined, and (iii} the 0-10 ¢m layer
of all experiments ¢ombined in the bare soil group.

Salient points in the data are:

(i) The linear regressions account for a high proportion of the observed changes in

soil moisture. Coefficients of determination were more than 0.8 in most cases.

(1) The relationships found between S and SEo were similar in all experiments for

each layer of soil. In each soil layer there are no statistically significant differences

{at P.05) among the regression parameters excepting those for Experiment 2 in the

10-30 ¢m and 30-90 om soil layer. Soil water loss in Experiment 2 was slightly

faster than in other experiments.

(i) Evapotranspiration from the surface layer of bare soil was very similar to but

slightly slower than from the surface soil of crops with full cover,

(iv) Minimum soil water storage at the end of the cropping season in the surface,

sub—surface and sub-soil layers was approximately 7.5, 30 and 135 mm respectively

(figure 5.5). However, further air drying of the sub—surface and sub-soil layers

probably occurred during the dry season, and therefore for the purposes of modelling,

the values shown in table 5.6 were adopted as the minimum soil storage capacities,

These values are considerably higher than the values found for the catchment area

soil water balance sub-model. This difference is supported by the data of Ludlow

{1976) who shows that Mitchell grass (Astrebla spp.) can extract soil moisture at

much higher levels of soil water tension than Sorghum spp.

The derivatives of equations 5.20 and 5.21 are -m and —-d/SEo. These derivatives
are equal when S = LLEo and hence:

m = dfSEo (S = LLEo) (5.29)
and LLEo = Smax - m SEo  (from eq. 5.20) (5.30)
and LLEo = ¢ — d In SEo  (from eq. 5.21) (5.31)
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Table 5.6  Soil moisture storage characteristics used in irrigation-area water balance
sub-model .,

Soil Layer Surface Sub Sub- Whole
surface soil Profile
Depth {cm) 0-10 10-30 30-90 0-90

Max. soil moisture storage

depth (mm) 40.0 80.0 215.0 335.0

volumetric (%) 40.0 40.0 35.8 37.2
Minimum soil moisture storage

depth {(mm} 7.5 25.0 125.0 157.5

volumetric (%) 7.5 12.5 20.8 17.5
Available soil moisture storage

depth (mm) 32.5 55.0 90.0 177.5

volumetric (%) 32.5 27.5 15.0 19.7

In these equations there are four unknowns (m, SEo, LLEo and Smax}. Therefore it
is necessary to approximate one of the unknowns so that the others can be derived from
the three equations 5,29-31,

Evaporation from the lower layers of bare soil can be assumed to be negligible when
the surface layer is at fleld capacity. Therefore observations taken a few days after
saturation of the profile provide reasonable estimates of the maximum moisture storage in
the sub—surface and sub—soil layers. Evaporation from the surface layer of bare soil would
proceed at a rate equal to the evaporative demand for only a very short period of time,
possibly a few hours, due to the rapid formation of a surface crust.

The values of Smax that were adopted in the water balance sub-model for each soil
layer are shown in table 5.6, These values were thought to give reasonable solutions to
m and LLEo because the dotted lines in figures 5.5 and 5.6 fit the data satisfactorily.
Values of m and LLEo found for each soil layer are shown in figure 5.7 where the ratio
of ET/Eo is plotted against percent available soil moisture (i.e. 100{S-Smin)/{Smax-Smin).
This figure shows that full cover LLEo occurs in each soll layer when available soil
moisture was approximately 75%. By comparison, and from the data and discussion of figure
5.4 given earlier, the permanent wilting peint of sorghum occurred at approximately 50% of
the available soil moisture range. Therefore, ET was reduced below the potential rate
when approximately one third of the soil molsture held between maximum storage and
wilting point was used.

The potential rate of full cover ET found for the whole profile was 1.4 times
Fitzpatrick's estimate of evaporative demand. This suggests that advected energy from the
usually dry native pasture surrounding the moister irrigation-area had a considerable influence
oh evapotranspiration.

ET Relationships Used in Water Balance Sub—Model The equations derived in the foregoing
analysis of field data, and used in the event stepping water balance sub-model to estimate
changes in soil molsture due to evapotranspiration from bare soil and full cover were;

(i} Bare soil

0-10 om [ayer S = 40.0 - 0.6712 SEo for S 2 33.6 (5.32)
S = 47,99 - 6.38 In SEo for S < 33.6 (5.33)
10-30 ¢m layer S = 80,0 - 0,137 SEo for S 2 68.7 (5.34)
5 = 118.5 — 11.30 In SEo for S < 68.7 (5.35)
30-90 cm layer S = 215.0 - 0.082 SEo ’ for S 2 198.0 (5.36)
5 = 288.6 — 16.97 In SEo for S < 198.0 (5.37)
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(i} Full cover

0-10 em layer S = 40,0 - 0.539 SEo for 5 2 32,7 (5.38)
S = 51,73 - 7,304 In SEo for 5 < 32.7 (5.39)
10-30 ¢m fayer S = 80.0 — 0.315 SEo for S 2 66,2 (5.40)
S = 118.5 — 13,84 In SEo for 5 < 66.2 (5.41)
30-90 cm layer S = 215.0 — 0,692 SEo for S 2 19%.4 (5.42)
S = 257.6 - 18.61 SEo for 5 < 196.4 {5.43)

Effects of Crop Cover on Evapotranspiration Estimates Because dry matter and leaf area
data were not recorded in the field experiments the crop cover index used in equation 5,27
to estimate evapotranspiration from crops with partial cover was calculated as a function of
phasic development. The relationship used is shown in figure 5.8 and was adapted from the
crop cover versus leaf area relationship used by Rickert and McKeon (1982). It is given

by:

Ch = 1/(1 + 99.0 exp(- 0.00531 H)) (5.44)
where H = Heatsum (growing degree days} as calculated by equation 5.10.

5.4.3 [Infiltration
Infiltration processes were modelled with relationships similar to those used in the

catchment water balance sub-model with parameters defined by least squares optimization.
Parameters of the infiltration equations were optimized using a factorial search technique
that minimized the root mean square {RMS) of differences between observed and simulated
sofl moisture.

Initial values of soil molsture for simulation were set equal to those observed on 25
January 1970, The daily rainfall data recorded at the weather station adjacent to the
irrigation—area at RSSRP was used in simulation.

Infiltration via soil cracks was shown to be an important part of the catchment
water balance sub-model. Simulations of the irrigation-area water balance without direct
infiltration of rainfall to the sub-surface and sub-soll [ayers showed significant differences
between estimated and observed soil moisture. Therefore infiltration via cracks or preferred
pathways was represented in the Infiltration relationships given below.

Figure 5.3 shows that rainfall was considered to be received by a surface pool and
then distributed to Inflitration and run-off. The distribution was considered to be
instantaneous with no carry over from one day to the next, Thus, run—off (Q) is the
difference between rainfall (R) and infiltration (F) (i.e. Q = R -~ F).

Infiltration Is the summation of water distributed to the surface, sub-surface and
sub-soil layers (F1, F2 and F3 respectively) plus loss of water by deep drainage (G).
Thus:

F=F1+F2+F3+G (5.45)

The increase in water storage in the surface layer from distribution of infiltration was
assumed equal to a proportion p of daily rainfatl, However, this increase cannot exceed
the water storage deficit of the surface layer (STmax - $1), and hence F1 is given by:

F1 = min{pR, S1max - §1) {5.46)

The value of p in this equation that minimized the root mean- square of differences
was found to be 0.55. It was assumed that the remaining proportion of rainfail (0.45 R)
could be equally distributed to the sub-surface and sub-soil layers via preferred pathways.
Therefore, In situations where the surface layer is not filled to capacity, the proportion of
rainfall distributed to the sub-surface layer is 0,225 R,

Water uptake by the sub-surface layer was considered similarly to the surface layer,
except that the upper limit was set by: (a) 0.225 R plus any excess from the surface
layer {i.e. 0.55 R — F1), or (b) the water storage deflcit of the sub-surface layer (i.e.
S2max - 52), Thus F2 is given by:

F2 = min{0.775 R - F1, S2max - S2) {5.47)

&5
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The velume of cracks in the sub—soil was calcufated from antecedent soil moisture In
the sub-soll (S3) and by assuming soil shrinkage to be three dimensional normal at soil
molsture contents below the cracking point {Fox 1964). Field observations showed that the
cracking point occurred at approximately 24% gravimetric soil moisture, and hence the soil
water content of the subsoil at the cracking point was approximately 173 mm. The equation
used to calculate crack volume of the sub—soil {CV3 in units of equivalent ponded depth,
mm)} was:

CV3 = a + b (max (0.0, 173 - $3})) (5.48)
where a and b are optimized constants, and were found to be a = 5 and
b = 0'8.

The amount of rainfall not absorbed by the upper layers is R — F1 — F2, When
this excess rainfall was less than computed crack volume then all rainfall was assumed to
infiltrate the soil and hence water storage in the sub—soil was incremented by:

F3 =R - F1 - F2 for CV3 > R - F1 - F2 {5.49)

When the excess rainfall was greater than the computed crack volume then the
infiltration rate was considered to be less than the rainfall rate, and hence some run—off
was assumed to occur. In this case F3 was calculated from excess rainfall, crack volume
and water storage deficit of the sub—soil by a relationship similar to that used in the
Boughton model (Boughton 1966). The relationship was:

F3 = min{(CV3 + F3max tanh{{R-F1-F2-CV3)/F3max}}, {S3max-S3)) (5.50)
where F3max is an optimized constant and was found to be 15 mm/day.

Loss to deep drainage was calculated as overflow from the sub—solj moisture store,

5.4.4 Evaluation of Water Balance Sub—Model :

Figure 5.9 compares simulated and observed soll moisture for a large number of
wetting and drying cycles over six years. Differences between simulated and observed soil
moisture found in each soil layer are compared statistically in table 5.7.

These results show that the inodel was reasonably accurate in predicting changes in
soil moisture. Coefficients of determination were approximately equal in each layer
(R?2 &= 0.8), The mean of the absolute differences between simulated and observed soil
meisture were approximately equai in each layer when calculated as a percentage of the

Table 5.7 ° Comparison of observed soil moisture to soll molsture estimated by
irrigation-area water balance sub—model,

Soil layer Surface Sub-Surface Sub-Soil Profile
and depth (0-10cm} (10-30em) (30-90cm) {0-90cm)
N 97 94 94 92
Mean of absclute diffs (mm) 3.075 5.032 8.248 13.16
Mean difference (mm) 0.192 0.037 -1.998 -1.425
Regression slope 0.902 1.062 1.150 1.105
(std. error) 0.049 0.053 0.058 0.049
Regression intercept 1.437 -3.637 -24,10 -25,10
(std. error) 3.855 6.551 10.29 16,03
Coefficient of Detn, 0.770 0.793 0.821 0.861
Root mean square of 3.872 6,533 10,74 16.35

differences
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available soil storage capacity; and were 9.5, 9.1 and 9.2% for the surface, sub—surface
and sub-soil layers respectively, and 7.4% for the whole profile, In the surface and
sub—surface 1layers the linear regression coefficients for the slope and intercept of observed
versus simulated soil moisture were not significantly different from one and zero. However,
in the sub-soil layer the regression slope was significantly greater than 1.0 (at P.05)
indicating that the model could be improved. Observed values of sub—soil moisture were on
average slightly higher in wet soil conditions and slightly lower In dry sofl conditions,
Consequently, the model tended to slightly underestimate tota! evapotranspiration from the
sub—soil .

The 95% confldence interval of observed volumetric soll moisture was found to
average t 11,5% of the mean soif moisture., These differences between simulated and
observed soil moisture are approximately equal to the spatial variability found in field
samples.

It was concluded that the irrigation-area water balance sub-model offered sufficient
accuracy for use in developing the grain yield sub-model, and for simulation experiments
using long—term climatic records.

5.5 Grain Yield Sub—Model

This section uses field data recorded at RSSRP to derive a set of relationships to
predict the components of grain sorghum vyield. Yield is estimated from evapotranspiration,
the literature review showing this approach to be reliable and theoretically sound in arid
climates,

Evapotranspiration from each treatment of the irrigation strategy experiments shown in
table 5.2 was calculated using the water balance sub—model described in the previous
section. The results are shown in table 5.8 as cumulative totals for each phenophase.
These totals are subseqently referred to as phenophase ET.

Table 5.8 shows that the irrigation treatments caused a wide range of phenophase ET
values, and it will be shown that this led te large variations in the components of grain
yield. Minimum and maximum values of total growing season ET (from planting to the end
of the dough phenophase) were 126 and 450 mm respectively. This compares with an
average of 551 mm of cumufative evaporative demand over the same pericd.

5.5.1 Grain Yield Field Observations
Treatment means of the components of grain yield observed in Experiments 1, 2, 5,
6, 7, B and 9 are shown in table 5.9. The grain number index shown in this table is
discussed later.
Significant points in table 5.9 are as follows.,
(i) Variation in plant density between experiments is considerable.
(i} Grain yields from the nil irrigation treatments were highly variable and ranged
from 560 to 3941 kg/ha after deduction of lodging losses. The nil irrigation
treatments In Experiments 1, 2 and 5 produced very low yields because rainfall after
planting was almost nil (see figures 5.9(b) and (d)). Cumulative evapotranspiration
was less than 150 mm (approximately 30% of evaporative demand), and moisture
stress was observed from the booting phenophase onwards. The nll Irrigation
treatment in Experiment & also produced very low grain yield, although 1% mm of
rain occurred one week before booting. Severe water stress developed during grain
fill and this resulted in low grain number, low grain size and high lodging loss.
Rainfafl was continual from planting to day 91 In Experiment 8 (see figure 5.9(f)}
and hence the nil irrigation treatment of this experiment gave a high vyield
(3341 kg/ha).
(i) The maximum grain yield under irrigation was 4387 kg/ha. This is very low in
comparison to maximum yields recorded in higher latitudes, and thus the data supports
the hypothesis of Henzell (1980) and others that vyields of grain sorghum hybrids
which have a temperate origin are depressed in tropical regions.
(v} Irrigation timing had farge effects on vyield, and irrigation was most effective
when applied during the anthesis phenophase. For example, the mean effects of
irrigation at 27, 42 or 57 days in Experiment 5 was to Increase graln yield by 298,
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Table 5.8 Effect of irrigation strategy on evapotranspiration accumulated for each
phenophase of grain sorghum growth*
Phenophase Evapotranspiration {mm) ***
Exp. Trt. Irrigation
No. No., strategy**
freq. timing ETgerm ETc¢ ETf ETb ETa ETd

1 1 22 10.6 34.8 61.8 35.4 17.8 12.5
2 2 22/43 10.6 34.8 61.8 90.5 27.7 16.6
3 2 22152 10.6 34.8 61.8 80.1 46,3 21.1
4 2 22/60 10.6 34.8 61.8 35.4 86.9 29,3
5 2 22/ 10.6 34,8 61.8 35.4 47.7 63.3
6 3 22/43f/60 10.6 34.8 61.8 90.5 87.9 29,3
7 3 22/52/71 10.6 34.8 61.8 80.1 72.7 63.3
1 Nil - 22.1 31.9 28.7 19.7 14,2 9.5
2 1 27 22.1 31.9 75.4 34.2 20,0 13.5
3 1 42 22,1 31.9 28,7 83.4 31.4 17.5
4 1 57 22.1 31.9 28.7 19.7 29,5 28.1
5 2 27/42 22.1 31.9 75.4 24.9 31.4 17.5
6 2 27157 22.1 31.9 75.4 34.2 89.5 28.1
7 2 42157 22,1 31.9 28.7 83.4 BS9.5 28.1
8 3 22/42]57 22.1 31.9 75.4 84,9 89.5 28.1
1 NI - 23.7 42,9 24.8 80.1 33.3 19.9
2 1 32 23,7 42.9 65.9 100,2 35.9 20.6
3 1 60 23.7 42.9 24.8 80,1 86.0 32.9
4 1 70 23.7 42,9 24,8 80.1 72.0 72.4
5 2 32/70 23.7 42.9 65.9 100,2 74.3 72.4
1 Nil - 3441 56.7 75.7 107.8 39.1 20.8
2 1 58 34.1 56.7 75.7 120.8 72,0 26,5
3 1 67 34.1 56.7 75.7 107.8 92.4 40.0
4 2 58/79 34,1 56.7 75.7 120,8 84.3 82.5
1 Nil - 34.0 44,5 29,9 23.0 14.7 1.7
2 1 39 34,0 44,5 41,8 75.3 26.2 17,2
3 1 49 34,0 44,5 29,9 78.0 38.2 20.8
4 1 55 34,0 44,5 29.9 51.0 63.0 25,7
5 1 65 34,0 44.5 29.9 23.0 72.0 42.9
6 2 33/49 34,0 44.5 71.3 87.4 38.2 20.8
7 2 49/65 34,0 44.5 29.9 78.0 85.8 42,9
8 2 39/55 34.0 44,5 41,8 98.0 63.0 25.7
1 1 52 18.6 24.6 58,1 77.6 58.1 22.8
2 1 61 18.6 24.6 58.1 48.4 86.7 32,5
3 1 70 18,6 24.6 58.1 48.4 61.9 57.0
1 Nil - 39.7 87.9 69.4 100.1 58.9 94,4

* Estimated by simulation using irrigation-area water bafance sub-model.

** irrigation timing is shown in standard days after planting.

i ETgerm = germination ET, ETe = establishment ET, ETf = floral initiation ET,

ETb = booting ET,

ETa =

anthesis ET,

ETd = dough ET.



93.

Table 5.9  Treatment means of hand harvest components of grain yield observations.

Treatment frrigation Plant Grain Grain Grain Grain Loedging
Strategy Density Yield* Size Number Number Loss**
{std.days) {plants/m )} (kgf/ha) {mm} {millions/ha) Index {%}
Experiment 1
1 22 3.1 699 15.8 44,23 484 50
2 22/43 3.1 929 15.4 60,30 .660 50
3 22752 3.1 1453 18.7 77.69 .850 10
4 22/60 3.1 1729 23.3 74.25 .812 5
5 22143 /60 3.1 1947 21.3 91,42 1,000 5
7 22f5217% 3.1 2240 25.5 87.85 « 961 5
LSD+ 443 2.1
Experiment 2
1 nil 6.5 970 16.6 58.43 +445 50
2 39 6.5 1366 18.5 73.84 . 575 30
3 49 6.5 2403 23.4 102.70 +800 20
4 55 6.5 2142 25.4 84,37 +657 5
5 65 6.5 1379 24.2 57.00 444 5
6 33745 6.5 2554 23.4 109.14 +850 20
7 49 /65 6.5 2550 26.0 98.08 +764 5
8 40/55 6.5 2512 26.4 95.16 . 741 5
LSD+ 547 2.2
Exper iment §
1 nit 12.7 1174 17.6 66.7 .408 44,9
2 27 12.7 1661 16,4 101.3 619 12,9
3 42 12,7 2992 20.8 144.0 . 881 5.6
4 57 12.7 2998 27.2 123.7 +756 0.8
5 27142 12.7 2657 20.7 128.3 . 782 2.3
6 127157 12.7 3778 25.4 149.1 912 0.3
7 42157 12.7 4127 26.4 156.5 957 0.1
8 27/42(57 12.7 4387 26.8 163.5 1,000 0.0
LSD+ 5716 2.0
Experiment 6
1 nit 12.4 1149 14,3 80.4 491 51.3
2 32 12,4 1029 13.5 76.3 +465 18.9
3 60 12.4 3128 22.0 142.1 +868 6.0
4 70 12.4 3315 25.1 132.1 « 806 0.4
5 32170 12.4 3569 21.8 163,72 1.000 0.1
LSD+ 230 1.8
Exper iment 7
1 52 9.4 3539 25.5 138,.8 0.94 9.2
2 61 9.4 3962 26.9 147.3 1.000 2.1
3 70 9.4 3694 27.0 136.8 0.93 5.3
LSD+ 21 2.9
Experiment 8
1 nii 11.0 3941 24.0 164.2 1.00 2.6
Experiment 9
1 nll 10.4 - 21.7 - - -
2 58 10.4 - 24,8 - - -
3 67 10.4 - 25.1 - - -
4 58({719 1.4 - 25.0 - - -
LSD 2.29

* Grain yield before lodging losses deducted.
**¥ | odging losses in experiments 1 and 2 were visually estimated.

+ LSD = Least sigpificant difference at P,05 between treatment means.
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1138 and 1701 kg ha respectively. (Irrigation amounts varied depending on how much
was required to filt the profile to capacity as is illustrated in figure 5.9).

(v} Increases in irrigation frequency led to increases in grain yield but each additional
irrigation led to smaller increments in grain yield. For example, in Experiment 5 a
single irrigation on day 57 increased yield by 1824 kgfha, two irrigations on days 42
and 57 increased yield a further 1129 kgfha, and three irrigations on days 27, 42 and
57 increased yield by only a further 260 kg/ha.

(vi) Experiments 1 and 2 had fow plant density and low grain yields compared to
other experiments, and hence comparison of yields from Experiments 1 and 2 to other
experiments requires consideration of plant density,

{vii) Grain number per hectare varied from 44 to 164 million grains per hectare,
accounting for four—fold differences In grain yield.

(vili) Grain size varied from 13.5 to 27 mg, thus accounting for two-fold differences
in yield,

(ix} All treatments which received irrigation during the grain filling phenophase had a
high grain size and a low lodging loss.

(x) Lodging losses exceeded 50% in some treatments and exceeded 10% when grain
size was fess than 20 mg.

5.5.2 Structure of Grain Yield Sub-Model

One conclusion of the lterature review was that a useful way to predict grain yield
would be to relate environmental conditions to the components of grain yield. Therefore,
the following equations were used to calculate grain yield:

GY = GNH x GS x (1 - L) {5.51)
where GY = grain yield (kg/ha), GNH = grain number {million grains/ha},
GS = grain size (mg), L = proportion of grain lost to lodging.

GNH was calculated by reducing a potential grain number per hectare (PGNH} by a
grain number index (GNI) as follows:

GNH = PGNH x GNI {5.52)
where potential grain number is defined as the maximum number of grains that
a genotype can produce per unit area for a given plant density when
controllable environmental conditions such as water supply and nutrients are at
optimym levels; and where grain number index is defined as the ratio of
actua! to potential grain number, and is thus a measure of environmental
stress.

The methods used to estimate PGNH, GNI, GS and L are given in the following
sub—sections,

5.5.3 Estimation of Potential Grain Number

The effect of plant density on the yleld of grain sorghum is generally and primarily
due to changes in grain number rather than grain size (Harper 1977, Thomas 1980,
Heslehurst 1982}, Therefore, the Reciprocal Yield Law given in the literature review
(equation 5.8) i also equally useful for determining relationships between grain number per
plant (GNP) and plant density (D}, Thus, equations 5.8, 5.6 and 5.7 become:

1/GNP = 1fa + bD, and thus (5.53)
GNP = af(1 + abD), and (5.54)
GNH = aDf(1 + abD), (5.55)

where the constants a and b are differently defined than for grain yield.

The constants a and b in these equations are influenced by environmental conditions
such as water stress. If the constants can be determined for environmental conditions
which do not restrict growth, then equation 5.55 will define PGNH since PGNH is the
upper limit of GNH,
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The foliowing sub—sections give results from Experiments & and 7 with respect to the
effects of plant density and irrigation strategy on tillering, grain number per plant and grain
number per hectare, The sub-section on tillering is included because of its influence on
grain number per plant.

Tillering Linear regressions of panicle density versus plant density (table 5.10) showed
that tillering with production of additional fertile panicles occurred infrequently or not at
all in Experiment 6, This was also the case in other experiments excepting those which
were damaged by frost. Therefore, the effect of plant density on grain number per plant
was restricted to changes in grain number on the primary panicle, and was not complicated
by the effects of tillering.

The absence of compensatory increases in panicles per plant found in these
experiments at low plant densities contrasts the results of Thomas (1980) and others. High
temperatures may have inhibited tillering in the experiments reported here, Downs (1968)
found that tillers of grain sorghum were not produced at day/night temperatures of 30/25
and 25/20°C, but that plants tillered well* at the lower day/night temperatures of 2015 and
20/10°C. This data suggests that the day/night temperatures which typically occur in
February/March in Richmond (approximately 32/25°C) may be too high for expansion of nodal
buds to form fertile tillers.

Table 5.10 Linear regression of panicle density (paniclesfrm2) versus plant density
(plantsfim2) for each treatment of Experiment 6.

Treatment Plant Density Regression Parameters
_(plants/m }
Mean Range N Slope Intercept R?
1 11.9 2 - 25 36 1.03 0.29 0.99
2 12.2 5 - 21 36 1.01 0.53 0.98
3 13.8 5 - 30 36 1.13 -0.54 0.99
4 1.7 3 - 25 36 1.04 0.33 0.98
5 12.3 3 - 24 36 1.08 0.08 0,99

Table 5,11 Regression results of grain number per plant as a function of plant density*.

Exp Treat N Regression coefficients** Coeff.of Mean Grain
No. No. 1fa b Detn. Nofplant***
6 1 36 0411 (.0511) .00913 {.00165) 0.47 727 {a)
2 36 .0334 (.0374) 01042 {.00135) 0,64 755 (a)
3 36 .0184 (.0122) .00555 (,00039) 0.82 1354 (b,¢)
4 36 L0170 {.0143) .00620 {.00049) 0.82 1266 {b)
5 36 +0150 (.0090) .00490 (.00031) 0.88 1563 (d)
7 1 18 «0277 (.0098) .00429 {,00084) 0.62 1417 (b,c,d)
2 18 .0103 (.0086) .00569 (.00087) 0.78 1487 (¢,d)

3 18 .0326 (.0110) .00384 (,00092) 0.52 1409 {b,c,d)

* Regression equation was: 1/GNP = 1fa + bD
where GNP = grain number per plant, and D = plant density (plants/m?).
** Standard errors of regression coefficients are shown in brackets,
% Mean grain number per plant at a density of 10 plants/m? (letters in brackets indicate
no significant difference at P.05},
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Grain  Number per Plant  The relationship between grain number per plant and plant
density in each treatment of Experiments 6 and 7 was found by linear regression using
equation 5.53. Results are shown in table 5.11 and figures 5.10 and 5.11. This set of
data shows that a four~fold increase in plant density from 5 to 20 plantsim? caused a
3 fold (approximately} decrease In grain number per plant in each treatment. Thus changes
in grain number per unit area due to increases in plant density were almost compensated by
reductions in grain number per plant.

The data in figures 5.10 and 5.11 also show that the relationship between grain
" number and plant density was dependent on irrigation strategy. All treatments in Experiment
6 which did not receive an irrigation just after floral initiation (day 32) showed a small
reduction of less than 10% in grain number per plant at all plant densities. This may be
confirmed by comparing the results for treatment 1 with treatment 2, and treatments 3 and
4 with treatment 5). The effect of irrigation at day 32 in Experiment 6 was probably
reduced because 196 mm of rain fell on days 42 to 44 ({see figure 5.9). This rain
occurred on days 31 to 33 in Experiment 7, Because of this rain, it is probable that grain
number was not reduced in any treatment during the boot and early anthesis phenophases of
Experiment 6 and during the floral initiation and boot phenophases of Experiment 7.

All treatments in Experiment 6 which did not recelve an irrigation during or after the
anthesis phenophase showed a two-fold reduction in grain number per plant at all plant
densities (compare treatments 1 and 2 to treatments 3, 4 and 5). Differences In the
timing of irrigation during the anthesis phenophase had very little effect on grain number per
plant in both experiments.

Treatments 1 and 2 in Experiment 6 grew vigorously up to anthesis, however the
evapofranspiration estimates in table 5.8 show that water use in these treatments was
restricted during grain filling. It was concluded that water stress after anthesis caused the
abortion of many grain embryo, and data glven later show that it also caused very low
grain size of the surviving embryo.

The data in figures 5.10 and 5.11 do not show a significant interaction of irrigation
strategy with plant density.

Grain Number per Hectare Figure 5.12 shows the effects of plant density and irrigation
strategy on grain number per hectare. Each relationship in this figure was plotted using
equation 5.55 and the regression parameters shown In table 5.11, This flgure shows that
grain number per hectare increased rapidly as plant density increased from zero to 8-10
plants/m?, However, at plant densities greater than 8-10 plants/m?, the compensatory
changes in grain number per plant were almost equivalent to changes in plant density and
thus increases in grain number per hectare were small,

Figure 5.12 also shows that treatment 5 of Experiment 6 maximized grain number per
hectare at all plant densities. This treatment was without water stress up to anthesis, and
irrigation after anthesis prevented abortion of grain embryo due to water stress, Therefore,
the relationship found between grain number per hectare and plant density for treatment
5 was adopted in this study to define potential grain number per hectare. This relationship
Is:

PGNH = aDf(1 + abD} _ (5.56)
where PGNH = Potential grain number ({million grains/ha), D = Plant density
{plants/m?), 1/a = 0.01498, and b = 0.00490.
5.5.4 Estimation of Graln Number Index (GNI)
This section describes the methods used to firstly estimate an observed GNI from
recorded grain number per hectare, and secondly predict GNI from environmental conditions,

Observed Grain Number Index In the experimental data given in table 5.9, GNI is
calculated by dividing observed GNH by the maximum GNH observed in the experiment,
This index normalizes data, and thus facilitates comparison of grain number among
experiments that have different plant densities. (The indices for Experiment 2 were further
multiplied by 0.85 for reasons discussed below.)
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Use of the normalizing factor GNI has three assumptions: (i) thg only differences in
grain number between treatments of the same experiment (apart from experimental error}
were those due to the effects of Irrigation strategy on water stress; (ii} there were no
interactive effects of water stress with plant density; and (lii) there was at least one
treatment in each experiment in which grain number was not reduced by water stress.

The second assumption is partly substantiated by results from Experiment 6. Grain
number indices for each treatment of this experiment at plant densities of 2.5, 5, 10 and
20 plantsfm? were calculated from the grain number/plant density relationships shown in
figure 5,12, The results in table 5.12 show that, in contrast to irrigation strategy, plant
density had very little effect on grain number indices.

The third assumption was Investigated by comparing the maximum grain number
recorded in each experiment to the potential grain number/ plant density relationship of
equation 5.56. The results in table 5.13 show these differences to be very small except in
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Figure 5.11 Effect of plant density and irrigation strategy on grain number per plant,
(Results from experiment 7. The solid lines in each figure were plotted using equation 5.53
and the regression parameters shown in table 5,11, The dotted line in each figure is the
relationship found in treatment 5 of Experiment 6.)
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Experiment 2 where the observed maximum graln number was substantially less than the
predicted grain number. This suggests that grain number in all treatments of Experiment 2
was limited by water stress, but in aflf other experiments there was at least one freatment
that was not limited by water stress. The following procedure was used to normalize the
grain number indices of Experiment 2,

The environmental conditions from floral initiation onwards of treatment 6 which
produced the most grain in Experiment 2 were very similar to the environmental conditions
over the same period of treatment 3 in Experiment T (see table 5.8). Experiments 1 and 2
were very similar because they were planted only 3 weeks apart in a season where no
rainfall fell after planting; whilst Experiment 1 was planted on a full profile of soil
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Figure 5.12  Effect of plant density and irrigation strategy on grain number per hectare.
{a) Results from Experiment 6, (b) Results from Experiment 7 and treatment 5 of
Experiment 6, (Graphs were plotted using equation 5,55 and the regression parameters

shown in table 5.11.) (The irrigation strategy used in each treatment is shown in figures
5.10 and 5.11.)
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moisture following heavy rain, germination in Experiment 2 was achieved through irrigation.
The irrigation strategies used in both treatments referred to above were similar, and the
data in table 5.8 show estimates of evapotranspiration to be very similar. Therefore, the
grain number indices of Experiment 2 were weighted so as to be comparable with other
experiments by multiplying all the grain number indices of Experiment 2 by the grain
number index found for treatment 3 of Experiment 1 (i.e. 0.85).

Prediction of Grain Number [ndex It is intended to use the estimates of floral initiation,
booting and anthesis evapotranspiration (ETf, ETb and ETa respectively) given in table 5.8
as predictors of GNI since both ET and GNI are affected by water stress.

The upper limit of grain number is physiologically determined at anthesis when the
florets are fertilized., Water stress before anthesis reduces graln number by limiting the
growth of floral organs, whereas water stress after anthesis leads to abortion of grain
embryo. Therefore, a multiplicative relationship to estimate GNI from phenophase ET was
used because it is conceptually more realistic than an additive approach of multiple
regression, However, multiple regression s useful to determine the sensitivity of GNI to
phenophase ET, and hence a number of multiple regressions of observed GN! versus various
combinations of ETf, ETb and ETa are given first.

Table 5,12 Effect of plant density and irrigation strategy on grain number indices. (GNI
values are given under the heading plant density.)

Treatment Irrigation Piant Density (plants/m?}
Nao. Strategy

2.5 5 10 20

Experiment 6

1 nil «43 «45 .48 .50
2 32 A6 46 .47 .47
3 60 .84 «85 .86 .87
4 72 .83 .82 . 81 . 80
5 32/72 1.00 1.00 1.00 1.00
Experiment 7
1 52 - .80 .90 -
2 61 - 1.02 .95 -
3 70 - .76 .90 -

Table 5,13  Comparison of the maximum grain number per hectare observed in each
experiment to the estimated potential grain number per hectare*,

Experiment Observed Plant Grain Number (millionsfha)
Number Density
{pfants m? ) Maximum Observed Predicted*
1 3.1 91.4 102.7
2 6.5 109.1 138.8
5 10.1 163.5 156.7
6 12.4 163.7 163.7
7 9,4 147.3 154,0
8 11.0 164,2 159.7

*  Potential grain number estimated from plant density using eq. 5.56.
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Coefficients of variation found for the above multipie regressions are shown in table
5.14. This table shows that GNI was most sensitive to changes in ETa, however ETa
alone accounted for only a small proportion (38%) of the total varlatlon in GNI, ETf and
ETb had similar effects on GNI and together they accounted for 37% of variation in GNI.

Agreement between predicted and observed GNI was maximised (R2? = 0.65) when
ETf, ETb and ETa were used as independent variables in multiple regression. However,
agreement was only slightly better than if ET from these three phenophases was summed to
form a single variable, The results also show that the relationship between GNI and ET
was essentially linear. Quadratic terms of ET were not significant at P.05 in any of the
regressions tested except for (ETa)2 in regression 6, which increased the coefficient of
determination by 0.08,

The multiplicative relationship used to predict GNI was as follows. A water stress
index of range 0.0 {nil stress) to 1.0 {complete stress) was calculated for each of the
floral initiation, booting and anthesis phenophases (WSf, WSb and WSa respectively}.
Predicted GNI was then calculated from:

GNI = (1 — WSf) x {1 — WSb) x (1 - WSa) (5.57)

Each water stress index in this equation was calculated from phenophase ET using the
relationship:

WSk = max{(0.0,{c — m ETg}) (5.58)
where ¢ and m are constants, and the sub-script k refers alterpately to the
floral initiation, bootlng or anthesis phenophase.

Table 5.14  Coefficients of determination found for regressions of observed grain number
index versus floral initiation, bootlng and anthesis phenophase evapotranspiration (ETf, ETb
and ETa respectively}.

Regression Independent Regression Coefficient of
Number Variable(s)* Determination
1 f $22
2 f, f2 .22
3 b .28
4 b .28
5 a .38
6 a, a* .46
7 b, a .57
8 b, b2, a, a? .59
g f, b a «565
10 f, f2, b, b2, a, a? .69
1 {f + b) .37
12 {f + b), {f + by .39
13 (b + a) . .56
14 (b +a), (b +a) + 57
15 (f + b+ a) .62
16 (f+b+a), (f+b+a) .64
17 (f + 1), a .64
18 (f +b), (f + b)®, a, a° .68

* The mnemonics ETf, ETb and ETa have been abbreviated to f, b and a in this table,
Brackets indicate that ET has been summed over two or more phenophases to form a single
variable,
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The values of ¢ and m In this equation for each phenophase were found by
minimizing the root mean square of differences between predicted and observed values of
GNI using a factorial search technique {Cochran and Cox 1966}, The optimum values so
found were:

(i} floral initiation phenophase

¢ =0.31, m= .00534 (i.e. WSf
(il} booting phenophase

¢ =0.,43, m = ,0074 (ise. WSb
(lii} anthesis phenophase

¢ = 0,46, m = .00613 (i.e. WSa = 0.0 when ETa = 75 mm)

Calcutation of GN! using the muitiplicative water stress relationships of equations
5,57 and 5.58 gave slightly closer agreement (R? = 0,69) between observed and predicted
GNI than was previously found (R2 = 0.65) using multiple regression, Equations 5.57 and
5.58 were therefore adopted as the method of predicting GNI in the grain yield sub-modei,

The relationship found between observed and predicted grain number per hectare was:

1]

0.0 when ETf = 58 mm)

1]

0.0 when ETb

58 mm}

OGNH = 1,095 PGNH -~ 12.5 (5.59)
where OGNH = Observed grain number {millions/ha), PGNH = Predicted grain
number {millionsfha), Standard error of regression slope = 0.107, and

Coefficient of determination = 0.78

Although the regression slope and intercept of this relationship are not significantly
different from 1.0 and zero, the scatter of points about the regression (see figure 5.13)
clearly indicate the limitations of the relationship. The two data peoints which contributed
most to the error variance were the values from treatment 3 of Experiment 5 (observed =
144, predicted = 102} and treatment 2 of Experiment & (observed = 76, predicted = 124),
These two treatments received no rainfall or irrigation after booting and were therefore
stressed during grain fill. However, cooler temperatures favoured development of grain size
in Experiment 5 and so loss of grain in threshing was not as high as in Experiment 6. The
very low grain size and adherence of grain to the glumes made separation of grain from
chaff very difficult in treatment 2 of Experiment 6.
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Figure 5.13  Comparison of observed to predicted grain number per hectare. (Experiment
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Two other points are of significance in figure 5.13. Firstly, predicted GNH was
greater than observed GNH in 13 of the 15 treatments in Experiments 1 and 2. This
difference may have been caused by use of the lower vyielding hybrid !Brolga' in
Experiments 1 and 2 rather than the hybrid Dekalb ES7 that was used in the other
experiments. Secondly, observed GNH was consistently greater than predicted GNH in
Experiment 5. This may have been caused by lower temperatures during floral development,
Mean daily temperature from floral initiation to anthesis in Experiment 5 was 22°C, whereas
the mean daily temperature for the same period in other experiments was 25 to 28°,

5.5.5 Estimation of Grain Size
This section investigates the effects of evapotranspiration, temperature and grain

number on grain size.

Evapotranspiration Effects of cumulative ET during the anthesis and dough phenophases

on grain size were found to be very similar, Thus results are given with respect to

cumul ative ET for the grain filling phenophase, denoted ETg, where ETg = ETa + ETd.
The mean grain size found in each treatment is plotted against ETg in figure 5.14.
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Figure 5.14  Relationships found between observed grain size and cumulative grain fill
evapotranspiration (ETg) for: ({a}) Exp.* (@) and Exp.2(0), {(b) Exp.5 (%) and
Exp.6 (m}, and (¢} Exp.7 (Q), Exp.8 (A) and Exp.9 (4).



104,

This figure shows that:
(i} Grain size increased in all experiments as ETg increased,
(i) The relationship was linear in Experiments 2, 5 and 6 but curvilinear in
Experiments 3 and 9, (The data for Experiments 3, 7 and G suggest that ETg had
little effect on grain size when ETg exceeded 80 mm).
{iif) Considerable differences occurred in the relationship of grain size to ETg between
experiments. Significant differences at P,05 were found among the mean grain sizes
determined for each experiment when the data was analysed by analysis of covariance
using ETg and (ETg)2 as the covariates. Therefore the effects of other variables
(temperature and grain number} on grain size were Investigated.

Temperature The effect of mean daily temperature during the grain filling phenophase (Tg)
on grain size is shown in figure 5,15, The only grain size observations shown in this figure
are those in which ETg exceeded 80 mm so that grain size was relatively independent of
ETg.

The most Important feature in flgure 5,15 is that grain size decreased as Tg
increased. This decrease is opposite to the relationship between Sorghum growth and
temperature that was discussed in the literature review. However, the observed changes in
grain size may be more related to changes in solar radiation or evaporative demand than
temperature because these factors are strongly interrelated. Increased grain size at lower
temperature may have been due to increased growth per unit of water transpired because of
lower evaporative demand. Alternatively, the longer duration of the grain filling
phenophase at lower temperature may have resulted in increased light interception and
increased net assimilation.

"The results of multiple regression of all grain size observations versus ETg, (ETg)2
and Tg are shown in table 5,15. This table shows that use of Tg in the regressions led to
a considerable Improvement in the agreement between predicted and observed grain size.
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Table 5.15 Multiple regression of grain size (GS) versus grain fill evapotranspiration
(ETg, mm) and mean daily temperature {Tg, °C)} during the grain fill phenophase.

Regression Coeff. of

(standard errors are in brackets) determination

1. GS = .0767 ETg + 15.42 .55
{.0118) (2.77)

2. GS = .2231 ETg — .0008349 (ETg)® + 10,28 +63
(.05657) (.0003165) {2.55)

3. GS = .0889 ETg - .7794 Tg + 30.37 « 71

4. GS = .2187 ETg - .0007436 (ETg)® — .7408 Tg + 25.88 .18
{.0448) {.0002514) {.1631) {(2.022)

Effect of Grain Number on Grain Size The possible presence of compensating increases in
grain size due to reduction in grain number by water stress before anthesis was investigated.
Treatments from the same experiment were paired on the basis of having similar water use
after anthesis {i.e. similar values of ETg), but different fevels of water use before anthesls
“(i.e. different values of ETf and ETb). Thirteen treatment pairs were formed. Table
5.16 shows for each pair; {i) estimates for ETf + ETb and ETg, and {ii) observed grain
number, grain size and difference in grain size. Compensating gains in grain size were
calculated for each treatment pair by subtracting the grain size of the treatment with the
higher grain number from the treatment with the lower grain number.

Table 5.16 shows that lower pre—anthesis ET fed to lower grain number per hectare
in all cases except the last case. However, compensating increases in grain size were found
in only 8 of the 13 cases, and the increase exceeded 1 mg in only 4 cases. The mean
Increase in grain size was 0.53 mg or only 4% of the observed variation in grain size.
There was no significant correlation between pre-anthesis ET and the residual distribution of
grain size after the effects of ETg and Tg on grain size were removed.

It was concluded that the effects of grain number on grain size could be ignored in
prediction of grain size.

Grain Size Relationship Adopted  The relationship used in the grain yield sub-mode! to
estimate grain size was the same as regression number 4 in table 5.15, but the following
limits were imposed: (i) ETg was limited to 47,5 mm so that the quadratic term of ETg
would not cause grain size to decrease when ETg exceeded 147.5 mm, (ii} the effect of
temperature was limited to the minimum and maximum values of Tg observed in the
experiments f{i.e. 19.0 and 25.6 °C), and (iii) a minimum grain size of 13.5 mg was
specified, since grains smaller than 13,5 mg (approximately) could not be separated from
chaff when threshing.
The relationship adopted to estimate grain size was:

GS = max{13.5, 0,2187ET - 0.0007436ET* - 0.7408T + 25.88)) {5.60)
where GS = grain size (mg), ET = min (147.5, ETg), ETg = cumulatlve
evapotranspiration during grain fi{l phenophase {(mm), T = min (25.6, max

{19.0, Tg)), and Tg = mean daily temperature of grain fill phenophase (°C}.

The refationship between predicted and observed grain size is shown in figure 5.16.
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Table 5,16  Compensatory gains in grain size caused by changes in water stress¥,

Exp. Trt. Irrigation Grain Grain Compensatory
No. No. Strategy ETf+ETb ETg Number Size Gain in
(miltions Grain Size
(mm} (mm) /ha) {mg ) (mg)

Water stress absent during grain fill

1 4 60 97.2 116.2 74.3 23.3 + 2.0
6 43/60 152.3 116.2 91.4 21.3

2 4 55 80.9 88.7 84.4 25.4 - 1.0
8 39/55 139,8 88,7 95,2 26.4

2 5 65 52.9 114.9 57.0 24 - 2.0
7 49/65 107.9 114.9 98.1 26

5 4 57 48.4 117.6 123.7 27.2 + 1.8
6 27/57 109.6 117.6 149.1 25.4

5 4 57 48.4 117.6 123.7 27.2 + 0.8
7 4257 112.1 117.6 156.5 26.4

5 4 57 48.4 117.6 123,7 27.2 + 0.4
8 27/42157 160.3 117.6 163.5 26.8

6 4 70 104.5 144,4 132.1 25,1 + 3.3
5 32/70 166.1 146.4 163.7 21.8

Water stress medium to severe during grain fill

1 1 22 97.2 30.3 44,2 15.8 + 0.4
2 22743 152.3 43.3 60.3 15.4

2 1 Nii 52.9 26.4 58.4 16.6 - 1.9
2 39 117.1 43,4 73.8 18.5

2 3 49 107.9 59.0 102.7 23,4 0.0
6 33/49 158.7 59.0 109.1 23.4

5 1 Nit 48.4 23.7 66.7 17.6 + 1.2
2 27 108.6 33.5 101.3 16.4

5 3 42 112.1 48,9 144.0 20.8 + 0.1
5 27142 160.3 48.9 128.3 20,7
2 32 166.1 56.5 76.3 13.5

* Treatments have been paired. In each pair the same level of water stress occurred after
anthesis (i.e. slmilar values of ETg), however, the upper case of each pair received
greater stress before anthesis as shown by the differences in ETf and ETb.
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5.5.6 Estimation of Lodging Losses

It was concluded in the literature review that stem strength was an important
determinate of lodging. It was also concluded that lodging could be related to grain size,
because stem strength and grain size were both dependent on moisture stress.

Figure 5.17 shows the relationship found in Experiments 5 and 6 between the
proportion of grain yield lost to [odging and grain size. This figure shows that lodging
tosses were minimal when grain size was greater than 20 mg but was high and variable at
grain sizes of less than 20 mg. The high level of variance in lodging at grain sizes less
than 20 mg was attributed to the effects of other factors such as windiness and mutual
support on the rate of lodging.

The relationship adopted to estimate the proportion of grain yield lost to lodging {L},
shown by the solid line in figure 5,17, Is:

L = min (0.80, 0.721 exp(-0.3665(GS5~15.0)}) (5.61)
This equation was determined by -hand fitting to the data, and was deliberately
chosen to overestimate L at low grain sizes so that estimates of vyield would be

conservative in situations where lodging losses were high,

5.5.7 Evaluation of Grain Yield Sub~Model

Comparison of Observed and Simulated Grain Yields  Observed hand-harvested grain yields
before and after deduction of lodging losses are compared to predicted grain yields in figure
5,18(a) and 5.18(b) respectively. Yields after lodging in figure 5.18(b) do not include
data from Experiments 1 and 2 because lodging losses were not measured in these two
experiments, The regression slope and intercept are not significantly different from one and
zero in both figures, and the coefficients of determination show the grain yield sub-model to
have reasonable accuracy.

Grain vyields recorded in each experiment by harvesting with a commercial header are
compared to predicted grain yields in figure 5.19. The main outliers In this figure are from
Experiments 4 and 9, and this is attributed to frost damage at anthesis in Experiment 4,
and bird damage in Experiment 9. Birds showed a marked preference for treatments that
were irrigated so that the nil irrigation treatment was only slightly damaged by birds and
showed good agreement with predicted yield.

Frosts in Experiment 4 caused prolific tillering, especially in those treatments which
recelved irrigation at anthesis or during grain filling, The tillering delayed harvest by two
months, and almost all of the grain yield came from the tillers.

From these comparisons it was concluded that the components of yield sub-model was
satisfactory for predicting grain yield in simulation experiments, provided a crop management
strategy was used to restrict time of planting so that the chance of frost damage was
unlikely.

Occurrences of loss in yield from birds and locusts have been reported as causing
serious loss in some commercial crops in the reglon, These losses may be very important in
determining the viability of commercial grain cropping. However, no data are available to
estimate the probability of such losses, and hence it is not possible to include them in
computations, It is an implicit qualifier on yield predictions.

General Comments on Grain Yield Sub-Model It was shown that plant density had a
considerable effect on grain number per hectare at plant densities of less than 8-10
plants/m? , but factors determining changes in plant density were not reported. It s
therefore necessary to assume a plant density in the simulation experiments of chapter 8.
Poor germination and establishment are common characteristics of commercial sorghum crops
{Skerman 1978, Radford 1983) and thus models which are used to simulate commercial
yields should incorporate factors governing plant density.

Relationships of the grain yield sub-model are likely to be specific to the Mitchel]
grass plains environment, particularly the relationships of evapotranspiration with grain number
and grain size, and the plant density relationship used to deflne potential grain number per
hectare. The maximum grain number observed in the experiments was 177 million grains/ha,
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whereas, Heslghurst (1982) reports grain numbers of up to 500 million grainsfha in more
temperate environments. In contrast to this large difference in grain number, recorded grain
sizes were similar to those reported from temperate environments (Bieloral et al. 1964,
Plaut et al. 1969, Langlet 1973).

Wright (1982) showed that grain sorghum grown on a clay soil during the winter dry
season of tropical Australia gave a twenty percent higher yleld when spray irrigated than
when furrow irrigated. [t was proposed that spray irrigation improved soil nutrient
availabllity, Thus, it is possible that the low grain number observed in the experiments at
RSSRP may have been due in part to the crop husbandry methods employed. However, it
is also possible that grain number was depressed by the effects of high temperature and
consequent rapid rate of phasic development as discussed in the literature review.
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While improvements in grain yield may occur through advances in crop husbandry

methods and development of tropically adapted genotypes, it was concluded that the grain
yields obtained in the experiments at RSSRP should exemplify yields that are likely to be
obtained by commercial enterprises on the Mitchell grass plains using current technology.
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CHAPTER 6

PONDED-AREA FORAGE SORGHUM PRODUCTION MODEL

6.1 Introduction and Literature Review

The ponded-area of a shallow storage dam is normally planted over a period of time
as evaporation and irrigation reduce the level of water in the dam. Planting may take
place once every two weeks, and on each occasion planting takes place around the water's
edge once the ground has dried sufficiently. Eventually the whole ponded-area is planted
with contour shaped strips of crop of differing age. The yield per unit area of each strip
may be different because of exposure to different weather conditions. This c¢hapter derives
and discusses the mode! used to predict the production of forage sorghum grown on the
ponded-area.

If the ponded-area is divided into n strips on the basis of time of planting, and if
ASi and FYi are the area and forage vyield respectively of strip i, then the total forage
production (FP) of the ponded area is given by:

FP = 17 ASi x FYi (6.1)

The area of each strip depends on rates of evaporation and irrigation, and on the
design of the shallow storage dam. The total area of crop planted in each year depends
on the area of land inundated by the dam, and thus on seasonal variation in run—off from
the catchment as well as the design of the dam,., In some years the dam may be only
half filled er not filled at all., Forage production is nil in years that run-off does not
occur.,

The following reasons lead to the conclusion a much simpler model for estimating
forage yields from the ponded-area is adequate in comparison to that used to estimate grain
yield on the irrigation—area;

(i} Flooding saturates the ponded-area soil, and thus soil moisture at planting can be

assumed to be constant.

(if) The weather is relatively stable during autumn and winter when ponded-area

cropping is usually in pregress. Variation in temperature from season to season is not

great, and rainfall seldom occurs, The probability of rainfall exceeding 100 mm

within ten weeks of crops planted at the beginning of April, May and June is only

15, 10 and 6 percent respectively (Clewett 1969).

{ili) The effects of water stress on forage yield are not coupled to the stage of

phasic development as is the case in development of grain yield. The water use

efficiency for forage growth {i.e. growth per millimetre of water evapotranspired) is
independent of phasic development but depends on factors such as leaf area
development, temperature and soil fertility as discussed in earlier chapters,

Temporary Inundation of the ponded-area creates a very good seed-bed. The
previous season's stubble is completely decomposed during flooding so that cultivation before
planting is unnecessary, By the time planting occurs a dry surface crust {some 5 mm thick)
has formed, but soil moisture under this crust is plentiful for germination of seed. Adequate
establishment of crops is not a problem.

Inundation of the ponded-area has the disadvantage of creating anaerobic conditions in
the soil, Under water-logged conditions the concentration of some nutrients in the soil
solution are increased but others are decreased, Both chemical and microbial reactions are
involved, Flooding reduces the soil redox potential so that concentrations of ammonium,
phosphorous, iron and manganese increase. However, nitrate Jons are reduced to gaseous
nitrogen by bacterial denitrification, and sulphate ions are reduced to toxic hydrogen sulphide
(Ciark and Kemper 1967, Viets 1967).

Aeration of the soil surface occurs at planting, but this layer of soil dries rapidly so
that it is not exploited by roots unless rainfall occurs. Hence roots must penetrate the
anaerobic, saturated soil below. The ammonium compounds in the saturated soil have only
limited availability to plant roots and must be mineralized to nitrate ions after aeration
before effective root uptake can take place (Viets 1967). If rainfall occurs after the soil
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has been dried by evapotranspiration, then a considerable release of accumulated ammonium
compounds to nitrate jons could occur,

The next section of this chapter discusses the methods and results of ponded-area
field experiments at RSSRP. The following section derives sub-models for estimation of: (i}
time and area of planting, (if} soil water balance, and (jii) forage yleld per unit area.

6.2 Field Experiments

The objective of field experiments on the ponded-area of the dam at RSSRP was to
determine the potential for crop production from a range of species, and to investigate
agronomic methods that could possibly increase vyield, The methods and results of
experiments that are relevant to this thesis are summarized below. Further details are given
elsewhere (Clewett and Weston 1980).

6.2.1 Time of Planting

The effect of time of planting on the dry matter yield of forage sorghum was
investigated in the following way. Contour strips of Sudax (Sorghum hybrid spp cv. Sudax
$X~11A) were planted on the ponded-area on 37 occasions from March 1968 to September
1975. The strips were normally planted in 75 ¢m rows at 8 kgfha, and no fertilizer was
applied. Dry matter yields at flowering {9 to 12 weeks after planting) were determined by
measuring the fresh weight from 3 to 6 sub-plots of 30 m (approximately) by 1.1 m, and
then sub-sampling the fresh material for oven drying and determination of dry matter
content. The results in table 6.1 have been separated on the basis of year of planting,
month of planting and whether or not significant rainfall {greater than 25 mm) occurred
between planting and harvest,

Important points in table 6.1 with respect to crops that did not receive significant
rainfall after planting are as follows.

(i} Highest yields were recorded In the first year of cropping, The ponded-area was

flooded for the first time in February 1968 following construction of the dam in

1967, Substantial decreases in yleld were measured in subsequent years.

(i) Yields were relatively stable during the last three years of cropping, but were

on average only 25% of the yields recorded in 1968, and appeared to be deficient in

both nitrogen and water.

Takle 6.1 Effect of time of planting and rainfall on dry matter yields of ponded-area
forage sorghum,

Time of Planting Dry Matter Yield {kg/ha)

monthfyear 1968 1970 1971 1972 1973 1975
March T2455%%* - - - - -
Apri 9151 %%* 5403* - 1812%* - -
May 7143 %% 5610%* 3560% 1781+ 2563 1920*
June 6266* 4963* 2119* - 1218+% 1437+
July 6947* - 2031+% 1143+ 2127+ -
August 6634+ - 1445%* - - 6898 **
September - - 1550% - 5874%¢ 4021 %#
October - - - - 5083%% -
Meank** 6818 5325 2141 1579 1969 1679

* Cumulative rainfall between planting and harvest was less than 25 mm,

#*  Cumulative rainfall between planting and harvest was greater than 25 mm (monthly
rainfall records are shown in appendix 1}.

*** Mean for crops receiving less than 25 mm of rain between planting and harvest.
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Measurements of soil moisture under crops which did not receive additional rainfall
showed that approximately 120 mm of soil moisture were evapotranspired between planting
and half bloom. The average water use efflciency from planting to half bloom for crops
sown In 1970 was approximately 45 kgfha of growth per mm of water evapotranspired.
Water use efflciency was reduced to approximately 15 kgfha/mm in 1972, 1973 and 1975,

Monthly means of mean daily temperature in june, July and August ranged from 16.0
to 21.6°C (see appendix A). These temperatures are below the optimum for growth and
thus vyields were probably restricted during winter, though the data in table 6.1 do not
show any clear relationship between yield and month of planting.

Table 6,1 also shows that crops received benefit from rainfall when planted during
the spring in 1973 and 1975. Yields were increased 3 to 4 fold, and estimated water use
efficiency was Increased to approximately 30 kgfha of growth per mm of water
evapotranspired between planting and half bloom.

6.2.2 Fertilizer Experiments

The use of fertilizer to increase forage sorghum vyield was investigated in four
experiments. Experiment 1 investigated the consequence of deep drilling ammonium nitrate
{at 80 kgfha of N} into the soil before the ponded-area was inundated. Planting occurred
as soon as possible after flooding and took place 3 months after placement of the
fertilizer. Yield measurements at flowering showed no difference between the fertilized and
unfertilized plots. The nitrogen fertilizer was probably lost by denitrification processes during
flooding. o
Experiment 2 investigated the effect of nitrogen fertilizer on the yield of Sudax
forage sorghum under irrigated and non irrigated conditions. The object of irrigation was to
supply sufficient water to increase the availability of nutrients without greatly increasing the
amount of water available for transpiration. The nitrogen treatments were 0, 100 and
300 kg/ha of N applied at planting on 11 May 1973. Half of the plots were given one
spray Irrigation {of approximately 25 mm depth) 31 days after planting. No other irrigations
were applied and no rain fell from planting to harvest. All treatments were replicated four
times in a factorial randomized block design.

The dry matter yields that were recorded 83 days after planting at half bloom are
shown in table 6.2. The most important aspect of the data in this table is that nitrogen
fertilizer did not increase yield unless irrigation was applied. Irrigation alone did not
increase yleld. All treatments appeared water stressed at harvest. .

The type of investigation described for Experiment 2 was repeated in Experiment 3
and similar results were observed.

it was concluded that fertilizer applied at planting remains unavailable to plant roots
in the dry surface layer of soil unless rainfall or irrigation occur,

Table 6.2  Effect of nitrogen fertilizer and irrigation
on dry matter yields of forage sorghum in experiment 2.

Treatment
Dry Matter Yield

Nitrogen Depth of _
{kgfha) Irrigation (mm) * (kg/ha)

0 0 2563

100 0 2275

300 0 2675

0 25 2663

100 25 3686

300 25 4025

* Least significant difference at P.05 = 1012 kg/ha.
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Experiment 4 investigated the eoffect of the following fertilizers on the yield of
forage sorghum in a 2% factorial design with two replicates: nitrogen at 150 kg/ha of N,
phosphorous at 50 kg/ha of P, sulphur at 40 kg/ha of S and a group of micro-nutrients
{15 kg/ha of Mn, 15 kg/ha of Cu, 15 kg/ha of Zn and 4 kg/ha of B). The experiment was
sown on 17 September 1975. Nutrient availability was insured by 68 mm of rainfall 4
weeks after planting, and an irrigation of 50 mm applied 8 weeks after planting. Dry
matter yield, nitrogen percent and phosphorous percent were measured during late anthesis
(78 days after planting).

The mean yield of the control treatment (i.e. nil fertilizer) was 6025 kg/ha. The
mean effect of each of the fertilizer treatments on yleld, nitrogen percent and phosphorous
percent are shown in table 6.3. This table shows that the micro-nutrient and sulphur
treatments had no effect on yield, but that nitrogen and phosphorous increased yield by 979
and 649 kgfha respectively. The effects of nitrogen and phosphorous on vyleld were
additive. Application of nitrogen increased the quality of forage by increasing nitrogen
percent, whereas phosphorous application decreased nitrogen percent. Phosphorous percent was
not altered by any treatment.

The vield of the controi treatment in this experiment was approximately three times
the expected yield of ponded-area crops not receiving rainfall or irrigation. The control
treatment grew vigorously, was dark green in colour and appeared to be without symptoms
of nuirient deficiency. It s possible that all ftreatments benefited from substantial
mineralization of accumulated ammonium nitrogen to nitrate nitrogen following rainfall and
irrigation,  This effect would mask any yield response in the plus nitrogen treatments,

6.2.3 Other Ponded-Area Experiments
Comparison of ponded-area soils to those outside the ponded-area showed that annual

flooding by the dam had a slight leaching, and thus beneficial effect on salt levels,
However, an 8% increase in aggregate bulk density from 1,67 to 1.81 glce was found
after the ponded-area had been flooded and cropped for five years (Denning and Bell
1974}, This increase would decrease the range of soli moisture avallable to plants, and
would increase soil resistance to penetration by plant roots,

Table 6.3  Factorial effects of fertilizer treatments on the vyield, nitrogen content and
phosphorous content of forage sorghum observed in experiment 4.

Treatment Dry Matter Yield Nitrogen* Phosphorous*
(kg/ha) (% DM) {% DM)

minus nitrogen 6330 1.07 .14

plus nitrogen 7309 1.55 .14

minus phosphorous 6494 1.36 14

plus phosphorous 7143 1.26 14

minus sulphur 6691 1.28 14

ptus sulphur 6946 1.34 .14

minus micro-nutrients 6971 1.32 .14

plus micro-nutrients 6666 1.30 .14

Least significant
difference at P,05 671 0.10 0.01

*  Nitrogen and phosphorous contents given as percent of dry matter.

)
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The growth of Pearl miliet (Pennisetum typhoides cv. Katherine Pearl} and Sudax
forage sorghum were compared in an experiment in 1972, In the case of millet a dense
mat of roots was observed at the base of the cultivation layer with very few roots
penetrating lower layers. It appeared incapable of exploiting the soil moisture reserves of
lower layers. Forage sorghum did not appear to have this problem, but detailed observations
on fine roots were not made, and it is possible that sorghum roots were also restricted.
The dry matter yields of millet and forage sorghum In this experiment were 685 and
1660 kgfha respectively.

6.2.4 Conclusions
It was concluded that the major factor affecting the growth of ponded-area crops

was limited availability of soil moisture. Nitrogen deficiency was identifled as a factor
restricting yleld but its correction with fertilizer is difficult because rainfall to mobilize
fertilizer placed in the surface soil is highly unlikely. Use of irrigation water to mobilize
nitrogen would be possible but perhaps less preferable than its use on the irrigation-area.

Compaction of ponded-area soils may have contributed to the observed decline in
forage yields between 1968 and 1972, partly by decreasing the range of available moisture,
partly by increasing soil resistance to root penetration and partly by restricting aeration
after flooding.

No agronomic practices (apart from irrigation) were found that would restore yields to
the high levels observed in the first two years of cropping. Thus, the lower yields observed
in 1972, 73 and 75 are thought to exemplify the long-term productivity of the ponded-area.

6.3 Time and Area of Planting Sub-Model

The water storage model in chapter 4 described the surface area of water stored in
a shallow storage dam as half an ellipse, and the volume of water storage as half an
Inverted elliptical cone, Thus, the surface area of water was proportional to the square of
the height of water in the dam (equation 4.2).

Because the length and width of shallow storage dams are very large in comparison
to their height the assumption was made that the area of land flooded was equal to the
surface area of water storage.

The area of land flooded by a shalfow storage dam varies from year to year
depending on catchment run—off. The area of land flooded in any year is given from
equation 4,2 by:

AF = 3p Hmax? /10000 (6.2)
where AF = Area of land flooded (ha), and Hmax = Maximum height of water
in dam during year (m).

The perimeter of the ponded-area at RSSRP was found to be unsuitable for cropping
because weeds proliferated where the depth of flooding was very shallow. Conditions
required for planting on the ponded-area were not created uniess the depth of flooding
exceeded 15 cm approximately. Because of this requirement, the total area of land planted
on the ponded-area was less than AF,

Planting on the ponded-area was simulated to begin in each season when evaporation
and irrigation had reduced the water level in the dam by more than 15 cm below Hmax.,
The area of the first strip of crop planted was calculated from:

AS; = (3p{Hmax-0.15)2 ~ 3p H,2 }/10000 (6.3)
where AS; = Area of strip 1 (ha), and H, = Height of dam {m) when
pianting of strip 1 is simulated.

The planting of subsequent strips was simulated when the water level in the dam
fell by a further 15 cm. Thus the area of strip i was calculated by:

AS; = 3p(Hi.® - H;®)/10000 (6.4)
where H; and Hj, = Height of water in dam at planting of strips | and i-1
respectively.,
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Conditions for planting were checked at the end of each fortnight during simulation.
If the simutated level of water in the dam rose because of catchment run—off so that
ponded-area crops were flooded, then the area of cropping was reduced by the area of
land affected. This land was replanted as evaporation and firrigation subsequently reduced
the dam's water level.

6.4 Soil Water Balance Sub~Model

The soil water balance for each strip of crop grown on the ponded-area was
estimated independently. The ftow chart in figure 6.1 shows that the soil water balance of
each strip was simplified to a single soll store, with rainfall and infiltration of water from
the dam as inputs, and with losses from evapotranspiration and run—off.

Infiltration of water from the dam was considered to recharge soil moisture to
capacity, and to occur only when the soil surface was flooded by the dam., No lateral
movement of water below the soill surface was considered. Infiltration from rainfall was
considered to ocour instantaneously until the secil store was recharged to capacity. Deep
draipage was considered not to occur, and thus all rainfall in excess of the amount required
to recharge the soil store to capacity was disposed as run-off. This run-off, which will
go to the dam, is a negligably small component of the water balance of the dam, and was
thus neglected. The rate of evapotranspiration was estimated as a function of soil moisture
storage, evaporative demand and crop cover.

The following water balance equation was used to estimate changes in the depth of
soil water storage as time (t} progressed from day t1 to day tz.

Stz = St1 + Ui~ ET +iD + R =~ Q) (6.5)
where St; = Equivalent ponded depth of soil moisture (mm) at 9 am on day
t1, Sta = Equivalent ponded depth of soil moisture (mm) at 9 am on day ta,
ET = Rate of evapotranspiration {mm/day), ID = Rate of infiltration from dam
(mm /day), R = Rate of rainfal (mm/day), and Q = Rate of run-off
(mm/day}.
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Figure 6.1  Flow chart of ponded-area soil water balance, Forrester {1962) flow chart
symbols show: sources and sinks as clouds, [level variables as boxes, rate variables as
valves, exogenous variables as circles, material flows as solid arrows and information fiows
as broken arrows. ‘
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Change in soil water storage was estimated on a daily basis if daily rainfall exceeded
3 mm, otherwise it was calculated at the end of each fortnight. The event stepping
procedures given in chapter 5 were used to estimate evapotranspiration.

A single soil moisture store was used to simulate changes in soll moisture from the
soil surface to a depth of 150 cm. The minimum and maximum water storage capacity of
the soil to 150 cm were estimated to be 283 and 520 mm respectively. The store was
set at 15 mm less than capacity at planting to account for water loss between the
cessation of flooding and planting.

The equations used in the event stepping procedures to estimate soil moisture at time
t from cumulative evaporative demand for bare soil and full cover conditions as in equations
5.20 and 5.21 were:

(i} for bare soil:

S = 520 —~ 0.541 SEo (S Z 490.7 mm) (6.6)
S = 607.6 - 29,28 In(SEo) (S < 490.7 mm) (6.7)
(i} for full cover:
= 520 — 1.408 SEo (S 2 461.6 mm) - (6.8)
S = 675.9 — 58,45 In(SEo) _ (S < 461.6 mm) (6.9)

These equations were derived by assuming: (i) the rate of bare soil evaporation on
the ponded-area was equivalent to the rate found for the irrigation-area, (i} the maximum
rate of evapotranspiration from crops with full cover was the same as found for the
Irrigation—area, and (i) the value of SEo found to reduce soil water storage on the
irrigation—area te its minimum value also applies to the ponded-area.

Changes in the crop cover index (Cl} used in equation 5.27 were estimated as a
function of time as follows:

Cl = exp({min(t,8)-8)? (-30.44)) , {6.10)
where t = time {weeks after planting).

6.5 Forage Yield Sub-Model

Changes in dry matter yield per unit area of each strip of forage grown on the
ponded-area were calculated at the end of each fortnight by:

(FYiYs = (FYi}i—1 + (Gi)s (6.11)
where (FY;j)s = Forage dry matter yleld (kg/ha) of strip i at the end of
fortnight f, and (G; )¢ = Growth (kgfha) of strip i during fortnight f.

The subscripts i and f are implied in the following discussion but are not shown for
simplicity.

Growth during each fortnight was calculated from cumulative evapotranspiration
(estimated by the water balance sub—model) and water use efficiency as follows:

G = WUE x Y ET (6.12)
where WUE = Water use efficiency (kg/ha/mm), and Y ET = Cumulative
evapatranspiration (mm) for fortnight f.

The maximum value of water use efficiency was estimated from the field experiments
to be approximately 50 kg/ha/mm. This value was therefore used in equation 6.12 but was
reduced by indices for crop cover (ClI), temperature (T1) and nitrogen availability (NI) when
these were below optimum levels. The range of these Indices was 0,0 (complete limitation
to growth) to 1.0 (no limitation to growth). The equation used to calculate WUE was
based on the hypothesis that each variable In the environment may limit growth
independently of other variables and was taken to be as follows:

WUE =50 x Ct x TI x NI (kg/ha/mm) (6+13)
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The crop cover index was calculated by equation 6,10 gven In the water balance

sub~model.
The temperature index was calculated from mean daily temperature as follows:

TI = exp(~(min(T,27)-27)%/100) (6+14)
where T = Mean daily temperature (°C) = {Tmax+Tmin)/2, Tmax = Monthly
mean of maximum daily temperature at screen height {°C), and Tmin =
Monthly mean of minimum daily temperature at screen height (°C).

This function is very similar to relationship used in the sorghum model of Arkin et
al. (1976} to regulate leaf expansion and net photosynthesis.

The fleld experiments showed that growth of forage sorghum on the ponded-area was
fimited by nitrogen availability, but that nitrogen fertilizer applied at planting would not
increase vyield unless subsequent rainfall or irrigation occurred. It was hypothesized that
rainfall after planting led to mineralization of native soil nitrogen and that this increased
water use efficiency. This regime was modelled by setting the nitrogen index (NI} to 0.6
at planting and increasing the index by 0.004 per millimetre of rainfall after planting up to
a maximum of 50 mm. These values gave good agreement between simutated dry matter
yields after 10 weeks growth and the experimental data recorded at flowering in the years
1972, 1973 and 1975 (see figure 6.2), Therefore the model was adopted for use in the
simulation experiments described in chapter 8.
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Figure 6.2  Comparison of dry matter yields of ponded-area forage sorghum observed at
flowering to yields predicted by simulation after 10 weeks growth,
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CHAPTER 7

ECONOMIC MODEL

Introduction

The aim of the economic model was to provide criteria upon which shallow storage
designs and management strategies which could be ranked in order of economic efficiency,

The economic model partitions costs of shallow storage irrigation into fixed and
operating costs. The fixed costs were those which apply to the design of the system and
were charged annually irrespective of farm management. Operating costs accrue from
implementation of farm management operations such as planting, irrigation and harvesting.

Annual profit was calculated by subtracting costs from income. Income was
calculated on the total tonnage of crop production with grain valued at $80ft and forage at
$65/t.

7.1 Water Storage and Irrigation Fixed Costs

The annual fixed costs for interest, depreciation, repairs and maintenance charged to
the irrigation-area for water storage construction and irrigation-area development are shown
in table 7.1. Crop production from the ponded-area was regarded as a bonus to the
system, and therefore the only fixed cost charged to ponded-area crop production was the
cost of fencing.

The cost of constructing the dam wall was calculated by multiplying the unit cost of
earth moving by the volume of earth in the dam wall {given by equation 4.7 in chapter
4), and then adding the cost of a drop-inlet. A drop-inlet is a necessary item, as it
serves to reduce bywash erosion {Clewett and Weston 1980) and release water for use in
frrigation.

The fixed costs for development of the irrigation-area were; (i} construction of
irrigation supply and head ditch channels, (ii} purchase of polythene piping for syphons, and
{iii} erection of fencing.

7.2 Farm Machinery Fixed Costs

Ownership sharing arrangements, contract farming, price fluctuations and availability of
new, second-hand and existing equipment create many alternatives in farm machinery cost
accounting, The alternative adopted here assumed purchase of a tractor, disc-plough,
chisel-plough and combine with harrows, and with harvesting equipment -hired as required.

Table 7.1  Water storage and Irrigation-area fixed costs

Annual Fixed Costs (% capital cost)

ftem Capital Cost

($) :

Interest Depreciation Maintenance

Dam Wall (per m3) 0.60 12 3 2
Drop—inlet 2000 12 3 2
Irrigation channels* 7.50 12 5 * ¥
Irrigation syphons* 4.18 12 2 3
Fencing {per km) 400 12 3 2

* Calculated per hectare of the irrigation-area.
*% |rrigation channel maintenance was calculated as an operating cost.
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Planting must occur rapidly after rain, and therefore purchase of equipment for this
operation is essential, Since there is considerable time to plan the harvesting operation, and
because harvesting equipment is expensive, the hiring of equipment for harvest is a
satisfactory alternative.

Tractor size was calculated on the minimum engine power required to completely
- plant the irrigation-area in 60 hours. it was assumed, after Blomfield {1978), that the rate
of planting was 0,56 ha/hr per metre of combine, and that 16 KW of tractor engine power
was required per metre of combine, Minimum tractor power was 40 KW, A limit of 60
hours was placed on the planting operation because data from RSSRP showed the need to
plant rapidly after rain to avoid poor germination and establishment (Clewett and Weston
1980). Tractor power requirements for tillage and planting shown in table 7.2 were used
to establish the width of equipment for these operations. It was assumed that a continuous
range of machinery was available for purchase.

Values for ownership and operating costs of farm machinery used in the model were
those published by the Economic Services Branch of the Queensland Department of Primary
Industries based on average prices in 1977 (Blomfield 1978). Interest on farm implements
was charged as a fixed cost (see table 7.2},

7.3 Operating Costs

Because a tractor can be used for many purposes on a farm {fencing, maintenance of
stock water supplies, drought feeding} the cost accounting for the tractor was based on
hourly operation. This charge included fuel, oil, repairs, maintenance, depreciation, interest
and labour. The data of Blomfield {1978) was used to derive a linear relationship between
hourly tractor operating costs {TOC, $/hr} and engine power (KW, in kilowatts)

TOC = 0,0921 x KW + 3.375 {7.1)
Other operating costs used in the model were:

(i) depreciation, repairs and maintenance on farm Implements per hour of usage (see
table 7.2),

Table 7.2 Farm machinery work rates, tractor power requirements, life expectancy and
costs.

Disc Sweep Combine
Plough  Plough  with Harrows

Work rate (ha/hrfm)* 0.60 0.64 0.56
Tractor power required (engine KW/m}* 25 16 16
Expected life {hr) 2500 2500 1200
Capital cost ($/m)* 1512 1131 1506
Life-time repairs and maintenance 120 120 100

(% of capital cost)

Fixed Costs
Annual Interest at 12% of capital cost 181.4 135.7 180.7

($/m)*

Operating Costs
Repairs and Maintenance {$/hr/m)* 727 . 543 1.255

Depreciation ($/h/m}* . 544 407 1.130

*  Values are shown per meter width of implement. Source: Blomfield (1978)

4
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(i) contract grain and forage harvesting (see table 7.3),

(i} grain sorghum seed (5 kg/ha at $1.25/kg),

(iv) forage sorghum seed (8 kg/ha at $0.88/kg),
(v) application of irrigation water at $3.87/ha per irrigation for labour and transport,

and

(vi} maintenance of irrigation channels at $4/ha.
The economic model was combined - with the four models
components of the system to calculate the net prefit from grain and forage sorghum

production.

Table 7.3 Contract Harvesting Costs.

describing the physical

Self propelled grain harvester
Carting and storing grain
Mower conditioner

Hay baler

Carting and storing hay
Forage harvesting

29,80
2.50
8.82
1.20
4.00

10.92

$/ha
$/t
$/ha
$/t
$/t
$/ha
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CHAPTER 8
SIMULATION EXPERIMENTS

Introduction

Expected levels of crop production from shallow storage systems were investigated
through a number of computer simuiation experiments. This involved integration of the
component models described in previous chapters to form a single mathematical model of the
system. The system was driven during simulation by a long period (60 vyears) of
meteorological records,

The experiments were conducted to investigate the effects of climatic variability,
irrigation strategy, planting strategy and shallow storage design on catchment run-off, water
supply, irrigated grain sorghum production, ponded-area forage sorghum production and the
economics of production.

The effect of climatic variability on the performance of shallow storage systems was
investigated in Experiment 1 by simulating the physical characteristics of the water storage
at RSSRP with a set of management decision rules that were recommended prior to this
StudYa

The effects of jrrigation strategy on grain production from the irrigation-area were
investigated in Experiments 2, 3 and 4, The term lirrigation strategy' is used in these
experiments not only to specify a schedule for the timing and frequency of irrigation, but
also a set of decision rules which alter the timing, frequency and fraction of the
irrigation—area that is watered in response to climatic conditions and simulated water supply
and soil moisture status, '

The term !planting strategy' is used to specify a set of management decision rules
based on environmental conditions to determine time of planting on the irrigation-area.
Experiment 5 investigates antecedent soil moisture conditions on the irrigation-area and
catchment run—off conditions as criteria effecting the decision rules for planting strategy.

The effects of shallow storage design on attributes of crop production were
investigated in Experiment & by changing four parameters of the design. They were
catchment area of the water storage, stream gradient at the dam site, water storage
capacity and size of the irrigation-area.

8.1 Experiment 1; Effects of Climatic Variability on Water Supplies and Crop Production.

8.1.1 Introduction

The first objective of this experiment was to define the effect of climatic variability,
as indicated by long-term climatic records, upon the performance of a shaflow storage
system. The second objective was to form a base from which subsequent experiments could
be designed.

The shallow storage design parameters chosen for this experiment were defined by the
physical characteristics of the dam at RSSRP, and the management strategies were those
recommended by Weston (1972) and used by Weggoner and Weston (1973} in their
preliminary economic analysis of shallow storage irrigation. These management strategies
were adopted because they form the basis of current recommendations to farmers. Weston
recommended that grain sorghum should not be planted on the irrigation-area before
catchment run—off filled or partially filled the water storage, so that the risk of crop
failure was minimized. His recommendation for irrigation was to apply one irrigation shortly
before half bloom.

8.1.2 Simulation Methods

Most of the detail describing simulation methods given in this sub-section will also be
applicable to subsequent experiments, and will not be repeated.

Historic meteorological data from the Richmond Post Office were used to drive the
mathematical model through the sixty year period from 1 October 1918 to 30 September
1978. The records of daily rainfall, monthly maximum temperature and monthly minimum
temperature, together with monthly estimates of evaporative demand calculated by the
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method of Fitzpatrick (1968) are given in Appendix A.

lnitial Values. Values of soil water status and water storage required to initiate the

simulation were established by running the model over the 60 year simulation period, and
then calculating mean values at the end of each climatic year (30 September) in those
years that were climatically similar to 1918, This method is justified because monthly
rainfall data prior to October 1918 shows that 1918 was climatically typical of the region
with 746 mm of rain in the preceding wet season, and no rain for the period May to
September. [nitial values of soil molisture found by this method were 6.2, 20.9 and
109.3 mm for the surface, sub—surface and sub-soil layers of the catchment water balance
sub-model, and 7.5, 25.0 and 125.0 mm for the same layers in the irrigation-area water
balance sub-model, The water storage in the dam was zero at this time.

Initial wvalues used for grass and litter vyieids in the catchment pasture biornass
sub-mode! were 1040 and 330 kg/ha respectively. These values were estimated using the
catchment water balance and pasture biomass sub-models with monthiy data for the four
years preceding October 1918,

Design Parameters. The shallow storage design parameters were; catchment area of
water storage = 1660 ha, water storage capacity = 400 ML, stream gradient of dam site
=1 : 977, and size of irrigation-area = 40 ha,

Some design parameters calculated from these parameters by the water storage model
were: maximum depth of water storage = 2.0 m, maximum length of dam = 1954 m,
maximum width of dam = 391 m, maximum surface area of dam = 60 ha, and maximum
size of ponded-area = 51 ha.

Some economic parameters cafculated by the economic model from the above set of
design parameters were: annual fixed costs for water storage and irrigation = $30.65/ha,
annual fixed costs for farm machinery and fencing = $31.80/ha.

Planting Strategy. The following set of decision rules were applied in each year of

simulation to determine time of planting of grain sorghum on the irrigation-area:

(i} Pianting was delayed until the third day without rain following the first run—off

event from the catchment which exceeded 4 mm.

(i) Planting was postponed until further rainfall occurred if the above run-off

condition occurred prior to the month of December.

(ii) Planting was abandoned for the season if the above run-off condition did not

occur before the 7Tst April. This condition was applied because experiments reported

in chapter 5 showed that grain sorghum planted after March had very slow growth
rates and that the risk of frost damage was high.

This set of rules requires land to be prepared for planting in every year because
ploughing must be done before the wet season, The estimated cost of this operation (two
ploughings) was $15.50fha per annum.

Since the graln sorghum vyield model does not calculate establishment rates, a plant
density of 100 000 plants/ha was assumed in all experiments. This density assumes a
reasonable level of farming efficiency and gives a potential grain number of 156 million
grainsfha and a maximum yield of 4267 kg/ha.

in all experiments the strategy used to simulate planting of forage sorghum on the
ponded-area was as described in chapter 6.

Irrigation Strategy. The following set of decision rules were used to schedule irrigation.

(i) A single Irrigation strategy of one irrigation was scheduled midway between booting
and half bloom (i.e. 55 standard days after planting at the heading stage of crop
development).

(i) Irrigation was delayed if estimates of soil molsture In the 0-90 cm soil profile of
the irrigation-area exceeded 60% of the available soil moisture range.

(fii} Irrigation was delayed if estimates of water storage in the dam were less than 5
ML, and cancelled if irrigation had not been applied by the end of grain filling (84
standard days after planting). :

{iv) If water storage in the dam was less than that required to irrigate all of the
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frrigation—area, then the area of irrigation was reduced in accordance with the

availability of water.

it Is important to note the different sense in which the terms lirrigation-area' and
larea of irrigation' are used. The area of irrigation varies from year to year depending on
seasonal conditions, If the volume of water in the dam is less than that required to
irrigate all of the irrigation-area, then the area of irrigation must obviously be less than
the size of the irrigation-area. However, if water storage Is greater than that required to
irrigate alfl of the irrigation-area, then the area of jrrigation can be equal to, but not
greater than the size of the irrigation-area.

In order to isolate the effects of climatic variability from that of irrigation on grain
yield, a second simulation (denoted treatment 2) of sixty years was conducted without
irrigation.

Computing. A Digital PDP-10 computer was used for calculations with the source program
written in FORTRAN. This program is shown in Appendix B. Computing time for each
simulation of sixty years was approximately 16 seconds (CPU time} and cost $1.93
{approximately). The event stepping procedures used for the irrigation-area and ponded-area
water balance sub-models were found to reduce computing costs by a factor of 5,

8.1.3 Simulation Results

The results of simulation are glven in the following sequence: catchment run—off,
frequency of cropping, water supply, irrigated grain sorghum vyield, irrigated grain sorghum
production, ponded-area forage sorghum preduction, and economics of production, While a
computer printout of simulation resuits is shown in Appendix C, the results are also given
below in the more easily assimilated form of figures and tables.

Catchment Run—off. Appendix C table C2 shows the depth of dally run—off for the period
1 Qctober 1918 to 30 September 1978 for each day that run—off was estimated to have
exceeded 0.5 mm; table 8.1 shows cumulative run-off for each month and year during this
period. The characteristics of catchment run—off given below were calculated from this
data.,

Run—off was a relatively rare event, and did not occur in 32% of years during the
60 year simulation. Run-off occurred on more than 3 days per year in 20% of years, and
on more than 5 days per year in 7% of years. Consecutive years without run-off occurred
4 times, The longest period without run-off was estimated to be almost four years from
10 January 1957 to 27th December 1960,

Fifty percent of dally run—off svents were equal to or less than 7 mm, and ten
percent of run-off events equalled or exceeded 38 mm., The maximum daily run-off was
estimated to be 89 mm.

Eighty four percent of run—off events were found to occur in the months January to
March, and February was found to have the highest expectancy of run-off {see table 8,1).
Run-off was estimated to have occurred on only one occasion in the months june to
October (1 mm on 5 July 1936).

Mean annual run-off was 35,1 mm, however, this depth of run-off was exceeded in
only 30% of years. The median annuval run-off was 5 mm. When cumulative percent
frequency of annual run—off was plotted against the log of annual run—off the relationship
was found to be linear {see figure 8.1), The relationship was:

FQ = 29.6 + 29.65 log Qa for Qa > 1 mm (8.1)
where FQ = Cumulative percent frequency of annual run—off (%), and Qa =
Estimated annual run-off {mm).

This finding was used to divide annual run-off into 7 frequency classes. The upper
bounds of classes 2 to 6 were increased logarithmically as follows: 4, 10, 25, 62 and
156 mm. Class 1 included all years in which run—off was zero and class 7 included all
years in which run—off exceeded 156 mm. Classes 1 and 2 included all years in which
run—off was inadequate as a source of water for irrigated cropping as defined by the
planting strategy decision rules. The upper limit of class 4 (i.e. 25 mm) i equal to the
depth of run-off required to fill the dam at RSSRP.

%
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Table 8.1 Estimated monthiy run-off (mm) from Mitchell grass catchment, October 1918
to September 1978

Year C N D ! F M A M |} } A S Total Days

1919 = - = - - -

1920 - - - 1 - - - 6 - - - -
1921 - - - - - - 3 - - - -
1922 - - - - 5 - -
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The frequency of annual run—off in each of the above frequency classes is shown in
table 8.2 for each of the six decades from 1 October 1918 to 30 September 1978, This
table shows: (i) years of zero run—off were evenly distributed among the decades, and ({ii)
the frequency of run—off in classes 2 to 6 were approximately equal when summed over the
six decades. However, very large differences occurred between decades. In the first
three decades the estimated annual run-off would have not been sufficient for irrigation in
60% of vyears, and in one decade the depth of annual run—off would have not been
sufficient to fill the dam at RSSRP in any year. In contrast, annual run—off in two of
" the last three decades exceeded the depth of run—off required to fill the dam at RSSRP in
60% of years, and in one decade run—off exceeded two and a half times storage capacity in
50% of years.

Frequency of Cropping. Grain production from the irrigation-area was simufated to occur
In only 29 years of the 60 year simulation period (48% of years), planting conditions not
being satisfied in the remaining 31 years. Run—off occurred too late in three cases and did
not exceed 4 mm in 28 cases. The 95% confldence interval for percent frequency of
cropping from 60 years of data is equal to 29 x 100/60 + 13 (i.e. 35 to 61% of years).

Ponded-area cropping was simulated in 32 years of the simulation period. The three
years that run—off occurred too !ate for irrigated grain production were suitable for forage
cropping on the ponded area.

Time of Planting. The most frequent month of planting on the irrigation-area was
February. In the 60 years of simulation, three crops were planted in December and
January, 19 crops in February, and four crops in March (see Appendix C table C2), Whilst
the mean percent frequency for cropping in any year was 48%, the relative frequencies for
planting before and after February were only 10 and 7% respectively.

Planting on the ponded-area usually commenced in March or April and normally
occurred on 2 or 3 occasions over a period of six weeks,

Water Supply. In years of cropping the volume of water stored in the dam at the time
of irrigation exceeded the requirement of crops on the irrigation-area in 79% of vyears.
While the average demand of the 40 ha irrigation-area was 41 ML the average supply
available at the time of irrigation was 187 ML or sufficient to irrigate 107 ha. Thus,
expansion of the irrigation-area should lead to a considerable Increase in water use
efficiency.
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Figure 8.1 Cumulative percent frequency of estimated annual run—off from Mitchell grass
catchment {Run—off was estimated to be zero in 32% of years).
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Table 8.2 Mean annual run—off and frequency distributions of annual run—off from the
Mitchell grass catchment in the six decades from October 1918 to September 1978.

Decade Siaty
Oct.1918 Oct,1928 Oct.1938 Oct 1948 Oct.1958 QOct.1968 vyears
to to to to to to Oct.1918

Sep.1928 Sep.1938 Sep.1948 Sep.1958 Sep.1968 Sep.1978 to Sep.1978

Mean Annual
Run-of f (mm) 14.1 4,2 28.6 67.6 12.0 30,0 35.1

Frequency of Annual Run—off (number)

Class Bounds(mm)

1 0 4 3 3 3 4 2 19
2 1-4 2 3 3 0 1 0 9
3 5-10 2 3 1 0 1 0 7
4 11-25 0 1 1 0 2 2 6
5 26-62 2 0 0 2 2 3 8
6 63-156 0 0 2 4 0 1 8
7 156 0 0 0 1 0 2 3

The cumulative percent frequency distribution of water supply in figure 8.2 shows
that the volume of water storage at the time of irrigation was less than the volume
required to irrigate all of the 40 ha irrigation-area in 6 out of the 29 years of cropping.
In these years the irrigation strategy rules reduced the area of irrigation so that only a
portion of the irrigation-area was simulated to have been irrigated. The remaining portion
was simulated as a dryland crop. This suggests that management of the water supply for
irrigation needs to be quite flexible if the efficiency of water use is to be optimized.
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Figure 8.2 Cumul ative percent frequency distributions for entire 60 year simulation period
of: {a) water supply (@ ) (i.e. volume of water held in storage at the time of
irrigation), and (b} water demand ( O ) (i.e. volume of water required to Iirrigate the
40 ha irrigation-area at the time of irrigation).
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Arrigated Grain_ Sorghum Yield. The cumulative percent frequency distributions of grain
yield determined from the irrigated and dryland ({i.e. nil irrigation) treatments of this
experiment are shown in figure 8.3, This figure shows the distribution of irrigated grain
yield to be almost linear over its range (2225 to 4068 kgfha). The mean and median
yields were 3153 and 3019 kg/ha respectively. In contrast the distribution of dryland grain
vield was curvilinear and had a median of only 839 kgf/ha. Increases in yield due to
irrigation ranged from 826 to 2757 kg/ha and exceeded 2238 kgfha in 50% of years. The
above distributions are approximated by:

_lIrrigated Yield = 2250 + 17.88 FY (8.2)
Dryfand Yield = 147,3 exp(0.03178 FY) (8.3)
where FY = cumulative percent frequency of yield, and ylelds are in kgfha.

Rainfall was not disruptive to irrigation scheduling as irrigation was delayed by high
levels of soil moisture in only two years. lIrrigation was delayed by one day in 1950, and
by seven days in 1975, Therefore the simulation was effective in demonstrating the effect
of frrigation at heading on grain yield.

Irrigation increased mean grain number by 59% from 84 to 134 million grains/ha, and
mean grain size by 35% from 18 to 24 mg. The largest effect of irrigation was to reduce
the proportion of grain lost to lodging from 40% to 3%.

Comparison of the mean irrigated yield in this  experiment (3153 kg/ha) to the
maximum yield predicted by the wmodel (4267 kg/ha) shows there is potential to further
increase yield by 35% with additional irrigation, Possible Increases in grain number and
grain size with additional irrigation are approximately equal, being 16% and 14%
respectively.  However, the potential to further reduce lodging loss is very small {2%).

Irrigated Grain Sorghum Production, The mean production of irrigated grain sorghum in the
29 years of possibie cropping was 115 tonnes (2864 kg/ha), which is equivalent to 55 tonnes
per annum (1385 kg/ha) when averaged over all 60 years. Hereafter the mean results
from the 60 years of simulation are referred to as the long-term mean.

Considerable variation was found in both the level and continuity of grain production.
The cumulative percent frequency distribution of irrigated annual grain production in figure
8.4(a) shows three distinct segments. The first segment of zero production was the most
frequent outcome, as it occurred in all years of the simulation that run—off did not satisfy
planting conditions (i.e. 52% of years). The second segment was a rapid increase In
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Figure 8.3  Cumulative percent frequency distributions of irrigated grain yield ( @ } and
dry-land grain yield { © ) in years of cropping.
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production from zero to 106 tonnes as cumulative percent frequency increased from 53 to
67%. In this segment there was only sufficlent water stored in the dam to irrigate a
portion of the 40 ha irrigation-area, and thus the remaining portion of the irrigation-area
was forced into dryland cropping. The mean yield of the irrigated portion was 2675 kgfha
compared to 292 kg/ha on the portlon of the Irrigation-area which could not be irrigated.
In the third segment of the relationship in figure 8.4(a), productlon increased at a slower
rate from 106 to 163 tonnes as cumulative percent frequency increased from 68 to 100%.
in this segment the supply of water exceeded demand in all cases and hence there was
sufficient water to apply a single irrigation at heading to all of the 40 ha irrigation-area.
Increases in production were primarily due to the effect of rainfall on grain yield. The
mean yield of the third segment was 3278 kg/ha,
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The time series of annual grain production from treatment 1 In figure 8.4{b} shows
fong periods of zero production in the 1920%s, 30's, 40's and 60's and periods of persistent
production in the 1950's and 70's, Average production in the first half of the 60 year
simulation was substantially lower than average production in the second half (36 tfyr ¢f
75 tfyr). This major shift in production casts some doubt on the adequacy of using only
60 years of data to establish tong-term probability levels.

Figure B.4(b} shows that years of zero production were not evenly distributed through
the 60 vyear simulation. However, the estimated frequency of zero production in 1, 2, 3,
4 and 5 consecutive years closely followed the expected frequency of these events if years
of zero production were independently distributed in a statistical sense throughout the 60
year simulation (see table 8.3).

The high frequency of zero production in consecutive years caused a large variation in
short-term production. Mean five year production ranged from zero to 138 tfyr, and mean
ten year production ranged from 29 to 97 tfyr. This provides a salutory warning on
reliance of short term experiments to obtain estimates of the long-term mean.

Ponded-Area Forage Production., Estimates of mean vyield, total area of cropping and total
forage production for each of the 32 years that ponded-area forage sorghum cropping was
simulated are shown in table 8.4, This table shows:
(i) that the ponded-area was fully planted (51 ha) in only 19 of the 32 years of
cropping (run—-off was not sufficient to completely inundate the ponded-area in the
remaining 13 years of cropping, and was not sufficient for c¢ropping to occur at all in
the remaining 28 years of the 60 year simulation),
(if) that the mean annual dry matter yield of forage was 1634 kgfha and that [ittie
variation in yleld occurred from year to year {yield was f[ess than 1350 kgfha or
greater than 2000 kgfha in only 6 cases), and
(it} that variation in forage production was mainly caused by variation in area of
cropping.
Mean annual forage production in years of cropping was estimated to be 65.9 tonnes,
which is equivalent to 35 tonnes per annum when averaged over all 60 years of the
simul ation,

Economics of Production In the 31 years of the simulation that crops were not planted
on the irrigation-area the mean annual cost for capital and ploughing was $78/ha. I[n the
29 vyears of grain cropping the mean annual cost of grain production was $141/ha. While
the mean cost per tonne of grain production in years of cropping was $49/t, the long—term
mean was substantially higher because of the fixed costs incurred in non-cropping years and
was $77/t. (The long-term mean was calculated by dividing total costs of production over
60 years by total production from the 29 years of cropping}. Since grain was valued at
480/t the profits in years of cropping were just sufficient to meet costs in non—cropping
years. The mean annual operating cost of ponded-area forage production was $18/t, Fixed
costs were not charged to the ponded-area.

Table 8.3  Frequencies of zero production in consecutive years.

Number of consecutive Frequency observed Expected frequency
years of zero in simulation of an independent
production results distribution
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In the 29 vyears of irrigated cropping there were six years that irrigation supplies
were not sufficient to meet the Irrigation demand of one watering at flowering. In these
years, costs of production exceeded income and a mean net loss of $25/t occurred.

The time series of profits in flgure 8.5 shows that short term profitability {5 years)
Is highly dependent on the year in which the cropping system was implemented and that the
risk of economic faifure in the short term is high.

Table 8.4  Simulated dry matter yields of forage sorghum, area of cropping and forage
production from the ponded-area

Year Forage Area of Forage
Yield Cropping Production
(kg/ha) (ha) (1)

1919-20 1630 19 31
1921-22 1380 13 18
1923-24 1470 51 75
1926-27 1650 51 84
1932-33 1940 16 3
1933-34 1480 30 4
1935-36 2930 15 44
193637 1360 L 15
1937-38 1330 15 20
153940 1310 51 67
194041 1780 51 91
194445 1840 44 81
1949-50 1590 51 81
1950-51 1440 51 73
1952-53 1420 51 72
1953-54 1520 51 77
1954-55 1690 51 86
1955-56 2060 51 105
195657 1820 51 93
1960-61 1530 51 78
1962-63 1640 47 77
1963-64 1910 11 21
1965-66 1500 29 44
1967-68 1850 51 94
1969-70 1390 39 54
1970-71 1820 51 93
1971-72 1290 51 66
1972-73 1630 51 83
1973-74 1560 51 80
1974-75 1500 51 77
1975-76 1390 51 71

1976-77 2560 32 82

Mean 1634 39.5 65.9
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8.1.4 Discussion and Conclusions.

Climatic variability was shown to have large effects on cropping frequency, crop
production and the economics of crop production.,

Simulation of dry land grain sorghum cropping showed vields to exceed the minimum
economic level for successful cropping ({approximately 1800 kg/ha) in only 12% of years,
In contrast, all vyears in the 29 vyears of simulated c¢ropping were shown to exceed
2000 kg/ha when one irrigation was applied. Therefore the first concdusion of this study is
that grain cropping on the Mitchell grass plains cannot be successful without irrigation.
This agrees with earller works (Weston 1971; and Clewett 1969) and supports the
management strategy recommended by Weston (1972) that planting should not proceed until
run—off has filled or partially filled the water storage.

The two main factors which led to the large variation in crop production were the
low frequency of cropping and the unreliability of water supplies for irrigation. Because
catchment run—off determined cropping frequency, irrigation supply and the maximum area of
cropping on the ponded-area, the main effect of climatic varlability on crop production was
through its effect on catchment run—off. Direct effects of climatic changes on grain and
forage vields were much less important,

~ Catchment run-off was shown to be much less frequent and more varfable than
previous estimates by Weston {1972), Morwood [1976) and the Australian Water Resources
Council (1976) discussed in the literature review In chapter 1. While catchment run-off
was shown to be adequate for successful cropping in some decades of the simulation, the
lirnitations that catchment run—off impose on the long-term use of shallow storage irrigation
are greater than previously recognized.

Variation in short—term estimates of productivity are important in analysis of cropping
systems because farm planning horizons are generally no longer than ten years, and are
often only five years. A key point found in analysis of the simulation results was the
large variation found in mean values when calculated over short time periods. For example,
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the minimum and maximum values of the ten year moving average of the following variables
were:

mean annual catchment run—off = 3.5 and 80 mm/fyr,

frequency of irrigated cropping = 20 and 80 % of years,

mean irrigated grain production = 29.3 and 101 tfyr, and

mean cost of irrigated grain = $51 and $129/t.

The time series of profits showed persistent periods of substantial economic losses and
gains. Therefore in commercial development of a shallow storage irrigation scheme, the
timeliness of development is important because cash flow and interest payments in the first
years are critical to economic viability. This result emphasizes the importance of dynamic
models in economic analysis.

The planting and irrigation strategies used in this experiment had some undesirable
consequences, There were a number of years in the simulation period that were not
cropped, but in which rainfall may have been sufficient for establishment and growth of
dry-land crops. Therefore the condition that catchment run—off must exceed 5 mm before
planting occurs may have unnecessarily reduced cropping frequency. [En contrast, there were
six years in the simulation peried in which grain production was low and unprofitable
because irrigation supplies were only sufficient to irrigate a small portion of the
irrigation-area. Increasing the amount of run—off required to satisfy planting conditions would
reduce this risk. The consequence of using alternative planting strategies is investigated in
experiment 5.

The irrigation strategy used in this experiment {i.e. a single Irrigation at heading)
was shown to substantially Increase the yield of grain sorghum. However, this irrigation
strategy did not increase yield to the maximum predicted by the model {4267 kg/ha) in any
year. Since an excess of irrigation supply occurred in 23 of the 29 years of cropping, there
was considerable potential to further increase grain yield and production by increasing either
or both the frequency of irrigation and the size of the irrigation-area. The consequences
of altering irrigation strategy are investigated in experiments 2, 3 and 4.

An alternative method of increasing the efficiency of water use is by altering the
shallow storage design. This Is investigated in experiment 6.

8.2 Experiment 2: Effects of Irrigation Timing on Grain Sorghum Production,

8.2.1 [Introduction

The results of the irrigation strategy field experiments in chapter 5 showed irrigation
timing to have substantial effects on grain sorghum vyield. |Irrigation timing also effects the
area of land that can be irrigated because the volume of water stored in the dam
decreases with time due to evaporation losses, and because the soil moisture deficit of the
irrigation—area Increases with time.

This experiment investigates changes in graln sorghum production that are caused by
the effects of Irrigation timing on: (i) grain yleld, (i) volume of water storage, (iil) depth
of irrigation required to recharge soil moisture to capacity, and {iv) the area of land that
can be irrigated.

8.2.2 Methods

The effect of irrigation timing on grain production was determined by repeating one
year of simulation with the time of irrigation delayed by one day in each simulation. The
same set of meteorological data were used in each simulation,

To remove the effects of climatic variability on grain production, it was assumed that
run—off filled the water storage on 15 February, that planting occurred three days later,
that rainfall and run-off after planting did not occur and that evaporative demand was
equal to the long-term mean, To remove the effect and restriction that size of the
irrigation-area has on grain production, it was further assumed that the size of the
irrigation—-area in each simulation was equal to the area of land that could be irrigated with
the water available in the storage.
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8.2.3 Results and Discussion

Grain Yield.

The effect of irrigation timing on grain number per hectare, grain size,
lodging losses and grain yleld per hectare are shown in figure B8.6.

When irrigation was

applied at planting then molsture stress was severe during the boot, flowering and grain

filling phenophases and consequently predicted

grain yield was very low (543 kgfha).

Grain yield increased (flgure 8.6(d)} as time of irrigation was delayed and reached a

maximum of 2943 kgfha when irrigation was applied at heading (day 56).

Irrigation at this

time minimized the effects of moisture stress on the product of grain number, grain size and

lodging losses.
delayed to days 56 and 58 respectively.
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Irrigation at day 56 gave a grain number of 118 million grainstha which is 76% of
the potential grain number {156 million grains/fha}). The maximum water stress simulated in
the floral initiation, booting and anthesis phenophases reduced grain number below that
achieved by irrigation at day 56 by 15%, 28% and 40% respectively.

The small discontinuities in the grain yield response curve in flgure 8.6(d) at the end
of the floral initiation and booting phenophases resuited from conceptual simplifications in
the grain yield sub-medel. They were caused by multiplication of the water stress indices
for the floral initiation, booting and anthesis phenophases when calculating the reduction in
potential grain number per hectare.

If irrigation was delayed wuntil after day 70 then very low grain vyields of
approximately 400 kg/ha were predicted. This occurred because water stress during the
booting and anthesis phenophases was severe and most grains in the primary head were
simulated to have aborted. Irrigation after day 70 was considered to have only prometed
the growth of tillers that failed to bear grain, This effect was simulated as a lodging loss
as shown in figure 8.6(c}.

Water Supply. Figure 8.7(a) shows the rapid rate at which water storage evaporation
losses reduce the volume of water available for irrigation use and the significant influence
that depth of water storage has on the proportion of water lost to evaporation. It was
estimated that the volume of water available for irrigation at half bloom (60 days after
planting) from dams that were 1, 2 and 4 m deep at planting was only 20, 50 and 72% of
the volume available at planting.

Depth and Area of lrrigation. The depth of irrigation required to recharge soil moisture to
capacity on the irrigation-area as time of irrigation is delayed is shown in figure 8.7(b}.
This figure assumes that soil moisture is at capacity at planting, and shows that the depth
of irrigation that Is required after 20, 40 and 60 days from planting is 58, 96 and 121 mm
respectively. These depths are equivalent to 33, 54 and 68% of the available soil molsture
range,

The combined effect of decreasing water storage and increasing depth of required
irrigation on area of irrigation as time of irrigation is delayed is shown in figure 8.7{(c}.
The unit of measurement for area in this figure is hectares per megalitre of water stored in
the dam at planting. For example, if the dam at RSSRP is filled to capacity (400 ML)
at planting with water stored to a depth of 2 m, then figure 8.7(c) shows that
0.38 ha/ML can be irrigated if irrigation is delayed to day 60. The area irrigated is thus
0.38 x 400 = 153 ha. However, If run—off only partially fills the dam to a depth of
1 m at planting {50 ML of water storage), then only 0.15 ha/ML can be irrigated at day
60 which gives 0.15 x 50 = 7.5 ha of irrigation.

Crop Production. The combined effects of changes In grain yield and decreases in area of
irrigation on grain production {the product of yield/fha and area of irrigation), as time of
irrigation is delayed, are shown in figure 8.7(d). The unit of measurement for production
in this figure is tonnes per megalitre of water stored at planting. This unit is therefore a
measure of the efficiency with which water stored at planting can be used for irrigation.
The two most important points in this flgure are:
(i) the potentially very large increases in grain yield that are gained by delaying
irrigation to heading are much reduced by the reduction in area of irrigation, and
(it} grain production is maximized by delaying irrigation to day 56 when the depth of
water storage at planting is 2 m or greater. However, the advantage of delaying
irrigation until this time becomes less and less as the depth of water storage at
planting decreases, because of the increasing importance of water storage evaporation
losses.  When the depth of water storage at -planting is less than 1 m crop
production decreases continuously as time of irrigation is delayed (figure 8.7(d}).

8.3 Experiment 3: Effects of Irrigation Timing and Frequency on Grain Sorghum
Production.

8.3.1 Introduction.
Experiment 2 showed that grain yleld per hectare and grain production was greatest if
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jrrigation was timed at heading, provided the depth of water storage at planting was greater
than one metre, However, Experiment 1 showed that more than one irrigation was required
if grain yield per hectare was to be maximized. It was also shown in Experiment 1 that
water supplies for irrigation were surplus to the demand of one irrigation scheduled at
heading in 78 percent of years that cropping was simulated. Hence there Is scope to
increase grain production by using two or more irrigations.
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This experiment investigates the effect of both irrigation timing and frequency on the
fong-term mean of grain sorghum production, and wupon the - annual variation in grain
production. '

8.3.2 Methods

The experiment is similar to Experiment 1 in that the same set of long-term weather
records from the Richmend Post Office were used, and the same water storage design and
set of management rules for planting and delaying irrigation from the scheduled time were
used. The size of the irrigation-area was increased to 100 ha in this experiment because
the Irrigation~area of 40 ha in Experiment 1 was found to be toe small to utilize stored
water in most years.

The effects of 14 irrigation strategy treatments on grain production were simulated.
In six treatments, only one irrigatlon was simulated, and this was scheduled at one of the
following times: 25, 35, 45, 55, 65 or 75 standard days after pianting, Two irrigations
were simulated In six different treatments. In the first of these treatments irrigations were
scheduled to occur 25 and 45 standard days after planting (denoted 25/45}. The remainder
of these treatments were: 2555, 35(55, 35/65, 4565, and 45/75. Three irrigations were
simulated in one treatment, and they were timed at 25/45/65 standard days after planting.
One¢ treatment was a contrel of nil irrigation.

In those years of the simulatlon that the volume of water storage was not sufficient
to irrigate the entire irrigation~area according to the appropriate schedule, then the water
supply was rationed in the following way. If only one irrigation was scheduled, or if only
one irrigation was remaining in the schedule, then the volume of water available for
Irrigation (VA) was set equal to the volume of water in the storage, and the area of
jrrigation (Al) was calculated from:

Al = min (AC, VA/D)
where AC = Area of crop = 100 ha, and D = Depth of irrigation required to
recharge soil moisture on the irrigation-area to capacity.

if two or more irrigations were remaining in the schedule, then forecasts of water
supply and demand were made so that an approximately equal area of land would be
watered at each irrigation. Where two irrigations were remaining in the schedule then the
volume of water available for the first irrigation (VA1) was computed iteratively to satisfy:

V = VA1 + VE + VA2 (8+4)
where V = Veolume of water in the dam immediately before the first irrigation
is applied, VE = Forecast volume of water storage lost to evaporation between
irrigations, VA2 = Volume of water available for second irrigation = VAl x
WD2/WD1, and where WD1 = Soll water deficit of the irrigation-area at the
time of the first Irrigation, and WD2 = Forecast soil water deficit of the
irrigation—area at the time of the second irrigation.

This procedure assumes no rainfall to occur between Irrigations, and that evaporative
demand equals the long-term monthly means. The evapotranspiration relationships glven in
chapter 5 were used to forecast soil water deficit, and the water storage relationships given
in chapter 4 were used to forecast water storage evaporation losses.

A similar iterative procedure to that given above was used when three irrigations
were remaining in the schedule.

8.3.3 Results

Simulation results for catchment run—off and cropping frequency were the same in this
experiment as in Experiment 1 because the same water storage design and planting strategy
were used and so irrigated cropping was simulated in 29 out of 60 years,

Grain Yieid. While water supplies were not sufficient to irrigate the entire irrigation-area
in every year of cropping, they were sufficient to irrigate at least one hectare of the
irrigation area in every year of cropping. The grain vield results that are given below
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refer only to the portion of the irrigation-area which received the scheduled irrigation
strategy of each treatment.

Table 8.5 shows the mean effects of each irrigation treatment on the components of
grain yield, and the cumulative percent frequency distribution of grain yield. These resuits
show that increases in irrigation frequency led to increases In grain yleld and decreases in
annual variation of yield. Grain yield was smallest in the nil irrigation treatment, and
greatest in the tripte irrigation treatment.

The results in table 8.5 also show that the timing of a single irrigation had a large
effect on the components of grain yield within the single irrigation strategies, and that yield
was maximized by irrigation at day 55, In contrast, irrigation timing had little effect on
grain yield within the double irrigation strategies because water stress during the critical
anthesis phenophase was not severe in any of the treatments.

Water use efficiency, In terms of increased grain yield per millimeter of water
applied, was maximized by a single irrigation at day 55. The mean water use efficiencies
of a single irigation at day 55, a double irrigation at days 25 and 55 and a triple
irrigation at days 25, 45 and 65 were 20,0, 16.7 and 14.6 kg/ha/mm respectively, In the
double irrigation strategy the irrigation at day 25 increased grain yield by 10.5 kg/ha/mm,
and in the triple Iirrigation strategy the irrigation at day 65 increased grain vyield by
7.3 kg/ha/mm. These results show a decreasing vyield return to irrigation as irrigation
frequency increased. The mean depth of water applied in the above single, double and
triple irrigation strategies in those years of the simulation that seasonal rainfall was
negligible {less than 20 mm) were 120, 180 and 259 mm respectively.

Area of [|rrigation. The percentage of years in the 29 years of cropping that water
supplies were not sufficient to irrigate the entire irrigation~area of 100 ha is shown in table
B.6, The mean area of land that was irrigated is also shown for each irrigation
treatment. This data shows that as the frequency of irrigation increased and the timing of
irrigation was delayed, that there was an increasing likelihood of water supply failing to
meet requirements. Consequently, the mean area of irrigation was decreased.

Grain Production. Grain vyield increased with increasing irrigation frequency, whereas water
use¢ efficiency and area of irrigation decreased. The result of these competing influences
on the mean and frequency distribution of grain production are shown in table 8.6, The
strategy which maximized long-term mean grain production was a double irrigation, with the
first irrigation at day 35 and the second irrigation at day 65. However, this strategy did
not maximize grain production in all of the 29 years that cropping was simulated. The
triple irrigation strategy maximized production in 9 years out of 29 when irrigation supplies
were plentiful, and a single irrigation at day 55 maximized production in 10 years out of 29
when irrigation supplies were not sufficient for more than one irrigation. When irrigation
supplies were FHmited, then grain production from the triple irrigation strategy was low
because the proportion ef the irrigation-area that received irrigation was much lower than in
other treatments, and because grain yield on the non-irrigated portion of the irrigation-area
was less than 500 kgfha.

The data in table 8.6 shows very little difference In grain production in four of the
double irrigation strategies {treatments 9, 10, i1 and 12} which apply the first irrigation to
boost grain number per hectare during the floral initiation or booting phenophases, and the
second irrigation around flowering. Therefore, there is reasonable flexibility for management
to alter time of irrigation without incurring substantial production losses. In contrast, the
single irrigation strategies show a sharp peak In production when irrigation is applied at
heading, and hence penalties to management for mistiming irrigation in this option would be
substantial.

8.3.4 Discussion and Conclusion,

The results of this experiment are important for two reasons. Firstly, they describe
the response in grain sorghum vyield to irrigation and secondly, they show that in order to
maximize grain production that both the frequency and area of irrigation should be adjusted
to seasonal conditions, where the supply of and demand for irrigation water are variables.

aly



Table 8.5 Effect of irrigation strategy on grain number, grain size, lodging losses and yield of grain sorghum**

Treatment Irrigation Mean Mean Mean Grain Yield (kg/ha)
No. Strategy Grain Grain Lodging
Number Size Loss
Frequency Timing* (106[ha) (mg) % Mean Min 20th Median 30th Max
Percentile Percentile
1 Nil - 84 18.1 41 1073 160 270 339 1966 3185
2 1 25 108 19.5 26 1746 237 785 1589 2892 3990
3 1 35 117 20.0 21 1933 294 1193 1828 2839 4107
4 1 45 116 20.9 15 2164 583 1463 1800 3026 4122
5 1 55 135 24.2 3 3154 2225 2650 3019 3658 4068
6 1 65 119 25.2 2 2929 2116 2468 2677 3474 4267
7 1 75 84 24.9 37 1495 267 309 1914 2463 4267
8 2 25745 135 22.4 9 2854 728 1857 2615 3879 4267
9 2 25[55 151 24.5 3 3592 2762 3263 3661 4000 4267
10 2 35755 152 24.6 2 3645 2762 3252 3701 4000 4267
11 2 35/65 152 25.3 2 3781 3144 3444 3821 4031 4267
12 2 45/65 143 25.4 2 3558 2384 3341 3470 3888 4267
13 2 45/75 135 25.5 2 3336 2674 2973 3414 3749 4267
14 3 25/45/65 25.4 2 3840 3145 3456 3888 4202 4267

153

* |Irrigation timing is shown in standard days after planting.
** Means and frequency distribution are calculated for years of cropping.

‘6l



Table 8.6 Effect of irrigation strategy on area of irrigation, water use and grain production in years of cropping.

Treatment Irrigation Percent of Mean Mean Grain Production (tonnes)
No. Strategy of years in Area Water
which water of Use
shortage Irrign. Mean Min 20th Median 80th Max
Frequency Timing* occurred (ha) (ML/ha) Percentile Percentile
1 Nil - - 0 0.00 107 16 27 84 197 319
2 1 25 21 89 0.72 167 21 57 159 282 399
3 1 35 21 86 0.73 182 29 66 172 274 411
4 1 45 28 83 0.79 192 38 62 178 293 412
5 1 55 31 80 0.90 268 48 92 296 366 407
6 1 65 34 77 1.01 248 36 85 268 347 427
7 1 75 34 68 1.04 147 17 32 191 246 349
8 2 25745 31 80 1.49 247 40 77 259 383 422
9 2 25755 34 77 1.53 288 48 96 346 387 422
10 2 35/55 34 76 1.52 290 48 94 346 394 424
11 2 35765 41 75 1.53 291 40 92 377 390 424
12 2 45765 45 74 1.61 277 37 80 341 389 427
13 2 45/75 48 70 1.72 258 28 68 293 375 427
14 3 25/45/65 62 70 1.96 277 36 82 341 395 427

* lrrigation timing is shown in standard days after planting.

*ovl
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8.4 Experiment 4;: Effects of Irrigation Management Rules on Grain Production,

8.4.1 introduction

In Experiment 3 it was shown that irrigation at heading maximized water use
efficiency, and that the optimum frequency of irrigation was dependent on seasonal
conditlons, When the supply of irrigation water was [ess than required, the management
rule used in experiment 3 in the multiple irrigation treatments was to reduce the area of
irrigation so that the area of land watered on each irrigation was approximately the same.

This experiment tests an alternative set of rules for seasonal management of a triple
irrigatlon strategy. The management rules that are tested reduce the frequency of irrigation
before the area of irrigation is reduced, and also give priority to irrigation at heading. This
strategy is called a flexible irrigation strategy and is described in more detall as treatment
4 in section 8.4.2,

The size of the irrigation-area is varied from 1 to 640 ha in this experiment to
extend the range of conditions relating to the supply of and demand for irrigation water.
The water storage design in this experiment is the same as was used in Experiments 1 and
3 (i.e. 400 ML capacity and equivalent to the dam at RSSRP}, The criteria used to
determine time of planting in Experiment 1 was also used in this experiment.

8.4.2 Methods

A factorial design of four Iirrigation strategles by seven sizes of irrigation~area was
used. Each treatment was simulated over the period 1 October 1918 to 30 September
1978. The seven treatments for size of the irrigation-area were 1, 20, 40, 80, 160, 320
and 640 ha, The four irrigation treatments were as follows:

Timing of Irrigation*

Treatment Name of Number of

Number Strategy Irrigations flrst  second third
1 single 1 55 - -
2 doubie 2 25 55 -
3 tripie 3 25 45 65
4 flexible 3 25 55 75

* standard days after planting

When water supplies were less than irrigation demand In treatments 1, 2 and 3, then
the management rules for seasonal alteration of the single, double and triple Irrigation
strategies were as described in Experiment 3. In these treatments the frequency of
irrigatlon was maintained but the area of irrigation was reduced so that it would be
approximately the same at each irrigation. In contrast, the management rules for seasonal
alteration of the flexible irrigation strategy (treatment 4} gave priority to maximizing the
area of irrigation at day 55. The only water used for irrigation at days 25 and 75 (i.e.
the first and third irrigation) was water that was surplus to the requirement of irrigation at
day 55. Therefore in situations of limited water supply, the first and third irrigations were
reduced in area (and abandoned If necessary) so that as much land as possible could be
irrigated at day 55.

The flexible Iirrigation strategy requires methods of forecasting water storage
evaporation losses and crop irrigation requirements. The forecasting methods described in
Experiment 3 were also used in this experiment. Further details of the flexible irrigation
strategy decision rufes were;

() The volume of water in the dam that was considered to be available for the flrst

irrigation (WA1), was calculated by subtracting the following forecasts of water loss

and use from the volume of the dam at the time of the first irrigation (V1): (a) the
volume of water storage evaporation (VE) forecast to occur between the first and
second irrigation, and (b) the forecast volume of water required for the second
irrigation (WR2) to irrigate all of the irrigation-area, Thus, the water available for
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the first irrigation was calculated from:
WA1 = max (0.0, V1 - VE - VR2) (ML) {8.5)

{ii) The volume of water availabie for the second and third irrigations (schedufed at
days 55 and 75) was set equal to the volume of water in the dam at that time.
Thus, no consideration was given to the water requirements of the third irrigation at
the time of the second irrigation.

(i) If the calculated volume ‘of water available for each irrigation was less than
that required to irrigate all of the irrigation-area, then the area of land watered at
each firrigation was reduced in accordance with the availability of water for that
frrigation.

{iv} If the calculated volume of water available for irrigation was less than 5 ML,

or if soil moisture in the surface 30 ¢m of the irrigation-area was estimated to be
greater than 60% of capacity, then Irrigation was postponed, with decisions being
made on a daily basis, The irrigation scheduled for day 25 was cancelled if it had
not been applied by day 38. If the irrigation scheduled for day 55 was postponed,
then the irrigation scheduled for day 75 was also postponed by the same amount.
The irrigations scheduled for days 55 and 75 were cancelied if they had not been
applied by day B84.

8.3.4 Results

Grain Production. Table 8.7 shows the effects of irrigation strategy and size of the
irrigation area on: grain vyield per hectare, water use, area of irrigation, and grain
production in the 29 out of 60 years that cropping was simuiated. The salient points in
this table are: '

(i} The grain yield per hectare of all Irrigation treatments decreased as the size of
the irrigation-area Increased. This occurred because increases in the size of the
irrigation—-area Jed to an Increase in the proportion of land that was not irrigated.

(i) Although expansion in the size of the irrigation-area led to increases in grain
production of all irrigation treatments, it also led to instability of production, For
example, when the irrigation-area was 1 ha then the grain yield of the flexible irrigation
strategy exceeded 3000 kg/ha in every year, however, when the irrigation-area was 640 ha
then only one crop in five exceeded 3000 kg/ha. The effect of changes in the size of the
irrigation—area on the variability of grain yield are shown more clearly in figure 8.8,

(i} Within the single, double and triple irrigation treatments there was a significant
interaction between irrigation frequency, size of the irrigation-area and climatic variability on
predicted values of grain production as follows. ‘When the irrigation-area was 1 ha then
the triple irrigation strategy gave the highest production in all years because water supply
was not limiting in any vyear. In contrast, the single irrigation gave the highest
production in every year when the irrigation area was 640 ha. [In this case, water supply
limited the proportion of the irrigation-area that could be irrigated in every year of the
simulation in all treatments. When the irrigation-area ranged from 20 to 160 ha then the
mean grain production of the double irrigation strategy was greater than the mean production
of the single and triple irrigation strategies (see figure 8.9), However, all three irrigation
strategies gave equal highest production in some years, For example, when the
irrigation-area was 80 ha the single and triple irrigation strategies gave equal highest grain
production in 28 and 41 percent of years respectively.

(iv) In contrast to the other three irrigation strategies, the fiexible irrigation strategy
maximized grain vyield, area of jrrigation, and grain production at all sizes of the
irrigation-area in every year of the simulation. Therefore the management rules of the
flexible irrigation strategy were clearly superior to the rules used in the other irrigation
treatments.

Economics of Grain Production. Because the flexible irrigation strategy had the highest
production, it also gave the lowest cost of grain per tonne and the highest profits per

&
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hectare in all years of the simulation, and for alf sizes of the irrigation area.

Treatment 9 in this experiment (40 ha irrigation-area and a single irrigation at day
55) is equivalent to the shaliow storage design and irrigation strategy used in Experiment 1.
The long-term mean profit per hectare of this treatment was $11/ha, whereas, the
long~term mean profit per hectare using the flexible irrigation strategy for an irrigation-area
of 40 ha was $25/ha., This comparison shows that the simulation experiments have revealed
a more economically efficient method of scheduling irrigation.

Table 8.7 Effects of irrigation strategy and size of the irrigation area on grain yield,
area of irrigation, water use and grain production*

Area of Irrign. Mean Mean Mean Grain Production {tonnes)
Cropping Frequency 7Zrain Area of Water
Yield frrign., Use 20th Median 80th Mean
(ha) (kg/ha} {ha) (ML}  Percentile Percentiie
1 1 3150 1 1 2,7 3.1 3.7 3,2
2 3590 1 2 3.3 3.7 4.0 3.6
3 3840 ] 4 3.5 3.9 4,2 3.8
flexible 3840 1 4 3.5 3.9 4,2 3.8
20 1 3050 19 20 52 61 73 61
2 3390 18 32 55 73 30 68
3 3370 17 40 52 76 80 67
flexible 3500 19 38 69 74 80 70
40 1 2880 35 36 69 121 146 115
2 3180 34 59 72 146 160 127
3 3170 33 73 60 152 160 127
flexible 3280 35 75 70 149 160 131
80 1 2740 65 66 84 239 293 219
2 2980 62 106 87 283 315 238
3 2930 59 139 74 298 321 234
flexible 3050 66 137 84 290 321 244
160 1 2560 118 118 116 478 585 410
2 2670 109 192 121 492 621 427
3 2310 85 200 104 401 553 369
flexible 2680 119 216 120 525 609 429
320 1 2230 191 183 210 702 1171 715
2 1960 128 234 217 661 1012 628
3 1730 94 222 168 554 890 555
flexible 2240 193 266 218 702 1174 718
640 1 1700 210 198 323 1050 1850 1090
2 1530 128 234 296 963 1659 980
3 1420 94 222 269 850 1591 906
flexible 1710 213 198 323 1056 1856 1097

* means and percentlies are calculated for the 29 vyears of cropping In the 60 vear
simulation period.
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Figure 8.8 Simulated effect of size of the irrigation-area on the cumulative frequency
distribution of grain sorghum vyield per hectare found for the flexible irrigation strategy
treatment, (Symbol code for size of irrigation area: ® =1 ha, O = BO ha,
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Figure 8.9 Effects of irrigation strategy and size of the #rigation-area on the mean yield
per hectare of grain sorghum In years of cropping. (O = single irrigation at day 55, O =
triple irrigation at days 25, 45 and 65, @ = flexible Irrigation strategy, & = vyield of
dryland grain sorghum production}.
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The effect of the size of the irrigation-area on costs per tonne of grain and profits
per hectare (of the irrigation-area) for the flexible irrigation strategy are shown in table
8.8. While these results show that costs were minimized and profits maximized when the
Irrigatlon-area was 160 ha, the two main points in table 8.8 are firstly, the large effect
of shallow storage design on profitability {an aspect further investigated in Experiment 6),
and secondly, the large proportion of years in which profit was negative, Both fixed and
operatlng costs for ploughing were incurred in all years, but in 52% of years income was
zero because the criteria for planting were not satisfied to simulate cropping. The effects
of planting strategy on the frequency of cropping, grain production and the economics of
production are investigated in the next experiment.

8.4.4 Conclusion

Because the flexible irrigation strategy maximized both grain production and profits in
all situations of water supply and irrigation demand, it was concluded that an efficient set
of irrigatlon rules had been isolated. No doubt the rules could be slightly improved by
small adjustments to the timing of irrigation. However, it is likely that such adjustments
would lead to only very small Improvements in crop production, probably of lesser
magnitude than the accuracy of the model. It was therefore concluded that further
simulation experiments on irrigation strategy were unnecessary, and that the flexible irrigation
strategy should be used in all subsequent experiments,

Table 8.8 Effect of size of the Irrigation-area on (a) cost of grain sorghum per tonne,
and (b) profits per hectate of cropping.

{a) Cost of Grain ($/t)

Size of Irrign. Percentlles*
Area (ha)
20% 40% 60% 80% Long~term mean
20 48 50 55 59 88
40 35 37 40 75 64
80 30 31 44 97 34
160 27 29 33 115 49
320 25 30 44 115 50
640 29 40 67 150 59

(b} Profit per hectare ($/ha)

Size of Percentiles** Long—term

Irrign. mean
Area (ha) 2% 10% 30% 50% 60% 70% 80% 90% 98%

20 -100 -100 -100 -100 65 85 115 130 145 -5
40 -65 -65 -65 65 10 138 165 178 195 25
80 -53 45 -43 -45 16 160 188 203 220 40
160 =55 -31 -31 -31 -25 138 174 201 234 41
320 -55 =25 -25 =25 23 68 154 201 231 33
640 -56 ~35 -22 =22 -22 15 81 147 156 15

* Percentiles for 29 years of cropping.
** pPercentiles for 60 year simulation.
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8.5 Experiment 5: Effects of Planting Strategy on Grain Production

8.5.1 Introduction

The decision rules used in previous experiments to define the planting stategy of grain
sorghum were found to reswlt in a large proportion of years in which cropping was not
simulated. These rules may have unnecessarily restricted cropping frequency because there
were some years in the sixty year simulation in which sufficient run—off did not occur, but
in which soil moisture was adequate for planting. In contrast, the results of Experiment 4
showed that the costs of cropping exceeded income in some years because water supplies
were inadequate to ensure a high level of production, This result suggests that cropping
may be more economically efficient if planting does not proceed until sufficient run—off has
occurred to ensure irrigation of a large proportion of the irrigation-area.

The objective of this experiment is to examine alternative strategies of planting grain
sorghum on the irrigation-area, and to determine their effect on grain production.

8.5.2 Methods

The water storage design in this experiment was the same as in Experiments 1, 3 and
4 (l.e. 400 ML storage capacity with a 1660 ha catchment and equivalent to the dam at
RSSRP}. The size of the irrigation area was 100 ha. The flexible irrigation strategy
described in Experiment 4 was used.

Four planting strategles were simulated over the perlod 1918 — 78 using weather data
from the Richmond Post Office. Planting was confined to the months December to March
inclusive in all treatments. In treatment 1 planting was simulated to occur on the third
day without rain following the first occasion in each year after the 1st December that
rainfall recharged the surface 30 cm of soil on the irrigation-area to capacity.

In treatments 2, 3 and 4 planting was simulated to occur on the third day without
rain following the first occasion in each year that the depth of catchment run—off
accummulated since the 1st October was equal to or exceeded 5, 12 and 24 mm
respectively, These values are equivalent to 20, 50 and 100% of the dam's water storage
capacity. Treatment 2 was equivalent to the planting strategy used in all of the previous
experiments.

8.5.3 Results and Discussion

The strategy of planting on soil moisture {treatment 1) maximized cropping frequency.
Crops were simulated in 72 percent of years for this treatment compared to 48, 38 and 25
percent of years for the strategies which planted on 5, 12 and 24 mm of catchment run—off
{treatments 2 to 4). '

The effects of planting strategy on water use, grain production and costs of
production are shown In table 8.9. These results show that as the depth of run-off
required to initiate planting was increased, the mean of production in years of cropping was
increased, but the long-term mean of production was reduced, Treatment 4 reduced
cropping frequency to such an extent that the fixed costs from non—cropping years caused
this treatment to have the highest cost per tonne of grain production (see table 8.9).

Cropping frequency and long-term mean grain production were maximized by using soil
moisture conditions on the irrigation-area as the criteria for planting strategy (treatment 1).
However, this treatment also gave the highest variability of annual production, because
water supplies for irrigation were absent in 19% of years that crops were simulated, and
inadequate for one watering of the entire irrigation-area in a further 16% of vyears.
Consequently, costs exceeded income in 33% of the years that crops were simulated. |In
contrast, the risk of costs exceeding income was eliminated in treatment 3 because water
supplies were adequate for at least one watering of the entire irrigation-area in every year
that crops were simulated.

There were 20 years in the 60 year simulation period that crops were simutated in
treatment 1 but not in treatment 3. The mean vield of these crops was only 1071 kg/ha,
and production was sufficient to offset costs in only seven of the 20 vyears.

In those years of the simulation that costs exceeded income a management alternative
could have been to cancel the grain harvest operation, If this had been done the
frequency of successful cropping in treatments 1 and 2 would have been reduced to 48%
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and 38% of years respectively, and the long-term mean grain production would have been
reduced to 151 and 137 tonnes respectively. These values are little different from the
cropping frequency and grain production of treatment 3 (i.e, 38% and 135 tonnes
respectively).

8.5.4 Conclusion

The resuits did not show any treatment that was clearly superior to others, and
therefore it was concluded that planting strategy should be selected by considering factors
external to the model. These factors might be the attitude of management to risk, the
availability of manpower for planting, or the value of failed crops for grazing.

8.6 Experiment 6: Effects of Shallow Storage Design on Crop Production

B.6.1 Introduction :

This experiment investigates the effect of catchment area, stream gradient, storage
capacity and size of the irrigation—area on crop production and costs of production. The
first two of these design variables are mainly site dependent, because the range of dam
sites that are available on properties is usually restricted, Storage capacity can be a
site~dependent factor because selection of an appropriate bywash (i,e. the overflow by
which excess water is discharged to the stream-bed on the downstream side of the dam
wall) is sometimes of sufficient importance to dictate the height of water storage and hence
storage capacity. Size of the irrigation-area is less frequently a site dependent factor.

Table 8.9 Effect of planting strategy on grain production, water use and cost of grain
production.

Planting Median Mean in Percentiles {all years of Sixty Year

Strategy in years years of 60 year simulation included) Mean

Treatinents* of cropping cropping

30 40 506 60 70 80 90

Grain Production {t)

1 259 230 18 57 109 195 284 1346 380 165
2 362 295 0 0 0 92 345 1375 3389 143
3 375 253 0 0 0 0 345 375 339 135
4 380 375 0 0 o 0 332 1369 1386 112
Water Use (ML)
1 72 105 0 0 20 42 158 162 180 75
2 165 172 0 0 0 24 158 172 1299 85
3 172 212 0 0 0 24 158 172 299 31
4 172 233 0 0 0 ¢ 155 169 253 70
Cost of Graln (3$/t)
1 39 100 27 30 33 39 51 89 167 53
2 31 55 - - - 29 30 32 104 51
3 30 32 - - - - 29 30 32 50
4 29 30 ~ - - - 27 29 31 56

* Treatment 1. Plant when soil moisture In surface 30¢m of irrigation~area is recharged to
capacity.
Treatment 2. Plant after 5 mm of catchment run—off.
Treatment 3. Plant after 12 mm of catchment rup-off,
Treatment 4. Plant after 24 mm of catchment run—off,
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Catchment area s an important design varfable because it infiuences the volume of
run—off flowing to the dam., Stream gradient is of importance as it influences the
proportion of stored water that is lost to evaporation, and the area of land that is
available for ponded-area cropping. Storage capacity is of importance because it influences
the volume of water available for irrigation, and the area of land available for ponded-area
cropping. The size of the Irrigation-area was shown in Experiment 4 to have large effects
on both the mean and variability of production, and on the cost of production.

The above discussion shows that the effect of shallow storage design on crop
production can be anticipated to some extent. However, because of climatic variability and
competing influences, a series of simulations Is required to quantify changes in the response
surfaces of crop production and costs of crop production,

The first objective of this experiment was to determine the effect of shallow storage
design on the response surfaces of crop production, variability of production and cost of
production for both irrigated grain sorghum and ponded-area forage sorghum crops. The
second objective was to determine principles of shallow storage design that minimize costs
of total production (i.e. irrigated grain plus ponded-area forage), by determining optimum
{i.e. least cost) combinations of storage capacity and size of the irrigation-area for a range
of dam sites defined by catchment area and stream gradient.

8.6.2 Methods

The response surfaces of crop production and costs of preduction were determined by:
(i} conducting a series of 60 year simulations with different combinations of the four design
variables, and (i) fitting quadratic, multiple regression equations to the simulation results.
To minimize the number of computer simuiations required to determine the response surfaces,
and to simplify the numerical aspects of determining the response surface regression
coefficients, a central composite rotatable design given by Cochran and Cox (1966,
p 370} was chosen for the investigation. This experimental design required five values for
each of the four shallow storage design variables and furthermore, these values were
required in a geometrical sequence so that they could be transformed to a coded scale of
-2, -1, 0, 1 and 2.

Values of the design variables that were considered to cover the likely range of
shallow storage irrigation schemes were: catchment areas ranging from 400 to 4000 ha,
stream gradients ranging from 1:125 to 1:;2000, storage capacities ranging from 20 to
1000 ML and size of the irrigation-area ranging from 20 to 400 ha,

Catchment run-off was found to have a strong influence on crop production In
Experiment 1, and thus it is useful to consider storage capacity in terms of depth of
catchment run—off required to fill the water storage to capacity (e.g. 15 mm of run—off).

The flve values of each variable that were chosen for use in the simulation
treatments and their relationship to the coded scale were;

Coded Scale Catchment Stream Storage Size of

Area Gradient Capacity* {rrigation=Area

{ha) (mm of run—off) (ha)
-2 400.0 1:125 1.58 20.0
-1 711.3 1:250 5.00 42.3
0 1265, 1:500 15.8 89.4
+1 2245, 1:1000 50.0 189,0
+2 4000, 1:2000 158.0 400.0

* The values chosen for storage capacity correspond to the 35, 50, 65, 80 and 95%
cumulative percent frequency levels found for annual run—off as calculated by equation
B.1.

The logarithmic equations that relate values of the shallow storage design variables
to the coded scale are:
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X1 = 1.737 In {(ACAT) - 12.41, (8.6)
where X1 = Transformed value of catchment area, and ACAT = Area of water
storage catchment (ha).

X2 = 0,869 In {SC) - 2.398, (8.7)
where X2 = Transformed value of storage capacity, and SC = Storage capacity
of dam {mm of run-off required to fill the dam).

X3 = 1.335 |I1 {AC) - GCM’ (8.8)
where X3 = Transformed value of size of irrigation-area, AC = Size of
irrigation area (ha).

X4 = 10443 ]I'I (1IG) - 80996, (8-9)
where X4 = Transformed value of stream—gradient, G = Stream gradient
{height/distance}.

The experimental treatments required by the central composite, rotabie design of
Cochran and Cox were: (i) one treatment at the centre of the multi-dimensional space with
the coded co-ordinate (O, O, O, O), (ii) sixteen treatments formed by a 2% factorial of
the four design variables set at the levels +1 and -1, and (i} eight treatments formed
from the co-ordinates (-2, O, O, 0), (2, O, O, O), (0, -2, O, 0), «vse. , (O, O,
0, 2). These are referred to as the "star points" of the design.

These twenty-five treatments are shown in table 8,10, together with other
characteristics of the treatments such as the volume of water storage, area of ponded-area,
cost of water storage, cost of machinery and cost of farming operations,

The following polynomial equation was fitted to the simulation results to determine
the response surfaces of crop production and costs of production:

Y = BU + B]X] + BaXq + B3X3 + B4X4

+ B“ X12 + an X22 + Baa Xa’ + B44 X42

+ Bya Xy Xg + Bia X3 Xg + Byg Xy Xg + B2aXaXs + BogXgXs + BagXaXa
: {8.10)

where Y = predicted value of response surface, Xy to Xz are coded values

of the design variables defined by equations 8.6 to 8.9 respectively, and B =

response surface regression coefficient (the subscript(s) identifies the variable(s)

to which it pertains).

The coefficients of equation 8.10 were found using the method of Cochran and Cox
{1966, p 342), The percent variance accounted for by each regression and the statistical
significance of the linear, quadratic and interaction coefficients in the regression were
computed. The regression equations were then used to compute a large number of values on
the response surfaces so that iso—quants of production and costs of production could be
ptotted. Further simulations were then conducted for shallow storage designs that were
identified as a design which minimized costs of production for a particular dam site (i.e.
combination of catchment area and stream gradient),

8.6.3 Results and Discussion

Results from each simulation concerning the effect of changes in shallow storage
design on the mean and variability of grain production from the irrigation-area, and forage
production from the ponded-area, are shown in table 8.11. This table also shows the
effect of design on costs of grain production. The regression equations that were fitted to
describe the response surfaces defined by these simulation results are shown in table 8,12,
All of the regression equations were found to account for 96 to 99% of the variation in the
data, and therefore these equations provide a rellable and rapid method of predicting
simulation results, which was much cheaper than the alternative of carrying out a large
number of simulations and using a less powerful method of interpolating than that
employed.




Table 8.10  Shallow storage design treatments used in Experiment 6 and their effect on water storage characteristics, size of the ponded-area
and annual fixed costs

Treat- Coded Values“) Catch Storage Size of Stream Dam Slzefz) Max kmumn Max [ mum Annual Fixed
ment of design ment Capacity lrrign. Gradient =~—————————=  depth size of Costs (4)
No. variables area {rm of Area (ML) {ML/ha} of dam ponded Water (3) Total
X1 X2 X3 X4 {ha) (run—off) (ha) {m}) -area storage
(ba) {$/ha) {($/ha)

1 -1 =1 -1 -1 711 5 42 1:250 36 0.9 2.2 4 14 61
2 =1 -1 ~1 -1 2245 5 42 1:250 112 2.7 3.2 9 21 638
3 wl T =1 -1 AR 50 42 1:250 356 8.7 4.8 21 37 85
4 1 1 =1 =1 2245 50 42 1:250 1123 26.7 7.0 46 82 129
5 -1 =1 1 -1 711 5 189 1:250 36 0.2 2.2 4 3 32
6 T-1 1 -1 2245 5 189 1:250 112 0.6 3.2 9 5 34
7 -t 1 1 -1 71 50 189 1:250 356 1.9 4.8 21 3 37
8 11 1 -1 2245 50 189 1:250 123 5.9 7.0 46 18 47
9 -1 =1 =1 1 711 5 42 1:1000 36 0.9 0.9 8 14 62
10 1 -1 =1 1 2245 5 42 1:1000 112 2.7 1.3 20 20 65
in 1 1T =1 1 7t 50 42 1:1000 356 8.7 1.9 48 26 73
12 1T 1 -1 1 2245 50 42 1:1000 1123 26.7 2.8 109 44 92
13 -1 -1 1 1 711 5 189 121000 36 0.2 0.9 8 3 32
14 1T~ 1 1 2245 5 189 1:1000 112 0.6 1.3 20 5 313
15 -1 1T 1 1 mm 50 189 1:1000 356 1.9 1.9 48 6 35
16 1T 1 1 1 2245 50 189 1:1000 1123 5.9 2.8 109 10 39
17 -2 0 0 0 400 15 89 1:500 63 0.7 1.7 9 7 40
18 2 0 0 0 4000 15 89 1:500 632 7.1 3.6 43 19 52
19 0-2 0 0 1265 16 89 1:500 20 0.2 1.2 4 6 39
20 0 2 0 0 1265 158 89 1:500 2000 22.5 5.3 106 40 73
21 0 0-2 0 1265 15 20 1:500 200 10.0 2.5 21 43 127
22 o0 2 0 1265 15 400 1:500 200 0.5 2.5 21 3 36
23 0 0 0 =2 1265 15 89 1:125 200 2.2 6.3 9 17 50
24 o 0 0 2 1265 15 89 1:2000 200 2.2 1.0 44 10 43
25 0 0 0 0O 1265 15 89 1:500 200 2.2 2.5 21 11 43
{1) X1 = 1.7372 In {catchment area) - 12.408

X2 = 0.8636 in (storage capacity) — 2.3979

X3 = 1.3352 In (irrigation area) — 6.000

X4 = 1.4427 In (1fstream gradient} - 8.996

(2} The units of dam size are: (i) volume (ML) and (i) volume per hectare of the irrigation-area (ML/ha).
(3} This is the annual fixed cost of the dam wall and drop—inlet construction per hectare of the irrigation-area.
(4) This is the annual fixed cost per hectare of the irrigation-area for water storage, irrigation works, farm machinery, fencing and ploughing.
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Table 8.11 Estimated effects of catchment area, stream gradient, storage capacity and size of the irrigation-area on grain sorghum production from
the irrigation-area, forage sorghum production from the ponded-area and costs of grain sorghum production.

Irrigated Graln Production {tonnes) Ponded-Area Forage Production (tonnes) Cost of Grain

Treat. Catch- Storage Size of Stream Production{$/t)
No. ment Capacity Irrign. Gradient Percentiles in years Index of Long- Percentliles In years Index of Long—

area {rm of Area of cropping Variatton term of cropping Yariation term Median Long~term

(ha) run—off) (ha) 20th 50th 80th (%) mean 20th 50th 80th (%)* mean mean
1 711 5 42 1:250 52 88 139 99 45 5 6 8 50 3.1 58 85.5
2 2245 5 42 1:250 133 150 169 24 73 1 13 17 46 7.2 38 59.2
3 71 50 42 1:250 67 152 169 67 66 7 12 16 75 6.2 43 15.7
4 2245 50 42 1:250 146 158 176 19 77 11 15 19 53 7.8 53 90.6
5 711 5 189 1:250 95 209 440 165 125 5 6 8 50 3.1 77 89.4
6 2245 5 189 1:250 214 352 556 97 184 12 13 18 46 7.2 50 68.1
7 711 50 189 1:250 140 589 m 97 234 £ 25 33 96 11.4 33 54.9
8 2245 50 189 1:250 399 677 758 53 294 19 27 36 63 14.5 32 51.5
9 FAR 5 42 1:1000 26 60 123 162 34 10 12 16 50 6.7 83 113.1
10 2245 5 42 1:1000 86 126 158 57 59 25 29 39 48 15.5 44 69.4
1 711 50 42 1:1000 27 148 169 96 58 10 40 55 113 18.1 41 77.0
12 2245 50 42 1:1000 101 157 170 44 70 30 58 79 84 29.5 44 76.3
13 71 5 189 1:1000 65 185 423 194 114 10 12 16 50 6.7 86 98.0
14 2245 5 189 1:1000 151 278 518 132 155 25 29 39 48 15.5 62 74.3
15 711 50 189 1:1000 93 436 704 140 208 15 53 75 113 25.3 41 58.6
16 2245 50 189 1:1000 155 675 756 89 268 28 80 115 109 39.8 30 50.0
17 400 16 89 1:500 55 158 268 135 78 5 13 17 92 6.2 56 78.9
18 4000 16 89 1:500 309 333 359 15 157 28 40 47 48 20.2 33 49.0
19 1265 2 89 1:500 38 93 208 183 57 5 6 8 50 3.1 89 104.0
20 1265 158 89 1:500 102 324 358 79 134 12 32 48 113 15.5 40 70.5
21 1265 16 20 1:500 69 73 80 15 35 13 19 24 58 9.3 53 92.8
22 1265 16 400 1:500 262 614 1115 139 EEY 14 29 39 86 14.5 55 69.3
23 1265 16 89 1:125 219 315 345 40 139 ) 12 16 58 6.2 34 53.1
24 1265 16 8% 1:2000 55 221 X 125 97 18 59 80 105 27.9 48 67.7
25 1265 16 89 1:500 102 301 340 79 125 14 28 37 82 14.0 33 53.8

* The index of variation is defined by (P80-P20)}*100/P50 where P20, P50, P80 arec respectively the 20th, 50th and 80th percentiles of production in
years of cropping.
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Table 8.12 Response surface regression coefficients {of equation 8.10 in text) for crop production and costs of production

*Zsl

Response Grain production in years of cropping (t) Long—term mean production (t) Long—term mean cost

Surface of production ($/t)

Coefficient 20th median 80th index of irrigated ponded total

percentile percentile variation grain forage grain total

Bo 102.0 301.0 340.0 79.1 125.0 14.0 139.0 53.8 52.0
B, 55.3%* 44, 7%= 23,.5** =31.1** 18.9** 3.5%* 22.4%* =T . 4%* ~7,3%*
B2 18.1* 83,5%* 57.8%=* -22,1%* 26.7%* 4,7%%* 31.3%* 7. 6** —B.O**
Ba 44 2% 146, 7** 236.0** 26.3** FO.5%* T1.6%* 72.1%* -6, 5** -3, %%
Ba -36.3%* -23.8* -5.2 20.8%* —-9,0%* 5.8%%* -3.2 3.2* 0.4
By 17.2 -12.6 ~6.5 =0.4 ~1.8 -0.1 -1.7 2.7 2.5
Baa -10.8 -21.6 -14.1 13.5%# —7.3* -1.1 ~-8.3* 8.5*%* 8.1**
Baa 13.1 17.3 64.5%* -1.0 14.6* ~-0.4 14.2 T.0*x=* 5.6%*
Baa 6.0 -9.8 -38.5 3.6 -1.7 0.9 -0.8 1.8 1.1
Bqa 8.0 -1.4 ~10.6 7.2% ~-0.6 0.3 ~0.3 T7.7** T.1%%
Bys 14.5 26.5 14.8 3.4 9.0** 0.3 9.3* -0.5 -0.5
B1a -16.0 5.9 -1.1 -2.1 ~1.3 1.9*# 0.6 -2.2 -2.0
Ba23 13.6 72.6** 56.1%** -5.8 22,9%% 1.8** 24, 7** —6,3** ~5,7%%
Bag -13.1 -1.5 4.2 ~1.5 -0.1 3.1*=* 2.9 -4, 3%* —4 4%
Baa -14.1 -12.9 -1.9 ~0.4 -3.3 0.4 -2.9 -0.1 1.6
R? 0.94 0.98 0.99 0.98 0.99 0.98 0.99 0.98 0.97

* Statistically significant at P.05 ** Statistically significant at P.O1

R2 = coefficient of determination
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Results will be given in the following order: grain production, forage production and
total production,

Irrigated Grain_ Sorghum Production. The effects of each design variable on grain
production, variability of grain production and cost of production are shown in a series of
plots in figure 8.,10. In each piot one design variable is changed while the other three
are held constant and equal to their coded value of zero (i.e. catchment area = 1265
ha, stream gradient = 1:500, storage capacity = 15.8 mm of run-off and irrigation-area =
89 ha}. These results and the results in table 8,11 show that:

(i) The tlong-term mean grain preduction was increased, and the annual variation in
grain production reduced, by increased catchment area, increased storage capacity and
steeper stream gradient. This occurred because these changes in shallow storage design
increased the supply of water for irrigation, either by Increasing the volume of water
stored, or by reducing evaporation losses, Thus, management goals of maximizing irrigated
grain production a!1d yminimizing variability of production can be achieved by selecting dam
sites which have large catchments and steep stream gradients.

(ii) Grain production was most affected by changes in the size of the irrigation~area,
and least affected by changes In stream gradient.

{(ili) Both the long-term mean and the variability of grain production were increased
by increases in the size of the irrigation-area. Therefore changes in the size of the
irrigation-area have conflicting effects on management goals which aim to both maximize
production and minimize variability.

(v} The regression coefficients of the grain production respense surface equation in
table 8.12 show that two interactions were statistically significant. They were catchment
area by size of the irrigation-area, and storage capacity by size of the jrrigation-area.
Since the maximum volume of water that can be stored in a dam is the product of
catchment area and storage capacity (expressed in mm of run—off), these interactions show
that both the size of the dam (i.e. its maximum volume} and the size of the
irrigation-area must increase together to maximize production.
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Figure 8.10  Effects of catchment area, storage capacity, size of irrigation area and
stream gradient on (a) Irrigated grain sorghum production, (b} variability of production and
(c) cost of production. (The index of variation for production in (b) is equa! to
(P80-P20)x100/P50 where P20, P50, and P80 are the 20th, 50th and 80th percentiles of
production in years of cropping).
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{v) There were optimum values of storage capacity, stream gradient and size of the
frrigation-area that minimized the cost of grain production. The [ong-term mean cost of
grain per tonne was minimized ($46/t) when the size of the irrigation-area was 129 ha,
when stream gradient was 1:483, and when water storage capacity was 441 ML (i.e.
catchment area equal to 2943 ha and storage capacity equal to 15 mm of run-off). With
this design, the long—term mean grain production was 192 tonnes, which is equivalent to a
mean vield of 3080 kgfha in the 29 vyears of cropping that were simulated. The flexible
irrigation strategy results in Experiment 4 showed that two Irrigations would be required in
most years to achieve this mean yield,

(vi) The response surface regression equation of grain production costs per tonne in
table 8.12 shows that all the coefficients of the Interaction terms involving storage capacity
were statistically significant, Therefore the storage capacity which minimized costs of
production was dependent on the level of all the other design variables,

Ponded-Area Production. The results of simulation and the response surface equation of
ponded-area forage sorghum production in tables 8.11 and 8.12 show that:

{I) Decreases in stream gradient and increases in catchment area, storage capacity and
size of the irrigation—area led to increases in ponded-area production, This occurred
because these changes in design increased the area of land available for cropping, either by
increasing the area of land flooded by the dam, or by increasing the area of land exposed
when water was used for irrigation,

(i) Changes In stream gradient had a greater influence on ponded-area production
than the other design variables. The large effect of stream gradient on the size of the
ponded-area and the long—term—mean of forage production is shown by the data in table
8.13.

(iii) Forage production ranged from 3 to 40 tonnes when all combinations of the
design varlables at their coded values of -1 and +1 were simulated. In contrast the range
in grain production from the irrigation-area was 34 to 294 tonnes for these treatments.
Therefore, production from the ponded-area was very much [ower than production from the
irrigation-area.

(iv) The operating cost of ponded-area production was estimated to be $18 + 2 §/t.

Tahle 8.13 Effects of stream gradient on the long-term means of crop production and
costs of production®

Stream Gradient
1:125 1:250 1:500 1:1000 1:2000

Maximum size of 16 24 37 35 80
ponded area (ha)

Irrigated grain prodn. (t} 210 202 192 178 160
Ponded-area forage prodn. (t) 6 12 20 29 41
Total crop prodn. {t) 216 214 212 207 201
Grain prodn. cost ($/t) 54 49 47 49 54
Forage prodn. cost (§/t)** 18 18 18 18 18
Total prodn. cost ($/t) 52 47 44 44 45

* Values in this table were found by interpolation of response surfaces. The values of
catchment area, storage capacity and size of the irrigation-area were those that minimized
the c¢ost of grain production, and were 2943 ha, 15 mm of run-off and 129 ha
respectively.

** Only the operating cost of forage production is shown,
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Total Production. Since forage production from the ponded-area was only a small fraction
of the grain production from the irrigation-area (4 to 30%), the response surface of total
crop production (i.e, grain plus forage) was very similar to the response surface for
irrigated grain production. The response surface coefficients in table 8.12 show that the
main difference in the response surface of graln and total production was in the response to
stream gradient,

Stream gradient had very littie effect on total crop production because decreases in
grain production that were caused by decreases in stream gradient were compensated by
increases in ponded-area production, This is shown by the data in table 8,13,

8.6.4 Optimizing Shallow Storage Design

Interpolation of response surface regression equations for the long-term mean of total
production, and c¢ost per tonne of total production, showed that there were many
combinations of the design variables that gave the same level of production, and many other
combinations of the design variables that gave the same cost of oroduction. Lines on the
response surface that link points of equal production are termed iso—quant lines, and lines
that link points of equal cost are termed iso—cost lines.

This section identifies some general principles of shallow storage design by
determining, for a range dam sites and levels of production, the combination of storage
capacity and size of the ‘irrigation-area that minimize the cost per tonne of total
production.

The combinations of storage capacity and size of the irrigation-area for the catchment
area and stream gradient of the dam site at RSSRP that give: (i) long-term mean
production levels of 100, 200 and 300 tonnes, and (i} long~term mean production costs of
$80, 470, %60, and $50 per tonne, are shown in figures 8.11(a) and 8,13(b) respectively.
Figure 8.11{(a} shows for example, that a long-term mean production of 100 tonnes can be
obtained from; (i) a storage capacity (SC) equivalent to 5 mm of run-off with an
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Figure 8.11 Effects of storage capacity and size of the Irrigation-area (for the dam site
at RSSRP) on: {a) 100, 200 and 300 tonne iso-quants of the Jong-term mean of total
production, and (b) $80, 70, 60, 50 per tonne iso-cost lines for the long term mean of
total production.
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irrigation—area (AC) equal to 90 ha, or (i) SC = 10 mm and AC = 62 ha, or (iii) SC =
20 mm and AC = 53 ha. To achieve higher Ilevels of production then either or both
storage capacity and irrigation-area must be increased.

Figure 8,11(b) suggests there is one combination of storage capacity and size of the
irrigation-area that will minimize the cost per tonne of production, The combination of
figures 8.11 {a) and (b) suggest there is also one combination of storage capacity and size
of the Irrigation-area that will minimize the c¢ost per tonne on each of the production
iso—-quants.

The position of iso—quant and iso-cost lines with respect to storage capacity and size
of the irrigation-area are unique for each dam site because of the influence that catchment
area and stream gradient have on productlon and costs of production. Therefore least cost
combinations of storage capacity and size of irrigation-area are also unique for each dam
site,

The method adopted to find the optimum combination of storage capacity and size of
the irrigation-area for a given level of total production was to search the production
iso-quant defined by catchment area and stream gradient untit the minimum cost of
productlon was encountered,

Least cost combinations of storage capacity and size of the irrigation-area found for
the dam site at RSSRP for Jong-term mean total production levels of 100, 200 and 300
tonnes are shown in figure 8.12 and were respectively: (i) 18 mm of run—off and 51 ha,
(i) 33 mm of run-off and 119 ha, and {ili) 52 mm of run-off and 206 ha. The fso—cline
linking these points of minimum cost is called the 'least cost expansion path! and is shown
in figure 8.12. The significant features of this figure are:

160
3

]

[+]

]

g
= 50 pF
5

i

=

z
"61__
g 16
E

z
S

&

Q

S s}
o

£

2

[57]

16 NS 1 1 _J

20 42 89 189 400
' Size of hirigation—Area {ha) (log scale)

Figure 8.12 Least cost combinations of storage capacity and size of the irrigation-area at
three levels of total production for the dam site at RSSRP, (100, 200 and 300 tonne
production iso—quants are shown as the solid lines, iso-costs at $52, $46 and $44 per tonne
are shown as the broken lines and optimum comblnations of storage capacity and size of the
Irrigation-area are shown as the solid points).
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(i) All points on the least cost expansion path are least cost combinations of storage
capacity and size of the irrigation~area.

(i) The iso—quants of both crop production and cost per tonne are almost paralle! to
the storage capacity axis at the point of least cost on the production Iso—-quant.
Therefore, small deviations in storage capacity from its least cost value have little effect
on production and cost of productlon. This is an advantage in water storage design since it
allows some flexibility to select a bywash level that is perhaps more suited to the terraln
than the level specified by the least cost storage capacity.

(i} At the point of least cost on the 100 tonne iso—quant of total production the
annual cost of increasing the size of the irrigatlon-area by one hectare was $50.31., In
contrast, the annual cost of increasing storage capacity so that an additional one hectare of
land could be irrigated was only $8.89. Since the low cost of water storage compared to
the cost of farming is likely to remain true over a wide range of economic conditions, the
above finding suggests that the least cost expansion path shown In figure 8,12 would also
remain fairly constant over a wide range of economic conditions.

When crop production was simulated over 60 years using shallow storage designs
equivalent to the points of least cost on the 100, 200 and 300 tonne iso—quants in figure
8.12, the results showed that:

(i} The least—cost storage capacities were large enough to supply two irrigations to
their corresponding least-cost Irrigation-areas, Iif the storages were full at the time of
planting. Therefore, the optimum storage capacity was large enough to ensure near
maximum grain yields. However variability in climate and catchment run—off reduced the
mean frequency of irrigation, and consequently the mean yield per hectare of grain
sorghum. In the 29 years of cropping, the average frequency of irrigation for the designs
which minimized costs on the 100, 200 and 300 tonne Iso~quants were 1.9, 1.6 and 1.4
per season respectively, and the corresponding mean grain yields were 3204, 2921 and
2722 kg/ha respectively,

(il At the points of least cost on the 100, 200 and 300 tonne Iso-guants of tota!
preduction the contribution of ponded-area forage sorghum to total production was 21, 16
and 11 percent respectively. Crop production from the ponded-area was therefore a minor
part of total production, and decreased in significance as the required level of total
production increased. Annual variation in the area of land cropped on the ponded-area was
found to account for most of the annual variation in ponded-area forage production, and
was 66, 86 and 87% respectively for the three designs glven above. Therefore, annual
variation in forage sorghum vyield/ha had only a minor infiuence on ponded-area production,
and hence only a very small influence on total crop production. This result suggests that
any evaluation of shallow storage irrigation would be little effected by variation in
ponded-area vields, and that use of a constant yield equal to the long-term mean would
suffice most purposes.

The effect of catchment area and stream gradient on the optimum combination of
storage capacity and size of irrigatlon-area are shown in figure 8.13, where least cost
expansion paths are plotted for: (i) three levels of total production (100, 200 and 300
tonnes), (i) three levels of catchment area (711, 1265 and 3343 ha), and (i) three levels
of stream gradient (1:;250, 1:500, 1:1000). The unit of storage capacity in this figure is
volume of water storage (in mega-litres) and is expressed as dam size, Regression
analysis of the results in figure 8.13 showed that the least cost combinations of size of
the irrigation-area and dam size could be estimated quite accurately with the following
equations:

ACopt = 0,727 TP + 0,120 TP/ACAT - 29.5 (8.11)
(Coefficient of determination = 0.99, N = 27), and ‘

Dopt = 3.19 ACopt - 0.721 ACopt/ACAT + 0.360/G -~ 113 {8.12)
(Coefficient of determination = 0,95, N = 27)

where ACopt = optimum size of irrigation-area (ha), Dopt = optimum dam size
(ML), TP = required fevel of total production (long~term mean, tonnes}, ACAT
= area of catchment ('000 ha), and G = stream gradient of dam site.
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These results show that the main factor affecting the optimum combination of dam
size and size of the irrigation-area was the level of production required from the system.
The mean effects of increasing the required production level from 100 to 300 tonnes were
to: {i} increase the frequency of irrigation demand exceeding water supply, and (ii} increase
the demand for irrigation water. These effects increased the optimum size of the
irrigation-area from 0,57 to 0,75 ha per tonne of required production, and increased the
optimum size of the dam from 237 to 638 ML. Because the proportion of water storage
lost to evaporation decreased as depth of water storage increased, the optimum volume of
water storage per hectare of cropping on the irrigation-area was reduced from 4.2 to
3.0 ML as the level of production increased from 100 to 300 tonnes.

The results also show that as the supply of water was reduced by decreases in
catchment area, that it was necessary to reduce dam size and increase the irrigation-area in
order to minimize costs of production. The mean effect of decreasing catchment area from
2249 ha to 711 ha was to increase the optimum size of the Irrigation-area per tonne of
production from 0,64 to 0,74 ha, and to decrease dam size per hectare of the
irrigation-area from 3,9 to 3,2 ML.

Stream gradient had little effect on the optimum irrigation-area, but as stream
gradient decreased the optimum dam size was greatly increased. Costs of production were
reduced as stream gradient decreased from 1:250 to 1:1000, however the volume of water
storage required per hectare of the Irrigation-area was Increased from 2.4 to 4.7 ML,
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Figure 8.13 Effects of catchment area and stream gradient on least cost combinations of
dam size and size of the irrigation-area at three levels of total production
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In Experiment 3 the volume of water required for two irrigations that were timed 25
and 55 standard days after planting was found to be 1.5 ML/ha when averaged over all
years and 1.8 ML/ha in years of low rainfall, Therefore, the volume of water required
for two irrigations was equivalent to approximately one third to one half of the optimum
dam sizes given above. Thus, water storage evaporation loss was the major component in
the water balance of the dam.,

The shallow storage design found to minimize the cost per tonne of total production
was as follows: (i} catchment area = 2249 ha, {ii) stream gradient = 1:1000, (iii) storage
capacity = 25.7 mm of run-off = dam size of 579 ML, and (iv} irrigation-area = 115 ha,
The levels of ponded-area forage production, irrigated-area grain production and total
production for this design were estimated to be 30, 170 and 200 tonnes respectively. The
cost of production was estimated to be $43/t.

8.6.5 Conclusion

Conclusions concerning principles of shallow storage design were given eariier during
the discussion of simulation results. Perhaps the most important conclusion of a general
nature from this experiment is that changes in crop production caused by changes In shallow
storage design were curvilinear and interactive. This finding necessarily excludes the use of
simple methods such as linear, additive models to predict the productivity of shallow storage
systems. In contrast to this finding, it was also found that two relatively simple equations
could be used to determine the optimum combination of water storage capacity and size of
the Irrigation-area for a given dam site,
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CHAPTER 9

DISCUSSION AND CONCLUSIONS

This chapter uses the simujation results of chapter 8 to evaluate the feasibility of
shaflow storage irrigation as a management option for properties on the Mitchell grass plains
of north west Queensland. The essential features of the shallow storage irrigation concept
given in chapter 1 were: (i) stabllization of graln sorghum production via application of one
supplementary irrigation that was timed shortly before flowering, (i) production of
ponded-area forage sorghum, and (ili} conservation of grain and forage for subsequent use in
supplementary stock feeding programmes which aim to increase annual production. While it
was recognized that droughts would prevent crop production in some years, it was suggested
that crop production would be possible in about 70% of years.

Some general conclusions are reached at the end of this chapter after discussing:
limitations of the simulation results, principles of shallow storage design and management,
the effect of climatic variability on the feasibility of shallow storage irrigation, and the
feasibility of shallow storage irrigation in relation to animal production.

9.1 Limitations of the Simulation Results

The evaluation of shallow storage irrigation in this chapter depends on the validity of
using the shallow storage system model for extrapolation. Care was taken in development
of the model to incorporate the main factors and relationships affecting the performance of
the system. It was concluded that the system!s model could be used with reasonable
confidence to simulate the performance of shallow storage systems through time at most
localities on the Mitchell grass plains because:

{i} each of the models describing the main components of the system ({i.e. catchment

run-off, water storage, irrigated grain production and ponded-area forage production}

gave reasonable agreement with observed data from RSSRP, and

(i) the climate, topography, soils and vegetation of the Mitchel! grass plains were

shown to have a high degree of spatial homogeneity and were considered to be

typified by the experimental site at RSSRP.

iHowever, in abstracting the reality of a shallow storage system to a mathematical
model it was necessary to omit some factors known to cause variation in crop production.
For example, factors contributing to differences shown in chapter 3 between run-off from
the gauged catchment and the dam'!s catchment at RSSRP, were not incorporated in the
model. Similarly, the consequence of erratic plant establishment and bird damage on grain
yield were not incorporated in the model although they were shown In chapter 5 to have
significant effects on vyield. In view of the above, the resuits of the simulation
experiments reported in the previous chapter should be interpreted as a guide to the
performance of shallow storage systems rather than an accurate description of system
performance. For example, values determined by equations 8,11 and 8.12 as the optimum
combination of storage capacity and size of the irrigation-area for a dam site, should be
used to indicate the optimum region rather than precise values.

It was concluded that the methods of this study could have been improved if
modelling and simulation had been conducted in parallel with the field experiments. Had
this been done it Is now apparent that more emphasis would have been given In the field
experiments to measuring processes and relationships rather than the end results of
statistically based experimental designs. For example, greater emphasis would have been
attached to measuring plant growth rates and the influences of soil cracks, ploughing and
plant cover on infiltration, evaporation and transpiration rates.

With the advantage of hind-sight, a major criticlsm of the study is now evident,
This is the disproportionately small level of research that was directed to measuring the
factors affecting variability of catchment run-off. A better balance of resources would
have been obtained if run—off from a range of catchments had been measured. The Water
Resources Commission's weir at RSSRP is the only run—off recording site on the Mitchell
grass plains. There are some sites on major streams but information from these is not
applicable to farm dams because of their much larger catchment areas.
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9.2 Principles of Shaljiow Storage Design and Irrigation Management

The simulation experiments were found to be an effectlve way of isolating principles
of shallow storage deslgn and irrigation management that can be applied to improve the
system's productivity and economic efficiency. This is illustrated in flgure 9.1 where the
time series of profits per hectare from irrigated grain production found in simulation
experiment 6 are compared to the time series found in experiment 1.

Results from simulation experiment 6 showed that irrigated grain production was imost
efficient (in economic terms} if the shallow storage dam was constructed large enough to
supply at Jeast two irrigations to the irrigation area; and results from simuiation experiment
4 showed that production was most ¢fficient (in biological and economic terms) if a flexible
irrigation strategy was used with three irrigations in the schedule, and with priority allocated
to irrigatlon just before flowering., These results suggest a more intensive approach to
irrigation management than was proposed, and hence an important shift in the concept of
shallow storage irrigation away from supplementary irrigation.
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Figure 9.1 Simulated time series of accumulated profits per hectare from irrigated grain
sorghum.,

(a}) Time series found in the first simulation experiment for the dam site at RSSRP, when
the irrigation strategy, storage capacity and size of the irrigation~area suggested by Wegener
and Weston (1973) were used, '

(b) Time series found in simulation experiment 6 for the dam site at RSSRP, when a
flexible irrigation strategy was used with the storage capacity and size of irrigation-area
that minimized the long-term mean cost per tonne of total crop production.

(¢) Time series found in simulation experiment 6 when a flexible strategy was used with the
optimum combination of all design variables (i.e. catchment area, stream gradient, storage
capacity and size of the irrigation-area) that minimized the long-term mean cost of grain
production.
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In discussing results from simulation experiment 6 it was stated that there was some
flexibility to select a bywash level that was more suited to the terrain than the level
specified by the storage capacity that minimized the cost per tonne of crop production.
This is important because the risk of erosion to the bywash return slope of dams on the
Mitchell grass plains is considerable, Extensive erosion occurred to the earthworks of the
dam at RSSRP on three separate occasions during the period 1967 — 1981 and on one
occasion some 5000 m®of earth was eroded from the bywash return slope.

The return slope of native pasture bywashes are prone to erosion because the tussock
habit of native pasture causes turbulent water flow and provides little protection to the
underlying and easily erodable clay soils. [f dams are constructed on waterways which
have a large catchment area, so that they will fill in a high proportion of years, then the
risk of failure in irrigation supply is reduced but the risk of erosion to the bywash is
increased. For example, if a dam is constructed to hold 10 mm of catchment run—off
when full, then it is estimated from equation 8,1 that the dam will fill in 41% of years
but will be required to bywash more than four times its capacity in more than 20% of
years.

A problem found in simutating the system was the difficulty of introducing sufficient
management flexibility in the model. For example, in the simulation experiments of
chapter 8 there were three years that were simulated as non-cropping years on the
irrigation-area because planting conditions were not satisfied until April. This was too late
for planting of grain sorghum. A flexible planting strategy that switched from summer
crops (grain sorghum) to winter crops {wheat or oats) would have therefore increased the
reliability and productivity of the system. The simulated productivity of the system would
have also been enhanced if the model had been designed to accommodate a second area of
irrigated cropping if surplus irrigation supplies were available,

9.3 Effect of Climate Variability on the Feasibility of Shallow Storage lrrigation

Important conclusions of the study concern the effects of rainfall variability on
catchment run-off, irrigation supplies and c¢rop production, Variation in other climatic
characteristics such as temperature and evaporative demand did not have large effects on
variability of crop production,

The two main factors which led to the large varlation in crop production were the
low frequency of cropping and the unreliability of water supplies for irrigation. Because
catchment run—off determined cropping frequency, irrigation supply and the maximum area of
cropping on the ponded-area, the main effect of rainfall variability on crop production was
through its effect on catchment run-off. The direct effects of rainfall variability on grain
and forage yields were much [ess important.

The time series of profit per hectare from irrigated grain production in figure 9.1
shows that losses were frequent and persisted for more than three consecutive years on a
number of occasions, particularly in the first half of the 60 year simulation period. These
losses were caused by the lack of irrigation supply. Therefore the proposal that shallow
storage irrigation would stabilize crop production was not substantiated.

The previous conclusion relies heavily on the results of run—off simulation and
therefore the validity of using the run—off model for extrapolation warrants closer scrutiny.
There are two possible sources of error. The first applies to the capacity of the model to
accurately extrapolate prediction of run—off from the calibration period {10 years) to the
full simulation period (60 years). The second lies In extrapolating the frequency distributions
of run—off found for the gauged catchment at RSSRP to other catchments in the region.
Other catchments, when compared to the gauged catchment would almost certainly show
some differences in run-off characteristics because of small differences in soil type,
vegetation and topography with larger differences in storm patterns,” catchment area and
grazing pressure.

The significance of the above extrapolation errors cannot be defined in quantitative
terms because information is not available. However, the generality of the model can be
defended to some extent because: (i) a wide range of seasonal conditions from extreme
drought to record floods were experienced during the modells calibration period, and (i} the
infiltration characteristics of the soil were found to behave in a manner similar to a bucket
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so that run—off was largely dependent on dally rainfall and antecedent soil moisture,

Expectations of summer rainfall decrease in a south-westerly direction across the
Mitchell grass plains and therefore expectations of run—off are also likely to decrease in
this direction. Because Richmond lies on the northern boundary of the Mitchell grass plains
(see figure 1.1} it is in a position of comparatively high summer rainfall. Therefore the
gauged catchment at RSSRP probably has a run—off expectation that is higher than most
catchments on the Mitchell grass plains. Consequently, shallow storage irrigation is likely to
be less feasible at locations around Winton and Longreach than was found for Richmond,
This could be tested by using weather records from a number of centres as input to the
model.

One method of enhancing the viability of shallow storage irrigation would be to
choose only those catchments on laterite or limestone formations, These catchments are
known to produce more run—off than Mitchell grass catchments but they are relevant to
only a small proportion of properties in the region (about 2%}. A second method of
increasing catchment run—off would be to dehude the catchment area by over-grazing.
However this is undesirable In terms of soll conservation and probably animal production.

The need to quantify the effects of climatic variability contalned in Jlong-term
climatic records was proposed as one reason for using a modelling / simulation approach in
this study. The simulation results suggest that the data recorded during the experimental
period were biased when compared to long—term averages. For example, the mean and
median of annual catchment run-off from 1968 to 1978 were observed to be 76 and 50 mm
respectively, whereas the mean and median of the 60 year simulation for annual run-off
were much less and were 35 and 5 mm respectively. While the frequency of cropping
during the experimental period was 0,75 {six years in eight), the estimated cropping
frequency in the 60 year simulation period was 0.48 and in one period there was only one
year of cropping in eight years. It is therefore concluded that evaluation of shaliow
irrigation without reference to long-term weather records would have been misleading.

In view of the above comments some conclusions of a general nature can be made
and are as follows:

{I} Short-term measurements of biological productivity can give misleading estimates of
the mean and median in climates as variable as the climate of the Mitchell grass plains.

(i1} Where field experiments are conducted in variable climates it is important to
measure the environmental conditions of the experiment and to then test the results over
long periods of time. This implies that modelling and simulation are essential components
of the research method.

{iii) 1t is important to obtain field data from a diversity of environmental conditions
so that parameters in the mode! are not biased.

(iv) Emphasis should be attached to variation in short—term (5-10 years) production
because of its relevance to the horizons of farm planning.

The sixty year means and probability distributions found in this study should be
interpreted with some caution because they are sample estimates from an unknown but
highly variable population. A similar conclusion was reached by White (1978}, After
generating a series of 50 year rainfafl sequences for the Mitchell grass plains, White found
that the most efficient system of sheep inanagement was marginally dependent on which 50
year rainfall sequence was used in simulation.

9.4 Feasibility of Shallow Storage lrrigation in Relation to Animal Production

The rationale for shallow storage irrigation proposed in chapter 1 requires that the
costs of cropping are regained through increased animal production,

Field trials at RSSRP showed that forage sorghum grown on the ponded-area was
well suited for use as a grazing crop. Cattle were fattened after 3 menths grazing during
winter and spring, and were then sold to the butcher's market when premium prices were
avajlable., Live-welght gains were approximately 0.6 kgfheadfday {Weston and Smith
1976). If an average beef price of $0.75/kg is assumed, then the gross return per animal
Is $41 after three months grazing. :

Operating costs of ponded-area forage sorghum production were found in chapter 8 to
be approximately $18ft. Assuming a grazing animal requires 333 kgfmonth, then the
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calcutated net return after three months grazing is $23 per animal. This profit margin is
reduced substantially if a proportion of the fixed costs ({interest, depreciation and
maintenance) of water storage are charged to the ponded-area. For example, if a 200 ML
dam is built to store water from a 1200 ha catchment and if one fifth of the annual fixed
costs for water storage are proportioned to the ponded-area, then estimates of fixed costs
per beast fattened range from §7 to $49 as stream gradient at the dam site increases from
1:2000 to 1:125.

[t was concluded that ponded-area cropping to fatten cattle could be a useful
adjunct to irrigated cropping provided: (i) the purchase and seiling prices of cattle were
favourable, and (i) irrigated cropping was economically viable so that mest of the fixed
costs of the water storage could be diverted away from the ponded-area.

Supplementary feeding of pregnant/lactating ewes with grain to Increase reproductive
rates was suggested as one way of improving sheep production on the Mitchell grass plains.
An appropriate feeding ration could be 3 kg of grain per head per week for 12 weeks at
the time of lambing. Such a programme would require 72 tonnes of grain per annum to
feed an average flock of 2000 ewes, Provision of this quantity of grain is well within the
long-term mean productivity of shallow storage schemes such as the scheme at RSSRP,
However it would be necessary to stockpile large quantities of grain to ensure the
continuity of the supplementary feeding programme during non-cropping years. Storage
facilities for grain and losses of grain in storage would add substantially to the cost of
grain,
If the feed ration given above Increased the [ong-term mean lambing percentage by
10 percent from the current low level of 45 percent, the return per breeding ewe was
estimated by White (1978) to be $0.70, and the break-even cost of feed to be $19.44/t.
Comparison of this feed cost to the fong-term, mean cost of crop production (346 to $60/t)
shows that [ambing percentages must increase by up to 30% to just cover the cost of
cropping. Such an improvement in reproductive rates would be very unlikely unless other
factors in the environment governing lamb survival and genetic composition of the flock
were improved. .

This analysis suggests that shallow storage Irrigation systems should either:

(i) concentrate on production of high value cash crops that are not linked to

supplementary stock feeding programmes, or

(i) be relegated te opportunistic agriculture in which annual land preparation before

the wet season is avoided, and use of agricultural machinery is minimized. A system

similar to this is being tested at the Queensland Department of Primary Industries

Toorak Fleld Research Station at Julia Creek. Emphasis in this study is being

attached to the ponded-area, where the benefit to sheep reproduction from shade

trees as well as forage crops is being assessed,

9.5 General Conclusions
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APPENDIX A: MONTHLY WEATHER RECORDS FROM RICHMOND POST OFFICE

Table Al Monthly means of mean dally maximum temperature at screen height {°C).

Table A2 Monthly means of mean daily minimum temperature at screen height (°C).

Table A3 Monthly estimates of mean daily evaporative demand (mm) calculated by the
method of Fitzpatrick (1968).

Table A4  Monthly totals of daily rainfall (mm).

APPENDIX A Table Al Monthly means of mean daily maximum temperature at screen
height (Observed at the Richmond Post Office, january 1941 to December 1975).

1941 33,0 34,4 3340 29,2 7.6 2h.2 25.9% 8.6 32,3 3b.} A0 37.%
1942  40.B 34,6 3B.3 33,5 29,9 27.8 28,6 0.4 3.9 .9 7.2 364
1943 37,2 33.9 b4 13.6 0 27,6 4.7 27,40 289 3.7 3s.2 376 3BLY
1944 40,2 33.% 32,9 33.2 27,8 2.4 25,2 18,7 32.v 3.2 3B.6 372
1945 3B.1 35,9 33t .72 22.5 0 27,3 24,6 3t.4 3.5 LY 384 3Y.2
1746 354 34,7 35,5 32,9 30,8 24.7 27,3 29,2 32,3 3.E  3B.2  }9.3
1947 4041 33,8 4.9 1.4 29.0 28.% 27,3 8.6  30.3 343 Iy 374
1948 34,7 37.%  IZ.00 33,20 29.8 28,4 26.7 2B, 3.7 36.4 0 3B A7
P74y 37,2 3.2 34.2 0 0.4 28,2 23.% 25,3 27.9 a1 35,7 3.4 327
1950 35,9 33,4 31,4 7.v 283 3.7 244 26046 BV 3.5 35,40 345
1%y 3.9 34,2 35.4 33,3 2B.7 2%.2 25.6  28.% 319 35.4  39.0 I9.4
1952 38,8 3B.6 37,5 32.8  30.2 26,3 26.7 27.8 3.6 357 I7.B 0 AB.Y
1953 33.3 3,2 3. 34,4 27.2  26.7 26,0 26,0 .0 38,6 374 3¢
1954 35,2 32,6 32.¢  3t.4 28,8 23.9  26.4 28,3 316 3408 3750 de.7
1955 J6.4 33,3 30.7  29.%  26.4 25,5 25.7  29.5% 3.4 35,6 38,2 AB.2
1996 15.1 32,2 3t,2 0.7 7.7 25,2 2%.27  25.9 2900 35,1 369 34
193 32,9 34,1 32,1 342 28,6 26,9 24,4 28,2 31,6 3604 37.B ABLG
1998 34.%  35.4 37, A3 3,20 25,30 28,0 29,3 301 35,8 4B 3B
1959 35.3 34.1 4.1 32,6 272.0 25,9 24,7 28,4 31,0 35,5 IBa 192
1960 37.6 3.2 33,8 2.8 4.7 25.8 25,5 26,7 1B 366 3701 35,9
19561 35.0 35,8 34.9  I4r 8.3 24.9% 25,7 26.4 31.¥ 0 35.4 0 36.7 MGt
t9é2  37.4 36.3 338 J1.4 0 28,5 2.1 25.6 28,2 3.3 1.7 18,8 A
1963 38,1 35.4 34,7 29,9 8.7 20.1 24,4 27,9 3.8 33,0 376 ¥E.1
1964 35,4 34,5 34.9 33.B 0 2%.0 2541 27,5 28.% 32,46 346 6D JO.B
1969 37.6 38,1 3.4 334 30.0 26.1 0 23,9 29,2 12,5 35.1 0 3B.4 349
1966 346 37,y 35.9 3.4 Z8.4  25.8 25.%  24.8 .4 3.9 5. 4B
1967 39,8 36,6 34, 133 2.8 24,2 23.% 27,3 3.6 364 377 3B.2
1968 37.9 33,7 344 34,0 25,7 286.7 I5.% 28.4 3.4 35,0 38,5 G.Y
1969 37.8 38,4 3.2 33 29,6 26,0 27.5 2%.8 29.B 35,8 IB.3 3.7
1970 39.0 35 38,9 33,5 2%.4 22,9 26,0 28.4 32,5 361 3.4 37.¢
1971 38.9 36,2 31.6  2B.1 24040 24.% 0 2406 30.9 33.2 B0 12 3B.0
1972 354 My Aa 32 27,6 26,4 25,9 27.1 12, 36,0 369 A8.7
1973 38.2 34,5 34,9 Fr.e 3v.0 0 Z9.5 27,9 30,5 312 35.% 0 36,0 36.B
1974 30,6 33.8 32,5 J2.6 28.2  25.% 27,0 2%.1  32.4 35,7 37.7 MU
1975 35,3 3.6 344 31.7 30.0 26.3 29,1 29.4  34.1 34.4 38.2 L2

HEAN 3&.41 353,06 34.246 32.18 28.50 25,83 26.00 2B.40 31.74 35.42 37,47 37.41
§.DEV, 2,42 1.8Z 1.82 1.4%  1.43  1.34 0 1.290 1,37 1.0 1,07 0.¥0 1.3&
C.v,2  46.4% 5,20 5.32  S.2% 5.0 5,19 4.7% 4,83 3.25 3.0 2.3% .72
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APPENDIX A  Table A2  Monthly means of mean daily minimum temperature at screen
height {Observed at the Richmond Post Office, January 1941 to December 1975).

1741 21,6 1.2 2.9 17,3 14,0 9.1 6.2 &3 127 2.y 22 21,8
1942 2941 22.7 . 24,7 8. 2 12.8 10,4 11,0 .2 V.40 20, 12.&
1943 22.4 228 19,9 16.9 12,0 &7 7.2 .8 14,6 19.2 20.1 22.1
1944 24,9 22,7 19.B 15.¥ 9.7 11,3 7.7 2.3 14,27 1641 20, 4.2
1945 239 23,1 2004 16,4 N6 1241 7.4  11.8  13. 17,7 20.2 18.%
1946 23.7  22.7 18,0 13.4  13.3 .4 Gab 8.4 13,3 157 1.3 23.4
1947 24,1 22,2 22.3 V4.4 a8 10.4 8.7 12,4 1d.46 17,7 12,3 21.6
1948 20,2 23.9 22.7 15,9 12.5 7.3 10.1 10,1 121 18,1 22,8 22,79
1949 22.6 23,6 22,4 15.7  12.3 6.3 &.8 7.4  14.2 201 9.4 23.1
1950 22,2 22,2 2 1.4 te.6 0 1.4 7.9 11 8.2 13.3 7.t 19,7 2.8
1951 21,5 20.6 1B.&6  13.4 10,2 /.6 6.9 6.7 1.8 1800 171 20.8
1932 23.4  22.1 20,4  tbd.6  13.8B 7.3 7.4 7.2 14,0 16,5 20.3 22,5
1953 22,8 1%.8 1B.9 17.0 B.B 7.7 7.0 7.7 1.8 e 20,90 2300
1954 22.1 2.7 19,3 172 114 7.4 B.3 11,2 t2.%  iB.é 19.9 7
1955 22.% 22,3 20,3 7.4 126 1.3 10,3 10,3 133 1%.6 9.2 7.8
1996 2141 22,3 20,3 16,7 13.4 7.7 7.2 2.9 1.0 16,8 2001 2.4
1957 20.%9  22.1 19.7 16,4 1141 11.% g.3 g.e 10,8 17.4 18,9 12,8
1935 22.4 2.8 21,3 18,3 6. 11,3 7.4 111 1.2 127 2244 23,1
9% 23.2 22,1 .6 1B.2 134 11.4 ?.7 .4 M4.T 0 17.% 21.3 25.4
1960 24,6 23.3 20,8 17,3 113 7.4 7.4 8.6 13,6 V2.7 .4 120
196y 22.9 22,9 9.6 19.5 12,2 B.0 8.6 2.6 1406 1% IN.¥ 2.2
1962 24.7  23.6  20.6 160 .6 i2.2 10,0 .2 15.1 8.9 21.6 21,1
1963 23,2  23.3 2,3 7.7 12.% 9.3 4.3 1.7 12,3 12,3 0.5 22.3
1964 22,9 20.8 21.3  1B.& 14,2 7.3 10.0 1041 7.4 1B.7 178 214
1965 22.2 22.%  21.1 16,4 15,2 11,0 6.2 1.7 14,7 1By 20,8 .
1946 22,9 21.%1 1.8 172.8 12,4 11,1 B.4 12,2 15,2 14,4 20.6 22.2
1967  24.4 24,2 21,2 7.7 114 11.7 7.7 7.4 1.6 1901 22,2 20
1948 24,1 23.0  22.8 1B.1 13.6 7.4 g.4  1t,7 10,2 17,5 20,1 2,0
1969 23.9  24.3 2.6 6.4 14090 10.2 424 12,9 100 8.8 1va 21,9
1920 21,5 22.4 B.8 17,9 12.9 7.7 7.3 9.4  t4.4 19.1 22.0 2r.%
1921 22,7 23,4 20.% 14,8 1141 7.6 7.7 12,3 14,8 14,8 7.0 I1.B
1972 19,7 0.4 1%.% 16,6 12,6 10.8B 6.3 7.1 13.8 5.7 20.8 19,2
197 22.2 22,3 2.0 V7.7 1441 1.8 10,0 12,1 13,3 163 2.0 12,

1974 23.0 22,4 20,8 15.9 12.1 £.8 4,2 7.3 1.9 17,0 18.8 .7
1975 21,4 2v.3 200 15.8 11,1 9.0 7.5 7./ 1641 17,2, 19.% 1.8

HEAR 22,73 22,36 20.68 14&.7% 12,71 2.50  B.64 9.92 13,46 17,75 20.41 22,04
S.DEV. 1.29 L1 .20 1,33 1.4%  1.9% 1.59 1.70 1.70 117 1.2 0.9%
C.%.7  5.85 4.96 5.76  Z2.95 13.25 20,52 1B.3%F 17.10 12,83  4.397  5.92 4,30
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Monthly estimates of mean daily evaporative demand calculated

Table A3

APPENDIX A

each month using the method of Fitzpatrick (1968) (Monthly temperature and vapour pressure

in

to December 1975 were used

January 1541

Richmond Post Office,

the

data from

calculations),
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APPENDIX A  Table A4  Monthly totals of rainfall recorded ‘at the Richmond Post
Office, October 1918 to September 1978,

. r e e v e e e b e e B e = R e

YEQR 6CY T LUNNIS £ 1 R T ¥} (8] ik fPR gAY JUl JUL RUG SEP T
1947 4 2 I6 130 6h { ¢ 22 0 /] 4 4] 243
1920 0 0 b4 147 b 29 H 93 20 4] [ 2 LY
1921 L0 7 65 i1 i1z 80 L] 11 27 24 1 3 44u
1022 124 t 77 24 120 0 0 0 § 2 0 @ 421
1523 4 30 110 ? 25 42 0 3 23 0 0 0 245
1§04 it 0 i2 30 7 13 fz¢ 4 0 0 34 /] [t
1925 a2 64 112 160 4G 4y 0 [} 12 0 7 0 4§14
1924 5 b 1o 73 ? 0 1 4 0 0 0 28 128
1y27 0 4 i1z 4k 247 ieg 0 0 42 i d 6 G570
1928 [A 2 152 29 34 5 0 0 4 0 0 0 232
1929 ¢ 34 7% 53 153 34 42 0 0 0 0 0 oz
1930 0 61 13 16t 139 15 i 134 ? 0 [1} 0 Se7
1934 97 19 34 LY 0 ib 2 5 1 O 0 & 224
1%32 17 112 725 57 13 5 t 20 2 0 0 0 334
1933 H f 61 34 163 0 0 t 51 73 i 0 291
1934 4 g1 52 BRE  1%3 4 35 té b 17 0 i Ads
1%35 23 ) 2 93 27 2 0 2 o8B 3i 1 3 2é8
1938 b ] ? 107 49 1.2 2z [ 9 93 0 29 230
1937 2 1é 12 &7 6 127 0 0 14 8 i 0 431
1930 2 44 135 162 P49 17 0 i 0 3i 0 0 424
193% b 7 0 431 1492 ey 5% 14 4 7 4 0 392
1940 57 43 15 ERE A 54 13 f 5 0 0 0 441
1941 0 b G4 325 24t 1é 50 27 46 0 0 0 2465
1942 3 20 22 5 124 £3 23 45 B 0 0 i3 27

1943 17 13 167 ¢ 127 1 31 12 0 ¢ 0 63 440
1944 21 33 18 26 i1 i ig 4 b 0 0 Q4
1949 2 i i3 25 122 P4A 11 37 0 29 0 0 513
1944 4 0 18 221 114 § 4 0 i 0 0 1 340
1947 3 19 41 36 B0 138 0 0 2 0 1o 38 302
1940 25 2 122 135 33 7 0 0 0 21 0 0 L
1949 3 25 81 34 H! 132 i0 H 0 0 0 3 342
1950 &2 20 33 ¢4 213 214 142 3 i8 20 2 e B&S
1951 13% 76 166 264 43 0 0 0 26 ¢ i 0 713
igyz 26 134 17 19 ¢ ? 34 18 0 0 3 2 149
1yul {1 13 4 06 212 ¢ [ 4 0 0 23 10 483
i) 0 4 24 157 1%9 244 ] 0 24 0 3 5] 538
1955 48 25 23 18y 1BD 107 41 107 18 0 0 0 799
1506 1% 14 26 139 2% &4 a7 75 34 23 15 0 200
1957 ] 15 317 145 3i 108 2 0 5 34 0 0 663
1950 i3 24 4iE B2 A8 104 3 5 35 0 0 0 365
195¢ i 28 27 173 25 a8 1 hL} 0 { 3 2 35k
19460 0 4 1 26 1BY 13 7 50 i 2 ] 6 3tz
1961 9 29 180 74 ye 5 2 0 0 0 0 0 287
19462 0 g1 3 156 20 BS 2 18 4 ) ¢ a9 502
1943 [ 9 167 76 54 195 54 ¢ 0 Q 1 ¢ 5?7
i944 i3 0 B 2i6 122 21 1¢ 26 33 3 0 10 473
19464 15 i) 76 39 20 3B ri 5 0 0 0 0 249
1946 & [ 107 247 24 i 0 2 7 0 3p 12 450
i947 18 73 10 20 o4 12 i ¢ 6B 4 0 0 240
1948 4 5 31 12 224 41 23 55 0 22 0 0 419
194% 0 0 57 69 20 44 0 14 H 2 ¢ 0 209
1970 ¢ 3 141 44 130 23 i 0 0 0 0 14 144
1§74 4 24 20 101 L 304 123 0 9] & 0 0 694
1972 i2 24 LY, 11¢ {8 225 0 0 0 0 (] 0 445
fe? 0 b6 41 112 17272 249 4 0 0 0 0 90 667
1974 0 205 a 445 02 tI9 i 24 0 0 [ ? $185
1¥74 t & 128 243 217 924 ie 0 15 0 H 2 743
926 143 5 183 118 209 1g 10 0 o 0 2 0 547
1977 4 26 195 72 95 56 24 7 0 0 0 0 A%y
1978 H 4 20 52 22 ? 0 7 12 55 i 27 2?3
HELH 114 27 20 08 §t4 [ 22 18 12 ¥ 3 ? 424
PLECENTILES

10 [y H 10 23 2t i o 0 0 0 0 0 253
10 2 & 27 44 49 12 0 0 ¢ 0 ¢ O 362
50 5 té 56 g2 g% 17 z 3 4 0 0 ¢ 455
70 13 27 84 t57 104 &7 23 £7 13 b H [ G4Y
0 54 73 167 219 222 174 e 55 35 LY g 20 207
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APPENDIX B: FLOW CHART AND COMPUTER PROGRAM OF SHALLOW STORAGE
IRRIGATION SYSTEM MODEL

The shallow storage irrigation system model was run as two programs. The first
program {named CATRUN) calculated run-off from the Mitchell grass catchment. CATRUN
was used to generate a disk file of daily run—off for the simulation period 1 October 1918
to 30 September 1978. The second program (named SSISMO for Shallow Storage lmigation
System Model} contained all other components of the model. The run-off data file
generated by CATRUN was read by SSISMO during simulation, Both programs were written
in the language FORTRAN to be run on a Digital PDP-10 computer at the Prentice Centre,
University of Queensiand.

A flow chart of the SSISMO program is shown in figure B1. Variable names used
in the SSISMO and CATRUN programs are deflned in tables B2 and B4 respectively.
FORTRAN listings of the SSISMO and CATRUN programs are given in tables B3 and B35
respectively. Input and outflles from these programs were as follows:

SSISMO,.FOR input files : B29, DAT, QPARAM.DAT, QFARM.DAT and QRUN,DAT,*
SSISMO.FOR output files : QDAT2,.DAT, QDAT3.DAT and QDAT4.DAT,
CATRUN.FOR input files : B29,DAT, C6BCAT.DAT and C100,DAT, and
CATRUN.FOR output files : C103.DAT, CI103A.DAT, C104,DAT, C105.DAT.

* QRUN.DAT contains run-off data and is a condensed form of C103.DAT,

- | READ Parameter values and
START Eitle o3 stmufation
REWiD WEATHER
DATA FILE

END QF EXECUTION 7

AN

éﬁfi pnnnm5151¥>—-‘ READ HEW VALUE

no

ADVANCE ONE DAY

|

IF END OF MONTH THEN READ
HEXT MONTH OF WEATHER DATA

CALCULATIONS

iF EHD OF YEAR THEN
QUTPUT DATA TG DISK

no ye3
o P oUTPUT DATA L
L_< D OF Sz ATION 0 UISK

APPENDIX B. Figure Bl Flow chart of SSISMO program.




APPENDIX B Table B2 Variable names used in SSISMO

e

Array CAT (1) = Catchment Varigble List (whege I ~ L to 3@)

CAT (1) = Soil morsture storage in layer 1 (wm)

CAT (2) ™ Soit meisture storage in layrr 2 (mm)

CAT (3} = Scil meisture storage in Jayer 3 {(mm)

CAT (4) = So0il moisture stownge in layer 3 {ma)

CAT (5) = Sigma evep demand aince WBCAT last acceaned

CAT (6} = Sigman time pince WBCAT accessed last (davs)

CAT (?) = Evapotranspiration (mm)

GAT €2) =« Run off (mm)

GAT (9) = Groundfiow {mm)

CAT (10) = Dry matter yicld of panture (kg/ha)

CAT (11} = Sigma rain nince WBCAT acceaged lant (um)

CAT (12) to CAT {(30) are apnrc

Arrey €S (K,J} = Crop Statistica Array {Irrigated Area)

whers K = Crop Rumber (] to 8)
J = Ttem (1 to 30

€S (K,1) = Current aoil moisture storage layer I {wm)

€5 (K,2?) = Current noil moisture storage layer 2 (mm)

¢ {K,3) = Cnrrent aoil mointure atorage layer 3 (mm)

CS (R.4)} = Cnrreat total soil moistyre storage (mn)

Cs (K,5} ~ Sigma Eo since WBIRR pecewsed last (mm)

65 (£,6) = Sipma rime since WBIRR nccensed last (deys)

GSs (%,7) = Current Biomet time since planting

€S (K,8) = Curreut Growing degree daya since planting

¢S (K,9) = GDD Collected aince WBIRR sccessed kaat {°C daya)

65 (X,10) = Sigma Rain nince WBIRR accesacd last (mm)

¢S5 {K,11) = Crop area Cha)

€5 (K,12) = Potentinl Grain mmber (millions/ha)

S (K,13) » Grain pumber Filled {milliona/ha)}

¢S (K,14) = Grain rize {mg)

€5 (K,15) = Yield before lodping (kg/ha)

S (X,16) = Lodgiog lean (2)

¢S (X,17) = Yield after lodging (kg/ha)

€S (K,18) = Yotal Productioun = YLD x AREA (tonnen)

CS (K,19} = Current Dry Matter Yield (kg/ha)

€5 (X,20) = Total Dry Motter Yield (tonoes)

€S (R,21) = Hay yield = Total dry matter yield in week 16

(runnes)

¢s (K,22) ~ Sigma ET since planting {mwm)

o5 {K,23) = (opare)

08 (K,24) = Total DY yield (tonnea) end of May

¢s {X,25) = Total DM vield (tonnes) end of Juge

€S {K,26) = Total DM yield (tonors} end of July

s (K,27) = Teral DM yield (ronnes) eod of Augact

¢S (R,28) = Total DM yield (tonmen) end of September

CS {K,29) = apare %ryland Crop No.

o8 (X,30) = spere

Arzay DAM (1} = Dam Variables (vhere I = 1 te 30)

DAY (1} = VoL ~ Yolume of dam (ML}

DAH (2) =T = Height of dam {(im)

DAM {3) = AREA = Area of dam surface (ha)

DAM (4) = SEQ = Rigmn evap demand sirce WHDAM aggesncd
lant (mm}

NAM {5) = STIME = Sigma timr mince WRDAM accemaed lasat
(dayr)

DAM (6) = EVAP = Sigma vnlume of evaporatisp Erom dam since
1st Oct. (ML)

PAM {7) ™ BAIN = Sigma volume of rainfall input to dam ainge

Ist Oer. (1)

TAM (B} = SINSLO = Sigma inflow ko daw From eatchment since
lst Oct. (ML}
DAY {9) = BYWASH = Sigma outflew from dom since Tst Oct. (ML)
DA¥ (10) = PONVOL = Sigma volume lost to ponded area since
. lot Oet. (ML)
DAM (11} = RATH = Sizma rain since WEDAM accensed last (wm)
PAM (12) = Waximuem dam beight this scason (mm)
DAM (13} = Maxioum dam volume this meason (WL}
DAM (14) = VOLTRR = Sigma irrigation volume ueed mince
Ist Oct. (ML}
PAM (15} = Volume of dam at planting irrip crop (ML}
DAM (I6) = Day no of lnst irrigation
DAM (17) = Yalue of W42} after last irrigation
DAY {18) = Yolume of dam before last irrig applied (ML)
DAH (19} = Volume of water available calculated (ML)
DAM (20) « Demand for water by crops 1-8 (ML)
DAM {21) = SBurplus/Deficit of water after last irrigatien (ML)
DAM (22) to DAM (10} ore apare
Arraoy GSP {1} = Gencral Stats Ponded Arca (where T = 1 te 50)
GSP (1) = Number ofF e¢ropm present
CSP (2) = Humber of crops sown thia eemaen
GSP (3} =~ Total area of land in ernp (ha)
GSP (4) = Total dry makter yield of ponded area [or scarmon
(tonnes)
GSP (5) = Day number in period
GSP (6} =~ Momber of periods (i.e., fortnights) since maximum
dam height this acason atkained.
GSP (7) * Period number mince lgt October
G5P (8) = Hey dry matter yield (ronnea)
GSP (9) = Planting delay index
GSP {10) = apare
GSP (11) = Height of dam st Llast access (wm)
GSP (12) = Upper height of lart bloek planted {mm}
GSP {13) = Lower height of lnat block planted (om)
GSP (l4) = Total rainfall in the gecoud laet period fmm)
GSP (13) = Total rainfall in the lant pericd {wm)
GEP {18) = Toral roinfall in the eurrent pariod (mm)
GSP (2!} = Total planting costa of ponded crea this geason (§)
GSP (22) = Total coats of hay harvesting in ponded aren
this seagson {§)
GSP (23} « Cost of hay production {§/tonne)
CSP (24) = Grazing potential of Jry matter production
(wka /1000 aheep)
G5F (25) = Area of land harveated for Liay (ha)
GS5P {26) = Aren of land mown thia ueason (ha)
GSP {27) = Ho of Aays harvested for hay
GsT (303 = End_of Month Variable May July Sept-
Total crop area (hn) GSP(31) GSP(36) GST(41)
Mean dry matter yield RSP(33) GSP(37) GST{42)
(kg/ha)
Weighted crop age {wke)  6ST(33) GST(38) 65P(43)
Total srop production GSF(34) GSP{3%9) GSP{44)
(tonnrs)
Grazing potential GSP{35) &sr{40) GET(45)
(wiea/1000 abeep)
GST {40Q) = No, of cvops present at end of May
GsP (47} » Ho. of crops preasnt at end of fuly
G5P (4B) = No, of cropm prareat at end of Septembar
csP (17}, (183, (19), (20}, €28}, (29), (49), {(50) are apare

page 182 .
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APPENDIX B Table B2 Varlable names used in SSISMO

Array M (1) = Inteper Counter {where T = ] to 100)

1)
(2)
(95}
(1)
(12}

XXX

(a1)
(42}
(43)
{a4)
(45)
(47)
(48)
{49)

TEXIXIT I

¥ (51
M (52)
M {53)
¥ (56)
H (60}
¥ (617
R

=
L

@

g B & 0 0 B ¥

g4 8 31

DO o O

Simulation run number

Date {YYMMDD} of simulation

Crop type (1f M{10) = 1 then crop is grain sorghum)
Grain Sorghum phenophase status

Number of crop present

Irrigation Controls

Wo of irrigations remaining in planting plan

Ne of irrigations that have been applied

No of irrigations deleted

No of irrigations remaining till end of meason

Ro of irrigations planncd at planting

0 or 1 (0= normal, 1 = use flexible irrig strategy)
Q¢ or 1 {0 = normal, 1 ~ use flexible planting strategy)
0 or 1 (0 = normal, 1 = use flexible harvest strategy)
OutEut Controla {Write to disk)

or | (0 = normal, if = ] rthen use OQUTS1)

or 1 (0 = normal, if = 1 then use OUT52)

or 1 {0 = normal, if = 1 then use QUTS$3)

or 1 (0 = wormal, if = 1 then write M & P arrays)
or | {if = I then output headings)

or 1 (if = 1 tben output headings}

emaining variables in ¥ array are apare.

Array MET (I) = Meteorological Data for Current Month

where [ = 1tems (] to 40}
MET (1) to MET (31) = Daily rainfall for month
MET {(32) = Monthly mean max. temp °GC
MET (33} = Honthly mean min. temp °C

MET (34
MET (35
MET {36
MET (37
MET (38

)
)
)
}
)

= Monthly mean Eo (Fitz 1968) mm
= Maximum of {o. and Rain - Pq)
= pate

= Monthly mean GDD for ES7

to MET (40) are spare

Array P (1) = Parameter Value (where I = 1 to 400)

Parameters are read from the file QPARAM.DAT shown at the bottom

of Table B3. Somez of the more important paremeters are:

(21)
(24)

WY o

~ o

P (176},

(397)
(398)
(397)
(400)

Lo B T N

= Capacity of dam (ML) (=P(24)xP(398)/100)
= Catchment area (ha) (=P{397))

{151) = Area of ploughing on irrigation-area (ha)
(152) = Area of planting on irrigation-area (ha}
(153), P (154) and P (155) = Scheduled time of first,

second and third irrigations respectively
(standard days)

(164) = Initial wakter storage in dam (ML)
(1657,

P (166) and P (167) = Iaitial water store in
surface, subwsurface and sub-goil layers of
irrigation-arca {mm)

P{177} and P {178} = seasonally adjusted schaduled
time of first, second and third irrigations
respeetively (standard days)

Area of catehment (ha)

Depth of run-off required to fill dam (mm)
Size of irrigation-area {ha}

Stream gradient at dam

4 & B

page 133.

Array PON {K,1) = Ponded Area Stats

PON
ron
PON
PON
PON
PON
PON
PON
PON
PON
PON
PON
PON
FON
PON
PON

where

(¥,1)
(K,2)
(x,3)
(K, 4
(K,5)
(x,6)
(K,7}
(k,8)
(K,9)
(x,10})
(K,11)
(K,12)
(K,13)
(®,14)
(K,15)
(K,16}

K = Crop number (] to &)

I = item (1 to 20)

Crop condition
Date planted (YYMMDD)
Upper height level (mm)
Lower height level (om}

Current goil moisture (mm)
Sigma ET this period (mm)
Sigma Eo since last access (mm)
Sigma days since last access
Sigma time (weeks) from planting
Sigma vain gince planting {wm)
area {(ha)
Dry matter yield (kg/ha)
Total dry matter yield (tonnes)
= Sigma temperature (°C)
= 8Sigma ET since planting (mm)

to PON (K,29) = spare

3 ¢ 4 B8O N E @ d & 3

Array SIA (R,1,J)} = Stats Irrigation Area

-
Ixd
m
3

—

%8 4 4 o ¥

BE a0 & 8

8 8 £ 3 ¢ H 4

where

K = Crop number (1 to B}
I = Crop stage (1 to 10)
J = item number (1 to 20G)

Crop index (0 = before planting, 1 = present, 2 = after
barvest)

Date at start of cropping period (NYMMDD}

Duration of periad (days)

S0il moisture in layer 1 at start of period (mm)

Soil moisture in layer 2 at start of period (nm)

S01il moisture in layer 3 at start of period (mm)

Sigma
Sigma
Sigma
Sigma
Sigma

ET for period (mm)

rainfall during period (mm)
irrigation during period (mm)
runoff during period {(mm)
groundflow during period (mm)

Soil moisture in whole profile {0.90em) at the end of
the period (mm)

Sigma
spare
Water

Eo during period (mm)

atress during period

Damvol at start of period (ML)

lrrig
Depth

vol used during peried (ML)
of catchment runoff during period {(mm)

Dry matter yid (kg/ha) at atarc of period

cpare



APPENDIX B Table B3

AR XY RAABAA AR AR AR A URE RN AEATRAETRRAAREXAPRARTRERRAF RN ENT RV ANRERAEA N

c
£ SSISMD -~ SHALLOW STDRAGE IRRIGATION SYSTEM HMODEL
L mesanm eceeamwee e L 0 e e B B o o P B i Tt B b Y TR S
C
c FILE NOME = SSISMO.FOR
) DATE = | SEPTEMBER 1983
C
CHREN BRI AR AR XA AT S PN RS NN A EAAAFF A ERN LR NI AER RN AN T AN EAN AN NN
c
C
REAL TITLE(S)
REAL P¢400) ,MET(40),CAT{30) ,DAMC30) ,CS(8,300,51A8,10,20}
REAL GSP(50) ,PON(S,20) ,FSTRAT(40,7)
INTEGER DAY ,MTH,YR,M{100>
COMMON DAY ,MTH,YR,M,P MET ,CAT,DAM,CS, 514 ,GSP, PON, FSTRAT
C2000==~READ DATA == = st cn e s

cALL GDATA
OPEN{ I T=22,FILE=/GDAT 2. DAT” ,ACCESS=" SEROUT)
DPEN¢UNIT=23 ,F1LE="GDAT3.DAT~ ,ACCESS=" SEGOUT")
DPENCAMIT=24,F ILE=" GDATA.DAT~ ,ACCESS= SEQDUT* )
OPEN{UNIT=20 ,FILE="B27.DAT’ ,ACCESS="SEQIN’)
TYPE 2996
2994  FORMAT(’ TITLE ? 4AS’)
ACCEFT 2997,T1TLE
2997 FORMAT(4AS5)
TYPE 2998
2998 FORMAT(’ TES DR SIM *)
ACCEPT 2999,TEST
2999 FORMAT{AZ)
Crm = SET INITIAL UALUESr==rommmmm e s o oot re i
3000  CONTINUE
CALL SET<TITLED
IFEM{1),LT.0)GOTD 9599
cALL WBCAT{1.,0,)
IF¢TEST.ER.”SIM/)GOTO 3030
MC40)=51
£ALL WBCAT(?9.,0.}
D0 3010 I=1,412
3010 READ{20,24)YR
3030  CONTINUE
PP=P¢9)
3500 CALL SYEAR
IF(TEST.EQ."TES’ .AND.M(40) .EQ.55)GDTD 9000

4000 CONTINUE Powmywasnx COMMENCE DAILY LOOP Raswspxs
Cremmmmmn UPDATE TIME mum—mmwow-

DAY=DAY+1

CAT(4)=CATLAY+T.

DAM{S)=DAM(S)+1 .

GSP(S)=GSPU5)+]

I=M{11}

DO 4010 K=1,8

CS{K,4)=CS(K,é2+1.
4010  S1ALK,I,3)=SIACK,1,3)41,

FORTRAN listing of SSISMO program

ocoo
0001
ooo2z
0003
0604
0005
0o0é

‘007

0a08
0ao?

ag1a’

oot
0012
0013
ani4
0015
0014
06t7
0018
001%
oozo
0021
0022
0023
029
0025
0024
0027
0028
002%
0030
0031
0032
0033
0034
0035
03¢
0037
0038
0037
0040
no4s
0042
0043
0044
0045
0044
0047
1048
0047
0030
0051
00%2
0053
0054

Page 184 .

Comments in this column are to assist understanding and operation of
the adjacent program.

SSISMO is an interactive FORTRAN program, @& series of 40 year simulat-
ions may be carried out without terminating execution. Yariables are stored
in arrays as shown on page 329. The COMMON statement is uced extensively to
pass information from one subroutine to another,

SSISMD advances through simulated time using a daily time step, howewer
event stepping procedures are used for water balance calculations. Weather
dzta is READ one month at a time from the file B29.DAT()ine 57 of program).
Each weather record shows in the foliowing order: year ,month,monthly mean
max temperature{ C),monthiy mean min temperaturei C),monthly mean evaporat-
ive demand{mm/day},and 28 to 31 entries of daily rainfallémm .

Parameter values are stored in 2 arrays; an M array of 100 values and a
P array of 400 values. These parameters control the program {eq. output,
irrigation strategr, shallcw storage design? as well as defining nearly all
values of constants in equations. While the M and P parameters are READ at
the beginning of SSISMD (line 17) they may be altered interactively before
the first simulation of 60 years and thereafter before each subsequent
simulation of 40 years (see lines 198 to 219).

The foltowing srstem commands will load, save and run SSISMO:
LOAD SSISHO.FOR,STA:IMSL/SEALCR>

+SAVELCR>
RN SSISMO{CR>

(Hote {(CR> means CARRIAGE RETURN)

The first prompt of the program is “TITLE ?7. Any string of 20 charac-
ters may be givern as the title. This title is printed on ali output. The
second prompt is “SIM OR TES” (je. simulation or test}. If TES is replied
then the period is shortened from 40 ¥ears to 9 years {1 Oct 1949 to 30
Sep 1978). The third prompt is “SET P/M VALUE’.This prompt ic used to
reset parameter values in the M and P arrays (see lines 1%8 to Z719) and is
repeated until execution of the program is terminated. & reply of ‘END-
terminates execution,

The following responses were used to run simulation experiment 1:

Prump% Reply

. RUN SSTSMO<CR>

TITLE ? 4AS SIMUL’N EXP 1{CR> Title
TES DR SIM SIM{CR> Use &40 vear simulation

SET P/M VALUE  YES M52 1<{CR> Use subroutine QUTS2 for output

SET P/M VALUE  YES M45 1<{CR» Schedule one irrigation

SET P/M VALUE  YES M47 0<CR> Do not use flexible irrign strategy
SET P/M VALUE  YES P1353 355<(CR> Set time of irrign to day 55

SET P/M VALUE  YES P3?7 1460<CR> Set catchment area = 1440 ha

SET P/M VALUE YES P378 24<{CR> Depth’of run-~off to fill dam = 24mm
SET P/M UalLUE  YES P39% 40{CR> Set size of irrign-area = 40 ha

SET P/M VALUE  YES P400 ¥77{CR> Set atream gradient at dam = 1:977

SET P VALUE RUN Pt 1<CR> Start 40 year simui’n , output data
SET P/M YALUE  ENDLCR> More simul’n not wanted, terminate

RemarkKs
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APPENDIX B Table B3  FORTRAN listing of SSISMO program (continued) Page 185,

Commmnne UPDATE MET DATA 0055 There are 23 subroutines in the program. Their names, line at which
IF(DAY.LY.32.AND.MET(DAY} ,GE.0.)>G0TO 4100 bLLT ther start and function are as follows:
READ{ 20,24, EMND=70002YR,MTH,MET (323 ,MET{ 33} ,MET(34}, 0057 GDATA Line 147 Read parameters at start of execution
i (MET{I),I=1,31) 0058 SET 11:¥4 Reset parameters interactively
26  FORMAT(13,12,3F5.1,21F3) 0057 SYEAR 200 Initialize variables at start of rach vear
GDD=(MET(32}+MET(33))/2.~P(38) 0040 WBCAT 339 ‘Read catchment run-off data
HMET{(37)=GDD 0041 WBDA 3735 Calculate water balance for dam
oaY=1} 1042 PHENDL 453 Calculate Sorghum phenology
4100 CONT EMUE 0043 WBIR 478 Irrigation-area water balance
DATE=FLOAT(YR¥FO000+MTHRE100+DAY) 0044 WBIRR 334 r n " .
MET(36)=0ATE 0045 PiC 422 Plant irrigation-area
RAIN=MET{DAY> 0064 HIC 495 Caleulate yield and production from irrigation-area
MET(35y=AMAX{(D. ,RAIN~FP) 1047 DHYLD 744 v - " . " " »
ED=MET(34) 00ss CRC 962 Irrigation management - create crop
X=AMIN1{P? ,RAIN? 0049 CIRRIG @29 » " ~ crop irrigation
CATC11)=RAIN-X 0070 DAMIRR 999 v . ~ water availability in dam
CAT(S)=CATLS)+EQ~X 08071 PONMOD  108% Main model for ponded-area
DAMC 11 Y=RAIN=X 0072 WBPON 1245 Water balance of ponded-area
DAM{ 3)=DAMC 4 +EQ~X 1073 WBPONZ 1743 " " " . -
E=MC11) 0074 ouTS! 1283 End of year output -~ wse if M{51) =
Do 4200 K={,B 0075 ouTs2 13%¢ oo " - use if M{S2) m |
IF(CSIK,11),LE.0.)GOTO 4200 0074 OUT33 1544 oo . - use if M(53) = |
CS(K, 10)=RAIN=X 0077 ENRO1 1594 End of run output
CS{K,5)=C8(K,S)+ED~X 0078 EMRO2Z 1442 End of run output
$1A¢K,1,13)=51ACK,1,13)+E0-X 0077
4200 CONT INUE 00BD Further comments in this column refer b adjacent lines,
J=IFIX(AMAXI 41, ,BSP(1))) 0081
DO 4201 I=1,J 1082
4201 POMGT, 7)=PONCT , 7) +ED-X 0083
4205 COTINUE 60849
B o e e e e et e o e 4 e 00835
C5000--~UPDATE WBCAT ,WEBDWM,WBPON IF{RAINOPY) 0084 I rain is areater than 3 mm then update water bajance
CAT(8}=0. 0os?
IF{RAIN.LE.P?)GOTD 4000 0083
CALL WBCAT(DATE ,CAT(8>) oose
I=MiE1) 0o%0
SIACL,T,18)=51A01,1 12Y+CAT(]) 06f1
CaLl W8DAM 0092
CALL WBFON(PFON,MET(35) ,MET{32) ,MET{33}) 0073
GSP{17)=GSP(17)+RAIN 0094
e e o e e i e s Ll o e e e e 0095
4000 CONTINUE ! IRRIGATED CROPPING MODEL. we—mmee~—maan 0094
C4100~~-CALCULATE IRRIG CROP PHENOLOGY a0%7
TF(MCELY LGT.1LANDLMOEE ) LT . 9}CALL PHEMOL{GDD) 00%9
Cé200~--UPDATE WATER BALANCE IF (RAINYPY). goge
TFC{RAINLGT.PPICALL WRIR 0§00
C&250~--CALL WBIR & DMYLD IF EMD OF MaX TIME STEP 0t01
IF(MCEL1)Y.EQ.1,0R.MC1L) ED.9)GDTO 4251 0102
TF(M{50) . ER.4.AND.CS5¢1,8) .ER.P{288))CALL WBIR 0103
IF(M{10) .EQ.2.AND.CS¢1,8) .EQ.P{323)CALL WBIR 0104
IF(M{10Y.EQ.4.AND.AMODCCS(1,BY ,P{29%)) .EQ.N,)CALL WBIR 0105
IFCMOI0) .EQ.2,AND.AMOD(CS 1 ,8) ,P{3225) .EQ.0.)0ALL WBIR 0104
6251 COMTINUE 01907
C4300~---FLAMT CROP 0108 i1f the cyrrent date ¢DATE) is equal to the date of planting in

I=M40) 010% FSTRAT(I, 1) then call the planting subroutine PIC
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IF{DATE .EQ.FSTRAT(1,13)CALL PIC
C&400-~~IRRIGATE CROP
FF(HM(44) .EQ.0)60TO 4410
1=M(42)
TF4HO10) LB, 1 BMTI=FLOATC IFIXCES(1,B) /P(5P) 4,50 )
TIF{M{10) EQ.29BMTI=CS(1,8)
TF(MC10Y .EQ.4)BMT I=CS(1,8)
IFCBMTE.LT.P{174+1))60TD 6410 ! TOO SOMN
TALL JRRIGM
4410 CONTINUE
L4500 ~--HARVEST GROPS
F=M1{40)
TE(DATE.EQ.FSTRAT(I,2)3CALL  HIC
C ———————————— e Ll k. e Y B 10t 7 e e e el e 1 e R L Al e 7 Y B i e o
C7000--~PUHDED AREA CROPPING MODEL
TF{8SP¢5).LT.14.360T0 8000
BSP(7)=GSP(71+2
GSP¢SI=0.
IF{MTH.GT.?>G0TO 8000 ! FORGET POH MODEL OCT-DEC
CALL wBDAaM
CALL WBPON{PON,MET(35) ,MET(32) ,MET(23})
CALL POMMOD
8000  CONTINUE ! =mecmcsmmeee END DF DAY ww—mum o o
TMP=MTH#100+4 DAY
IF{THP .NE.$20)GOTO 4000
1FOM(S1Y .EQ. 1> CALL DUTSY
IFZM(52) (EQ. 1) EALL OUTS2
1F(M(53) ,ER.1)CALL DUTS3
HOTO 3500

! NO MORE TRRIGATION

*000 CONTINVUE | wxxxsxaxy END OF RUIN #¥x¥¥usus
CALL ENROZ
GOTO 3000
IR STaP
END
[ R T ] L T R RN T T T P PR R E A E v pevynv o an
C
SUBROUTINE GDATA
[ KRR nNR Ay
c
REAL P{400),MET(40),CAT(30) ,DAM(30),LS(8,30),51A¢R,10,20)
REAL SP(50),PON(S,20) ,FSTRAT(S0,7?
INTEGER DAY ,MTH,YR,M{£00)
COMMON DAY ,MTH,YR,M,P MET ,CAT,DAM,CS,S1A, BSP, PON, FSTRAT
C2000~~~PEAD DATA o s e e e et o e e s
GPEN(WHIT=20,FILE=’DPARAH.DAT‘,QCCESS=’SEGIN’1
READ(20,1314
1 FORMATL?X, 101482
READ( 20,20
2 FORMAT(7X,10F4.0)
P(124)=P(124>/100,
P129)=P (12827100,
PLI30Y=P{3300,/100,
P{132)=P4132>/100.
PL137Y=P{1372/1000.

3

FORTRAN listing of SSISMO program (continued)

0110
0111

0112
0113
0114
0115
0114
01t7
0t18
0119
0120
0121

0122
0123
0124
0125
0124
0327
0128
0129
0130
D131

0132
0133
01324
0135
0134
0137
D138
013
0140
0141

014z
0343
01a4
0145
0144
0147
014g
0149
0150
0151

0152
0153
0154
0135
0154
0157
0158
0157
0540
014t

0142
0143
0144

Page 186.

if the current dale is equal to the date of harvest in
FSTRAT(1,2) then call subroutine HIC(Harvest irrigated crop)

Call the Ponded-area crop model at the end of each fortnight

Calt  these output subroutines if the date is the 30th September
and if the values of M51,M32,and M53 are get to 1.

Subroutine ODATA reads the parameter values stored on the file
GPARAM.DAT and the farm management data stored on file QFARM.DAT
This subroutine also calls WBCAT to read all of the catchment
run=-off data from QRUN,DAT.

Adfust place of decimal paint in some parametere.
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i

F(282)=P{2823/100.
P(326)=P( 32437100,
CLOSELUNIT=20,F1LE="QPARAM.DAT")

€2200~-~READ FARMING STRATAGY

2210

2230
2270

OPENCUNIT=20 ,FILE="@FARM.DAT * ,ACCESS=" SEQTH )
READ( 20,223 0)HD

READC20,2210)HD

FORMAT{AS)

READ{ 20,2230 ,END=2290) {{FSTRATAT, 3 ,J=1,4}, =1 ,40)
FORMAT(AF)>

CONTINUE

CLOSECURIT=20 ,FILE=" QFARM,DAT ")

CALL WBCAT(D.,0.)

RETURN

END

C**‘I%*‘il&‘{*%{%li*&‘***illl‘!*'*!ll*‘i‘i!‘¥!¥¥Mi!!¥¥l¥¥¥l!*i¥¥*!¥*'¥

€

C
C

1000

18

SUBROUTIME SETL(TITLED
EREEAANES

REAL TODAY(2),CLOCK(2),TITLE(Q)

REAL F{400) ,MET(40) ,CATC30Y,DAMC30) ,LS¢8,30 ,81A(8,10,20)
REAL BSP(S0),PON{E,20) ,FSTRAT(40,7)

INTEGER DAY ,MTH,YR,M{100}

COMMON DAY ,MTH, YR ,M,P MET,CAT,DAM,CS, 514, 65P , PON, FSTRAT
CALL DATE(TODAY)

CALL TIME{CLOCK)

MOTY=ML 1Y 41

WRITE(23,10)MC1),TO0AY ,CLOCK, TITLE
WRITEC22,105M¢ 1), TODAY, CLACK , TITLE
WRITE¢24,105M¢{1) ,TODAY ,CLOCK, TITLE

FORMATCLIHL /4%, "RUN" ,14,” DATE *y2AS,” TIME 7,243,
2%, 4A57
COWTINUE ! %%%x% RESET PARAMETERS INTERACTEVELY wxx¥sxx

TYPE 18

FORMAT (X, “SET P/M VALUE’)
ACCEPT 13,SET,PARAN,NP UaL

FORMAT(AZ,X,A1,1,F)
WRITE{2Z,14)SET,PARAM MNP UAL
WRITE(23, 1 4)SET ,PARAM,NF VAL
WRITE(24,14)SET, PARAM NP, UAL

FORMAT(8X,A3,%,A1,13,F12.5)
1F{SET.EQ. " END” YM{ 1)==HM{1)
IF¢SET.NE, ' TYP/ 360TO 17

TVAL=FFIXtvAL)

IF(PARAM.EQ.“P* )TYFE 15,NP, VAL, (PLIY, T=HP, TUAL)
IFCPARAM L ER. P/ YWRITE( 23, 150NP, IVAL  (P{ 1), I=NP, IVAL)

FORMATC/ 4X,7P’ 12, TO P*,13,2(5F12.5))
TFCPARAM.ER. M YTYPE 14,MP, TUAL , ¢MCT 3, I=NP, TUAL)
TFLPARAM.EQ. “H YWRITE( 28, 1 63NP , 1UAL , (M1}, T=NP, 1UALY

FORMAT (X, "M7, 13, TO M7, 13,1014)

GOTO 1000
1FCPARAM.EQ. " P IP{NPI=UAL
IFCPARAM L EQ. *M* IMCNPY=TF IX(VALY
IFCSET.EQ.“YES IGOTO 5000

FORTRAN listing of SSISMO program (continued)

0143
0144
0147
0148
0id?
o170
0171
0172
0173
0174
0173
0176
0§77
o17e
0179
0180
018}
0182
0183
0184
0183
0186
0187
o188
0189
Q190
0i%l
0172
0193
0174
0193
0174
0197
0iv8
6199
0200
0291
0202
0203
0204
0203
0206
02907
0208
0209
0210
0211
0212
gz13
03214
02¢3
062t6
0z17
nzis
n219

Page 187.

Read dates of planting and harvest of irrigated grain sorghum
for each year of the sixty year simulation.Store this
information in the array FETRAT.

Return to line 17,

This subroutine has two purposes. 1.To allow parameters in the
model to be reset interactively at the start of each 40 vear
simulation. 2.To initialize arrays for the start of simulatien
and to calgulate a number of parameters that are dependent on
ether parameters.

Write the date ,time ard title of the =imylation to each of
the output disk fites,

The words SET PsM VALUE appear on the terminal.The program waits
to read values for SET,PARAM,NP and VAL. 1+ SET=END then a wve
vatve is given to M{1) (see line 207) and the program will
terminate when control is returned to the main program.

Ef PARAM=F then P(NP) is set equal to WAL (line 217).

1f PARAM=M then M(NF) is set equal to UaL (Tine 2iR).

14 SET=YES then the program loops back from lime 21% to line
198 so that more parameters can be recet,

I+ SET=TYF then the value of up to 1D parameters can be
displayed on the terminal{zee lines 20% to 214).The program
then teops back to line 198,

14 SET is not equal to END,YES,or TYP then one parameter can be
reset but the program then continues for execution of the
simylation.
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Table B3 FORTRAN

3300~~~

3310

2.

listing of SSISMO program (continued)

REWIND 20 0220

DAY=31 0221
TNITIALTZE ARRAYSummmm st s e e 0222
00 3210 Je1,20 0223
CAT¢JI=0. 0224
DAMCII=0 . 0225
DO 3310 K=1,8 0226
CSCK, $r=0, 0227
00 3310 1=1,10 0228
SIAtK, 1, =0, 0229
CAT(1)=PC141) 0230
CAT(2)=P{142) 0231
CAT(3)=P({43) 0232
DAMCL y=p( 1 44) 0233
CATCA)=CATC 1 +CAT(2) +CAT(3) 0234
€5(1,1)=P{145) 0235
€51, 2)=P(1464) 0236
CS(1,3)=P{147) 0237
CSCE,4)=PC165I4P(164) +PC147) 0238
€5(1,11)=1. 0239
SIAC1,1,1)=1, 0240
SIACT,1,2)=P(148) 0241
S1AC1,1,4>=P(145) nz42
SIAC1,1,5)=P(144) 0243
S1At1,1,48)=P(147) 0244
S1AL1,1,18)=P(144) 0245
M(1E)=1 0244
M{4D)=0 0247
M40 )=1 0248
Me41)=1 0249
PL24)=P(397) 1CATCH AREA 0250
PC2EY=P(I97) %P (398)/100 . | DAMUAL 0251
PLREY=LPC21I%1D00. %4, /3. 141 593#P(28) /P(G00) ¥%2) €20, 333333 0252
PL151)=P(399) 'CROP AREA 0253
PU1S2)=P(399) {CROF &REA 0254
PCZ2ISP{21) 41000, /P(24) ¥ a3 0255
PL261)=8ORTY . L *PL24) #¥2) ¥10Q0, 0256
CALC CRITICAL E0 FOR IRRIG AREA EVAP aND TRAMSP FUNCTIONS 0257
PCLIBY=EXP({PLA1)+P(BI)~P(82))/PCR1)) 0258
PU114Y=EXPL (P43 +P{B4)-P(B5) ) /P(8A) ) 025%
PEE1S)SEXPLCPLAS) PR ) <Pi88Y ) /PLR7)) 0Z40
PUILEIRERPC(P{41)4P(P1)~-P(I21I/P(T1)) 0261
P{117)EXP((P{AZ)+P(P4)~PL9S) ) /PLTA) ) 0242
P1118)=EXP{(P(45)+P(97)~P{(98) I /P(P7)) 0243
PU34Y=EXP{(P{31)+P({33)-P{34))/PL33)) 6244
PU30)=EXP({P{31)+P(37)-P(38)1/P(37)) 0245
CALC MAX EUAP & TRANSFM RATES 0246
PLEDI=P(BI)/P(113) 0247
PCR&Y=F(84)/P(114) 0748
PBEI=P{A7I/P(115) 0249
P{IIISPLRIIPLILE) 0270
PLPE)=P($4)/P(117) 0271
PLOPI=P{27).,F(118) 0272
P(355=P({33)./P(34) 0273

F(3?)=P(37)/P(30C}

0274

Page 188.

Set dlsk file containing weather data to it’s first record.

Calculate
Caleculate

Calculate

Calcutate

See pl3]

max volume of dam.
constant in equation 4.3

max height of dam.

SEo at which S = LLEo(see pid3 of Lext.).

1o 134 of text.



Eg

APPENDIX B

Table B3

2000

CALE GRAIN SORGHUM FIXED COSTS

H=P(24)

AT=BORTCP (217 %1000,%6. /H/3.141592/2. /P€28) Y ¥CH41 . ) /H
CUALLE 17, 4% (2. 5¥A1%(H12.5) + 3¥AIS(H1.) #x2)
CDROP=, 1742000,

CHEAD= , 17%7,50%P 151)
CSYPH=.17%4,§B4P(151}

CFENC=.17%400. %(2.+.02%P{151))
P(344)=CLIALL + CDROP + CHEAD+ CSYPH+ CFENG
TRACKW=AMAYE (40, 14, %P(151/60./.56)!
P¢341)=TRACKY

P(342)=0.0921 Z5¥TRACKU 3. 3751 TRACTOR COST/HR
P<343)=TRACKU/25. ! WIDTH DISC PLOUSH
P{344)=TRACKW/16. ! " SUEEP -
P{345)=TRACKS/14. ! " COMBINE
GEAR=P{343)¥181.4 + P(244)%135.7 + P(345)#180,7! INTEREST
P(344)=P(344) + GEAR! ##n TOTAL FIXED COSTS
MET(36)=P(148)

TYPE #,P(21),P{24) ,CMALL,GEAR,P{346) ,P(151)

IF(M(54) .EQ.1ITYPE 2000 ,M,P
FORMAT(I0CX, "M’ 1014,/ ,30(X, P’ ,10F12.5,/))

RETURN

END

TRACTDR SIZE

(MR TR EEELY T T RN LY P T FRNFBEEFEERUENPERRERFERRERRFPENN

C

c
C

SUBROUTINE SYEAR
ENEHRAFEEFR

REAL PC400) ,MET(40),CATC(30) ,DAM{30),CS¢B,30),51A¢8,10,20)
REAL GSP(50},PONCE,20),FSTRAT(40,7)

INTEGER DAY ,MTH, YR ,M{100)

COMMON DAY ,MTH,YR,M,P MET ,CAT ,DAM, TS, 514, B5P, PON, FSTRAT

CI000=~~RESET ARRAYS TD ZERD mrmrm e oo mim o e e s e

1010

1020

L4

1025

DO 1010 K =1,8

DO 1010 I=1,10

DO 1010 J=1,20
SIACK,1,J) =0.0
S1acl,1,1) =1.
S1AC1,1,2) = MET(34)
SIA(1,1,4) =0S¢1,1)
S1ACT,1,5) = C5C1,2)
SIAC1,1,4) =CSC1,3)
BIACT 1, 14Y=DAMCT)
DO 1020 K=2,8

DO 1020 J=1,20
CS(K,JY =0,
cs¢1,7)=1,
£5(1,8)=0.
C§(1,92=0.
CS41,t1=1,

DO 1021 J=12,30
CS¢1,J)=0.0

DO 1025 $=12,20
£s¢1,d7=0,

DO 1030 J=7,10

FORTRAN listing of SSISMO program (continued)

0275
0274
0277
0278
0279
0280
0281
0282
0283
0zgq
0285
028¢&
0287
0288
0287
0270
6291
0292
0293
0294
0253
0294
o027
0298
0299
0300
0201
0302
0303
03049
0305
0306

0307

0308
0307
0310
0311
0312
0313
0314
03173
0314
03:7
aze
031%
0320
0221
0322
0323
0324
0325
0324
0327
0328
0329

Page 189.

See chapter 5 of text.

Annual fiked cost of dam wall.

Annyal fixed cost of drop-inlet.

Annual fixed cost of head-ditch maintainance.
Annual fixed cost of syphons.

Annual fixed cost of fencing.

See eq 7.1 in text,

See table 7.2 in text.

This subroutine is called at the start of each year(lsg Cctober>
Its main purpose is to resat a range of variables to zero,

These variables atcumulate information for outpul at the end of
each year.
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1020

1040

103%
1092

CATC =0.

DO 1040 J=6,14
DAMII) =0.

B0 1050 T=t,50 !
GEPCIY=0,

00 1052 I=t,8
DO 1051 J=2,20
POM(T,Jd=0.
PONCE, 1)=-1,
ME11 )]
M(403=MCd0) 41
M{41y=0
M{a23=0
MEA3y=0
M{d44)=0

RETURN

END

-~~~ PONDED AREA" ~mm=-

CF¥*¥¥¥¥¥¥§!¥!!%N*¥*l*!ll‘**'*4l¥**lll!¥!&*%***ﬂ**'i‘l{ill*III¥#!III¥*

C

c
c

SUBROUTINE WBCAT{DATE,RUN)
ANEIELYRRY

REAL RUNCAT(400,2)

IF¢{DATE.GT.0.6OTO 30
OFENCUNIT=20 ,F [LE="QRUN,.DAT* ,ACCESS="SEQIN’ }
DD 5 J=1,3 ! SKIP HEADINGS

READ( 20,10 YHEAD

FORMAT(X,A1)
READ(20,11,END=20) { {RUNCATT,J5 ,d=1,2),1=1,400)
FORMAT(F?,F)

1=1

CLOSE(UNIT=20,FILE=/GRUN.DAT ")

RETURM

CHECK RUNDFF DATE

CONT THUE

IF(DATE.LT.10000.) I=1FIX(DATE)

RL=0.,

IF{DATE.NE.RUNCAY( 1,12 JRETURN

RUN=RIMCATL 1,27

1=1+1

RETURM

END

C¥¥¥*l¥¥¥¥¥¥¥‘¥‘i¥¥!#!I*Ii;*l*‘K*‘I*!*iﬁ!*ll#il!“l*!¥Nl!{*'i!l¥*i§*!*l

o

C
C

SURROUT INE WRDAM
FRENVNRINY

REAL P{400>,MET{40),CAT(30}

INTEGER DAY ,MTH,YR,M({100)

COMMON DAY MTH, YR, M, P, MET ,CAT V0L, HT,AREA , SEO, ST EME,
EVAPY, RAINY, SINFL O, EYWASH , FOMVOL , RATN , FMAX ,MHAX

TF{STIME.EQ.0.)RETURN

CONT TNUE

VOLMAX=F{ 21} ¥1000.

HTMAX=P{ 24)

FORTRAN listing of SSISMO program (continued)

0331
0331
0332
0323
0334
0335
0334
0337
0338
0339
0340
03a1
0342
0343
0344
0345
0344
0347
0348
0349
0330
03531
0352
0353
0354
0355
0354
0357
0358
0359
0340
0341
0342
0343
0244
0363
0344
0347
0348
0349
0376
0371
0372
0373
0374
03735
0374
0377
0378
0379
0380
0381
nzaz
0383
0384

Page 190.

Return to line 42.

Read and store catchment run-off data produced by the program
CATRUN,

Read all catchment run-off data from #1le DRUN.DAT and store
date and depth of run~offimm} in array RUNCAT.Return to line 178

The depth of catchment run-of f(RUN,mm) i set to the value shown
in RUNCAT{I,2> {where I = counter) if the current date {DATE)
is equal to RUNCAT{1,1),o0therwise RIZ is set to zere.

Thit subroutine calculates the water balance of the damigee
section 4.2 of text),

VEGL = DAM(10), HT = DAM{2), AREA = DAMC3Y, SEp = DAM(4),
STIME = DAM{5)}, EVAPY = DAM(S), RAINY = DAM(Z),

SINFLQ = DAM{B), BYMASH = DAM(F), PONVAL = DraMi 10,

FAIN = DAMCLT1), HMAY = DAMC12Y, HMAX = DAMCI3).

VOLMAX = Yglume of dam when full(cubic metres),

HTHAX = Depth of dam when 4uliim),
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F=P{22) 0385
AREMAX=3 . ¥FSHTMAX ¥ »2 0386 See equation 4.4 in text.
[ CONVERT TOD METERS 0337
YOL=0L#1000. 0388
HT=0. 0389
TFCUOL.BT. 0. Y HT=EXP(ALOB{VOL/F)/3.) 0370 From equation 4.3 in text.
SEC=SE0/1000. 03%1
RAIN=RAIN/1000. 0372
Commmwnn CALCULATE EVAP LOSS AND S1GMA EVAP LOSS VDLUME 0373 See equations 4.7 and 4.10 in text.
HT=AMAK1¢0. ,HT-SET*P{23) } 0374
VOLNEW=F¥HT #%3 03%5
EVAPU=EVAPY + {(VOL-VOLMEW) /1000, 03794
VOL=OLNEW 0377
10 CONTINUE 0378
I ARD RAIN AND CALC SIGHMA RAIN VOL AND BYWASH VoL 0399
IF(RPAIN.EQ.0.)G0OTO 20 0400
TFCHT.LT..1)GOTD 20 0401
HTMEW=HT +RAIN 0402 See pl103 of text.
VALNEW=F ¥HTHEW ¥ %3 0403
TF(UOLNEW.GT VOLMAX IBYWASH=BYLASH + (VOLNEW-VOLMAX)./1000. 0404
RATNV=RAIMN + AMINY (VOLNEW-VOL ,VOLMAX~V0L)Y /3000, 0405
HT=AMINT{HTHAX , HTNEW ) 0404
VOL=F¥HT%*3 . 0407
20 CONTINUE 0408
Commmsam CALCULATE RUNOFF WOLLTME AND SIGMA INFLOW 0409
RUNVOL=CAT{B»*P<{24) %10. 'P{24) =CAT AREA 0410
IF(RUNVOL.LE.0.)GOTD 40 0411
SIMFLO=SINFLO+RUMNUOL/1000. 0412
C~—-r——- CALCULATE INCREASE IN DAM HEIGHT DUE TO RUNOFF,SIGHA 0413
[t PONDED LDOSS AND SIGMA BYWASH LOSS 0414
Wh=F{25) 'WO=WATER DEF OF PONDED AREA a415
AREA=F#3  ¥HTx%2 0414
VOLDEF=UVOLMAX-UOL + { AREMAX ~AREA ) ¥/ 0417
IF{RUVOL . GE .YOLDEF)IGOTO 35 04te
H=EXP(ALOG({VOL + RUNVOLIAF)/3.) 041%
C 0 -=NEWVOL +PONLOSS-0LDYOL~RUNVOL 0420
1=0 04az1
20 I=T+1 0422
Y=F¥HY %343, MJO¥F ¥ HY #2=HT #%2) ~JOL~RUNJOL 0423 Use Hewton’s nymerical iteration method to calculate PONLOS and
Y1=3 4F#H%%2 +&, ¥WD¥FaH 0424 changes in VOL,HT and AREA due to run-pfflsee ppl04-106 of text)
H=H-Y /Y 1 0425
IFCI.GT.500G0OT0D 34 0424
TFLABS{Y) LT .04, .AND.ABS(Y1),.6T.10000,)G0T0 34 04z7
IF ¢ABS(Y).GT..001)YG0TO 30 0428
34 PONLOZ=WODXCF%3, *H¥ %2 -AREA) n4z?
33 IF{RUNJOL . GE .UDLDEF »PONLOS={ AREMAX —AREA) ¥lJD 0430
PORJOL=PONOL +PONLOS/1000 . 0431
VOLNEW=/0L +RLUMVOL-PONLOS 0432
TFLYOLNEW. BT .MOLMAX Y BYWASH=BYLIASH+ (VOLNEW-VOLMAX Y /1000, 0433
VOL=AMINT (VOLMEY  VOLNEW ) 0434
HT=EXP{ALOG(VOL/F)/3.) 0435
40 CONTINUE n434
Commmmmn CALCULATE SURFACE AREA OF DAMAND CONJVERT 8ACK TO ML, MM AMD HA 0437
AREA=F#T ®HT w42 0438

VOL=w0L/1000. 0437
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HT =HT »1000. o449t
HMAX=AMAX 1 {HMAX , HT) 0441
HAX=AMAX 1 (VOL , UMY 0442
AREA=AREA/10000. 0443
RAIN=0. 0444
SEQ=0. 0445
caT(ar=q0, 0444
STIME=D. 04497
S0 COMT INUE 0448
RETUPN 0447
END 0450
CHRUNBHMBEARFRANN IR M I EI TN NI NN I F NI 00 3 M I R D451
€ 0452
SUBROUTINE PHENOL{GDD) 0453 This subroutine calcutates phasic development of irrigated grain
c LRLELEE L] 0454 sorghum.
[ 0455
REAL P(400),MET(40),CAT(30),DAMC30) ,C5(8,30),51A(8,10,20) 0454
REAL BSF(50Y,PON(S,20) ,FSTRAT(4D,7) 0457
INTEGER DAY ,MTH,YR,M{100} 0458
COMMON DAY MTH,YR,M,P,MET,CAT,DAN,CS,S1A,GSP, PON, FSTRAT 0459
GOTOC 100,200,300 ,4007M¢1 0} 0440
100 CONTINUE ! wewmm=mm==GRAIN SORGHUM PHENOLOGY MODEL =swwe== 044]
DO 105 K=1,8 0462
CS(K,B)=CS(K,B8)+GDD 0443 Advance Heatsum by to days amount of GDD.
105 CS¢K,?)=CS(K, 914 GDD 0444
I=tHCELY 0445 1 = phenophase number.
BMT=FLOAT{I)+(CS(1,8)~P{AB+1 1)/ (P(47+1)~P{48+41)) 0484 BMT = Biometriolegical time ,Phenophases are shown in table 5.4
CSC1,7)=BHT 0447
IF(C5(1,B) .LT.P(49+1)IRETURN 0448 Return to llne 98 if there is no advance in phenophase.
GOTO 510 044%
200 CONTINUE ! === QUDAX PHENOLOGY ===== 0470
C$(1,8)=CS{1,08)+1, 047t
C841,7)=2.+C5¢(1,8)/P(321) 0472
I=IFIX(CSCE, 7)) 0473
IFCI.ED.MC{11))RETURN 0474
GOTO S00 0475
300 CONTINUE | ===UdHEAT PHENOL ==== D474
400 CONTINUE ! === QATS PHENOL === 0477
S0 CONTINUE ! ==IMCREASE M(11) AMD SIA ====== 0478
CALL W8DAH 0479 Update water balance of dam and irrigation-area if phenophase
CALL WEIR 0480 has changed,advanced phenophase.
MO11=M{11)+1 04e1
I=m<1t) 0482
DO 50% K=1,8 r483
IF{CSCK,11).EQ.0XGOTO S09 0484
SIACK, T,4»=C5(K, 1) 0485
SiACK,1,5)=C5{K,2) 0484
SIACK,T,4)=05(K,3) 6487
S1ACK, I, 1>=FLDAT(I) 0488
SIATK,1,2)=METC34) 0489
SIACK, I-1,12)=05¢K, 43 0490
SIACK,I,16)=DAM(1) 0471
STAMK,I,19)=CS(K,1%) 0492
0% CONTINUE 0493
RETUFN 04v4q
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END 0493
CHRFRRFRARE AN AT ENHA RSN I RTINS TN WA NN RARANAR IR TN N E NN 0494
c 04%?
SUBROUTINE WBIR 04%8 Subroutine for water balance of irrigation area. Jrrigation
C FHERRER RS 0499 strategy mar divide the irrigation area in 8 blocks. The water
€ 0500 balance of each block must be checked.
REAL P(400),MET(40},CATL30),DAM(30>,C5(8,30),51A48,10,20) 0501
REAL GSP(S0)>,PON(S,20),FSTRAT(S0,7) 0502
INTEGER DAY ,MTH,YR,MC100) 0503
COMMON DAY ,MTH,YR,M,P MET, CAT,DAM, LS, 514, GSP,PON, FSTRAT 0504
1=M(11) 050%
00 10 K=1,8 G304
IF(CS(K,11}.LE.0.)G0TO 10 03507 If the area of block K = 0, or if the water balance has already
IF(CS(K,4).EQ.0.GOTO 10 0508 been calcuiated today, then skKip to statement 10,
CALL WBIRR(CS{K,1),C5(K,2),C5(K,3) ,C5¢K,4) ,E5¢K,5) ,CSCK, 67, 050%
1 ET,ETG,RUN,GND,CS(K,10) ,MHET{34) ,£5¢1,8) ,CSCK,19)) 0510
KK=K 0511
IFCMOLL) 6T 1)C8CK, 220=C5¢K, 227 +ET 0312

IFCMCI0) LEG.2.AND.MCLT) .GT. 1 AND MCI 1) LT . 9)CALL DMYLDCETG,KK) 0513
IFCHMO10).EQ.4.AND. MCITY .GT, 1.AND . MC11) LY. 9)CALL DMYLDCETG,KK)> 0514

SIACK,1,7)=S]ACK,1,7)+ET 05195

STACK,1,8>=5TACK,1,8>4C5¢K,10) 0514

IF(E.LT.3.0R.1.6T.75G0TQ 5 0517

TF<M<10) .NE,4)GOTD 5 0518

IF(STACK,T,8).LT.P{281))GOT0 5 0519

FFCCS(K,23).EQ.0.YCS¢K,23)=C5¢(K,22) 0520

S CONTINUE 0521

SI1ACK,1,100=51AK,T,10)+RUN 1522

SIACK,T,11)=5TACK, ] ,11)+GND 0523

STACK,1,12)=C5(K,4) 0524

S1ACK,1,13)=81ACK,T,13)+LS{K,5) 0525

CS{K,5¥=0.0 0524

CS(K,4>=0.D 0527

CS{K,10)=0.0 1528

10 CONTINUE 052%

RETURN 0530

END 0331

IR AL ST IR 22222 AL T ETT YL TE T E R R T AIVE IR vpu g Ay ep VPSP pug e 0532

c 0533
SUBROUTINE WBIRR(S1,52,53,54,SE0,STINE,ET ,ETG,RUNCFF, 0334 Subrgutine for water balance of any block K of irrigation area.

1 GNDFLO, RAIN, DATE ,GOD , DHY ) 05335 !

C NEFNFREIRR 0334

C 03537

REAL P(400},INFIL,INRATE 0538

INTEGER DAY,MTH,YR,M{100> 0539

COMMON DAY ,MTH, YR M, P 0540

c WBIRR CALCULATES THE DAILY WATER BALANCE OF THE IRRIGATED AREA 0541

SIMAX=P(41) 0342

SIMIN=F(42) 0543

S2MAX=P{43) 05494

SAMIN=P44) . 0545

SIMAX=P(15) 0544

SAEIM=PL44) 0547

10 CONTIMNUE 0598

Lo EVAPOTPANSP IRATION MODEL wm e st s s et s 0549
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40

-~~CALCULATE COVER

COVER=0,

TF4M(10) .EQ. 1 .AND.GDD . GT.0. JCOVER=1 ,/{1.+57 , »EXP{~, 00531 0¥GDD) )
TFCMO10) EQ.2.AND.DMY .GT.0 . Y CQVER=] , ~EXP{ ~P{ 324 ) *DHY)

IF(M{10) JEQ.4.AND.OMY.GT.0.ICOVER=] . ~EXP{~P{ 2823 XDMY )

—~~CALCULATE ET FROM BARE SOEL FUNCTION

Eim(].~COVERY#ETFNCST , S1MAX , SIMIN, SE0,P{B1) ,P{B2) ,P(B) ,P1113))
E2=¢1.,~COVER) ¥ETFN{S2, S2MAX , S2MIN, SED, P(84) ,PCBS) ,P(BE) ,P(114))
E3=(1.~COVER) ¥ETFN(¢ 53, SEMAX, S3MIN, SEQ, P(87) ,P(88) ,P(87) ,P{§15))

~==-CALCULATE ET FROM FULL COVER FUNCTION

T1=COVERMETFNCS1 ,S1MAX  SIMIN, SE0,PC91) ,P(92),P(93) ,P1114))
T2=COMERNETFN(S2, 52MAX , S2MIN, SE0, P{94) PLOS) PLPS) PLII7))
TInCOVERXETPN(S3, S3MAX , S3MIN, SE0,PCP7) ,PL98) ,PLF9) PC118))

~—~CALCULATE ET

ET1=AMINI(EI+T} ,SE~SIMINY .
ETZ2=AHINICE2+T2,52=52MIN)
ET3=AMINI(E3+4T3,55~53MIM)
ET=ET1+ET2+ET2

—-~CHAMNGE SOIL STORES

§1=51-ET1
§2=52-ET2
$2=53-ET3
84581452453

---CALC ET FGR GROWTH

ETG=ET
IF(S1.LT . P(3i1))ETG=ETG~ET]
TIF(SR.LT.P(312YYETG=ETG~ET2
IF(S3.LT.P(313))ETGETG-ET3
ETG=AMAX1(D.,ETG)

CONTINUE

C-=== INFILTPATION RUMOFF MODEL o mm o e marom o oo e st e

100

RUMOFF=0 .

GNDFLD=0.

iIFCRAIN.ED.0.)GOTO 100

CALCULATE INFIL TO 51

S1 =51 + RAIN¥(1-P{d4%))

XS = AMAXICD.,St~SIMAX)

iF(51.GT.S1MAX)S1=SIMAX
CALCULATE INFIL TO S2
82 = 82 + XS + RAINMP(4%) /2,
X5 = aMAX1{(0.,52-52Max)
1F(S2.6T.52MAX) S2=82MAX

CALCULATE CRACK VDL, INFIL TD S3, RUNOFF AND GROUNDFLOW
XS=XS+RAINYF(491/2,

CRACKV=P (743 4P 77 ¥aM4AX1 (0. ,P( 78} ~53)
IF{XS.LE.CRACKY) INFIL=XS

IF (X5, 6T . CRACKV) INFIL=CRATKU+P (7%) ¥TANH( {XS~TRACK Y /P( 7))
RLRIOFF=XS~INFIL

S3=C3+TNFIL
GNDFLO=AMAX1 (0. ,53-53MAX)
§3=AMINI {53, 3TM4A0)

COMTIHUE
SAmSI+G2+453

RETURH

END

v

0550
0551

0552
0553
03554
03535
0538
0557
0558
0559
0540
0548
0542
0543
0364
0545
1544
03567
0568
056%
0570
0571

0572
0573
0574
0573
0574
0577
0578
0579
0580
0581
0582
0583
0584
0585
0584
0587
0588
0589
0570
0591

9?2
0573
0574
0595
0594
nSe?
0598
1397
0400
0401

02
0403
0404

See

See

See

See

See

For

See

See

See

equation

equation

equation

equation

equation

growth of irrigated forage not grain yield.

equation

equation

equation

equation

5.449 in text,

5.32 in text.

5.38 to equation $5.43 in text.

5.27 in text.

5.28 in text.

5.44 in text.

T.47 in text,

3.498 in text.

5.50 in text,

Page 194.
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CHRENN RN AN FANE RN A AR TN R EARR IR AR AN RN UK SRR RN N A RN NS

c

C
C

19

FUMCTION ETFN(S,SMAX,SMIN,SED,A,B,C,EOCRIT)
FRENARRR :

ETFN=D.

TF4S.LE.SMIN}GOTO 10

E0=SEQ+ABS{ (S-SRI /)
IF{EQ.GT.EOCRITIEO=SED+EXP({5-B}/A)
IF(E0.LE.0.}GOTO 10
ETFN=S~(AXALOGLED) +B)

TFCEQD .LT.EOCRITYETFN=S-( C*EN+SMAX)
COMTINUE

RETURN

END

C*&I*#*%“*l!%***!**!l%I*lli*!!l"**!*'I***'*“!I*N**N‘***lll!*l!*#!Fll*

C

c
c

SUBROUTINE PiC
HEMAR A KR

REAL P(4003,MET(40),CAT(30?,0AM(30),05¢8,30),51A(3,10,20)
REAL GSP(50},PON(S,20},FSTRAT{40,7)

INTEGER DAY ,MTH,YR,M{100)

COMMON DAY MTH, YR, M, P ,MET ,CAT , DA, €S, S1A,GSP , PON, FSTRAT

C4310-=-UPDATE WATER BALANCE

CALL WBIR
CALL WBDAM

C4320~--PLANT CROPS

4325

M40=M740)

M{10)=FSTRAT (M40, 3}

ME0=MC10)

Mi11)=2 ! INCREASE CROP INDEX
M{12)=1 ! WD OF CROPS
IFCMED.GT . 226070 4325

ML4a4)=M{45)
P{171)=P{153)
P{172)=P¢ 154>
P<173)=P(155)
GDTO 6324
CONTINUE
MLAyHMd4)
P{171}=P{137)
PC172)=P{158)
PL173)=P(15%)
CONT IMUE
PC1763=F(171)
PL1I77)=PL172)
PC178)=P(172)

! GRAIN & FORAGE SCRGHUM IRRIG STRAT

! SET 0ATS IRRIG STRAY

Crmmm e CALC CROP AREA

UOL=DAM( D)

DAML1EI=DAMC D

MA4=M(44)

YOLP=0,

IF CFSTRAT (140 ,4) LEG.1,)60TO 4330
ND IRRIG AT PLANTING

FORTRAN listing of SSISMO program (continued)

0403
0406
0407
o408
0409
0a10
0551
0412
0413
0414
Dé1S
0614
0817
0419
041%
0420
0421
0422
0423
0424
0625
0424
0627
0628
0429
0630
0431
0432
G433
0434
0435
0636
0637
0438
0437
0440
Déat
0é42
0443
0444
0645
0444
0447
0é48
0449
0450
06%1
04852
0453
0454
0455
i3]
0657
0458
0459

Function used to calculate evapotrancspiration using the event
stepping method described on pp 143-154 of text.Eoerit iz the
value of SEo when S = LLEo(see p 143)(cee also Tines 257 to 245
of program).

See equation 5.20 in text.

See equation 5.21 in text.

Subroutine for planting irrigated crops.

Update water balance.

Page 195.
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TF{MC48)Y . EQ.1IPC152y=AMINT (P{151) ,AMAXTLPCI4%) ,PL1S0IADAMC1))) 0440

IFCMI0.LE. 2)AREA=P( 132) 0461
1F{M10.GE.3YAREA=P{ 301 +M44) »JOL 0842
GOT0 4340 0443
4330 CONTINUE ! IRRIG CROPS AT PLANTING 444
IF{MI0.LE.2YAREA=P(152) »J0L 0685
TF{MID.BE.3)AREA=P{305+M44) ¥)0L 0664
VOLP=AREA®(P(40)-~CS{1,1)-C5{1,2)-C5¢1,3}/100. ! VOL PLANT IRRIG 0447
DAM{13=DAMC1 Y VOLP 0448
DAM {1 4)=DAMC 14> +VUOLP 0489
§1AC1,2,9)=P(40y-CS(1,12-C5¢1,2)=~C5¢(1, D) 0570
S1AC1,2,17)=V0OLP 0471
C5(1,12=RF{41) 0672
CS{1,2)=P{43) 0673
CS¢1,3)=P{45) 0474
C5{1,4)=P{40) 0475
6340 CONTINUE 0678
CS5(1,11}=AREA 0477
CS¢1,7)=2. 0678
CSC1,8)=0. 0679
€541,19)=0. D480
Cs(1,22)=0, 0481
Cs{1,23r=0. 0482
S1A{1,2,4)=CS¢1,1) 0683
STAC1,2,5)=CS<1,2) 0484
SIAcl,2,8)=CS(1,3) 0485
SIACY,2,10=2, 0484
S1AC1,2,2)=MET(34) 0687
STACL ,2,14)=DAM(1)+UOLP 0488
MCAL =44} 0489
4350 CONTINUE 0470
RETURN 0471 Return to line 110.
END 0692
PELA LR R AR R AL s e R I e T e T N P TS T Y T LT 06%3
C . 0674
SUBROUTINE HIGC 0873 Subroutine to catculate »ield and components of vield of
C HEFEA N N 0496 irrigated grain sorghum. :
C 04%7
REAL P(400),MET(40),CAT(30},DAM{30),CS(8,30),51A(8,10,20) nése
REAL GSP(S50),PON(B,20% ,FSTRAT(40,7) 04657
INTEGER DAY HTH,YR,M(100) 0700
COMMON DAY ,MTH,YR,M,P ,MET,CAT ,DAM, S5, 51A,65P , PON, FSTRAT 0701
Cé510~-~UPDATE WATER BALANCE 0702
CALL WBDaM 0703
CALL WBIR 0704 These are potentially & different crop areas on the irrigation
C8320~~~CALCULATE YIELDS 0705 area.Caleulate yield per hectare on each area.
EF(M(10Y .NE.1)GOTC 4330 a704
0D 6527 K=1,8 n7o7
1IF(CSCK,11) ,EQ.0.)G0TO 452% 0708
c ~~~CALC WATER STRESSES 070% See equation 3.9% in text.
WSF=AMAX1(0.0,P{129)~PC128) S IACK,4,75) 0710
WSB=AMAX1(0.0,P{131)=~P{$30) ¥S]ACK,5,7)) 071¢
USA=N‘V-‘1X!CO.D,P(!33>-P(132)*SIA(K,6,?)) 0712
C ==-CALC PLANT DENSITY, PDT GRAIN MUMBER & GRAIMS FILLED 0713
D=P(12132P{122)/100. 0714
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C

€
C

C
C

PGNH=P (125 #D/{1+P¢ 1 245 D)
GNF TLL=PGNH¥* { 1 ~WSE ) #4 1 ~WSE) #( 1 ~LISA)
~==CALC GRAIN SIZE
ETFILL=AMINIC147,5,S1ACK, 6, 72+S1ACK, 2,70
TIMEFL=STACK, 6,30 +SIACK, 7,3}
TEMP=AMINI (3. ,AMAX1(~3.5,800 ./ TIMEFL+2.5-22.6))
GSIZE=AMAX1(P(134) ,AMINI{PC135) ,P{134) XETFILL+P(137) sETFILL#%2
1 +F(132) TEMPHP(139)))

-~~CALC PROPORTION OF CROP LODGED AND GRAIN HUMBER HARJESTED
PLODGE=AMEINT(0.8,F(142) ¥EXP(P¢143) ¥(GSIZE~15.0))}
TFCCT-USF) N1 -WSBY #¢1-4SA) LT, . 5.AND . S1ACK, 7,7}, GT.40.)

1 FLODGE=AMAX1(PLDDGE, .8)
BNHARV=GNFILL#(1,~PLODGE)
~-=CALC YIELD/HA BEFORE AND AFTER LODGING AND TOTAL YIELD
YHASL=GNFILL¥GSIZE
YHA  =GNFILL*GSIZE#(1~PLODGE)
TF(M(49) .EQ. 1 .AND . THA.LT .P{144))CS(K,11)=.1
GPROD=YHAXES{K,113/1000.
------- PUT YIELD ATTRISUTES INTO ARRAYS
SIACK,q,15)=SF
S1ACK,S,15)=US8
S1AIK, 8, 15954
CS(K,12)=PGNH
CSC(K,13)=GNFILL
CS¢K,14)=6S1ZE
CS¢K, 157 =YHABL
CS¢K,14)=PLODGE
CSCK,17)=YHA
€S¢K,18)=GPROD
4529  CONTINUE
——————— INCREMENT CROP INDEX & RESET ARRAYS
4530 COMTINUE
MC11)=p
DD 4535 K=1,8
IFCCS4K,11).E0.0.)60T0 4537
SIACK,7,1)=9,
SIACK, 7, 2)=MET(34)
S1ACK,F,4)=CS(K, 1)
SIACK,?,5)=CS(K,2)
S1ALK,F,4»CS(K,3)
SIACK,?,14)=DaM{1)
S1ALK,9,17)=CS(K,1%)
6539  CONTINUE
TF(M(47) (ER. 1 .AND.PC170) (BT PC1S4) ~PC176) IMCA2IMCA2) ~1
TF(MC87) LER.1.AND.P{170) 6T, PLISA)~PLL78) IP{176)=1
RETURN
END
BENHANERREERLEAEERFRR AR TR AR F AR A AR U R AR AN AN SR YRS R F RSN LI Y]

SUBROUTINE DMYLD{LET K>
ERRARKRRER

REAL P(A0D) ,MET40),CAT(30),DAM{30) ,CSCE,30) ,SIACB,10,20)
REAL GSP{50),PON(8,20) ,FSTRAT(40,7)
INTEGER DAY ,MTH,YR,M(100)

0715
0714
0717
0718
0719
0720
0721
0722
0723
0724
0725
0724
0727
0728
0729
0739
0731
0732
0733
0734
0735
0734
0737
0738
0739
0740
074t
0742
0743
0744
0743
0746
0747
0748
0749
0750
0751
0752
07593
0734
0759
0734
0757
0758
0739
D740
0741
0742
0763
0744
0745
0744
0767
0748
0769

Page 197.

PGNH = Potential grain No.per hectarefequation 5.36 in text).

See equation 5.40 in text.

See equation 5.41 in text.

This subroutine was deveioped to calculate the dry matter

rield of

(79

igated forage sorghum and pats.
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COMMON. DAY ,MTH, YR, M, P ,MET , CAT , DAM, CS, 514, GSP,PON, FSTRAT
TFSME10) JNE.2)GOTD 6430

------- CALC FORABE SORGHUM DM YIELD =rmmmmm == s e

TX=1

WUE=P (321)#TX*AMINI (1. ,C5(K,22) /P{332)}

GROWTH=WUESET

FF{CS(1,8) .LE.P(323) ) GROWTH=0.

CS{K,12)=AMINICP{325) ,C5CK, 1T +GRONTHY ! YLD KG/HA =—=-rmn

CS¢K,20)=CS(K,11)%CS(K,192/1000. 1 TOT YIELD -+

TF(CS(1,8) .EQ.P{324))CS{X,21>=CS¢K,20) ' HAY YIELD

IF(MTH.LT.6)C8(K,244MTHI=CS4K , 203 ! JAN TO MAY YLDS ==r-

TYPE 10,DAY,MTH,YR,ET ,WUE ,GROWTH,CSCK, 193 ,C5¢K,22) ,C5(K,23)
JPLI78Y PCIZTY PUL7BY (MCEY , 141 ,48)

RETURN

CONTINUE

TFCMC10) .NE.4)GOTO 4650

------- CALCULATE DM YIELD OF DATS - ~=—=mr s s s o

TX=1.
TFCCS(K,23).6T,0.)60T0 4444

------- CALC GROWTH ON SEMINAL ROOTS OMLY

a414

6645

4430

10

1

WUERP 289 ) 4TX

GROWTH=WUESET

1F¢CS(1,8) .LE.P(258) YGROUTH=0,

CSCK,19)=AMINI(P{2F2) ,C5(K, 193 +GROWNTH)

GOTO 4445

CONTINUE ! CALC GROWTH ON SECONDARY ROQTS

TLAG=P(291)

SETINRAMAX1(0.1,C5(K,22)~C5¢K,23) )

SF=(PC290)-PL289) ) LP{2A) ~P(271))

WUE=P(28%) + SF % ¢ SETIN-TLAG*TANHC SETIN/TLAG) )

WUE=AMINLCP(290) WUEY % TX

GROUTHUESET

CSLK, 19)=AMINI (P£293) ,C8(K, 1§) +GROWTH)

CONTINUE

C5¢X,20)=CS(K,11)%CS(K,19)/1000.

IF(MCIDY ERLEFIX(P(297) ) YESCK, 21)=C5CK,20) ! HAY YIELD

IF(MTH.GT.4.AND.MTH. LT, 10) C5¢K , 24 +MTH~-5)=C5(K , 20)

CONT INUE

TYPE 10,DAY MTH,YR,ET ,WUE, GROWTH,CS(K,19),CS(K, 22} ,CS(K, 23
JPCITEY PUE77) ,PCI78) , (MCT) 1241 ,44)

FORMAT(313,4F10.1,3F5.1,414)

RETURH

END

Mg LTI IE N 2R EEATE T TATLY T T E Y T T T T LAES LR EEEELE RS RIRLTEERLYLY

€

c

SUBROUTINE 1RRIGN
I TITYEY

REAL P(400),MET(40),CAT(30),DAMC202,05¢8,30),51A¢8,10,20)
REAL GSP(50),PON(8,20),FSTRAT(60,7)

INTEGER DAY MTH,YR,M(100)

COMMON DAY ,MTH,YR,M,P MET,CAT ,DAM,C5,51A, GSP,PON, FSTRAT

C1900~~~UPDATE CURRENT WATER SALAMCES

CALL WBDAM

FORTRAN listing of SSISMO program (continued)

e770
1771
0772
0773
0774
0775
0774
0777
0778
077?
0730
0781

0782
0783
0784
0783
0786
07827
0788
0789
0770
0791
0792
0793
0774
0793
07%9¢é
0797
07%8
0799
0800
0801

0802
0g03
0804
08035
0808
0807
0808
080y
0810
0811

0812
0813
0814
0815
0814
0817
0818
0819
0820
0821

0822
0823
0824

Subroutine IRRIGN contains the management rules for irrigation
of grain zorghum. IRRIGN calls the subroutines DAMIRR{te
determine how much water is available for irrigation?.
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Table B3  FORTRAN listing of SSISMO program {(continued)

CALL WBIR
C ____________________________________________________
2000  CONTINUE
G CHECK CONDITIONS OKaY FOR IRRIGATION
TF¢DAMCLY . LT.5,)60T0 7000
IFCMC10Y .6T.2)60T0 2010
IFCES(1,4).GT.PC174))60TO 7000  !DELAY IRRIG- SOIL TOO WET
IF{CS{1,1).6T.PCI7S))GOTD 7000  'TOP SOIL TOO WET DELAY IRRIG
8070 2020
2010  CONTINUE ¢ SOIL CONDITEONS FOR WINTER CEREALS
IF(M(42) .EQ,0.4ND,€5¢1,23) .EQ.0.)60TO 2020
1F{C5<1,4>.6T.P(274)Y6O0TO 7000 ! SOIL TOD WET DELAY IRRIG
2020 CONTINUE
£3000---CALCULATE WATER AVAILABLE AND TRRIGN REQQUIREMENTS
UD = (P{40)~CS(1,4))
F=t{ 40D
BMT=FLOAT( IFIX(CS(1,8)/PC59)+.53)
CALL DAMIRRCWA,DAMI1) WD, MET(34) ,PC1746),PLI7?),P(178),
i BMT,LS¢1,110)
TF(WA.LT..5)G0TO 7000 ! NOT EMOUGH WATER
WRCT =CSCE,11) * (PC40) ~CS(i,4))/100.
WRC2 =C$(2,11) #»{P{40)~CS¢2,4))/100.
WRC3 =CS¢3,11)#(P{40)-C$¢3,472/100.
WRCA=CS(4,11) #CP(40)~GSC4,4))/100.
DAM(18)=CS¢1, BY/P(S55)
DAM{ 1 7Y=FLOAT(MC423 +1)
DAM{1B)=DAMC 1)
DA 19920
DAM( 20 Y=URC T +WRC 24 WIRC 3 +HIREH
DAMC 21 5=DAMS 1) ~DAM{ 20
c e i e e 1 1 s 11 7 B e e e e o A P e
C4000~-~GOTD FIRST,SECOND OR THIRD [RRIGATION
I=M{11)
MO42I=MC423 41
ML44)=M¢34) ~1
GOTO(4100,4200,43000M¢42)
L FIRST IRRIGATION
4100 CONTINUE
1F(WA LT .WRC1ICALL CRE(2,1,WA,PC4DY,ES,814)
IFCCSCE,11) .6T.0.)CALL CIRRIG(WA,DAMCIY,SIACT,T,17),S1AC1,1,9)
t C8¢1,11),08¢1,1>,05¢1,2),08(F,3),C5C1,4) ,P(41),P{43) ,P(45)
2 ,C5¢1,22),C5¢1,230
60T $000
e SECOND 1RRIGATION
4200 CONTINUE
TF(WA.LT.MRC1ICALL CRC(3,1,WA,PC40),CS,51A)
IF(C$41,11).6T.0.0CALL CIRRIG(WA,DAM(1), 51441 ,1,17),51AC1,1,7)
1 CS¢1,11),E8¢1,1),05(1,2),CS¢1,3),05(1,4),P(41),P(43) ,P(45)
2 ,CS01,22),06¢1,232)
IF(WALLT..5)G0TD 9000
TFOM LT .WURCZICALL CRG(S,2,WA,P(40),CS,51A)
IFCCS{2,11).6T.0.)LALL CIRRIGCWA,DAMI1),514¢2,1,17),51AC2,1,7)
i C8¢2,115,08(2,12,08(2,2),08¢(2,3) ,CS(2,4) P41} ,P(43) ,P(d5)
2 ,05¢(2,22),05(2,23)>

GOTO <000

¥

3

0825
0824
0827
0828
0829
0830
0831
0832
0833
0834
0835
05834
0837
0838
083¢?
08490
0841
0842
0843
0844
0845
08446
0847
0848
0849
0850
0851
0852
0853
0854
0855
0834
0857
0859
0859
1124
0&é1
0842
0943
0844
0845
0884
0847
0848
0847
0870
087]
0872
0873
0874
09735
0874
0877
0878
08??

WD = UWater deficit of irrigation arealmm}.

BMT = Stage of phasic development.
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oo o THIRD IRRIGATICHN

—

CONMT INUE

1F (A LT MRCIICALL CRC(S,1,Wa,PC40),C8,51A)

IFCCS(1,11).6T.0.)CALL CIRRIB(LA,DAMCT) S1AC1,1,17),51A01,1,9),
€$¢1,11),C5¢1,1),C541,2),C8¢1,3) ,C5¢§,4) ,P(41) ,PL43) ,PC4S)
,C5¢1,22),C5¢(1,23))

IF{WA.LT..5)GO0T0 7000

IFCWA.LT.WRCZICALL CRC(S,2,WA,P(dD),CS,51A)

IF(CS(2,11).6T.0.)CALL CIRRIG(WA,DAM(1),SIAL2,1,17),51A(2,1,9),
€5¢2,11),05¢2,1,0§¢2,2),C5¢(2,3),05¢2,4) ,P(41) ,P(43) ,P(45)
,£5(2,22) ,£5¢(2,23))

IF(UA.LY..5)60T0 P000

IF(WA.LT.WRC3)CALL CRC(7,3,WA,P(40),CS,51A)

IF(CS¢3,11).6T.0.0CALL CIRRIGCWA,DAM(1),51A(3,1,17},51AC3,1,9},
£$¢3,11),C5(3,1),08¢3,2),£5(3,3),05¢3,4) ,P(41) ,P{43) ,P{45)
,CS(3,22) ,£5(3,23))

TF(WA.LT..5)G0TD 9000

IF¢WA.LT.WRCAICALL CRC(B,4,UA,PC40) 05,514

IF{C$C4,113.67.0.3CALL CIRRIGCWA,DAM(1Y,S1A¢4,1,17),51A04,1,9),
©5(4,11),05(4,1),05(4,2),5(4,3),05(4,4) ,P(41) ,P{43) ,P(45)
,CS04,22),05¢4,23))

GOTD $000

C e DELAY IRRIGATION

CONT INVE
IF(MC10) .6T.2)60TO 7030

L —— GRAIN SOGHUM DELAY

7002

7003

7004

7003

7004

1IF(MC10Y . EQ.1)STEP=HET (37> /P(5%)
IF(M{10).E0Q,2)STEP=1.

D21=P(177)~P{174)

D32=P{178)~P(177)

IF(M(42) .EQ.0260TO 7002

TF(M{42) .EQ.1)GOTO 7005

JF{M{42) ,EQ.2)G0TO 7004

IF{M(42) .GT.2)G0TO ?000

1F{M{47) .EQ.0)GOTO 7004

IFCP(176) .GT.0)P(1726)y=P(174)+STEP! FLEX IRRIG STRAT DELAY
GAP=P(154)«P{174)

IF(GAP.GT.P{170})G0TO 7003

M(42)=1

M(31)=M(a1 -1

M{43)=H1(43) + 1

H{44)=M(44>~1! P{176) IS SET T0 -1 IM GRYLD MODEL
H=P{17%)

GOTO 7015

CONTINUE! SET IRRIG STRATS DELAY
IFCPC176).6T.0)PC174)=P{174) +STEP
IF(P{177).67.0..AND.D21 . LE.P{170))P{177)=P{177)+STEP
1FCP<178) .6T.0..AND.D32.LE.P{1702)P(178)=P{178)+STEP
X=P(17%)

GOTD 7015

IFCPCI77) 6T .B.IPCS77)mP(177) +STEP
1F{P(178).6T.0..AND.D32.LE.P{170))P{17B)=P(178) +5STEP
X=Pi179)

GO0TO 7015

IFC(P{178).GT.0.)P(178)=P{178) +STEP

FORTRAN listing of SSISMO program (continued)

0880
0881

0882
0883
0884
0885
0884
0887
0888
088%
0870
0g%1

0892
0893
0894
0895
0994
0BV
0898
0899
0900
0701

0502
0993
0904
0505
0504
0907
0708
0509
0710
0711

0712
0913
0714
0915
0714
0917
0718
091%
0720
0921

0922
0923
0924
0925
0924
0927
0728
0929

0930

0731

0922
0933

0934
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7011
7012

7015

7020

000

X=P{179)
BOTD 7013
CONTINUE

~0ATS IRRIG DELAY

IF{M{42).EQ.1)B0TO 7041

1F(M{42) .EQ.2)60TO0 7012
IF(P{1768).6T.0.)PC178)=P(174)+1
IFCPCE77) (BT 0. P{177)=P(177) 4%,
IFCP(178).6T.0.)P{17B)=P{178)41,
X=P{180>

CONTINUE

IFCPC174) BT . XYG0TD 7020

IFCP(177) .6T.X)50TD 7020

IF{P{178) .GT.X)GOTD 7020

GOTO 9000

TF(PCIP8) 6T XOPCI78)=-1
IFCPCL77) BT XIPC177 ]

IF(P(178) .GTX)OP(2178)=-1

M{41)=M(41) -1 ! NUMEER OF JRRIGS LEFT IN PLAN
M{43)=M(43)+} ! NUMBER OF IRRIGS DELETED
M{44)=M{44)~1 ! NUMBER IRRIGS TO GO
GOTO %000

CONTINUE

RETURN

END

Cil*lii*l‘ll**'***li*llilllllllilillil*l'illili**i!illliilIllﬂiiliiiii

c

C
c
C

20

SUBROUTINE TO CREATE A CROP
LEI2 I TTY Y

SUBROUTINE CRCCKN, KU, 544X, CS, STA)
REAL S1A(8,10,20),C5(8,30)

AREA =CSCK,113-WANI00./ (SAMAX-CSCK,4))
CSCK,11) = CS(K,11)>-AREA

DO 10 J=1,30

CSIKN,J=CSCK, 0D

00 20 I=1,10

00 20 J=1,20

STACKN, 1,JY=STAK, 1,07

CS(KN,11) = AREA

RETURN

END

Cilll!‘il*il!lillillliI'I!*Iil“llll!ﬂI*!*i*Iill*lllllllli!liil!lli‘l‘l

c

C
C
C

SUBROUTINE TG IRRIGATE A CROP
EREERANRAR

SUBROUT IME CIRRIG(UA,DQHUDL,SUHUUL,SUHDEP,AREA,
81,52,53,54,51MAX, S2MAX , S3MAX , C5K22, CSK23)

SAAX=STHAX + SZMAX + SIMAX

YoL=( S4MaX~54) »AREA/ 100,

DAMYOL=Dv-8JOL~VUOL

SU/OL=SUMROL+UOL

SIRMDEP= SIMOEP+ S3MAX~S4

WAeslin~-UoL

FORTRAN listing of SSISMO program (continued)

0935
0934
0937
0938
0939
0740
0241
0942
05743
0744
0745
0944
0947
0748
0949
0950
0951
09352
0953
0954
0935%
09546
0957
0938
0752
a9s0
0741
0962
0743
0949
0965
0984
0947
094
oréy
0770
0871
0772
0973
or74
0973
0974
0777
0778
0%7e
0980
7|1
0982
0783
0984
0985
09846
0987
0588
0989

This subroutine divides the irrigation area.lf there is not
enough water avajlable in the dam to irrigate all of block K
then a portion of block is not irrigated.The area of this
portion = AREA{line 947).The area of block K is diminished{Jine
268). A block with a new number {NM) is formed.

This subroutine reduces volume of dam by the volume of water
used in irrigation and resets s0il water storage of block ¥ on
irrigation area to maximum capacity.
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APPENDIX B Table B3  FORTRAN listing of SSISMO program (continued) Page 202.

S1=81MaX 0970
S2=821AK 0771
S3=83MAX 0992
Sd=54MaX 0993
IF(CSK23.EQ.0.)YCSK23=C5K22 0994
RETURN 0995
END 09%4
I8 e e R R e e e T I S L LT s IR T T P T TR PR E S DT T T g 0977
C 0eed
c SUBROUTINE DAMIRR 0999
£ mresemmsemneanne. 1000
c THIS SUBROUTINE CALCULATES THE AMDUNT DF WATER AVAILABLE 1001 UAVAIL = Volume of water available for irrigation.
c IN THE DAM FOR IRRIGATION 1002 DAMUOL = Current volume of water in dam.
SUBROUTINE DAMIRR{WAUAIL, DAMVOL D1 ,E0 , TIR! ,TIRZ,TIR3,BMT ,AREAL) 1003 WD! = Water deficit of block 1 on irrigation area.
C FREEAN A AR 10049 Eo = Current evaporation demand.
c 1005 TiRl = Timing of first irrigation.
REAL P(400) 1004 TIRZ = Timing of second irrigation.
INTEGER DAY ,MTH,YR,M(100) 1007 TIR3 = Timing of third irrigation.
COMMON DAY ,MTH,YR,M,P 1008 BMT = Stage of phasic development.
VOL=DAMUOL¥ 1000 . 1009 AREA 1 = Area of crop No.l
F=Pi22) 1010
PP147=P(F12+P(FA)+P(%7) 1011
PO20B=P(P2)+P(?5)+P{98) 1012
1F(M(47> .EQ.1)G0OTD 100 1013 M{47> = 0 or 1. If M{47) = 0 then irrigate using method
GOTO(L0,20,300M044> 1014 described on p 247 of text. If M(47) = 1 then use flexible
G b S M e e e 1013 irrigation strategy{see pp 253-2%4).
10 CONTINUE 1014
C LAST TRRIGATION 7
WAATL= 0L 000, 018
RETURN 10t9
o a1 k1 1020
20 CONTINUE 1821
c SECOMD LAST IRRIGATION 1022
o CALCULATE SIGMA EVAP FOR DAM BETWEEN IRRIGATIONS 1023
DAYS=TIRZ-TIR? 1024
EF(M(41) .EQ.3)DAYS=TIR3-TIR2 1025
EDAMI=EQ¥DAYS#®P(23)/1000. ! P{Z23)=DAM/FITZ EVAP RATID 1024
Cre—mmm CALCULATE EXPECTED WATER DEFICIT IN CROPI AT SECOND IRRIG 1027
ECROPI=EQ*/{DAYS~1.) 1028
WDZ=P(40)~(P?147%ALDG{ECROP1) +P9258) 1029 Expected crop deficit at last irrigation.
WDR2=WD2/1D1 1030 '
$0TO 40 1031
30 COWVINUE 1032
c THIRD LAST IRRIGATION 1033
Crmuemma CALCULATE SIGMA EVAP BETWEEN IRRIGATIONS 1034
DAYSI=TIRZ-TIRI 1033
DAYS2=TIR3-TIR2 1034
EDAMI=EQ*DAYS1%P{23)/1000. 1037
EDAMZ=EQ#DAYSZ%P{23)/1000. 1038
Commmme | CALCULATE EXPECTED CROP DEFICITS AT 2MD LAST 1039
c AND LAST TRRIGNS 1040
ECROPI=ED*{DAY51~1.) 1041
ECROPZ=ED*({DAY%Z~1.) 1042
WD2=P{40)~{PP147*ALOG{ECRDOP1}+P?258) 1043 Expected crop deficit at cecond irrigation.

WD=P{40) ~(P?147%ALOG(ECROP2)+F5258) 1044 Expected crop deficit at third irrigation.

i



APPENDIX B ' Table B3  FORTRAN listing of SSISMO program (continued) Page 203.
WORZ=UD214D1 1045
WORZ=W03/WD1 1044
Lo reim meeim e CALCULATE WATER AVATLABLE FOR IRRIGN 1047
40 CONT INUE 1048 Wse numerical iteration to find WAVAIL.
V=0, 104%
UI=10009. 1050
41 U=+ Y] 1051
VoL=0Ar0L=1000., 1052
UoL=yoL-y 1053
IF{VOL.LE.0.)GOTD 42 1054
H2=EXP{ALOG{VOL/F}/3.) 1055
H3=H2-EDAM] 1056
UOL=F#H3%%3 1057
VOL=VOL-WDR2 %Y 1058
IF{VOL.LE.D,)B0TOD 42 105%
TF(M(41)~M¢42) .ER.2)GOTO 41 1060
HA=EXP{ALOG(VOL/F}/3.) (R3]
HS=H4-EDAMZ 10472
VOL=F *H3% 23 1043
IF{VOL,.GT . WOR3*IGOTO 41 1044
42  CONTINUE 1045
IF(VT.LT.100.5GOTO 43 1044
Y=y -g1 10467
UVI=Wy1/10, 1048
G0TO 41 104%
93  CONTINUE 1070
WAVATL=Y/1000. 1071
RETURN 1072
C  FLEXISLE IRRIG STRATEGY =rmre—mrmrcs e s e 1073
100 CONTINUE 1074
TF(MCAZ) . GBT. 0. YuAVAT L=DaMIOL 1073
IF{M{42) .GT.0.3RETURN 1074
EDAM=ED#P{23) ¥(TIR2~TIR1)/1000.! EVAP DEPTH 1M METRES 1077
H1=EXP{ALOG{DAMVOL*1000 . /P(22))/3.) 1078
H2=AMAX1 (0.  H1~EDAM} 1079
VEVAP=DAMJOL~P{22)AHZ%%3/1000.! VAP VOLME (ML) 1080 Expected dam evaporation from first to second irrigation.
ECROP=ED%(TIR2~TIR1) £081
WO2=(P(303~{P?147*AL0OG(ECROPY+P%258)1> /1000, DEPTH CROP EVYAP (M>10B2 Expected crop deflcit at second irrigation.
VCROP=AREA »ID2+(0 . ! IRRIG VOLIME (ML) 1083 Expected volume of water required for second irrigation.
WAVATL=AMAX140, ,DAMVOL-VEVAP-UCROP) 1084
RETURMN 1083
END 1084
[t Rt A R R L e T Y LR LT Tt 1087
C 1088
SUBROUT INE  POMMOO 108% Ponded area cropping sub-model.
c ANAAFA RN 1080
c 10794
REAL P(400),MET(40) ,CAT(20) ,DAM(30),C5(8,20),51A18,10,20) 1092
REAL GSP¢{350),POM(8,20),FSTRAT(40,7} 1093
iNTEGER DAY ,MTH,YR,M(100) 10749
COMMON DAY MTH, YR, M, P MET,CAT DA, CS, S1A, GSP,PON, FSTRAT 1095
p0 10 I=1,8 10794
TFCPONCT 1) (EQL1DPONCY , PI=PONCT , 2042, ! UPDATE TIME 1097
10 CONT ITNUE 1078

100 CONTINUE ¢ —wwm CALC DAM HT CHANGE me~~-—ocescweccmman 1099



APPENDIX B Table B3

200

240

270

280
290
299

300

30

HT1=6SP(11)

HT 2=DAMC 2)

IF¢HT1-HT2) 200,500,300
CONTINUE ! —-w-— FLOODING
1FCHT2.LE.GSP(14)=P{242))60T0 240

DO 210 1=1,8 ! =w- ALL EXISTING BLOCKS FLOODED -~
DC 250 J=1,20

PONCT ,)=0.

GSPC1)=0, t CROPS PRESENT=0

BSP(3n0.

BSP(4)=0.

G3P{4)=0.

GSP(14)=DAM{12) | MAX DAM HT THIS SEASON
GSPY11)=HT2

BSP(12)=6GP(14) ! UPPER LEVEL LAST BLOCK
GSP(13)=AMAXI¢0. ,GSP(14)-P¢262)) ! LOWER LEVEL

50T 299

CONTINUE ! PARTIAL FLOODING OF CROP LAND

DO 290 P=1,8

1F{PUNC1,1) .EQ.0.)GOTC 290 ! CROP 1 ALREADY FLOGDED
IF4HT2.LE.PINCT 42 Y60TD 290 | NO CHANGE, HT{LOWER LEVEL
IF{HT2.GE.PONCI,37)GOTO 270 ! COMPLETE FLOODING CROP 1
CROP 1 1S PARTIALLY FLOODED

X=¢PONCT , 33 ~HT2)/¢PONCT , 37 ~PONCT ,4))
IF{X.LT..S)PONCT,S)=P¢31) ! SET SM TO MAX
IF¢X.LT..5YPONCT ,7=0. ! SET SIGMA ED = 0
GSF(12)=PON(T , ) ! UPPER LEVEL LAST BLOCK
G5P{13)=PON{], 4> ! LOWER LEVEL =~ *

S0T0 290

CONTINUE ' CROP I FLOQDED
BSF{11=GSPC1)~1, ! NO OF CROPS PRESENT
GIF(=BEP(~PON(I,11) ' TOTAL AREA OF CROPS

DO 280 J=1,20

PONCY,J)=0.

CONT INUE

CONTINVE

60TO 500

CONTINUE ! mmmommamn PLANTING R
WEEDHT=GSP{14) ~P{242)

DO 310 I=1,8

IFCPONCT ,$).LT.1.)60T0 310
IF¢PONCT,9) . GT-P{249) JWEEDHT=PONZ T , 4)

CONT INUE

IF(HT2.GT.WEEDHTIGCTO 2399 ! TOO WEEDY
iF(MTH.GT.?)GOTO 39% ! TOD EARLY
IFCMTH.LT.IFIX(P{264>))60TQ 397 ! TOO EARLY
IF{MTH.G67.7)G0T0 399 ! T00 LATE

IF(GSP(13)-HT2.LT.P(243))G0T0O 39B ! NOT ENOUGH EVAP
TF(GSP(14).LT.P{241>)60T0 398 ' MAX HT DAM TOO LOW

IF{GSP(1).EQ.8.)60TO 398 ! 8 ALREADY PLANTED
I=IFIX(GSPLId+1.) ! BLDCK MUMBER
PON(T ,12=1, ! 5TATUS

PONCT,2)=FLOATCYR® 10000 +MTH® 00+ DAY)
PONCT, )=63P{13) ! UPPER HT
IF(GSP(PY . EQ.~1 . )PONCT ,3)=55P¢1 1)

1100
1101

1102
1103
1104
11095
1106
1107
1508
1109
1110
1111

1112
1113
1114
1115
1116
1117
1118
1119
1120
1121

1122
1123
1124
1125
§124
1127
1128
1129
1130
1131

1332
1133
1134
1135
1134
1137
1138
1139
1140
1141

1142
1143
1144
1145
1144
1147
1148
114%
1150
1151

1152
1153
1154

FORTRAN listing of SSISMO program (continued)

Water Tevel! in dam has increased.

Water Tevel in dam has decreased.
Check conditions for planting.

Delay planting a new strip.

Ptant a new strip.

Page 204.



APPENDIX B Table B3

378

37e

S00

510

PONCT, 4)=HT2 t LOWER HT
PONCT,5Y=P(31)~14, ! S=SHAX

PONCT,48)=0. t SlgMA ET

PONCT,73=0. 1SIGMA EO

PONCI,2)=0.

PONCI,9)=0, ! SIGMA TIMECWKS) FROM PLANT
PONCT,10)=0. ! SIGMA RAIN FROM PLANT
X1=G5P<13)/1000.

X2=HT2/1000.

PONCT  E1)=3, %P(22) % (X1 ##2-X2¥%2)/10000.
GSP(1)=GSP(1)+1. ! NUMBER OF CROPS PRESENT
GSP(2)=GSP(2)+1. ! TOT NO CROPS SOWN THIS SEASON
GSP{24)=GSP{2&)+PONCT,11) ' TOT AREA SOWN THIS SEASON
GSP(12)=G5P(13) ! UPPER LEVEL OF LAST BLOCK PLANTED
GSP{13)=HT2 ! LOWER LEVEL
GSP(21)=GSP{21)+PONCT ,11) %4, 424PON(I, 11)/0.56/P(345) *
€2,.3854P(343) + P(342))!

! BLOCK AktA

CONTINUE

G5P(9)=0.

GOTO 300

CONT INUE

G5P(FI==1.

GOTO 500

CONTINUE ! ==mmemmeees HARVEST

Lo 519 1=1,8

IF(PONGI,1).1T.1.360T0 510

Ti=t.

TEMP=(MET{32) +MET{33))/2.

IF(TEMP.LT.P¢258))
TI=EXP((TEMP-P{258) ) #%2./-P(25%))

CI=].

AGE=PON(T ,9)

TF(AGE.LT.P(254))CI1=EXP( (AGE~P({254) ) ¥n2/-P{ 255))

SRAIN=0. ! SIGHA RAIN

IF(AGE .EQ.4) SRAIN=GSP{17)

IF(AGE.EQ.4)SRATN=GSP{14) +GSP(17)

IF(AGE. GE.B) SRAIN=GSP{15) 4GSP(16)+6SP(17)

MXI=1.

TFCSRAIN.GT. 0. )XNI=PC257) +P (2527 ®AMINI (SRAIN, P{253)

GROWTH=P(251) % PONCI,8) * T1 % C1 # XNI

PONCT, 12)=AMINI(P<240) ,PON(],12)+GROWTH)

PONCI, 15)=PONCT, 15) +PONCT , 6)

PONCI,13)=PONCT, 113 %PONCT 123 /1000,

#%% TOT PLANTING COSTS wxx

! BLOCK PRODN TOMNNES

1155
1154
1157
1158
1159
1160
1161
1162
1143
1164
1165
166
1147
1168
1169
1170
1171
1172
1173
1174
1175
1176
1177
1178
1179
1180
1181
1182
1183
1184
1185
1186
1187
1188
1189
1190
1155
1192
1193
1194
1195
1194
1197

TF(PONCT, 93 _EQ.P(258))GSP(B)=6SP(8)+PONCT,13) ! HAY YIELD PON AREA1158

IF(PONCT 9 .EQ.P({254))

119%

GSP(22)=GSP(22) + PONCI,11)%8,82 + S.2#%PON(I,I3)! MAY HARVEST COST1200

IF(PEN(I,?) .EQ.P(254) .AND.GSP{8).GT.1.)
GSP{23)=(GSP(21)+GSP(Z2))/GSP(8)!
TIFCPOMNCT ) (EQ.P(254) )6SP{25)=GSP{25)+PON¢ I, 1 1)
IFC(PONC],9) . EQ.P({254) }BSP(27)=GSP(27)+1,

PORCT, 60=0.

CONTENUE

*=0.

AREA=D .

TOTY=0.

*¥% HAY COST/TONNE ##%
! AREA HARY FOR

1201
1202
1203
1204
1203
1206
1207
1208
1209

FORTRAN listing of SSISMO program (continued)

See

Page

equation 6.4 in text.

Calculate forage sorghum production.

See

See

See

See
Dry

Dry

equation 4.14 in text.

equation 6.10 in text.

p 211 in text.

equation 6.12 and 4.13 in text
hatter yield/ha of strip I.

matter production from strip 1.

205,
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520

530
?00

WA=0.

00 520 1=1,8
IFEPONCT,§Y.LT.1.360TD 520
X=X+1.

AREA=AREA+PON(I 11}
TOTY=TOTY+PONCT, 13}

WA=WA +PONCT | 13) *PONL T, 9)
CONT INUE

GSPC1)=X

65P( 3)~AREA

GSPCA)I=TOTY

=0

IF(MTH.EQ.5) I=1
TFCMTH.ER. 7) =6
1F(HTH.ER. ) I=11
1F¢1.E0.0)GOTY 530
GSP(30+1 y=AREA
BSP(31+1)=TOTY, AMAX1( .1 ,AREAY #1000 .
GSP{ 32+ 1)=A/AMAX1 ¢, 01, 70TY)
BSP(33+)=TOTY
BSP(39+1)=TOTY/PL{270)
IFCMTH.EQ. ) GSPC44)=G5P(1)
IF¢MTH.EQ. 7Y 65P(47)=GSP{ )
TF{MTH.EQ. P} BSPC 48 =6SP( 1)
CONT INUE

CONTINUE !- B - _—
BSP{4)=GSPL&Y+2.
GSP(11)=HT2

GSP(17)=0.

GSP{14)=65P(17)
GSPCISI=GSPE} &)

RETURM

END

C**#ii*!*!**!**Ii****!*4“**!;**l*!**l***!#*iill*Ni*i**i*ii*l!l*l¥*liii

c

c
c
C

SUBROUTINE WBPON{PON,RAIN, THMAX , TMIN)
LAZETE TR LY

CALC WATWR BALANCE OF PONDED AREA CROPS
REAL PONCE,20)

TEMP={THAX+ TMIN) /2.

D0 10 I=1,3

IFCPONGT, 1) ,LT.1.060T0 10
IFCPONET, 73 . EQ.0.)GOTO 10

CALL WEPON2(RAIN,PONCE,7) ,PONCI,SY,PONCT, &) ,PONCT ,9))
PONCT, 7)=0. 1 SIGMA ED

PONCT,8)=0,

PONCI,109=POM(1,10)+RAIN

CONT I1UE

RETURN

END

Clill******4**\&**!*****!**i*¥!ii*¥¥¥ﬂ**!**!*l!**l**lkll**ﬂll*#i*ii**!

c

c

SUBROUTINE WBPONZ(RAIN,5ED,5M,SET ,AGE)
FENNFARANY

1210
121t
1212
1213
1214
1215
1216
1217
1218
1219
1220
1221

1222
1223
1224
1225
1224
1227
1228
1229
1230
1231
1232
1233
1234
1235
1234
1237
1238
1239
1240
1241

1242
1243
1244
12435
1244
1247
1248
1249
1250
1251
1252
1233
1254
1255
1256
1257
1258
1259
1240
1261

1262
1243
1244

FORTRAN listing of SSISMO program (continued)

Water balance of ponded area.
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c

[
C

cr!

1100

10

FORTRAN listing of SSISMO program (continued) Page 207,
1265
REAL P(300) 1244
IMTEGER M{100) DAY ,MTH,YR 1247
COMMON DAY ,I4TH, YR M, P 1248
SMAX=P{31) 1249
SMIN=P(32) 1270
CI=EXP{CAMING (AGE ,P{254) ) ~P(254) ) %%2/-P( 255} 1271
E=(1,~CIY¥ETFN(SM,SMAX, SMIN,SEQ ,P(33) ,P(34) ,P(35) ,P(36)) 1272 Use ETFN function given at line &07.
T €1 =ETFN(SM, 5MAX,SMIN, SER, P<37) P38 ,PC39) ,PL30)) 1273
ET=AMIN1{ SM-SMIN,E+T) 1274
SET=GET+ET 1275
SM=SM-ET+PAIN 1274
SM=AMAX1 (SM, SMIN) 1277
SM=AMINT {81, SMaX) 1278
RETURN 127¢%
EMD 1280
[ e e s T Ty F T T T PP e T e P e P r e g 1281
1282
SURROUTINE 0OUT31 1283 End of year output subroutine. OUTS1 glves much more detail of
FRARCKERANEN 1284 irrigated and ponded area crops than OUTS2.
1285
REAL TODAY(2),CLOCK{2),CROP 1284
REAL P(409),MET(40),CAT{30),DAM(30) ,C5¢8,30),51A¢8,10,20) 1287
REAL GSP{S0) ,PON(B,20) ,FSTRAT(40,7) 1288
INTEGER DAY ,MTH,YR,M(100) 1289
COMMON DAY ,MTH YR M,P,MET,CAT,DAM,CS, 514, GSP, PON, FSTRAT 1290
CALL DATE(TODAY) 1291
CALL TIME(CLOCK> 1292
C1000==~UPDATE WATER BALANCES = s s o ottt §293
CALL WBCAT 1274
CALL LIBDAM 1295
CALL WBIR 1294
DO 1100 K=},8 1297
SIACK,?,12)=CS(K,4) 1298
CR0GT=n 151 DUTPUT = st e e e o i 1299
TF(M{31).ER.0IRETURN 1300
IFEM(11).EQ.1)RETURN ! RETURN 1F M11=] 130}
WRITE ¢23,511) M(1),TODAY,CLOCK,YR 1302
DO B K=1,8 1303
e 8 I=t,9? 1304
DAMCT4Y=DAM(14)481ALK,T,17) 1305
WRITE (23,513 (DAM(J),J=1,10),DAM(14),DAM(E2) , DAL 13) 1304
COMTINUE 1307
TF(M({10).EQ.1)CROP="G SOR’ 1308
IF{M{10% .EQ.2)CROP='F SQR’ 1309
1FC(M{10) .EQR.3)YCROP=JHEAT* 1310
1F{M(10).EQ.4)CROP=" OATS’ 131
DD 12 K=1,8 1312
1F(CS{K,11}.ER.0.>G0TD 12 1313
WRITE (23,514)CROP,X 1314
DO 10 I =1,9 1315
WRITE(23,517)(S1A(K, 1,0 ,J=1,19) 1314
IFCMC50) EQ. DWRITE(23,5200C54K,11),{C5LK,d2,J=13,18) 1317
IFEM(10) .EQL.2)URITE(23,5245C8¢K,11),€54K,21) ,(C5¢K,J) ,J=24,28) 1318
IF{M{10) .EQ.4)WRITE(23,523)CS(K,11),CS(K,21),{C54K, I}, J=24,28) 1319
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526
527

528

brid
330
931

CONTINVE
FORMAT C1H1,//,10%,”RUN’,T16,3X,2A5,
IX,2A5,” ENDYR SUMMARY 19°,12)

FORMAT(/, 5%, “DAM” ,

S, CURRENT ., ..U0L..... HT...AREA....HEQ,.... o,

5X,“SIGMA YR..EVAP...RAIN....RUN....BYW....PIN....IRR",
‘L HEXHL L MAYY L/,

20%,5F7.1,12%,5F7.1,F7.1,2F7)

FORMAT(//,5X,” IRRIGATED AREA STATS®)
FORMAT(/,5X,” CROP NUMBER’,13,° AREA = 07)
FORMAT(/,5X,” IRRIGATED *,AS,” CROP ND/,13,

* WATER BALANCE“,/,5X,
“BMT...DATE...HT...S1...52.....53...#ET . WRATN. .HIRR. .HRLN" ,
*..WEND..S4...MED.....HT...WST,.DAMV. .IRRV. .RUND. ...0MY" /)
FORMAT (5 ,F3,F8,3F5,5F4,F5,F4,2F6,F8.2,3F6.1 ,F&)
FORMAT</,5X,"AREA =‘ ,F&.1,” GWND =’ ,F4.1,” GSIZE =7 ,Fé.1,

* YHABL =/ ,Fé.0,’ LL % =*,F4.Z,’ YHA =7 F§,
©OTOT Y =7 ,F7.0)

FORMAT(/,5X,“AREA = ,F6.1,” HAY Y =’ ,Fé.1,” END HTH YLDS’,

* JAN =7 F8,” FEB =/ F4," MAR =/ ,Fé,* APR =’ F4,” MAY =< F4)
FORMAT(/,5X, “AREA =*,F6.1,” HAY Y =7,Fé.1,’ END MTH YLDS”,

S MAY =7 FE,* JIN =7 F8,* JUL =/ Fé,” AUG =‘ ,F4,’ SEP =’ ,F4)
WRITE(23,524)
FORMAT(/,5X,*PONDED AREA FORAGE SORGHUM‘,/,
5%, .. .CROP, . .PLANT, .. UP H,..LOW H,....5M.,..#TIME,. . HRAIN, ",
.. HET.,...AREA,...Y HA,..TOT Y,..HTEMP)

DO 524 1=1,8

IF{PONCT, 1) (EQ.1OWRITEC23,527) 1, (PONCT 03, J=2,5) ,

PON(T,9) ,PONCI, 10D ,PONCT, §5) , (PONCT ,J) ,d=11,14)
CONT INUE
FORMAT{SX,15,3X,7F8,4F8.1)
WRITE(23,52826SP(13,65P(2),6SP(8) ,GSP(21),65P(22) ,65P(23)
FORMAT(/,5X,/CROPS=’ ,F3,”  SOWN=/,F3,” HAY YLD=’ F&.1,

* PLANT= $’,F6,” HARV= ¢/,Fé,’ HAY = %’ ,F§,* /TONNE")
WRITEC23,530)
D0 527 1=t1,3
K=314{1-~1)¥5
L=35+¢1~1)%xS
X=r MAY ¢

IFCI.EQ.2¥%= JUL *

1F(1.EQ.3)%=" SEP *
WRITE(23,531)X, (BSPCJ) , J=K, L)

FORMAT(/,15%,” AREA  Y/HA W AGE TOT Y WKS G)
FORMAT {5X ,A5,5X,5F8.1)

RETURN
END

C§l*liIIl***“ll*ll!liiiillli!llﬁi“I-l!l-l-“-’ll!l!i!!Fl*lll*lﬁllliliillilil

[

C
C

SUBRCOUTINE OUTS2
(IS TEE T

REAL TODAY¢2),CLOCKC2) ,CROP,PROFITL10)
REAL P<400) ,MET(40>,CAT(30),DAHMC30) ,C5(8,307,51A¢8,10,20)

1320
1321
1322
1323
1324
1325
1326
1327
1328
1329
1330
1331
1332
1333
1334
1335
1334
1337
1338
1339
1340
1341
1342
1343
1344
1343
1346
1347
1348
1349
1350
1351
1352
1353
1354
1355
1356
1357
1358
1359
1350
1361
1342
1343
1344
1365
1364
1347
1348
1369
1370
1371
1372
1373
1374

FORTRAN listing of SSISMO program (continued)

End of year output subroutine.
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REAL GSP(50),PON(S,20) ,FSTRAT(60,7)
INTEGER DAY ,MTH,YR,M¢100)

COMMON DAY ,MTH,YR,M,P,MET ,CAT,DAM, S, STA,GSP , PON, FETRAT

CALL DATECTODAY)
CALL TIME{CLOCK)

€1000~-~~UPDATE WATER BALAMNCES —-—

cr

1100
2052

5202

5203

c-......._

5205
Cormmme

5210

52i1
5212

CALL WsCAT

CALL LeDad

CALL WBIR

DO 1300 K=1,8
SIACK,?,12)=CS(K,4)

CONTINUE  !emsoee M52 DUTPUT rm e
IF(M{I13.6T.1)60TG 5203

60T0 5259

WRITE(23,5202)

FORMAT(SX,* 17>

60TO 5259

CONT INUE

IF(M(52) .EQ.0)GOTO 2053

L=M¢a0)

ACA=0, 1ALL CROPS AREA
ACTY=0. !ALL CROPS TOT Y

DCA=0 ! AREA DRYLAND CROP
DCTY=g. ! TOT Y

DCYH=0, ! YLD/HA

AICA=0. ! AREA ALLIRRIG CROPS
AICTY=0. '
ALCYH=0

D1CA=0, ! OTHER IRRIG CROPS AREA
01CTY=0.

DICYH=0.

Wualc=1.

WuosC=9.

Wik01=0.

WUEATC=0. 'WATER USE EFFICIENCY ALL IRRIG CROPS
ATCCT=D. ! ALL IRRIG CROPS COST/TONNE
DCCT=0, ! DRYLAND CROPS COST/TOMME

CACC ALL CROPS TQT YIELD AND AREA
DD 5205 K=1,8

ACA=ACA+CS(K,11)
ACTY=ACTY+CS{K,18)

IDENTIFY DRYLAND CROP

NDRY=0

DO 5211 K=1,8

DO 5210 1=2,8
1F{SIA(K,1,17Y.6T.0.)607D 5211
CONTINUE

IF(CSCK,11).E0.0.)60T0 5211

NDRY=K

GOTO 5212

CONT INUE

CONTINUE

IF(HDRY .ER.0)GOTO 5215
DCA=CS(NDRY,11)  !'----DRYLAND CROF STATS
DCYH=CS{NDRY , 17)

FORTRAN listing of SSISMO program (continued)

1375
1374
1377
1378
1379
1380
1381
1382
1383
1384
1385
1386
1387
1388
1389
1390
1391
1392
1393
13%4
1395
1374
1397
1398
1399
1400
1401
1402
1403
1404
1403
1404
1407
1408
1409
1410
1411
1412
1413
1414
1415
1414
1417
1118
1419
1420
1421
1422
1423
1424
1425
§424
1427
1428
1429
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5215

S220

5223

5230
3235

5240

LW A -

S0 R e

5250

Iy WD =

5252

5253

DCTY=C5{NDRY,18)

CONT INUE

TF(NDRY.EQ-1)GOTO 5220

AICA=ACA-DCA ! --- ALL IRRIG CROP STATS

AICTY=ACTY-DCTY

AICYH=AICTY/AICA*1000.

CONT INUE

IF(NDRY .EQ.1)60TO 5225

O1CA=ACA-DCA-CS(1,11)

DICTY=ACTY=DETY-CS(1,18)

IF(0ICA.GT.0)0ECYH=01CTY/D1CA%1 000 .

CONT INUE

IF{NDRY.EQ.1)GOTO 5240

DO 5235 I=2,8

DO 5230 K=2,8

WUOTC=WUOIC+S1ACK,1,17)

WUNQI=WINOT+STACT 1,17}

WUATC=WUOT C+WLIDY

WUEAT C=AMAX1 <D .01 ,AMTNI CATCTY/ (DAM(E) ~DAM(S3 ), 9.7

IF¢DAMCE) LT .5, YWUEAIC=0.1

CONT INUE

IF(NDRY.NE. 0)DCCT=AMINI {997, , (P{181)+P{183))/DCYH*1000.)

1FCMDRY NE. 1)AICCT=AMINI (999, , (PC181 ) +PC 182 9MC42)
+P(183))/A1CYH*1000.)

! ww-- OTHER IRRIG CROP STAT4S

! w——= WATER USE CALCS

IF(M{&0) .EQ.1.0R.M(51) .EQR.1IWRITE(23,5245)

FORMAT(8X,” .. IRRIG.17,15X,”CROP 17 ,15X,”17 ,4X, OTHERS' ,&X,"17,

12X, 7ALL IRRIG', 11X, 717, 7%, DRYLAND” ,/,
4%, “PDAT.T1.T2.T31.BHND.BSIZ.LL. . .YHA. .AREA.TOTY. . MU.T”,
‘. YHA. .AREA.TOTY.I..YHA. .AREA,TOTY .. .WU, WUE. .COSTL",
7 .N..YHA. .AREA.TOTY..COST/)
WRITE(23,5250)S1A¢1,2,2) ,PC176) ,P(177),P(178),
£5¢1,13),C5¢1,147,£5(1,14) ,CS¢1,17),05(1,11),C5¢1 ,18) ,WINDE ,
DICYH,DICA,OICTY,
AICYH,AICA,AICTY WUAIC WUBAIC,ATCCT,
NDRY,DCYH,DCA,DCTY,0CCT
FORMAT(FS,3F3,’ 7,
F5,FS5.1,F4.2,F6,F5,F6,F5,” *,
Fé,F5,F8," 7,
F6,F5,F4,F5,F5.2,F5,” *
12,F4,F5,F4,F5)
TFCMU40) (ER. 1 WRITEC 24, 5252)
FORMAT(4X,” .PLU.DAY.NO. . .VOL. WA, . .S:D’,
# .ND.AREA.N0 .AREA. .HAY .3TON” ,
3¢’ .ND.AREA..KGHA.AGE..T.YLD"))
XM42=FLOAT(M{42) )
WRITE(24,5253)YR,
DAMC1SY ,DAMCI6) , XM42,0AME 18) , DAM(L D) ,DAMI21) ,
6SP(1),65P(24) ,6SP(27) ,65P(25) ,65P () ,G5P(23) ,
GSP(44),(GSPLIKY , 1K=31,34),
BSP(47) ,{GSPCIKY ,IK=36,39),
GSPC48) , (GSPCIKY, 1K=41,44)
FORMAT(13,F5,F4,F3,F5,FS,Fé,
F3,F5,F3,FS,F5,F5,
3(F3,F5,F4,F5.1,F4))

]

FORTRAN listing of SSISMO program (continued)

Write data on irrigated crop production to GDAT3.DAT at the
end of each year{eg.data givern in Appendix C Table C3).

Weite data on dam and ponded area to GDAT4.DAT at the end of
each year{ie. data given in Appendix C Table C4).
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5241

5242

2264

—————————— PROFITS AND LOSSES

COMTINUE

IFCHCSEY JER. IURITEC 22 ,5240)

FORMAT (49X, ¢ .APLO. .APLA, .AIRR",
‘..HRS...YLD...MUE...COSS3...INC4..C3T, .P$T.",
 PI1$  P2% P33 .PAS  P5% ¢,

© P& P78 PES PPE )
IF<ME11) .EQ.13GOTO 5264
AHARU=0 .

APLANT=P(152)

ATRRIG=0,

OD 5242 K=1,8

DO 5261 I=2,8
IF(S1ACK,1,9).6T.0. JATRRIGSATRRIG+CS(K, 117

CONTINUE

AHARV=AHARU4CS (K, 11)

CONTIRUE

TOTYLD=AICTY+DCTY! wesn TOTAL YIELD #xwx
TWUE=AMAXE(0.01 ,AMINICP, , TOTYLD/ (DAMCSI~DAMCPI) 331 wax WUE xux
TFCDAM{B) .LT. 5. YTWUESD . 1
APLOU=P{15] )
HDISC=APLOU/O . 6/P ¢ 343) !
HSWEEP=APLGOU/ . 44/P(344)
HCOME=APLANT/ . 54/P(345)
HFURR=APLANT/ . 64/P(344)
HIRR=ATRRIG/1.25
HHDM=A1CA/4 .00
HHARV=AHARU/2, 44
HSTORE=HHARY
HRSLAB=HD15C+HSWEEP +HCOMB HFURR+ HT RR+HHOM+ HHARU+HSTORE
CTH=P{342) { COST TRACTOR/HR a»% COSTS swx
CPLDU=HDISCH{1,27%P(343)+CTHY +HSWEEP#( . PS¥P(344) +CTH)
SEED=APLANT¥4,98

CPLANT=HCOMB#( 2. 385%P{ 345) +CTH) + HFURR { . 95P{ 3433 4 CTH) +SEED
CIRR=HHOM%( ,95+CTH> + AIRRIG*3.87

CHARV=AHARY*29 .80

CSTDRE=HSTORE*4. + TOTYLD*2.50
CTOTDP=CPLOU+CPLANT + CIRR+ CHARU+CSTORE

TOTCOS=CTOTOP+P(244) !
COSTON=AMINI (99%. ,TOTCOS/TOTYLD)
TOTREV=80.0 » TOTYLD

PROTON=20.0 ~ COSTON

60TO 5247

CONT INUE

APLOU=P(151)

APLANT=0 .

AIRRIG=0.

HD1SC=APLDU/ . 4/P{343)
HSWEEP=APLDU/, 44/P({345)
HRSLAZ=HD I 5C+HSIIEEP
CTOTOP=HDISC#¢1.27%P(343) 4PC342) ) +HSWEEPH( . $5#P{ 2443 +P(242))
TOTCOS=P{344) +CTOTOP

TOTYLD=0.

TWUE=O0.

TOTREV=0.

T FIND PLANT & IRRIG AREAS

®3n LABOUR ¥xx

%% TOTAL COST »xx

#unn INCOME nany

FORTRAN listing of SSISMO program (continued)

1485
1484
1487
1488
1489
14%0
1471
1972
1473
1474
1475
1494
1497
a8
1499
1500
1501
1502
1503
1504
1505
1504
1507
1508
150%
1510
15N
1512
1513
1514
1515
1514
1517
1518
1519
1520
1521
1522
1522
1524
1523
1524
1527
1522
1529
15390
1531
1532
1333
1534
1535
1534
1537
1538
1537

Page 211,

Calculate costs and returns from irrigation area.

APLOU = Area ploughed (ha},
AHARY = Area harvected(ha).
APLANT = Area planted(ha).

AIRRIG = Area irrigated{ha).

TOTYLD = Total grain production from irrigation areadtonnes?,

HRSLAB = Total hours of labour for grain production,

TWUE = Water use efficiency of grain production.
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5247

| 5243

5245

2053

1
1

COSTON=0.,
PROTON=D.
CONT INUE
K=11 »axr PROFIT MATRIX ##x
FINED=P{346)
PROFITCKI=AMAX1(~99999. AMINI (297997, ,
TOTREV ~ FIXED - CTOTOP))
DO 5263 Kisi,2?
DO 5263 K2=1,2
DO 5253 K3=1,2
K=H+ 1
PROFITCKI=AMAXT (9999 . ,AMIN (997999 . ,
TOTYLD*P{358+K1) ~F IXEDAPC 35464K2) ~CTOTOP#P{ 354 +K3)) )
CONY INUE
WRITE(22,5245)YR,APLOU,APLANT AIRRIG,
HRSLAB, TOTYLD , TWUE, TOTCOS, TOTREY , COSTON , PROTON,,
(PROFITCKY ,K=1,9)
FORMAT(12,3F&,2F4,F4.2,2F7 ,2F3,9F7)
IFCMCI1) LGT.1IMC60)0
M{61)=0
CONT INUE
RETURN
END

CI‘*iliiII*!!!!***!I*‘*I**!*Iliilii*l*l**illi!llliI*Il***l*i*!lli**i**

C

c
c

SUBROUTINE OUTS3
ETLELZIEEZE

REAL TODAY(2> ,CLOCK(2),CROP

REAL P(4007,MET(40),CAT{30),DaM¢30),C5¢8,30) ,S1A(8,10,20)
REAL GSP(50),PONC®,20) ,FSTRAT(40,7)

INTEGER DAY ,MTH,YR,M(100)

COMMON DAY ,MTH,YR,M,P,MET,CAT,DAM, CS, 1A, GSP, PON, FSTRAT
CALL DATE(TODAY)

CALL TIME(CLOCK)

C1000~~~UPDATE WATER BALANCES-==summa s o e e et e

cr! CALL WBCAT
CALL WBDAM
CALL WBIR
DO 1100 K=1,8
1100 SIA(K,?,12»=CS(K,4)
e PONDED AREA OUTPUT mommr s st o e e et et
1F{M¢53) .EQ.0)GOTD 2054
DO 5361 I=1,8
TFCPONCT, 1) ,LT.1,)60T0 1505
5301  WRITE(23,5302)(PONCI, S, J=1,15)
5302 FORMAT(/,10X,F3,FB,2F6,F5,Fd,F5,2F3,F5,F5.1,F7.1,F5,F2,FS)
1505  CONTINUE
WRITE(23,5303)6SP
5303 FORMAT(/,10X,5F15.1)
2054  CONTINUE
C3000~~~UPDATE END OF RUN SUEMARY smmmemmmssim s o e
RETURM .
END

C!!’lﬁii*lll*lﬂllil*#il!*i**l*!&*‘*l'*lllll***i!**!!*ii!ﬁll*li!*ﬂl!ii*

1540
1541

1542
1343
1544
1543
1544
1547
1548
1549
1550
1551

1552
1553
1554
1555
1554
1557
1558
1559
1540
1541

1562
1543
1544
1565
1544
1547
1548
1549
1570
1571

1572
1573
1574
1375
1574
1577
1578
1579
1580
1581

1582
1583
1584
1585
135846
1587
1588
1589
15%0
1521

1592
1593
15%4

Write the following data to GDAT2.DAT at the end of each year:
vear,area of land ploughed,planted and irrigated,hours of
lzbour ,and total grain production,water use efficiency,grain

cost/tonne and grain profit/tonnelie. data given in Appendix ©
Table CS).

End of year ocutput subroutine.
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20

30
40

50

70

&0

70

LW

LT I R

1

SUBROUTINE EMNRO1
R RN RAN

DIMENSICN X(7%,24) ,XM(30),$(30),P(4003 ,R¢70,70)
INTEGER M(100)

COMMON DAY ,MTH,YR,M,P

1F(M(52) .NE. 1)GOTO %0

CLOSECUNIT=24,FILE=" QDAT4.DAT >
OPENCUNIT=24,FILE=@DAT4.DAT~ ,ACCESS="SEQIN’ )
N=0

=24

DO 30 I=1,70

READ( 24,20, END=40){X (1,13 , J=1 M)
FORMAT(8X,3F3,21F)

N=N+1

CONTINUE

CONT INUE

=70

CALL BECORICY,N,MM,IX,XM,S,R, 1ER)
WRITE{22,50) CXMCID , J=1 ,MM)
WRITE(23,50) (M), J=1 M)
WRITE{22,40)¢S{d) , =1 M)
WRITEC23,403¢SCIy ,J=1 ,MM)
FORMAT (X, 130¢"~7 ),/ X, “MEAN
F5,F5.1,F4.2,F68,F5,F6,F5,” -,
F4,F5,Fé,7 7,
F6,F5,F4,F5,F5.2,F5,7 7,
F2,Fé,F5,Fé,FS)

FORMAT(X, 5 DEVY  ,3F3,
FS,F5.1,F4.2,F4,F5,F6,F5," 7,
F4,FS,Fé,” 7,
F&,F5,F6,F5,F5.2,F5,7 *,
F2,F4,F5,F5,FS,

/X, 130¢7=7})
WRITEC23,700M(1) ,M(45) ,PCI713,P(I72),PC173) ,PCI74) ,PLITS)
WRITE(22,700MC1) ,MCA5) ,PC171),P{172),PL173),PC174) ,P(175)

‘,3F3,

FORMAT(X, RUN’ 14,  PLANNED 1RRIGS’,I3,
*  TIMING’,3F5,°  SM REQ‘,2F4.1)
WRITEC23,80)

FORMAT (-

ASSUMPTIONS; CAT & PON NOT MODELLED, DAM=400ML~
7 AT PLANT, PLANT DATES SELECTED’)
CLOSECUNIT=24,FILE='0QDAT4.DAT ")

CONTINUE

RETURN

END

Ci!*iIl****l‘li!i!ﬂl*llii!*ll*l!***I*il*l!i‘**li*l!!i!**l**l*lli*liili

C

C
c

SUBROUTINE ENROZ
ARAERAAREE

REAL P¢400)

INTEGER M¢100)

COMMON DAY ,MTH, YR, M, P
WRITE(24,700H(1) ,MC45) ,PA171),P(172) ,P(173) ,PL174) P(175)

FORTRAN listing of SSISMO program (continued)

1575
1576
1597
15%8
15%%
1400
1401
1602
1403
1604
1405
1404
1407
1408
1407
14610
1411
1412
1613
1414
1615
1616
1817
1418
1619
1520
1621
1422
1423
1624
1625
1428
1827
1428
1629
1430
1631
1432
1433
1434
1835
1436
1437
1438
14637
1440
1441
1442
1443
1444
1445
1444
1447
1449
144%

End of 40 year simulation output.

Calculate 40 year means, the subroutine BECODRI is a systems
subroutine available to FORTRAN and hence it is not listed as
part of this program.

End of 40 year simelation cutput.

Page 213,
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70
1

MR R ey  t E E S S SRR L 2 et T]

MO0
Mol
MOZ
MO3
M04
M5
MO4&
Mo7
Mog
Mow
P00
PO}
POz
P03
P04
P05
POé
FroO7

FORMAT{ 4%, "RUN” ,16,*

‘ T
RETURN
END

1.
38.4
400.

550.0
40.0
200.

3.

3.

21178 0 1
1 1 0

1 7 3

0 0 0

0 0 Q

0 0 1

0 0 [}

4 0 0

0 0 0

2 3 q

0. 0. 0.
3.9 78.9 18.1
S50.0 0,782 1840,

282.5-43.22 724.3
7.3 80.¢ 25.0

400. 1000. 1400,
70. 17. 5.
70. 19. S

POB-~4.384 47.99-.6712-11.30
P0%-7.304 51.73-0.539-13.84

Fi0

o.

6. 0. o.

P11750210750228 0. 0.
P12 20.00 50.00 50.00-.8108

P13
Ft4
Fi5
P14
P17
P18
P1%
P20
P21
P22
P23
P24
P25
P24
P27
P2a
P2%
P30
P31
P32
P33
P34
P33
P34
P37
[gci:]
P39

.4300
00.00
500.0
3.
=-§.
ac.
0.
0.000
0.000
180.0
30.00
15.00
20.00
c.000
0.0060
13.00
20.00
1.000
14.00
14.00
32.00
40.00
6.000
20.00
0.000
0.000
0.000

.6133 .4400 14.00
0.721-,344% 500.0
500.0 S50.00 -1.,00
25. 125, 5.000

e ~1. 244.0
to. 10. r.
6. 0. 1]

0.120 0.000 0.000 14.00 40.00 130.0 324

PLANNED I1RRIGS’,13,
IMING” ,3F5,”  SM REQ’,2F4.1)

1a7 1 20 0 0
0 0 0 0 0

8 5 1 q 1

0 0 0 0 ]

1 1 0 0 0

0 0 0 g 0

0 0 0 0 0

0 0 0 0 0

9 0 0 0 0

5 é 7 8 9

o. 0. 0. 0. 3.
217.4 81.9 0.4 5.0 1.
0.044 2,000 0. 10.00  o.
0.000 0.000-68.49 786.7 0.000
215.0 125.0 5, 0. 00.45
1800. 2200. 3400. 2.5 24.27
-00700 5.400  0..00700 5.100

-0070 5.000 D.BOO 173.0 1%.00

11£.59-0.137-14.97 288.4~0.082 0.000

oo O0OocO~00

0.
0.0
38.00
335.0
0.000
0.
0.
0

118.5-0.315~18.61 257.4~0.692 0.000

.2 .4 .8 1. 1. 0.

0. 0. 0. 0. 0. 0.
66,76 ,327% 0 .5345 ,3100 .7414
27.50 .2187-.7436~.7408 9.134 0.000
eoo0. @000, 00OO0. 0COO. 1D.00 0,440
-1.00 ~1.00 43.00 77,00 -1.00 ~1.00
7.5 25. 125.01001. 0. 20.00
27.00 0. 0. 0. 85. ¥%0.0
0. 0. 0. 0. 0. 0.

0. 0. 0. 0. 0. 0.

.0 402.0 0.000

7.00 0.000 0.009 0.000 0.0006 0.000 0.000 0.000 0.000

140.0 170.0 183.0
35.00 40.00 0.000
20.00 0.000 0.000
0.004 S0.00 8.000
150.0 150.0 3.000
0.000 0.000 0.000
-115% 0.000 0.000
1000. 8000. 74.00
L6700 .3300 .2200
45.00 140.0 ©0.000
7.000 5.000 70,00
40.00 0.000 0.000
8.000 2,000 2.000
0.000 0.000 0.000
0.000 0.000 0.000
0.000 0,000 0.000
0.000 0.0G0 0.000
0.000 0.000 0.000

QooooaoNnND

0.oon
0.000
0.900
30.44
7.000
0.000
0.000
.0477
1.000
0.o00
8000,
0.000
2.000
0.750
0.000
0.000
0.000
0.oor

0.000
0.000
r.000
10.09
9.000
0.000
0.000
251.3
-4100
0.000
131
r.000
1600.
1.250
0.000
0.000
0.000
0.000

0
0
0
0

000
.oo0
000
400

20.00

0
0
é

0
0
Y
0.
0
Q
0
0

.000
.000
.00Q
2500
.000
000
-000
too
«750
.ooo
.000
.000
1460

0.000
o.000
0.000
27.00
20.00
0.000
6.000
6.000
.1800
0.000
0.000
¢.000
0.000
1.250
a.000
¢.000
0.000

29

0.000
0.000
0.000
100.0
4.000
0.000
4.000
7.000
0.000
0.000
0.600
r.000
0.000
$0.00
0.000
0.000
0.000

100

0.000
0.000
¢.o000
8000.
2,400
o.000
34.00
¢.o00
0.000
0.000
0.000
0.000
0.000
100.0
0.000
0.000
o.o0p

?77

FORTRAN listing of SSISMQ program (continued)

1650
1451
1432
1453
1654

Page 21la4.

Parameter Values

This is the data read into the M and P arrays from the disk
file QPARAM.DAT. The first record of the file contains the
first 10 parameter values of the M array, the second record
gives the 11th to 20th values and so forth.The 11th record
contains the first 10 parameter values of the P arrar, the 12th
record gives the 11th to the 20th value and so forth, .

The first column of the file indicates whether M or P values
are contained in the record and also gives a line count.There
are 100 M values and 400 P values.
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Variables used in CATRUN program

Array C (I,J) = 40 x 2 Matrix of Qbserved Run-off
[ (I,lj = Date

¢ (1,2) = Depth of observed daily~run-off (mm)

Array CLIMAT (I) = Meteorolopical Data for Month
vhere 1 = items ] to 42

CLIMAT (1) to CLIMAT (31) = Daily rainfall for month

CLIMAT (32) = Mean daily maximum temperature (°C)

CLIMAT (33) = Mean daily minimum temperature {°C)
CLIMAT (34) = Mean daily evaporative demand (mm/day)
CLIMAT (38) = Total monthly rainfall (wwm)

CLIMAT (39) = Number of rain days in month

Array D (I,J) = Observed and Predicted Soil Moisture pata
where I = items 1 to 200
and J = items 1 rto 12
(1,1} = Record number

D

D (1,2} = Date

D (I,3) = Project number

D (X,4) = Treatment number

D (I,5) = Mean observed soil meisture {(mm) (0-1Cem layet)

p (1,6) = Mean cbserved 30il moisture (mm) (10-30cm layer)
D (1,7) = Mean observed soil moisture (mm) (30-90cm layer)
p (1,8) = Mean observed soil moisture (mm) (G-90ca layer)

D (1,9) = Predicted soil moisture {wm) {0-10cm layer)

p (1,10} = Predicted soil moisture {mm) (10-30cm layer)

D (1,11) = Predicted soil moisture (mm) (30-90cm layer)

D (1,12) ~ Predicted soil moisture (mm) (0-90cm layer)

Array IRUN (J) = Predicted Daily Run-off for month
vhere J = itema 1 to 33
IRUN (1) o JRUM {(31) = Depth of daily rum-off for days 1 te
31 of month (mm)
JRUR (32) = Total monthly run—off (mm}
IRUK {33) = Humber of run—off days in month

Atrray IRUNM (J) = Predicted Monthly Run-off for month J
where J = month number, (Lf month is January,
February .... December them J is 1., 2 .... 12
respectively.)

Array M (1) = Integer Counter

where I = ] ke 100
M (1) and M (4) are used as counters
M (6), M (8), M (9), M (31), M (53), M (56} and ¥ (57) are used
to control output. They may have values of 0 or L. If their
value is set to 1 then output will occur.

page 215.

Array P {J} = Parameter Values
vhere J = 1 te 300

parameter values are read from the file CH8CAT.DAT which is

shown on page 36§. Some values are:

P (1) = Simulation run number

P (2), P (3) and F (4) = Initial values of soil moisture in the
0-10, 10-30 and 30-90 cm so0il layers respectively (m)

P (208) and P {209) = Initial values of grass yield and litter
yield (kg/ha)

Array K (I) where I = 1 to 100
R (11) = Predicted evopotranspiration rate {(mm/day)

= Predicted soil moisture recharge rate {mm/day)
w predicted run~off rate (mm/day}
R {15) = Predicted deecp drainage tate (mm/day)

Prediceed soil moisture deficit (wm)
Predicted evapotranspiration for grass growth (mm/day)

Arcay § (1) vhere I = 1 to 100
S(117 = Predicted water storage in 0-90cm soil layer (mm)

(12) = Predicted water storage in O-l0cm soil layer (mm)
$ (13) = Predicted water storage in 10-30cm soil layer {rm)
§ (14) = Predicted water storage in 30-90cm soil layer {(mm)
s (15) = Predicted grass yield (kg/ha)
S =
S o

R (18)

L]

{16) = Predicted litter yield (kg/ha)
(17) = Predicted pasture biomass (kg/ha)

DATE = Date (yymmdd}

DAY = Day of month {1 to 31)

SETPAS = Predicted monthly sccumulation of evapotranspiration
for grass growth (mm/mounth)

variables used in water balance and pasture growth subroutioes

(WAC1 and AMBROS resmpectively arve defined on pages 366 and 367.
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C!*”l!!li%‘!‘!*il!¥l*!!**ii*il*ii¥¥i%*li!!I!l¥'*lll***!ll*i!l*llll&*ﬂ'

C
C
c
c
c
c
C
C
c
[
c
C
c

oo

c

CATRIN -=wwr= CATCHMENT RUNOFF MODEL:
REAAEY [AEZEREEI LR FTES )

FILENAME = CATRUN.FOR

CREATED FROM A42V14.F10 ON S QCT B3

MERARRRANEA MRS BB R R R BLRMARR AR RSN ARERAR SR AU LA AT AR NERRERRRRUT R RK RN

M57=1 WRITE DAILY MET DATA & RUMOFF T3 C103A.DAT

M537=1 WRITE MONTHLY SM,BI10MAS & DAILY RUNOFF TO C103.DAT

M38=1 MODEL SM NOT SET TO 085 &4 ON 14 JaM 7D
REAL 5{100),R€1003,P(300),T¢100),D(200,12),CLIMAT(42),C(40,2)
INTEGER M{100),0AY ,MTH,YR,IRATN(33) , IRUNC33) , IRUNM(12)
OPEN{UNIT=20,FILE="C4BCAT.DAT” ,ACCESS="SEQIN" )
OPENCUNIT=21,FILE=‘B29RUN.DAT’ JACCESS='SEQIN‘}
OPEN(UNIT=23,FILE="C103.DAT” ,ACCESS="SEQOUT")
QPENCUNIT=24 ,FILE="C104.DAT ,ACCESS="SEQOUT ")
OPEN{UNIT=22,FILE=‘C103A.DAT’ ,ACCESS="SEQOUT" >

READL20,1)M
1 FORMAT(7X, 1016}
READ(20 2P
2 FORMAT(7X,10F6.0)
TYPE 21,P(2},P(3),P(4},P{208) ,P{20%)

21 FOAMAT(” SOIL MOISTURE STARTING VALUESS,3Fé.1,/,

1 “ GRASS/LITTER STARTING JALUES’,2F4)
CLOSE(UNIT=20 ,FILE=’C48CAT.DAT* )
FEAD CATCHMENT SM
OPENCUNIT=20,FTLE=/C100 .0AT* ,ACCESS=" SEQIN 3
D0 it 1=147,17%
READ(20,4)(D<T, ) ,J=2,7)
4 FORMAT(X,8F)
DOT,&)=DL1,6)+D(1,7)
DC1,7)=D41,B)+D<1,9)
DCI,8I=DCT,5)+D0T,4)+D¢,7)
IF(D<],9).EQ,0.)0(1,7)=0.
TFCDCE, 92 .EQ.0.0D(E, 850,
D.I,90=0,

11 CONTINUE

00 19 1=1,33

19 READ(20,12)(C¢1,0),d=1,2)
12 FORMAT (X, 2F )

CLOSE{UNIT=20 ,F1LE=“CI{00.DAT")
CHANGE PARAMETER VALUES
IF{H(4}.EQ.0)YGOTO 10
OFEN(UNIT=20,FTLE="C105.DAT ,ACCESS="SERQUT ")
M7=M(7)
6 CONTINUE
TYPE 18
WRITE(20,18)

12 FORMAT X, " SET P/M VALUE’)

FORTRAN listing of CATRUN program

001
apoz
0003
0004
0005
oood
0067
0608
opo?
0010
0011
0012
D013
0614
0015
0016
0017
0018
110034
0020
o021
002z
0023
0024
0025
0024
0027
orzs
pozy
0030
o1
0032
0033
0034
0033
0034
0037
0038
003?
0640
0041
0042
0043
60449
0043
0044
0047
0o4ag
0047
0050
D051
0052
npE3
0054
0053

Page 216.

Comments in this ¢olumn are to assist vnderstanding of the
adjacent program. CATRUM is an interactive FORTRAN program that
executes in a way similiar to the program SSISMO (See page 331).
Variables are stored in the arrays S, R, T, D, C and CLIMAT.
Parameters are <tored in the arrays M and P. The program advances
through simuTated time on a daily basis, however weather data is
read at the beginning of each month with daily rainfall data for
the month stored in the array CLIMAT. The catchment water balance
is calculated daity but pasture biomas is calculated monthly.

The program was initially coded to compare obserwved and
predicted seil moisture and run—off, and to optimize parameter
values. White the subrowtines performing these tasks have been
deleted from this listing, some code for these tasks still remain
in the main program segment,

Parameters of the arrays M and P are read at line 24,
however parameter values may be changed interactively before the
program starts to simulate the catchment water balange. The first
prompt of CATRUN is “SET P/M VALUE’. The procedure for replying
to this prompt is the same as wsed in SSISMO (see page 3343,

Further comments in this column refer to adjacent lines.

READ parameter values of the arrays M and P from the file C4RCAT
-DAT. (This fite is listed at the end of the program).

READ cbserved soil moisture data from the file CHOO.DAT and
store in array D.

READ observed run-off data from the file C100.DAT and store in
array C.
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10

22

23
24
27

29

ACCEPT 13,3ET,PARAM,NP,VAL
FORMAT(A3,X,A1,1,F)
WRITE{20,14)SET,PARAM NP ,UAL
FORMAT (X,A3,X,A1,13,F12.5)
TF{SET.EQ.7END/)GOTD 501
IF{SET.NE, “TYP/)GOTO 17
JVAL=TFIX{VAL)
IF¢PARAM.EQ. P/ XTYPE 15,NF,IVAL,(P{1),1=NP, JVAL)
TFCPARAM.ER. P YWRITE(20,15INP, IVAL,(P¢1) , I=NP, IVAL)
FORMATC/,X,’P”,13,’ TO P°,13,2(SF12.5))
IF(PARAM.ER. ‘M’ YTYPE 14,NP,IVAL,(M(1),1=NP, VALY
IF{PARAM.EQ. "M DURITECZ0, 1650P , TVAL , (MCT) , E=tdP, TVAL)
FORMAT(X,“M”,13,7 TO M°,13,1014)
6OTO &
IF{PARAM.EQ.’ P’ IP(NPI=VAL
IFCPARAM.EQ. ‘M* )M{NP )= IF IXCUAL)
IF(SET.EQ. YES/YGOTO &
REWIND 21
Medy=i
M{S)=147
DAY =99
SC11)=P{2)+{3) +P()
S¢12)=P¢2)
S13)=PL3)
SC19Y=P(4)
S£15)=P(208)
S(16)2P(209)
COMMENCE DAILY LOOP
To=0,
CONT INUE
DAY = DAY+]
TUH=TL + 1,0
TCH=TCT + 1.0
TCI0Y=T{20) + 1.0
IF{DAY.LT.32.AND .CLIMAT{DAY) .GE.0.)GOTD 40
IF(M{S7) .NE, [}6OTO 25
1F¢DAY.EQ.100)G0TD 25

--OQUTPUT DAILY MET DATA ,S5M4,BI0MAS AND DAILY RUNOFF

IRUN¢ 32)=0

1PUNS 33)=0

D0 22 I=1,31

IRATHCI)=TFIX{CLIMAT(I})
TRUNC32)=1RUN{22)+IRUNCT)
IFCTRUNCTY 6T, 00 IRUNC3Z)=1RUNC33) +1
CONTINUE

IRAINGIZI=TFIXC{ELIMAT (383 )
IRAING33Y=FINCCLIMATL39))

TRUNM (MTHY= T RUMC 323
WRITE¢23,27)VR,MTH, 511,517, CIRUNCT) | I=1,33)
IF(MTH.EQ. 93WRITEC 24,28 YR, ( IRUNM(IY , 1230,123 , CIRMEUL1 Y, =1, 9)
FORMAT(13,12,3F5.1,3113,15,13)
FORMAT(?X,F5,F6,3113,15,13)

FORMAT (13,12,49%,F5,F&,3113,15,13)
FORMAT(13,12i5)

CONTINUE

0036
0057
0058
0059
0040
00&1
0042
0043
0044
0045
0064
D047
0048
0042
0079
0071
0072
0073
0074
0075
0076
0077
0078
0079
noao
0081
npgz
0083
ooe4
0085
0088
ons?
noss
0089
opeo
0071
pog9z
0093
0074
0095
0074
00w’
goso
0079
oioe
G101
0102
0103
a104
e103
G104
0167
0108
109
0110

FORTRAN listing of CATRUN program (continued) Page 217.

Reset parameters af the M and P arrays interactively uczing the
same procedure as used in SSISMD (see page 324),

Set initial values of soil moisture and pasture hiomass.

At the end of each month WRITE year, month, soil moisture ¢0~00
em), pasture biomass and daily run-off for month to the disk
file C103.0AT.



APPENDIX B Table BS FORTRAN listing of CATRUN program (comntinued) Page 218,
) ine A i t
1F (DAY .NE. 100CALL AMBROS(SETPAS,5(15),5(14) ,5(173) (3B §] Call \tche s:hrou:;’ne AMBROS to calculate pasture bicmass at the
SETPAS=), g:]g READ ment nth's weather data from the file BZIRUN.DAT
READ{ 21,26, END=500)YR,HTH, CLEMAT(32) ,CLIMAT(33) , CLIMAT(34), oiiq D next months weather data from the file DAt
1 (CLIMAT(I),I=1,31) ,CLIMAT(38Y , CLIMAT(39) i
24 FORMAT(13,12,3F5.1,31F3 F5,F3) b
DAY=1 0115
S11=8(11) Eh
§17=6415)+5¢(14) s
40 CONTIMUE o1
DATE=FLOAT (YR*£ 0000 +HTHx 1004 DAY b
€ TEST ACTUAL & MDDEL SOIL°MOISTURES: . .
CALL WAC 1(CLIMAT(DAY),CLIMAT{34),5¢12),5¢{3),5(14), g:gg Call daily water balance subroutine WAC!
1 S(11),RCI1),RUE4) ,RCER),REISY,RE1S)Y,8C17) RC1A),DATED ne
SETPAS=SETPASHRI(18) N
IRUNCDAYI=TFIX(R(I 434 . 5) oz
IF{M(P) .EQ.0YGOTO 44 0139
[F(DATE.GE.P{111) .AND.OATE.LE.PC112))WRITE(20,B113 ,DATE,(S(1), o
1 1=12,14),R(14),R(16),CLIMATCOAYY , CLIMAT34) nze
811 FORMAT(X,’DATE’ ,FB,X, SM123=/,3F6.1,X, "RUN ,2F6.1, RAIN‘,
0130
t F5.1,F5.1) oo
46 CONTINUE o
IF(M(55) .€R.0)60TO 48
0133
HMg=Me 4y 0134
TMP1=DATE oiaa
TMP2=C(Ma 1) o
TMP3=THP1 ~TMP2 o1y
TFCTHP3, 6T, -3, .AND. TMP3.LT .4.>TYPE 811,0aTE,(S1),1=12,14), pened
5 R(18),R(14) ,CLIMAT{DAYS , CLIMAT (3d) Siae
48 CONTINUE e
TF{M{52) .EQ. 5MMRITEC20, 481 YDATE, T(1},5¢12) ,5¢13) ,5¢14) ,$L11), b
! RCID),CLIMATCDAY) R<14),R(15),8(15) ,5¢14),8¢17) oias
481 FORMAT(F®,F4,’  SM’,3F5,” = F5,”  ERRG’,F5.1,3F5,
j . 0143
1 PAS’ ,3F&) o1
C END OF DAILY CYCLE
0145
M4=M(a) Dids
c TEST END OF 10 DAY LOOP Bt
IFCT(ZY LT.10.0)GOTO 49
0148
T(7)=0.0 o1as
TC4=T4&) + 10.0 0150
€ TEST END OF YEARLY LOOP oo
39 IF(DAY.EQ,30.AND.MTH.EG.$}6OTD S0
0152
8070 10
3 0153
T¢1=0.0
- 0154
T{4¥=0.0
- 0155
T(73=0.0
0154
HM{119=0 01o9
6070 10 015é
c END OF RUN hise
500 CONTINUE oo
TFCM46) LEQ.1ITYPE 502,M¢15,11¢2) NP, VAL e
TF{M(6) LEQ. 1IWRITEC20,S020M4 1) 11023 NP , VAL s
s02 FORMAT(X,"RUN’, 14,  DATE =716, P’ 13,° =¢ £12.5) hez
TFEMAI0) (EQ. URITEC23,502)MC 1) Me2) NP, VAL o
TFCHME10) JEQ. DWRITEC 23,5082 (D41 1) ,J=1,12 , (=147 ,179) el

IF{HE10) .ED. 1DWRITES 24,5021 1) ,M( 23 NP WAL



APPENDIX B Table B5 FORTRAN listing of CATRUN program (continued)

Page 219,
503 FORMAT(X,F$.0,F7.0,F4.0,F3.0,2X,8F4.1) 0166
c IF(M{S4) EQ. 1ICALL DATANCA) 0167
IFCMC4Y LEQL1IMEL)=M{ 1D +1 018
400 CONTINUE 0149
IF(MCS) .EQ.1IBOTD & 0170
501 CONTIMUE o171
IF¢M(31) .EQ.1I)WRITES 24,5045M,P e172
504 FORMAT (104X, 10145 ,264/,X,10F&)} 0173
sTOP 0174
END 0175
C*!*l'!*l‘l!**!**!i!*!!l*iii‘i**!!**il*!**i**!’l¥¥!*}*‘**l!i*i**!*!i**** 0174
M 0177
SUBROUTINE MAC1(RAIN,EC,S1,S2,53,STORE,ET,0,RECHA, &, 0178 Subroutine to calculate water balance of cathment.
1 RUNDEF , BICMAS , ETG, DATE) Q17e
o EARAEA MR RSN 0i80 RAIN = rainfall (mm/day), E0 = evaporative demand {mm/day>
C 0181 a = run~off (nm/day}, F = infittration {mm/day)
C WAC1 CALCULATES THE DAILY WATER BALANCE OF THE CATCHMENT 0182 ET = evapotranspiration (mm/day?, G = deep drainage (mmsday?
c 0183 RECHA = recharge to soil moisture (i.e. RAIN - @ - G, mm/day)
REAL P(300) 0184 S = gquivalent ponded depth of soil moisture fmom?
INTEGER M{100) ,DAY ,MTH, YR 0185 Where the numbers 1,2 and 3 appear in variable names they
COMMON DAY ,MTH,YR,M,P n18é indicate soil lavers 1, 2 and 3 respectively. Similarly Max
STMAX=P{11) 0187 and MIN indicate maximum and minimum values,
SIMIN=P{ 12} o188 BIMAS = pasture biomass (Kg’ha), ETE = cumulative ET for grass
SZMAX=P (13} 0189 growth, DATE = cyrrent date (yymmdd>
SZMIN=P(14) 8190
SIMAN=P( 1) 0191
SIMIN=P(14) 0172
Crm~= EVAPOTRANSPIRATION MODEL mws s i ot ot st st e 0193
€ CALCULATE ACTUAL ET FOR PASTURE 0174
ET1=AMINIC1. ,FU6SIREXPIP (460 #{51-SIMINY/CSIMAX~SIMIND )} ) ¥EQ 0193 see eq 3.14 in text
ET2#AMINL (1. ,P(&B) EXPCP{47) ¥{S2-S2MIND /{ SEMAX-SZMINY ) ) %EQ O0iwe
ET3=aMINI 1. ,PC7TYXEXPCP(72) 8 {S3-53MIN) /{ SB4AX-SIMINI ) ) 4ED o197
ET=ETI+ET2+ET3 0178
c TEST FOR ETYED 0199
IF{ET,LE.E0)GOTO 30 0200
ET1=EC/ET*ET] 0291
ET27EQ/ETHET2 0202
ET3=E0/ETHET2 0203
30 CONTINUE 0204
c TEST FOR MIN S0jL MO1STURE 0205
ETt=AMINISS1-S1MIN,ETE) 0204
ETZ=6MING {52-S2MIN,ET2) D207
ET3=AMINI (S2-S3MIN,ETY) 0208
ET =ET1+ET2+ET3 0209
C CALCULATE €T FOR PASTURE GROWTH 0210
ETG=0, 0211
IF(S1.GT.PL205) IETG=ET] vz12
1F(82.GT.P{204) )ETG=ETG+ET2 0213
IF(53.6T,PC207))ETG=ETG+ETI 0214
C ADJUST SOIL STORES 0215
§1=81-£T1 0214
§2=82-ET2 0z17
§3=53-ETa 0218
STORE=S1+52453 021%
t 0220



APPENDIX B Table B5

Crmew INFILTRATION RUMOFF MODEL-=wmmmms

9?9
i00

Q=0,

G=0.

RUNDEF=0 .,

IF{RAIN.EQ.0.)GOTD 100

Fi=AMINI(P{1%) *RAIN,S1MAX~5]) ! Infil to 81
F2=AMINLCLP(19)4P(20) »*RAIN-F1,52MAX-52) ! Infil to S2
XS=RAIN-F1~F2
BI=.5-.5#TANH{(BIOHAS-PL{41 3 ) /PLE2))
S3DEF=534X-53

FaMAX=RAMAX]T (P(17) ,AMINI(P(18) ,53MAX-53) P43 KBI~P( 44))

! 81omas index

F3=F3MAXHTANH (X 5/ F 3MAX ) ! Infil to S3
IF(XS-F3.LT..5)F3=Xs

Q =X5-F3 ! Runof¥

G =AMAX1¢0. ,S3+F3-53Ma4X%) ! Ground flow
F =FI1+F2+F3 ! Total infiln
S1=AMINI (51+F1,51M4X) ! Change: soil stores
S2=AMIN1{S2+F 2, S2HAX)

S3=AMINI (S24F3,53MAX)

IF(M¢59) .E0.1.AND.Q.6T.0.)TYPE 99,DATE,ET,RAIN,F1,F2,S3DEF XS
,81 ,F3MAX F3,0,6
FORMAT(F8,FS5.1,F5,3F4.1,"
CONT INUE
RECHA=S1+52453-STORE
STORE = Sf 452 +53
RETURN
END

X8’ ,F5,F5.2,7 MFQG,4F6.1)

:i!-**!-*ﬁ*il*!I**l*"IIIl¥l'lﬂ!i****il‘i*!**l*li****iIl‘.‘lﬂ!*ﬂllli*ll*l**i

SUBRDUTINE AMBROSLET,GRASS,LITTER,BIOMAS)
AERRNRRERN

~~THIS SUB CALCULATES PASTURE DM YIELD OF CATCHMENT

REAL 54100),R(100),P{300),TC100) ,X(100>,D4200,12),Y(100)
,CLIMAT {42} ,C£30,2) ,LITTER

INTEGER M(1007 ,DAY ,MTH, YR

COMMON DAY MTH,YR,M,P,5,R,T,X,¥,D,CLIMAT

PATN=CLIMAT(38)
TEMP={CLIMAT(32)+CLIMAT(33))/2.

~-CALCULATE PASTURE BIOMAS CHAMGES

GYX=AMIN1(1.,P{171)+P{192) ¥GRASS)
IF{GRASS.GT.PL{210))GYX=AMAX1 (0. ,1.~{GRASS-P(210)).,400.)
TFCTEMP .GT . P{194) ) TEMP=AMAX1 (P(194) , TEMP-3.)
TX=(1.-PC193)) + PLIPRIREXP(=(TEMP-P(194)9 42/ (195}
GG=P{ 194 nETHEYX*TX

GI=P{158)#{|,~EXP{P(19%) *GRASS))

PL=P(200)*GRASS

OL=P(202>#LITTER

GRASS=GRASS+G6-G1~FPL

LITTER=LITTER+PL~-DL

810MAS=GRASS+LITTER

TRM=FLOAT(YR*T00+MTH)
IFH(56) JEQ. IDCALL PLOT¢2,YRM,BRASS,LITTER,4000,,0.5

FORTRAN listing of CATRUN program (continued)

0221
0222
0223
0224
0225
0226
0227
0228
0229
0230
0231
0232
0233
0234
0235
0236
0237
0238
0239
0240
0241
0242
0243
02449
0245
02446
0247
0248
024%
0250
0251
0252
0253
0254
0255
0256
0257
0258
025%
0240
0261
0242
0243
0244
0265
0246
0247
0248
0249
0z7e
0271
0272
0273
0274
0275

see eq 3.18 in text
see oq 3.1% in text

see 29 3.21 in text

see eq 3.22 in text
see eq 3.20 in text

Oytput water balanse data if M(59) = 1 and run~p#f ) Q.

Subrouvine to calculate pasture biomass on catchment.

ET = Cumulative evapotranspiration for month {mm).

GRASS = Above ground biomass of grass (kKg/had.

LITTER = Above ground biomass of Titter (Kg/ha).

BiIOMASS = GRASS + LITTER

TEMP = mean daily temperature fdeg C), TX = temperature index
GYX = grass yield index, GG = Grass growth (kg hamonth?,

GBI = grazing intake {Ko/ha/month}, PL = litter production
(kg/ha/month), DL = ]itter decomposition (kg /ha/month).

»

see eq 3.7 in text

see eq J.8 in text
see eq 3.4 in text
see eq 3.10 in text
see eq .11 in text

see eq 3.33 in text

Page 220.
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1
10
1

CHRANBRARAWBAFRSER AR SR N ER TN LA AL ELR I S LS R R Ry iyl Ty T ey

Mao
MO1
MOZ
MO3
Mo4
HM0S
MOS
MO7
Hog
Mo?
FoO
FO1
FOZ
P03
PO4
FO5

FORTRAN listing of CATRUN program (continued)

TF(M(S6) .EQ.1IWRTTEC22,10) YR, MTH, TEMP ,RATN, ET,
&YX, TX, 66,61 ,PL,DL,5RASS, LITTER,810MAS
GTX’,2F5.2,

FORMAT{Z13,”

RETURN

END

125077%

O OO - O

1.000
38.00
400.
0.
40.0
200,

RN O OO O -

’

0
i
7
0
0
0
0
1
0

3

1
0
3
0
0
1
0
1
0

4

4.200 20.90 124.0
3.900 78.00 18.10

142,
0.

1.
0.

7.5 B80.0

400.

iogo.

1460,
0.
25.0
1400.

PO& 700.0 300.0 40.00 5.000

PO7.

L0061

5.000

0.

0.

P0@-4.384 50.52~.4524-11.33
54.62 .3430-13.84

PO®~

P10

7.304
0.

0.

P11800000810000

P12
P13
714
P15
P16
P17
P18
P19
P20
P21
P22
P23
P24
P25
P24
P27
pe2g
Fz?

0.
0.

0.,

0.

S.

a.

0.
0.400
0.000
0.000
2000.
20.00
12.50
4.902
0.000
0.000
0.000
0.000

0.
0.
0.
0.
25,
0.

0.
L0004
0.200
400.0
2500.
25.00
15.00
8.700
0.000
0.000
0.000
0.000

LN

0.

a.

g.

0.

a.
125.
0.

0.
0.470
0.000
200.0
3000,
30.00
17,50
27.5%
0.000
0.000
0.000
0.000

0.

0.

0.

0.

0.

0.
10.
0.

0.
27.00
0.000
0000
0000
35.00
20.00
34.14
0.000
0.000
0.000
0.000

TRE’,F5.1,2F5,”
GIPD’ ,Fé,F4,2F5,”

—
E-3
~

NMo=oooaame

1.000
215.0

215.0
1800.
.0107

123.0
124.0

20 0
0 0 0
5 1 4
1 0 0
0 g g
0 0 i
0 0 0
1 1 1
t 0 0
s 7 8
4.993 2,174 0.000
81.90 10.00 100.0
0. 0. g
o. 9. 0.
125.0 5. 0.
2200. 3400. 2.5
5.400 0. PD107
5.000 0.800 i73.0
9.000-23.50 235.8
.2119-18.61 245.0
4 .8 1.
0. 0. 0.
0. 0. 0.
0. a. o,
8. 0. 0.
0. 0., 1.
25. 125.01001.
°. 0. O
0. 0. o.
5.000 0.000 24.00-
40.00 130.0 1040,
.0000 0000 .0000
0000 .0000 .0000
.0000 .0000 .0000
.0000 .0000 0000
0.000 0.000 0.000
0.000 0.000 0.000
1.000 0.000 5.000
0.000 0.000
0.000 0.000

GLe” ,3F7}

oMo O0admaao

0.000
0.700
0.
ag.
0.450
24.27
5.100
15.00
0.000
.4730
1.
0.
0.

0.

0.

1.

0.

0.

0.
.0055
330.
10.00
-0000
.0000
.0o00
0.000

0.000
0.000

O~ O0OO0DO - 00

0,000
0.150

D.0D0
0.
0.

0.000
0.000

o000
a & % ow o

0.
0.090
2000,
.0000
0000
0000
.0ooo
0.000
0.000
0.000

0.000 0.000 0.000
0.000 0.000 0.000

0276
0277
0278
0279
0280
0281
0282

Page 221.

1 M{54)=1 then WRITE monthly pasture data to file £1030.DAT.

Parameter Values

This is the data read into the M and P arrays from the disk
file C6BCAT.DAT. The first record of the file contains the
first 10 parameter values of the M grray, the second record
gives the 11th to 20th values and so forth.The 11th record
contains the first 10 parameter values of the P array, the
12th record gives the 11th to the 20th valyes and so forth,
The first column of the file indicates whether M or P values
are contained in the record and also gives a line count.There
are 100 M values and 300 P values.
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APPENDIX C: ADDITIONAL RESULTS FROM SIMULATION EXPERIMENT 1

Table Ct Estimated planting dates and time to half bloom in years of cropping on the
irrigation~area.  (Observed rainfall and simufated run—off before and during crop growth are
also shown).

Table C2  Estimated daily run—off from Mitchell grass catchment for the period 1 October
1918 to 30 September 1978,

Table C3  End of year simulation output from SSISMO program. 1. Attributes of grain
sorghum production on irrigation-area (output disk file QDAT3.DAT).

Table C4 End of year simulation output from SSISMO program. I[l. Water storage and
ponded-area crop production (output disk file QDAT4,DAT).

Table C5 End of year simulation output from SSISMO program. [ll. Costs and Profits of
grain productiop on irrigation-area {output disk file QDAT2.DAT).

APPENDIX C  Table C1 Estimated planting dates and time to half bloom in years of
cropping on the irrigation-area. Observed rainfall and simulated run—off before planting
(from 1st October) and during growth are also shown. (Data from SSISMO in simulation
experiment 1.)

Rainfall (nmm) and run-off (mm) (in brackets)
Pianting Time to _—

Year Date half bloom Before Planting to Half bloom to
{days) planting half bloom maturity
1921-22 6 Feb 59 333(5) 21 -
1923-24 21 Feb 61 222(8) 240(56) 78
1926-27 21 Feb 62 360(55) 96 -
1932-33 19 Feb 61 230(s6) - -
1933-34 28 Febh 63 298(14) 20 10
1935-36 20 Feb 71 254(6) 7 151(1)
1936-37 17 Mar 70 329(4) - 4
1937-38 22 Feb 62 309(6) 11 -
1939-40 15 Feb 60 282(21) 269{134) -
1940~41 30 Jan 59 318(44) 201(55) 48
1944-45 15 Mar 72 366(22) 35 -
1949-50 22 Feb 66 378(41) 306(127) 13
1950-51 26 Dec 60 301(5) 274(97) -
1952-53 17 Feb 62 361 (48} - -
1953-54 8 Feb 62 305(45) 215(87) 3
1954-55 27 Feb 67 327(18) 120(3) 160(35)
1955-56 10 Feb 63 272(21) 118(20) 103
1956-57 28 Dec 58 295(97) 134(9) 92
1960-61 6 Jan 56 243 (45) 71 2
1963-64 13 Feb 59 304 (5) 16 -
1965-66 12 Jan 57 225(13) 103(1) -
1967-68 21 Feb 60 207(32) 44 59
1969-70 38 Feb 60 280(20) 13 -
1970-71 12 Mar 74 328(89) 224(85) 9
1971-72 10 Mar 70 383(61) - -
1973-74 8 Feb 61 863(371) 100 -
197475 4 Feb 61 311 (18) 184(26) -
1975-76 14 Feb 60 530(41) 15 4

1976-77 25 Dec 56 188(15) 67 100
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APPENDIX C Table C2 Estimated Daily Run—off (mm) from Mitchel Grass Catchment for
the period 1 October 1918 to 30 September 1978, (Days on which run-off was zero are
not shown.) (Data from CATRUN in simulation experiment 1.}

Date Run-off Date Run-off Date Run-off
28 jan 20 1 13 Feb 50 9 8 Jan &6 6
1 May 20 6 15 Feb 50 3 9 Jan 66 7
6 Apr 21 3 16 Feb 50 12 21 jan 66 1
2 Feb 22 5 18 Feb 50 5 18 Feb 68 32
16 Feb 24 1 19 Feb 50 12 3 Feb 70 20
18 Feb 24 7 8 Mar 590 1 9 Mar 71 89
27 Feb 24 26 9 Mar 50 4 30 Mar 71 2
7 Mar 24 30 12 Mar 50 42 31 Mar 71 3
23 Mar 25 3 13 Mar 50 14 16 Apr 71 66
3 Feb 27 2 14 Mar 50 1 17 Apr T 2
15 Feb 27 8 3 Apr 50 28 18 Apr 71 12
16 Feb 27 7 4 Apr 50 35 11 jan 72 1
18 Feb 27 38 7 Apr 50 2 4 Mar 72 2
25 Mar 27 4 20 Dec 50 5 6 Mar 72 35
6 Jan 29 2 14 Jan 51 6 7 Mar 72 23
25 Feb 30 1 15 Jan 51 25 8 Feb 73 1
8 May 30 1 24 Jan 51 66 29 Mar 73 43
13 Feb 33 1 10 Feb 53 1 30 Mar 73 30
14 Feb 33 1 12 Feb 53 9 27 Nov 73 2
15 Feb 33 4 14 Feb 53 38 3 Jan 74 27
21 Feb 34 1 3 Feb 54 1 8 Jan 74 9
22 Feb 34 13 4 Feb 54 41 12 Jan 74 30
17 May 36 6 5 Feb 54 3 14 jan 74 20
5 Jul 36 1 5 Mar 54 17 17 Jan 74 13
14 Mar 37 4 6 Mar 54 70 18 Jan 74 7
17 Feb 38 6 23 Feb 55 18 19 jan 74 49
17 Feb 39 2 1 Mar 55 2 20 Jan 74 25
10 Feb 40 6 3 Mar 55 1 21 Jan 74 1
11 Feb 40 13 11 Mar 55 23 22 jan 74 46
12 Feb 40 2 25 May 55 2 23 Jan 74 21
19 Feb 40 35 26 May 55 33 24 Jan 74 2
20 Feb 40 41 7 Feb 56 21 25 Jan 74 38
24 Feb 40 9 15 Feb 56 20 26 Jan 74 2
29 Feb 40 30 20 Dec 56 1 27 Jan 74 4
1 Mar 40 19 21 Dec¢ 56 13 31 Jan 74 39
9 Jan 41 15 22 Dec 56 83 1 Feb 74 4
23 Jan 41 4 10 Jan 57 9 3 Feb 74 30
24 Jan 41 24 27 Dec 60 i1 5 Feb 74 2
25 Jan 41 1 2 Jan 61 30 8 Jan 75 18
28 Feb 41 55 3 Jan 61 4 15 Feb 75 22
29 Dec 42 2 13 Jan 62 3 26 Feb 75 4
11 Mar 45 14 29 Mar 863 6 6 Feb 76 10
12 Mar 45 8 30 Mar 63 3 7 Feb 76 16
12 Jan 46 2 4 Apr 63 9 9 Feb 76 14
13 Jan 46 i 5 Apr 63 3 11 Feb 76 1
16 Feb 46 2 6 Feb 64 1 21 Dec 76 15
29 Mar 47 1 7 Feb 64 4
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End of year simulation output from SSISMO in simulation

experiment 1. l. Attributes of grain sorghum production on Irrigation—area. (Cutput disk file
QDAT3.DAT) (Data Is shown on next page).

Co [umn Qutput Variable
Number Mnemonic
1 PDAT Planting date (year month day)
Irrigation Strategy
2 T1 First irrigation {standard days after planting}
3 T2 Second irrigation {standard days after planting)
4 T3 Third irrigation (standard days after planting)
Attributes of Grain Sorghum Number 1 Area
5 GNNO Grain number {millions/ha)
6 GSIZ Grain size (mg)
7 LL Proportion of grain yield lost to lodging
8 YHA Grain yield (kg/ha)
9 AREA Area of crop {ha)
10 TOTY Total grain production of crop (t)
11 wu Volume of irrigation water use (ML)
Attributes of Other Irrigated Grain Sorghum
12 YHA Grain yield (kgfha)
13 AREA Area (ha)
14 TOTY Total grain production (t)
Attributes of all irrigated Grailn Sorghum
15 YHA Grain yield (kg/ha)
16 AREA Area (ha)
17 TOTY Total grain production (t)
18 wu Volume of irrigation water use (ML)}
19 WUE Water Use Efficiency {t/ML of water harvested)
20 COST Cost of grain ($/t)
Attributes of Dryland Grain Crops
21 N Crop Number
22 YHA Grain yield (kg/ha}
23 AREA Area {ha}
24 TOTY Total grain production (t)
25. COST Cost of grain (§$/t)

1,



++IRRIG. T

720206.55.-1.-1.
240221.55.-1.-1.
270221.55.~1.~1.
330219.55.~1.~1.
340228.55.-1.~1.
360320.55.1.~1.
370317.55.-1.-1.
380222.55.-1.-1.
100215.55.-1.-1.
110130.55.-1.-1.
430315.55.~1.-1.
500222.58.-1.~1.
501226.55.-1.-1.
530217.55.~1.~1.
540208.55.-1.-1.
350227.55.-1.~1.
560210.55.-1.-1.
541228.55.-1.-1.
§10106.55.~1.~1.
§40213.55.~1.-1.
660112.55.~1.~1.
680221.55.-1.~1.
700208.55.-1.-1.
710312.55.-1.-1.
120310.55.-1.-1.
740208.55.~1.~1.
750204.62.-1.~1.
760214,55.1.-1,
761225,95.-1.-1.

119,
156,
146.
110.
114,
115,
112,
114,
139.
156.
12%.
152,
134.
121.
144,
132.
152,
156,
131,
115.
147.
120.
117,
156.
117.
138.

156,

128.

135,

21.8
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FOAT.T1.T2.T3E.GNNR0.G50Z.LL...YHA. .AREA.TOTY. . W0 L. . YHA. .AREA. TOTY.I. . YHA. . AREA.TOTY. .. WU. . WUE. .COSTI.N. . YHA. . AREA.TOTY .. [OST

06 203t. 17. 41. 20. 0. 0. 0. 2451. 17, 41, 20. 0.4% 41, 2 172. 23.
.0t 4011, 40, 160. 35, 6. 0. 0. 4011. 40. 180. 35. 0.37 2%, O 0. 0.
.03 3301. 40. 132. 40, 0. 0. 0, 2301. 40. 132. 40. 0.26 30. O ¢. 0.
.03 256%. 19. 48. 23. 0. 0. 0. 2569. 19. 42. 23. 0.a8 3%. 2 180, 21.
.01 2746, 40. 118. 46, 0. 0. 0. 2946. 40. 138. 446. 0.51 3I4. 0 ¢. 0.
01 31260 20, 62, 24, 0. 0. 0. 3126, 20, 62. 24. 0.53 3. 2 389. 20.
01 2863. 9. 27. 2. 0. 0. 0. 2863. g. 27. 12, 0.41 35, 2 3. 31
.03 2623. 20. 5d. 24, 0. 0. 0. 2623. 20. 3. 24, 0.54 3B8. 2 279. 20.
03 3217, 40, 129, a2, 0. 0. 0. IN7Z. 40, 12%. 42, 0.35 I1. O 0. 0.
.01 383B. 40. 144, 36. 0. 0. 0. J&38. 40. 144, 36. 0,22 22, 0 0. O,
01 3343, 400 134, 44, 0. 0. 0. 3343, 40. 134. 44, 0.37 30, O 0. 0.
01 4032, 40. 161. 29, 0. 0. 0. 4032, 40. 141. 2%. 0.45 25. O 0. 0.
.08 3017. 40. 13121. 35. 0. 0. 0. 3019, 40. t21. 35. 0.32 33. O 0. 0.
202 27620 40. 118. 49. 0. 0. 0. 2952. 40. 118. 4%7. 0,27 I3, O 0. 0.
03 3327, 40. 133, 40, 0. 0. 0. 3327. 40. 133. 40. 0,32 30, O 6. 0.
.01 3814, 40. 145. 4B. 0. 0. 0. 3&14. 40. 143. 38. 0.25 28. ¢ 0. 0O.
-01 3831. 40. 133, 34, 0. 0. 0. I831. 40. 153. 34. 0.35 26. O 0. 0.
.04 3456. 40. 138. 3Y. 6. 0. 0. 345&6. 40. 13B. 3%. 0,33 39, 0O 0. 0.
.06 2650. 40. 106. 38, 0. 0. 0. 2650. 40, 106. IB. 0.24 3I8. © 0. 0.
205 2417, 13, 2. 14, 0. 0. 0. 2417. 1) 32, 140 0.49 41, 2 17%. 24
L0 272660 400 111, 46, 4. 0. 0. 27646. 40. 111, 46. 0.48 34. O 0. 0.
.02 2945, 40. 118. 47, 0. 0. 0. 2943. 40. 118. 47, 0.26 34, 0 0. 0.
08 2225. 40.  B?. 4Y, 0. 0. 0. 2225. 40. BY. 49. 0.27 ai. O 0. 0.
.01 4068. 40. 1463. 37. 0. 0. 0. 2068, 40. 143, 37. 0.38 25. O 0. 0.
L02 2911, 40, 116, 49, 0. 0. 0. 1. 40, 1140 47. 0.24 3. O 6. 0O,
.04 3018. 10. 121. 30, . 0. 0. 3018. 40. 121, 30, 0.64 33. 0 0. 0.
.02 3817. 40. 153. 29, 0. 0. 0. 3B17. 40. 153. 29. 0.32 256. ¢ 6. 0.
.04 2865. 40. 115. 45, 0. 0. 0. 2863, 40. 113, 45, 0.26 35. O 0. 0.
.04 3428. 40, 137. 48, 0. 0. 0. 3428. 410. 137. 48. 0.55 29. ¢ 0. 0.

4. 522,
0. G
0. 0.
3. §é2.
0. 0.
7. 244,
18. 1524,
9. 3.
0. 0.
o. 0.
0. 0.
0. 0.
0. O,
0. 0.
0. e.
0. 0.
0. 0.
0. O.
0. 0.
S. 301,
0. 0.
0. 0.
0. 0.
t. O,
0. 0.
o. 0.
c. 0.
0. 0O,
0. 0.

D X1daNdddv
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APPENDIX C

Table C4

experiment

1. 1l

226.

End of year simulation output from SSISMO in simulation

Water storage and ponded-area crop production (Output disk file

QDAT4, DAT) (Data is shown on next page).

Co [umn Qutput Variable
Number Mnemoni ¢
1 YR Year
Attributes of Water Storage and frrigation
2 PLV Volume of storage at planting (ML)
3 DAY Day of last irrigation applied {standard days)
4 NO NMumber of irrigations applied
5 VoL Volume of water in dam before last irrigation (ML)
6 WA Volume of water calculated as available for
irrigation at fast irrigation {ML)
7 5:D Surplus : deficit of water at ltast irrigation (ML)
Ponded Area Forage Sorghum Hay Production
8 NO Total number of plantings on ponded area
9 AREA Total area of land sown (ha)
10 NO Number of crops harvested for hay
11 AREA Area harvested (ha)
12 HAY Total hay production (t)
13 $TON Cost of hay {§/t)
Forage Sorghum Production at the End of May
14 NO Number of crops sown
15 AREA Area of crops sown (ha)
16 KGHA Average dry matter yield of crops (kg/ha)
17 AGE Average age of crops {wks)
18 TYLD Total dry matter production (t)
Forage Sorghum Production at the End of July
19 NO Number of crops sown
20 AREA Area of crops sown (ha)
21 KGHA Average dry matter yield of crops (kg/ha)
22 AGE Average age of crops (wks)
23 TYLD Total dry matter production (t)
Forage Sorghum Production at the End of September
24 NO Number of c¢rops sown
25 AREA Area of crops sown {ha)
26 KGHA Average dry matter yield of crops (kg/ha)
27 AGE Average age of crops (wks)
28 TYLD Total dry matter production {t)

B



WPLY DAY LNU. . V0L WA .. 52D HD.AREA. HOLAREA. LHAY .S TON. N0 AREA. . KGHALABE. . 1. YLD . HO.AKREA. . KGHA.ABE. . T.TLD. HU

AREAL KBHA.ABE- .1 L YLL

1. 33, 20. 20. =328, 3. 1. 13. 18. 13. 1102, 8.0  14. 1. 13, 16,0 22, 1. 13, 179%. 26,0 21.
1053. 35, 295, 295, 260. 2. 19. 2. 19. 28, 0. 322, 4.0 3. 2.0 1y, 9. 11,00 170 20 19, 20350 17.8 0 38
Ig7. 5%5. 1. 300. 300. 2480. 3. 26. 26, 43, 1. 10. 268. 4.0 3. 3. 2. 10.9 24, 3. 26, 200%. 18.9 31.

76. 33. 23, 23, =27, 2. 1é. 16. 31, 2. t&. D06, 6.5 8. 2. 1b. 13.0 41, 2. 16, 3017, 23.0 48,
i84. 33. B5. 83, 36. 4. 27, 27. 40, 2. 8. S3i. 5.2 10. 4. 27, 12,3 34, 4. 27. 1970. 19.9 82,

739. 33. 24, 24, -24. 2. 13. 2. 15. 44. 2. 15 24. 2.0 0. 2. 14, 8.8 38. 2. 1u. 3587, 1B.F i

48. 33. 12, 12, -38. 2. W1 2. 11, 15, 2. 11, 3. 2.0 0. 2. 11. .0 12, 2. t1. 1823. 1B.9  20.

74, 53, 240 24, =21, 2. 15, 3. 20, 2. 150 3%8. 5.1 6. 2. 135. 2.7 24. 2. V9. 1844l 22.7 29,
298. §3. 272, 272, 230. 3. 26, 24, 34, 2. 18, 397. 5.7 7. 4. 28, 11.9  28. 3. 26, 1735, 19.3 A6,
3B2. 353. 326, 326. 290. 2. 1B, 18. 32, 1. 9. 253. 4.0 2. 2. 18, 11.3 25, 2. 18. 2310. 18.7 41.
312, 85, 165. 163. 121. 3. 235, 25, 4s. 2. 19. d6. 2.0 1. 3. 25, 7.1 29. 3. 230 2479. 17.1 0 61,
389, G4. J62. 342, 334. 2. 7. 17. 27, 0. 0. 0. 0.0 0. 2. 7. 6.0 b 2. 170 1962, 1350 13,

BB. 53. 328. 32B. 2%3. 4. 36, 36, 2. 3. 30. 88t. 7.0 26. 4. 13b. 14.8 53, 4, 34. 1910. 23.1  &8.
393, 85, 205. 205, 156, 4. 38, 8. 54. 2. 23, 41%. 5.9 10. 4. 3E. 12,3 39. 4. 38. 1823, 8.7 70.
3%0. 55. 305. 305. 285. 3. 25 259. 34. Z. 1B. 1&6. 4.0 3. 3, 25, 10,7 27. 3. 25. 1716. 1B.2 4B,
246. 335, 294, 291, 2WEL 0. ?. 0. 0. 0. o. 0. 0.0 0. 0. 0. 0.0 Q. 0. 0. 0. 0.0 0.
303. 3§45, 290. 290, 256. 2. 4. 16. 33, 1. 8. 1134. &6.0 100 2. 16, 12,2 3. 2, 16, 2802, 20.& 45,
381. 53. 1. 2BI. 283. 244. 4. 34. 4. 34. 62, 3. 270 1303, 10.9 55. 4. 34 16.0  40. 4. 34, 2338. 25.8  80.
386. SU. 1. 222, 2220 184, 5. 43. 5. 43.  bé. 3. 32. 1405, 10.8  439. 5. 43, 7.1 2. 5. 4%, 1907. 2402 ®2.

49. 55, 4. 14, -8, 20 1%L 20 1. 21, 2. 1. g7x. 7. 10. 2. 11, 14.8 26, 2. V1. 2471, 24,8 28.
1728. 35. 100. 100, S4. 4. 28, 4. 28. 42. 3. 23. 1196, 9.5 30. 4. 2B, 16.4 4. 4. 28, 19va. 4.9 &G,
Igy. 33, 2400 240, avd. J. 26, 3. 26, 4%, 2. 8. 782, 9.5 14, 3. 24, 12.6 5. 3. 26, 24240 20.8 0 3.
26%. 55, 127.127. 7%, 4. 33. 4. 33. 46, 3. 27, BI&. 8.2 23, 4. 3. 14.2 A4, 4. 33. 1853 22,8 0.
372, 5u. 326. 3Z6. 2900 2. 170 2. 17. 3. 0. 0. 0. 0.0 0. 2. 12, 6.0 9. 4. 17. 2087. 1209 3&.
Jgd. 33, 202, 202. 154, 3. 320 3. 2B, 3s. 2. 200 1482, .8 3. 3. 28. 0.6  2B. 3. 28. 1738, 18.8  1Y.
38%. 53, 288. 288. 23%. 4. 32. 4. 32, 30. 2. 18. 444, 5.7 8. 4. 132, 12,0 32, 4. 3201970, 1.9 &4

) 207. 43. 316. 316, 287. 3. 26, 3. 24, 39, 2. 18, 157, 4.0 3. 3. 26, 10.3 24, I, 26, 1991, 12.3 9.
38%. 35, 221, 221, 176. 5. 3B. 38, G, d. 25. 6%2. 7.0 18. 4. 38, 13,3 43. 5. 3¥. 1714, 0.2 4&i.
19Y9. 35, 1. 66, &&. 7. 4, 32. 4. 32. B2, 3, 31, 2658. 11.8 B3, 4. 32, 19.4 93, 4. 32, 3020, 1. WL
RUN FLANNED IRRIGS 1 TINING 55, -1, ~i. §n RER 264.0 27.0

0 XIaNIadv
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APPENDIX C  Table C5

experiment 1,

228.

End of year simulation output from SSISMO for simulation

111, Costs and profits of grain production on Irrigation-area (output disk file

QDAT2,DAT( (Data is shown on next page).

- —————

Co lumn Output Variable
Number Mnemoni ¢
1 ¥R Year
2 Apleo Area of land ploughed (ha)
3 Alpa Area of land planted (ha}
4 Airr Area of land irrigated (ha)
5 Hrs Hours of labour (hours)
6 Prod Total Grain production {(t)
7 WUE Water Use Efficiency (t/ML of water harvested)
8 Cos}$ Total Cost of production (§)
9 Incs Total Income (%)
10 C $t Cost of grain ($/t)
1 P st Profit on grain (§/t)
12 P1$ Total profit from Irrigated Area (§)
Semitivity of Total Profits ($) from lrrigated
Area to Changes In Costs and Prices
Fixed Operating Price of Grain
Costs* Costs* ($/t)
13 P23 «75 o 75 60
14 P3$ 1.25 1.25 60
15 P43 1.25 + 75 60
16 P5% 1.25 1.25 60
17 P6$ «75 +75 100
18 P7% o 75 1.25 100
19 P83 1.25 .75 100
20 P94 1.25 1.25 100

* Total Fixed and operating costs multiplied by factor shown.



229.

APPENDIX ¢ Table C5 (continued)

LAFLY. JAPLA. JAFRK, CHRS. .. YLB. . WDE. . LDISS. . IHES, 09T, FEI. it - ] 1*3% |41 i F&§ 7% a1 (8%
19 40. 0. 9, &7. 6.7 0.00 1311, 0. 0. 0. -3115. -2435, -d843. -35¥b. -JW93, -2334. -264d. -3oHb. -1B%L.
20 40. 0, 0. &7. 0. 90.00 3115, 0. 0. 0. -3115. -2335. -2443. -19BE, -1B93. -233a. -2443, -3uE6. -BE73.
2140, 0, 0. &2, 0. 0.00 3115. 0. 9. 0. -3115. -2388. -2843, -35BE. -3Y3. -2334. -2443. -3584. 694,
23 40, 40.  17. 120, 45, 0.54 53&6. J574. 120, -40, -1792, -1344, 2777, <594, -027.  AAE. -920. -BOS. -E240.
23 40. 0. 0. &7, 0. 0.00 S, 0. 0. 0. -3115, -2334. -2843. -39B. -3BYI. -vIA. -2843, -33B6. -JE¥I.
74 1p.  40.  40. 195. 160, 0.37 5793, 12635, 3&. 44, 7044, 5202, 3635, 4032, 2384, 11700, 10054. VOADL.  gBpA.
25 40, 0. 0. &2, 0. 0.00 3115, 0. 0. 0, -311%. -2334. -2644. -33B6. -3V, -2336, -244d. -3ERS. -399L.
26 40, 0. 0. &2, 0. 0.00 3115, 0. 0. 0, -3115. -2336. -264d. -3585. -3u¥I, -2334, ~2644. -3iBE. 0P
27 40. 40,  40. 195. 132, 0,28 5722. 10563. 43. 37. 4845, 3431, 2019, 23BN, Z49. HFIZ. F30N. TaE2, 8081,
28 0. 9, 0. 47, 0. 0.00 3115. 6. 0. 0. -31i5. -23346. -2843. -35B6. -SBYI, -2334. -2643. -3586, -JERIL.
9 40, 0. v, 47, 0. 0.00 315, 0, 0. 0. -3115. ~2336. -2644. -3506. -JHPI, -2I3A. -2643. -3ads. -IBPA,
30 40, 0. 0. 7. 0. 0.00 3115, 0, 9. 0. -3115. -2534. -2644. -3IF0s. -39, -2334. -2643. -IGE6. -3EVI.
31 40, 0. 0. &4, 0. 0.00 3INS, 0. 0. 0. -3115. -233&. -2443. -35BS. 3893, 2335, -2443. -S506. -IO93.
32 40, 0. 0. &7, 0. 0.00 3115, ., 0. 0. 0, -3115. -2336. -2843, -4584, -36¥3, -2336. -2643. -35HE. -3BPI.
33 40. 40, 19. 172.  S1. 0,32 5399, 4107. 105. -25. -12BB. -9&b. -2414. -72h6, ~J&44,. 1087, -38 . -1@d. -1,
33 40. 40, 40. 195. 118, 0.5t S687. 9426. 46. 32, 3740, 2805, 1211, 585, -3¥. 7518, G¥24.  ABEE. &M,
5 40, 0. 0. &7, 0. 0.00 3115. 0. 0. 0. -31t5. -2334. -2843, -3586. -3BPI. -23s6. -264d. -IORS. -3EVI.
36 40. 40, 20, 174, 4%, 0.50 S44B. 5557, 78. 2. {f0. 82, -1392. ~1168. -2642. 2881, 1387, 18i). 130,
740, 40, 9., 143, 45. 0.8 S5325. 3401, 118, -38. -1/24, -1293, -270%, -25%3, -3¥55.  G0B. 904, -742. -215%,
38 40. 40, 20, 174, 59. 0.5% S424. 4712, ¥2. -12, 743, -3, -1997, -~17E4. -3247. W21, 159, L1, -8
37 40, 0. 0. &7, 0, 0,00 3115, 0. 0. 0, -3115. -2336. -2643, -3u86, -3BYI. -2354. -2843. -35HE. -I6VL,
§0  40. 40,  40. 195, 129, 0.15 5714. 10296. 44. 3. 4562, 3434, 1829, 2Zigs., 5/9. BIBd. &9M7. 1SR4 NGAR/.
§1 40, 40. 40, 195, 146, 0.32 57538, 11706. 39, 41, I94B. 4461, 2832, 34Ny, 15HE. 10314, ddd4. VOR4. A3
2 4. 0. 0. &7, 0. 0.G0 3115 0. 0. 0, -3115. -2336, -2543, -3385. -3IBYI. -2334. -Th45. -gha4. -1WR3,
13 40, 0, 0. 47, 0. 0.00 3115, 0. 0. 0. -3115, ~2334, ~2643, -33B&. -3893. -2334. -2643. -Inks, SV
440, 0. 0. 7. 0. 0.00 35, 0. 0. 0, -3115. -2534, -28643. -3508. -30VI. -2336. -2643. -d3HE. -ERS,
45 40,  40.  40. 195. 134. 0,37 S5727. 108%7. 43, 37, 4970, 3728, 2114, 232d,  He5. 9076, 7463, JEMS. ML
s 40, 0. 0. &7, 0. 0.00 3y 0. 0, 0, -3ti5. -2336. -2443, -3506. -3BYI. -23%6, ~U&43, -3OHG. -JEYI.
740, 0. 0. &7, 0. 0.00 3115, 0, 0. 0. -3115. -2336, -28643. -3I20s, -ABYI. -2836. -2643. -3dME. 309,
1§ 40, 0 0. &7, 0. 0.00 I35 0. 0. 0. -3115. -2336. -u2643, -$584, -3BYI, -2IRL. -2843. —SuBL. -HEY3.
1940, 0. 0. &7, 9. 0.00 3115, 0. 0. 0. -3115. -2336. -2443, -3I504, W93, 2336, -2643. -55HE. -IWRS.
S0 40, 40, 40, 19%. &, 0,45 S795. 12902. 6. 44, 7104, S330. 3&H2. 4080, 2432, 11781, 10148, 10911, BHRd,
S1 40. 40, 40, 195. 121, 0.32 5494, 94, 47, 33, 3IPEZ. 29Ph. 1478, 1723, 128, TH0G. 6208, 4LG.  ATLE.
52 49, 0. 0. 47, 0. 0.00 3113 0. 0. 0, -3115, -2336. -2643, -Iags, -3BY1, -2336, -2643. -35H4. -IBFI.
§3 0. 40, 40. 195, 11B, 0,27 5&BB. V472, 4B. 32, 1I7B9. 2842. 1247. 13¥2, ~3, 7580, S9HL. 6330, A7Sh.
54 40. 40. 40. 195, 133. 0,37 5725, 10846. 43. 37. 4921, J&%i. 2078, 244, 2D, FOl4. 7403, 7764, 4151
§5  40. 40, 40, 195, 145. 0,23 5754, 11564, 40, 40, 5B10. 4358, 273t. 3i08, 1481, 10140, BI1I. HUY0. 72ed4,
56 40. 40, 40, 195. 133. 0.35 $275. 12259, 3B. 42, 4484, 4B&3., 3225, 314, 1925, 10973, 9305, PO4S. BIOS.
$7 40, 40, 40. 19%. 138. 0.33 5738. 1105%. 42. 38, 5320, 3PPL, 2372, 174N, 112, P20. 701, BIJO.  A4HI.
58 40, ¢. 0. &7 0. 0.00 2115. 0. 0. 0. -3115. -2336, -2644. -3586. -3B9I. -2348. -2843, -USul. 3893,
5 a0, 0. 0. 47. 0. 0.00 3115, 0., 0. 0. -3115. -2334. -2643, -35B4. -3HYI. -2334. -2643. -Iubs, -SEPL.
0 40, 0. 0. 47, 0. 0.00 35, 0. 0. 0. -3115, ~2336. -2643. -35B. -3893, -2348, -2643. -35EE. -ORL,
&Y 40, 40, 40, 195, 104, 0.24 5857, BA7?. b3, 27, 2822, 2114, L. BEE. /12, AdbA. A/F7. DIBE. Shi).
£ 40, 0. 0. 7. 0. 0.00 3115, 0. 0. 0. -3115. -2336. -¥h4d. -1DBA. -3HPS. -2336. -2644. -IuBA. VI,
§3 40, 0. 0. &7, 0. 0.00 N, 0. 0. 0. -3115, -23346. -2643, -3585. -3BY3. -2334. ~2643, -3HE. -IUVI.
84 40.  40. 13, 4§47, 37, 0,54 5328, 2961. b4d4. -84. -2367. <1779, -3I8Y. -3025, ~4439. -294. -1209. -1BAAL -RVRUL
55 40, 0. 0. &7, 9, 0,00 3113, 0. 0. 0. -3115, -23%4. -2843, -3306, -3B93. -2334. -2843. -3uEs. AV
86 40, 40. 40, 195, 111, 0,48 5689, ®ESI. &1, 29, JiB2. 4307, 802, 1132, -448. 6BII. u226.  GRAY. 4978,
67 40, 0. 0. &2, 0. 0.00 3N5. o. 0. D. -3115, -2336, -2593. -3586. -3893. -2334. -2643. ~Inyh. -3EYL.
64 40, 40, 40. 1¥S. 118, 0.26 SAB/. Y4¥N. 4B. $2. 373B. 2804, 1290, 554, -40. PSS, 5923, 4248, 4R
87 40, 0, 0. &7. 9. 0.00 3nN4. 0. 0. 0. -3115, -2534, -2843. -3584. -38¢3. -2334. -2643. -39Bs. -16Y4.
70 40, 0. 40. 195, B9, 0.27 5&18. 71200 3. 17, 150h. 112¥, -429. -1Z1. -1479. 4484. 3131, ddIB. 1661,
7t 40, . 0. 40. 195. 163, 0.38 5799. 13018 36, 44. 219, 541>, 3785, 4185, 23153. §1929. 10274, 10871, tu4,
7240, a0, 40. 195. 104, 0.28 5883, 9IS, 49, I, 38dy, 27230 1132, w4, -118. 2381, §78Y. BRS1. AG3Y.
73 40, o, 0. &7. o. 0,00 315, 0. 0. 0, -3115. -2334, -2843. -1584. -3¥93, -23T4, -2643, -Iu6S. -JEVI.
74 40. 4D, 40. 195. 121. 0.44 S6YVA, wehY, 47, 33, 39s5. 2923, 1d/6. 1221, 124, 7403, 4206, 4%bE. AY5S.
75 40, 40.  40. E¥S. ¥53. 0,32 5774, 12213, 8. 42, 4439, 4BI0. A1v3, 356U, 1943, 10936, 9299, §adh.  UEY.
76 40, 40.  30. 195, 1t5. 0.2& 5479, VIA¥. 50, 30. 34%0. 2&18. 1028, 1389, -222. 7202, 5413, BRGE.  A44L.
77 40, 49, 40, t9S. 137, 0.55 5735, 10949. 42, 3B, 9234, 3928, 2308. 2626, 105B. 9410. 2793, His0, il
78 40, 0. 0. &7, 9, 0.00 3115, 0. 0. G. -3115. -~¥33b. -2433. -35MA. -5BY3. -2354. -2643. -IbE&. -u8YI.
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