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by |
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Agricultural Engineering

(ABSTRACT)

A procedure was developed to estimate optimum .irrigation requirements for lowland rice
cultivation in Southeast Asia. The procedure uses a water balance equation of semi-
stochastic nature to maintain minimum desired water depths in paddy fields at the end of each
irrigation period. The procedure estimates weekly pan evaporation (EV) and rainfall (RF) at
different probability levels, which is then used to determine weekly irrigation requirements at
different probability levels. |

To illustrate the use of the method, the Kalawewa irrigation scheme in Sri Lanka was
selected for -demonstration purposes.‘ Different transformations were applied to RF and EV
data in an attempt to normalize these variates and to obtain a unique distribution to desc}ibe
their variations. Statistical analysis of weekly EV and RF showed that the power transforma-
tion was best able to transform the weekly RF and EV data to normality.

Comparison of the use of the model and current system practices showed that a signif-
icant amount of water could be saved even when the system was operated at high probability
levels (30% reliability). The irrigation water required when the system was operated at the
72% probability level was about 21% less than the amount required when the system was
operated at 90% probability level during some weeks.

The EXTRAN flow routing model was used to simulate water flow in the upper reaches
of the main canal system for varying discharges at the head gate each day. The simulated
water dépths were used to determine the gate settings required at the turnout structures to
divert the desired amount of irrigation water into the turnout areas.

The flow simulation for the demonstration area, showed that it was not possible to regu-

late irrigation water from the main reservoir to meet daily demands at all the turnouts. This



was due to the large distances between the regulating reservoir and turnouts that caused

appreciable time lag for the flow to reach the turnouts farthest from the regulating reservoir.
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chapter 1

Introduction

Rice is the principal staple food for more than 40 percent of the world’s population. It is
the staple food for more than 90 percent of the populaiion of Bangaladesh, Bufma, Vietnam,
Kampuchea and Sri Lanka and for more than 60 percent of the population in many other Far
‘E’ast and Southeast Asian countries (De Datta, 1981). In the Far East and Southeast Asia, rice
production has been a major undertaking throughout most of recorded history.

In many countries in this region where rice is the staple food, its production has not in-
creased as fast as the growth of the population. In most of these countries, increased food
production will depend mostly on an increase in the yield per hectare and the number of crops
produced per year (Zandstra, 1980). Therefore, research methods that increase annual output

per unit area should continue.
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1.1 Lowland Rice, Characteristics and Production

“ Unlike most other agricultural crops, the rice plant has the ability to thrive under moder-
ately flooded conditions without suppressing its growth or grain production. This unique
property of the rice plant has allowed its production uhder climatic and soil conditions that
are unsuitable for other crops.

The rice plant is similar to grass with rather flat leaves and panicles at the end of
branches. The rice plant is characterized by a fibrous shallow rooting system and therefore,
relies on the uppermost portion of the soil profile for moisture. This is the area most sus-
ceptible to water loss from evaporation, so the soil surface must be saturated for the rice crop
to survive (Moorman and van Beeman, 1978).

The ability of the rice plant to grow under inundated conditions permits level basin irri-
gation to be practiced. Level basin irrigation consists of smoothing the land and surrounding
various sized fields with low dikes. This method has many advantages. Since paddy fields
are surrounded with dikes, flooding can be achieved by applying the desired amount of water
and there is little or no runoff. Where the terrain is sloping it is necessary to construct ter-
races and levees around each field. These practices greatly decrease the erosion hazard on
sloping land and permit the flooding required for rice production.

Flooding the rice fields improves growth and produces higher grain yields than when rice
is grown under non-flooded conditions. Flooding affects the physical character of the rice
plant and the extent of weed growth. The height of the plant is directly related to the depth
of water in the field while tiller number appears to be inversely related to water depth.

Water depth in the field also has a significant impact on the amount and type of weeds.
When established, weeds compete with the crop for nutrients and space. Flooding during the
early stages of crop growth has been found to be very effective for weed control. Later
flooding is much less effective because as weeds become established they are much more

difficult to control.
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In many cases, the only water loss is evapotranspiration. Seepage and percolation
losses are normally émall for the types of soils used for rice cultivation. Labor requirements
are relatively low and rainfall can be used efficiently, if managed properly, since there is little
opportunity for runoff from fields.enclosed by dikes.

In general, rice fields are located in alluvial areas where silt, clay and other adsorbed
phases are deposited from the uplands. Soils most suitable for rice production generally have
lighter textured surface layers which are underlain by dense, very slowly permeable clay.
Soils with good drainage and permeability are normally considered poor for rice because they
require excessive irrigation water due to high percolation losses.

Since rice is considered to be moderately salt tolerant, soil salinity has not been an im-
portant factor for rice production. Saline soils which are detrimental to other crops have been

found to be suitable for rice production.

1.2 Effects of Climate on Rice Production

Rice is classified as a tropical crop because warm temperatures are critical for its pro-
duction. Temperature greatly influences its growth pattern and length of the growing season
for the rice plant. In general, low temperatures prolong.the growth period of the crop and
excessively low temperatures may damage the crop. The optimum temperature for the crop
depends on the location. Southeast Asia is located in the tropics near the equator where the
temperature varies little throughout the year. This is favorable for year round rice cultivation
but since relatively lower temperatures are desirable during the ripening stage to extend the
ripening period to allow more time for grain filling, optimum yields are not obtained in this
region. This is one reason why grain yields are higher in temperate regions (eg. Japan and

Spain) than in tropical regions.
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The intensity of solar radiation affects rice cultivation and subsequent grain yield, with
high solar radiation resulting in increased grain yields. Solar radiation is influenced by

cloudiness and is therefore, lower in the rainy season than in the dry season. In general, rice

- . yields are higher for the dry season crop than for the wet season crop if water supply is not

limiting (Wickham and Sen 1978). Since all other climatic factors are essentially the same
during both seasons, the difference in yields must be due to the higher intensity of solar ra-
diation during the dry season. This is unfortunate with respect to rice cultivation in Southeast
Asia because water supply is most favorable during the wet season when solar radiation is
‘least favorable and yields therefore, do not achieve their true potentials.

The climate of Southeast Asia is tropical monsoon and characterized by monsoon rains.
Changes in the monsoons cause distinct wet and dry seasons. Some Southeast Asian coun-
tries, notably, India, Bﬁrma and Sri Lanka, have tropical wet-dry climates which are charac-
terized by a dry season with moderate rainfall and a wet season with heavy rainfall. Rainfall
patterns in these regions are such that rain falls intensely for about half the year and the rest
of the year is relatively dry. |

In many rice growing areas, the year is divided into distinct wet and dry seasons. Most
of the rice produced in these regions is grown in the wet seasons. In certain areas, depending
on the availability of water, two rice crops per year are possible. In such areas, the wet sea-
son crop is heavily dependent on rainfall and reqﬁires only limited supplemental irrigation
while the dry season crop is totally dependent on irrigation because it receives very little
rainfall.

Many rice growing countries in Southeast Asia receive about 2,000 mm of rainfall annu-
ally. This would be adequate for two rice crops if the rainfall were more equally distributed
between the monsoon seasons. Unfortunately, most rainfall is concentrated during the wet
season. Variability in rainfall even within the wet season is such that rainfall is often inade-
quate or excessive during the growing season and irrigation is indispensable for a successful
crop. For continuous rice production, rainfall is the single most important factor limiting pro-

duction (Wickham and Valera, 1978).
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1.3 Irrigation Demands

" Irrigation is the water supplied to the crop to supplement rainfall. Irrigation plays an
important role in rice production in Southeast Asia where temperatures are favorable for crop
production throughout the year. Development of irrigation systems have dramatically in-
creased cropping intensity where rainfall was seasonal or otherwise inadequate. Insufficient
irrigation water however, is known to limit the area in which rice can be cultivated. The
problem of insufficient irrigation water can be alleviated by using the available water more
efficiently and maximizing the use of rainfall.

Studies of water requirement for rice with supplementary irrigation indicate water use
efficiencies as low as 30% in areas that are well supplfed with water (Kampen, 1970).
Wickham and Valera (1978) reported that surface drainage often exceeded 50% of total water
supply, for rice fields during the wet season in the Philippines. He also observed that reducing
surface drainage losses offers the greatést opportunity for increasing water use efficiency.

The low water use efficiencies of present systems emphasize the tremendous potential
to improve water managefnent. Since irrigation accounts for 50 percent of the world’s rice
production (De Datta, 1981), expanded research is critically needed in this area.

Water allocation in an irrigation system is a complex problem; at each stage of crop
growth one must deterrhine whether or not to irrigate and how much water is required at each
growth stage to meet the optimum growth requirement. The problem is further complicated
by the randomness and non-stationarity of rainfall, and the variability of crop
evapotranspiration (ET). Irrigation requirement estimates have often been based on average
ET values recorded for an area and often disregard rainfall. Data on climatic variables such
as rainfall and ET in a season are not typically used for estimating the irrigation requirement
of rice in the humid tropics.

Effective rainfall, which is total rainfall minus rainfall that cannot be stored or used in rice

production, is useful for determining plant water use requirements (Wickham and Valera,
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1978). Effective use of rainfall is necessary to conserve supplemental irrigation water. Effec-

tive use of rainfall necessitates management decisions to capture and store as much rainfall
as possible within the field. This can be done by reducing appropriately the supplemental ir-
rigation, to provide more storage capacity within the fields for rainfall.

Because of the uncertainty in the amount and distribution of rainfall, farmers try to store
as much water as possible in the fields whenever possible with dikes. Supplemental irrigation
is used to "top off” the fields so that there is little additional available storage capacity to
capture natural raihfall. This nullifies the effective use of rainwater since once the available
storage capacity is filled, subsequent rainfall is lost through drainage.

If the irrigation requirement can be estimated by accounting for the rainfall that can be
expected to occur in the future, significant amount of water can be saved by making maximum
use of expected rainfall. An estimate of the amount of irrigation required during the growing
season is therefore, an important factor in planning supplemental irrigation. Because of the
variable nature of rainfall and evapotranspiration, irrigation'requirements estimated this way,
must be interpreted in a probabilistic sense. Based on assumed probability distributions, it
is possible to make probability statements concerning irrigation requirements for optimum

use of rainfall.

1.4 Irrigation Conveyance Systems

In the recent past, in Southeast Asia, the growth of irrigation has been very rapid, how-
ever, little attention has been devoted to long-term issues such as system management and
efficient utilization of existing water resources. The need for improvement’in irrigation system
management is apparent in studies from the Philippines showing on farm water use efficien-
cies of only 38 percent in the wet season and 68 percent in the dry season (Levine and

Wickham, 1977).
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Irrigation conveyance systems are an integral part of the total irrigation system. South-
east Asian irrigation systems are predominantly gravity irrigation systems in which water
flows freely from the main and branch canals to distributary channels and into field channels.
Irrigation water supply is rather excessive, and water control is relatively weak. When excess
water is released into the canals and fields, there is no alternative but for it to be lost to
drainage. Flooded rice fields can hold only a limited amount of water beyond which all excess
will drain from the fields. Therefore, more stringent management of conveyance systems is
necessary for optimum water use efﬁc‘iencies. As irrigation needs vary, the conveyance sys-

tem must be able to respond to changing demands.

1.5 Research objectives

This study focuses on management issues such as the t|m|ng and the amount of ;;fgr
that must be supplied to satisfy changing crop demands, to be estimated from probabilities
of irrigation requirements. Timing and amount of water supply is to be done via hydraulic flow
routing in the conveyance system with computer modeling techniques. Water flow in the canal
is simulated for the estimated volume of water needed for the recommended cropping
schedule during the growing season.

The Qoal of this research is to develop a water management system to improve water use

efficiencies in irrigated lowland rice production in Southeast Asia. In order to achieve the

above goal, the following specific objectives were pursued:

1. Develop an irrigation scheduling method for lowland rice in Southeast Asia

which makes maximum use of rainfall
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Present an irrigation canal conveyance model for canal system design and

management.

: Illustrate the usefulness of the lrngatton schedullng method and conveyance

model for lrr|gat|on management on an |rngat|on system in Sn Lanka.




chapter 2

Literature Review

The literature review is divided into five sections. The first section is devoted to the cul-

tural practices and the water requirements of the rice crop. Section two deals with water

balance models used for rice research highlighting the ways in which the components of the
water balance models are handled in different cases. The third section deals with methods
for determining evapotranspiration. Widely accepted methods of estimating
evapotranspiration and a few other methods that have been proposed for upland crops are
summarized. Section fqur covers stochastic methods used by reséarchers to determine irri-
gation requirements for different crops around the world. The last section presents a brief

discussion of the use of canal models in irrigation system design and management.
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2.1 Cultural Practices and Water Requirement of Rice

24141 Cultural Practices

2.1.1.1 Land Preparation

Successful rice cultivation requires that residual organic matter be converted into humus
by incorporation into the soil. In Southeast Asian countries, this incorporation of organié
matter is traditionally accomplished by plowing the field mechanically, manually or using an-
imal power. To facilitate plowing, the land is initially soaked until the plow layer is saturated.
Since plowing is done between the harvest of one crop and planting of the next, Iarge quan-
tities of water are required to maintain the fields in a moist tillable condition.

Through plowing, a deep tillage process organic residue from previous crops are incor-
porated into the soil and soil aggregates Aare broken down into a homogeneous material.
Puddling, a shallow tillage process, follows plowing and is used to level the field and to reduce
soil permeability. This initial decrease in permeability, may be appreciable and continue for
-a long period of time.

lhportant benefits which are associated with puddling include, lower percolation losses
due to reduced permeability, improved smoothing of the land surface for transplanting, and
eradication of weeds. Transplanting is initiated as soon as land preparation is complete.

Land preparation, as practiced in much of Southeast Asia, is a labor intensive operation.
The time and duration of land preparation is a critical factor for the growth and yield of rice
because early planting dates increase the chances of aVoiding late-season drought (De Datta,
1981).

The total amount of water needed for land preparation depends on the soil type, its water

holding capacity and the type of land preparation. It is estimated that land preparation uses
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one third of the total water required for a rice crop (Valera and Wickham, 1878). During land
preparation, water is lost due to evaporation from the wetted fields, seepage and percolation
beyond the root zone.

"~ As indicated, the water requirement is heavily depéndenf on the duration of land prepa-
ration. The duration of land preparation, varies between 3-8 weeks, depending on the supply
of water and available labor. Normally 400-800 mm of water is required for the whole opera-
tion. But in many cases, savings of up to 150 mm of water lost by evaporation could be

achieved by reducing land preparation time to 5 weeks.

2.1.1.2 Crop Establishment

Crop establishment for lowland rice is accomplished either by transplanting seedlings
raised in seedbeds, or by broadcasting pre germinated seeds directly into the puddied fields.
Both methods are commonly used in Southeast Asia. |

Transplanting is preferred in some areas because it provides better root anchorage and
éstablishment with the soil. For rainfed culture, the onset of monsoon is the primary _factor
determining the date of sowing. In the case of irrigated rice, sowing can be done at any time
of the year. In Sri Lanka, sowing starts in mid September during the v‘Vet season (Maha sea-
son) and mid April during the dry season (Yala season), but the advent of rains and amount
of rainfall determine actual sowing dates.

For transplantedrrice, seedlings are established in seed beds by broadéasting. The soil
in the seed bed is brought to saturation for germination by flooding the field to shallow depths
and then draining off the excess water. The seedlings are then transplanted to production
fields 30-40 days later. One hundred and fifty to 200 mm of water are usually required during

the nursery stage.
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21.2 Water Requirements of Rice

- 2.1.2.1 - Rice Growth Stages

For water management purposes, the development of the rice plant can be divided into

~ three main phases (De Datta, 1981):

1. the vegetative phase, which runs from germination to panicle initiation,

2. the reproductive stage, which runs from panicle initiation to flowering, and
3. a ripeding phase, which runs from flowering to maturity.

For the rice varieties commonly grown in the tropics, the first leaf comes out of the seed
three days after sowing. Roots develop during the time between the first emergence of the leaf
and appearance of the first tiller (De Datta, 1981). Leaves continue to develop at a rate of one
every three or four days during the early stages.

The reproductive growth stage begins with primitive panicle development when maxi-
mum tiller production is complete. Paniclé initiation begins approximately 40 days after
seeding pre germinated seeds for short duration rice varieties (105 days from seed to matu-
rity) (De Datta, 1981). In long duration varieties (135-160 days), panicle initiation begins only
after the stems elongate considerably. Panicles continue to develop and flowering occurs 25
days after panicle initiation.

The ripeningb phase begins with the development of grains after pollination of the florets.
Grain development undergoes characteristic changes before full maturity. In general, the
ripening stage takes 25-35 days in the tropics, regardliess of the yariety (De Datta, 1981). In

temperate regions, owing to lower temperatures, the ripening stage is prolonged, allowing
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more time for grain filling and higher grain yields than in the tropics. Figure 2.1 shows the rice

growth stages and the height of the plant at different stages.

2.1.2.2 Water Use

Lowland rice culturé adapted to tropical monsoon climatic conditions is grown under
flooded conditions during the major part of the crop’s development period. Rice grown in this
way produce higher yields than those of any other type of rice cultivation. New varieties and
the use of fertilizer have increased yields, but adequate water management is essential to
achieve potential vileds. The salient feature of lowland rice is the maintenance of a layer of
water on the field throughout the growing period of the crop. It would seem logical therefore,
to assume that there is some optimum depth of water. This depth could be different for dif-
ferent varieties and different stage of the crop. .

Experiments in.the Philippines indicate that continuous flooding is not essential for high
grain yields and that improved rice varieties can tolerate up to 15 cm of water. The presence
of a water layer, however, is found to have the advantages of weed control, higher efficiency
of fertilizer use and better insect and pest control. Also, eXperiments conducted in tanké with
flooding depths of 1.0, 2.5, 7.5 and 15 cm did not show significant difference in yields from rice
variety IR 8, although more water wasv requilied with increasing depths due to higher
percolation (De Datta et al., 1973). )

In the subsequent wet season of 1968, under natural paddy conditions, IR 8 yielded 6.0
tons/ha and 5.6 tons/ha when continually flooded with 15 and 2.5 cm of water (De Datta et
al., 1973). Studies on the influence of water depth, carried out by Matsushima (1962) in
Malaya, gave ralative average yields of 79%, 100%, 96% and 89% for stagnant water depths
of 0, 6, 13 and 26 cm, respectively. With water depths of 0, 1, 3 and 6 cm he found, average
relative yields of 59%, 88%, 100% and 93% respectively, indicating that a depth of 3 cm was

optimal. In still another experiment, Lenka et al. (1971) found in India that IR 8 yielded 2.54,
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| 2.93 and 2.66 tons/ha with a continuously;moist soil, continuous shallow (4 - 5 cm) and deep
continuous (8 - 10 cm)‘submergence, respectively. A study conducted at the International Rice

Research Institute (IRRI, 1973) showed that IR 8 yield decreased considerably when the water

“level was gradually raised from 5 to 30 cm, starting 20 days after transplanting (3 cm/day), and
then maintained for the rest of the season. Compared with a constant depth of 5 cm this yield

‘decline amounted to 35%. If the water level was brought to 92 cm, the crop failed completely.
Summarizing these results it can be concluded that the optimum water level ranges from

6 - 10 cm, and the permis‘sible level, i.e. with acceptable yield reduction, from 2.5 to 15 cm.

2.1.2.3 Water Stress

Having established from yield experiments that the depth of the water should be 2.5 to
15 cm, the question arises as to whether it is necessary to maintain this level throughout the
entire growing season of the rice crop. In other words, does a lower or higher water level
during a particular growth stage significantly affect yield.

Various authors believe that there are critical crop growth stages, during which yield is
reduced. by water stress than during other periods. According to Salter & Goode (1376),
cereals show a marked sensitivity to water stress during the formation of the reproductive
organs and during flowering, which agrees fairly well with- Matsushima (1962), who reported
that rice is most sensitive to water stress during the reduction division stage, (from approxi-
mately 20 days before to 5 days after heading). Krug (1971), describing flooded rice culture
in Monsoon Asia, reported that drought during rooting and during panicle primordia develop-
ment up to flowering would result in serious yield reduction. He adds however, that a certain
amount of drainage during the later tillering generally is advantageous, because it promotes
tillering and enhances downward rooting. Drainage should follow the ripening stage to pro-
mote regular ripening. Further evidence thaf crop stages differ in drought sensitivity is pre-

sented by Yamada (1965) who reported yield decreases of about 30% when drought occurred
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from roo_ting through tillering or from yoijng panicle formation through the booting stages; ie.
at the beginning of both the vegetative and reproductive periods.

Although the above results supported the influence of water siress on different crop
stages, *th_'e‘re':arre other experiments which indicate that crop stages may not be very important
in relation to water stress. In India, Chaudhry and Pandey (1969) found no significant differ-
ences in IR 8 grain yield between nine water management treatments, which varied from
continuous submergence to irrigation only when the soil had completely cracked. One of the
treatments consisted of 2 - 5 cm standing water till maximum tillering, followed by drainage
and then 5 - 8 cm water until the dough stage of the crop. Drainage at maximum tillering did
not increase yields. De Datta et al. (1973) also could not establish any beneficial effect on
yield of drainage at maximum tillering.

The results of past studies indicate a general yield reduction if stress occurred, the size
of the reduction being moreb related to the intensity and the duration of the moisture stress
than to the stages of plant growth at which stress occurred. There is no widely accepted
permissible duration and intensity of soil moisture stress during any stage of the rice crop.
This would suggest that under favorable water supply conditions, it would be wise to avoid
water stress until more is known concerning the effects of moisture stress on rice yields.

In the past, relatively little attention has been paid to crop damage resulting from exces-
sive water levels during rice growth. The most extreme form of high water level is a complete
submergence of the crop. Obviously this will occur at lower water levels during early crop

stages when the plant is small.
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2.2 Water Balance Models for Lowland Rice

The F‘AbiﬂATER simulation model, developed by Bolton and Zandstra (1981) predicts the

yields oﬁi{ig/fgﬂ rice under drought conditions in lloilo Province, Philippines. For a rice crop

in standing water, the water balance model used was;

W, = W,_4 + RF,—ET,— 8, — P, + IF, — OF, [2.1]
where: - W = water depth
RF = rainfall
ET = evapotranspiration
S = lateral seepage through dikes
I5 = percolation
IF- = inflow from higher fields over the spillway

OF = outflow or surface drainage from the paddy over the spillway, and

i = the time interval between measurements

The unsaturated water balance for paddy without standing water used wasﬁ
SM;, = SM;_; + RF; — ET; + CP, [2.2]

where:k SM = soil moisture in the root zone
CP = capillary rise from a shallow water table into the root zone
When there was no standing water, percolation was assumed to be zero. Moisture ex-
traction was assumed to occur only within the top 30 cm of the soil profile. The 30 cfn root
zone was adopted based on the observation (in their field trials) that 90% of the root were
within the top 20 cm. When there was standing water, a pan factor of 0.93 was used to obtain

potential ET. When no standing water was present, ET was assumed to be a function of the
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moisture content of the root zone. Net seepage an‘d percolation rates of 0.5 and 0.8 mm/d
wére assumed for fields located in the plains and plateaus, respectively.

Inflow from higher fields to the reference field during rainfall was considered negligible

- because before inflow occurred, the reference field was already full to spillway height. How-
ever, they observed that with heavy rainfall (greater than 10 mm) there was inflow from the
higher fields that continued for up to 2 days after the rainfall ceased.

Ground water contribution (capillary rise) was observed to represent up to a third of the
input to the unsaturated water balance in some years. In the simulation, ground water depth
was increased during rainless days and reduced on rainy days by a height proportional to the
amount of rainfall received. No attempt was made to relate deep percolation rate to ground

water recharge in the equations for the water balance.

Zandstra et al. (1982) analyzed the effects o f different seepage and percolation rates and

spillway heights on the critical growing season events. The components of the PADIWATER
model were modiﬁe_d for factors such as seepage and percolation losses and the subsoil water

contribution as;
W, = W,_, + RF, — ET, — SP, — OF, + GW, [2.3]

where: GW, = groundwater contribution to the top 30 cm of the soil on day i, and
W, =is the soil water in or standing on the top 300 mm of the soil on day i.
Evaporation of soil water is calculated from the water content (WL) of the top 50 mm of

the soil layer and pan evaporation as follows;

ET, = EP for WL; > WL [2.4a]
ET, = EPWLZ/WLY)  for WL, < WL [2.4b]
where: W, = water content of the top 50 mm of soil at time i,
WL, = saturated water content of the top 50 mm of the soil, and

EP = average value for class A evaporation for that month.
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Small rainfall contributions to the water balance can be modified to reflect evaporation
losses. When the rainfall is less than 15 mm for soil with WL less than 10 mm, rainfall evap-

oration loss (E,) is related‘ to EP and RF,; as follows:

E, = 0167 EP RF, | [25]

Seepage and percblation were combined to form an index term, SP, Which was related
to an existing hydrologic classification of rainfed wetland rice field soils (Table 2.1). According
to the classification, SP indexes vary from 0 to 6 mm/d. The SP value for a typical wetland
field will be in the range of 1 - 3 mm/d, and for lower lying irrigated fields with heavier textured
soils, the corresponding range will be 0.- 2 mm/d.

in the model, the SP index is modified to form a potential seepage and percolation term,

8Py

SP, = (SP+1)—SSP/2,  bounded by SP,>SP [2.6]

so that daily seepage and percolation is:

SP, = 0.5SP, + 1.5 SP, (WyH) for W; > Wj [2.7a]
SP, = 0.5SP, (W, — Wol/(Ws — Wo) for Wg > W, > W, [2.7b]
SP, = 0 for W, < W, : [2.7¢]

where: SSP = accumulated seepage and percolation
W, = standing water (W, — W, for W, < W,)
H

paddy spillway height, and
W, = water content (300 mm layer) below which no percolation occurs
The ground water contribution was defined as the amount of water supplied to the top 300
mm of the soil profile frém underlying ground water. The ground water contribution was

considered negligible when SSP was less than 10(SP + 1) and when the field loses its water
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Table 2.1. SP Classification index

General association of hydrology class to landscape position, ponding and drainage potential, and seepage and percolation
mdex used for the PADIWATER model (Zandstra et al., 1982) :

Ponding Drainage S&P
Hydrology Water table Landscape position potential potential index
Pluvic Deep water table Knolls and summits Very low, High surface, > 6
nonpaddy high internal
Perﬂdxic Deep water table; highly fluc-  Upper side slopes of  Low High surface, 4-6
tuating perched water table knolls and summits moderate internal - :
Orthofluxic Deep water table; less fluc- Lower side slopes and Moderate High surface, Y 2-4
tuating perched water table steep waterways imperfect internal
Orthocumulic Water table or perched water  Lowest paddies on the High Moderate surface, 1-2
table, close to the surface side slopes, high low internal ‘
during wet and intermediate plains
months
Percumulic Water table is almost consis- Waterways in high Very high Low surface, very 0-1
‘ tently above ground surface plains; low plains low internal
during wet months '
Orthodelugic Water table rises more than Waterways and back  Shallow No surface 0
30 but less than 50 cm above  swamps in low plains flooded drainage,
ground level for more than subject to inundation no internal
two weeks
Perdelugic Water table rises beyond 50 Similar to Orthodelu- Deepi‘ No suﬁace 0
cm but less than 100 cm above gic flooded drainage,
ground level no internal




in the top 300 mm of the profile. The ground water depth was assumed to be 30 cm depth
whenever W, exceeded field capacity and its subsidence of 4 cm/day in the absence of rains
was used to simulate the behavior of the ground water contribution.

- Changes in spillway height were observed to have a greater effect on field water condi-
tions than changes in the SP index. The effects of changes in spillway height were less for
fields with a high SP index than for fields with low SP.

A water balance model was developed for the subcoastal plain of the Adelaide River to
estimate the frequency of success of rainfed rice (Chapman and Kininmonth, 1971). To ac-
commodate differential evapotranspiration, the soil water storage was partitioned into three
stores: A, B and C, with each store assigned an assumed storage capacity. Water depths
were limited to < 100 mm and < 130 mm during the first and second fortnights, respectively,
and thereafter it was allowed to increase up to 250 mm. For the area included in this study,
downward movement of water was assumed to be zero. Evapotranspiration from unflooded
fields was assumed to be a stepped ET function from the assumed three stores, with EP co-
efficient values. ranging from 0.75 to 0.19.

Daily estimates of soil water storage and depth of ponded water for each wet season
. were calculated for the years for which rainfall records were available. Rainfall was regarded
as adequate providing there were: (a) at least 14 days of pondage = 75 mm for wet tillage
before sowing, (b) at least 80 days between sowing date and last date at which ponded water
was present on the field, and (c) not more than 10 consecutive zero pondage days between
50 and 80 days after sowing.

Phien (1983) developed a water balance type mathematical model, incorporating two sub
models for generating daily rainfall and for estimating daily potential ET. The model was de-
veloped primarily to determine the potential planting dates for rainfed culture, based on the
number of stress days. He proposed to estimate ET by multiplying potential
evapotranspiration (ETP) values with a crop coefficient C,, However, due to missing pan

evaporation data for the study area, the following formula was used to compute ETP:
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ETP = (0.00043 T + 0.00133) R [2.8]

where: T = daily temperature in °C, and
“ R, = the daily solar radiation’

The values of R; were obtained from daily sunshine duration

Ry = (0.29 + 0.418S8/S) R A [2.9]
s a

where: 8§ = the m'onthly possible sunshine duration in h/d

S8 = actual sunshine duration in h/d, and
R, = the monthly global shortwave radiation above the atmosphere

The following factors were introduced in the water balance equation:
1. Water holding capacity (WHC) is given by:
WHC = FC.B.D [2.10]

where: FC = field capacity in percentage

B = bulk ratio of the soil, and

D depth of the root zone

2. Upper limit of the water depth (UP) is the maximum depth of water to be ponded.. For the

study area, it was equal to 135 mm for paddy field rice.

3. Lower limit of water depth (DMIN), is the theoretical limit coinciding with the wilting point

(WTP).

DMIN = WHC for paddy [2.11]

4. Deep percolation (PERC), for paddy was assumed when there was ponded water on the

soil surface. PERC was assumed constant and equal to 3 mm/d.
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The water balance was carried out by first computing the water depth on day i:

W, = W,_, + RF, — ET, — PERC, [2.12]
“where: W, = water depth on day i,
RF, = rainfall on day i,
ET, = evapotranspiration on day i, and

PERC;= deep percolation on day i.

The water balance computation was carried out on a day by day basis throughout tﬁe
entire growing season for the period of record, to determine the number of stress days and
théir frequency of occurrence. Stress days were defined as those days on which the water
depth was less than or equal to DMIN. Simulations were repeated by changing the planting
dates and an optimum planting schedule with the minimum number of stress days was'de-
termined. He also proposed the use of his model to estimate supplementary water require-
ments.

In general, modeling rice moisture needs under rainfed conditions is confronted by two
restrictions; there is little available literature on the unsaturated conditions which are impor-
tant in defining the water balance relationships and there is a critical lack of meteorological
stations in Southeast Asia for collecting data required by the models. Rainfall is often the only
dependable climatic data available for these areas. These restrictions automatically rule out
the use of more sophisticated and descriptive models.

The foregoing models were developed mainly for rainfed rice without irrigation. The
purpose of irrigation is to avoid the occurrence of the unsaturated condition. Therefore, for
rice with supplemental irrig_ation. the unsaturated condition will not normally exist. If a water
balance equation with only standing water |s applicable then the resulting equations will be
much éimpler.

If irrigation is provided to satisfy the optimum crop requirement, the inﬂow component

from higher fields into the reference field of the PADIWATER model (Bolton and Zandstra,
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1981) will essentially be equivalent to the amount of irrigation applied. Furthermore, outflow

from adjacent fields will not exist, since only the desired amount of irrigation is applied.

2.3 Evapotranspiration Estimates for Irrigation Scheduling

Evapotranspiration (ET) is the combined process of water movement intd the atmosphere
resulting from plant transpiration and surface evaporation. The two processes are difficult to
separate under field conditions but this is not important as it is their c;)mbined effect that is
important in crop water management.

Blaney and Criddle (1952) developed a procedure for estimating mpnthly and seasonal
consumptive water use from average monthly temperatures and daylight hours. In addition
to these two variables, their formula also made use of a consumptive use coefficient, which
was used to account for foliage density, stage of crop growth, and other crop variables. Esti-
mation of tf\e consumptive use coefficients is difficult and makes the use of the method
somewhat questionable. |

An empirical formula based on latitude and average air temperature as the only variables
is given by Thornthwaite (1948). The formula is easy to use as only temperature data are

needed but it is inappropriate for use in many areas because the data from which it was de-

rived are not representative of all climatic and crop conditions. This is especially true in

tropical and subtropical areas.

Penman (1948) studied losses by evaporation from open water surfaces, bare soil and turf
in England and developed a formula for plants that cover the soil completely and a‘re well
supplied with water by either rain or irrigation. The chief disadvantages of Penman’s formula
are that it is complicated and requires extensive climatic data which are typically found only
in developed areas. This formula however, has a sound theoretical basis and often is used

as an independent check on values obtained by other methods.
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Pruitt and Jensen (1955) compared consumptive use rates of four crops with values ob-
tained using procedures developed by Blaney-Criddle (1952) and Thornthwaite (1948) and

evaporation from an evaporation pan. High correlation coefficients were obtained with each

.- -of the three-methods when compared with measured consumptive use values. However, they

fouqd that with the Blaney-Criddle method, the value of the crop coefficient varied throughout
the season. Estimates of consumptive use with the Thornthwaite procedure fell short of ob-
served consumptive use, but by applying a variable crop factor, closer correlation was
achieved.

A common method of using consumptive use data for management decisions is to aver-
age past seasonal values as did van Bavel and Wilson (1952). They observed close agree-
ment between the dates of irrigation computed from long term averages of meteorological
factors and those determined from tensiometer readings for a tobacco irrigation experiment
and proposed the use of the method for irrigation scheduling.

The concept of drought days was proposed by van Bavel (1953). He made extensive use
of Thornthwaite’s approach in estimating drought hazards. The method used by van Bavel
involved a relatively simple method of soil moisture bookkeeping. Each day an estimated
value for ET was subtracted from soil moisture storage and the precipitation for that day was
édded. Daily ET was assumed to equal potential ET at all times unless soil moisture was at
the wilting point. Any day on which available moisture storage was at the wilting point or on
which the available moisture storage was zero was considered a drought day.

Utilizing measured water losses from lysimeters at Coshocton, Ohio, Pierce (1960) de-
veloped a procedure for estimating daily ET. This procedure involved the use of a potential
ET figure derived by empirical means. This figure was then multiplied by factors for crop
stage, soil dryness, and rainy day correction. The empirically derived soil dryness correction
factor had an initial value of 1.0 which was reduced as soil hoisture was depleted.

Stewart et al. (1974) investigated the relationship between cumulative maximum ET and
ET under non irrigated conditions and developed a linear yield function for researched crops.

The model generates irrigation requirements to satisfy maximum ET, and irrigation scheduling
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takes into account ET deficits such that severe ET deficits do not occur during critical plant-
growth stages.

Although numerous methods have been proposed for determining ET, most have not

" been suitable-for tropical conditions. .Juntharasri (as sited in Wickham and Sen, 1978) ob-

served from experiments conducted in Thailand using 7 different methods for estimating
evapotranspiration that only Penman’s estimates correlated closely with pan evaporation.
The Penman estimates still tended to overestimate evaporation in the dry season and under-
estimate in the wet season. Furthermore, he concluded that because of the complex calcu-
lations required for the simplest methods of estimating ET and because of the difficulty and
expense of collecting the necessary data, these models are not practical for estimating
evaporative demand in the humid tropics. It is therefore, generally accepted that evaporation
from open pans provides a more satisfactory means of estimating potential ET and hence, ET
of rice under flooded conditions than any other available technique (Wickham and Sen, 1978).

Ratios of actual crop ET to pan evaporation (EP) have been established for the different
growth stages of rice (De Datta, 1981). Although the ET/EP ratio for rice depends on location,
the average ratio is 1.0 for the first three weeks after seedling, 1.15 for the next 5 to 6 weeks
and a maximum of about 1.3-1.4 at heading. Average ET therefore, generally exceeds EP

during most rice growth stages.

2.4 Stochastic Methods for Determining Irrigation

Requirements

Whenever irrigation requirements are estimated for individual periods from long term
records, the results must be interpreted on a probability basis because of the high variability

of natural precipitation. Advantages associated with using a distribution function to interpret
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) . The normal distribution. is commonly used as a starting boint in the formulation of dis--

irrigation water requirements include ‘smoothing’ and removing ‘noise’ from the data and al-
lowing estimates to be extrapolated over time. The development of stochastic models for ir-

rigation scheduling has receivéd the attention of many researchers (Yonts et al., 1979).

tribution functions. Determination of needed probabilities and associated parameters is rela-
tively straightforward if the distribution is normal. Irrigation requirement distributions are
often not symmetric and tend to be skewed. Therefore, the use of the normal distribution

function is inappropriate unless the data can be transformed. Baier et al. (1969) were able to

'satisfactorily use the normal distribution with irrigation requirement data, linearized by a cube

root trahsformation, to estimate irrigation requirement for the humid area along the Fraser
River near Vancouver, British Columbia.

Pruitt et al. (1972) illustrated the use of probability levels to determine crop water re-
quirements. They examined daily ET values to define the‘frequency distribution of irrigated
grass in weighing lysimeters at Davis.. California. The distributions ranged from highly skewed
in winter to a near normal distribution during summer.

Khanjani and Busch (1980) related probability distributions of accumulated ET for different
durations and available soil moisture to determine irrigation frequencies. The log-normal
distribution was observed to best fit the time of peak water use for crops grown in the Sn/ake
River Valley lrrigation District in Idaho.

Rojiani et al. (1982) tested various theoretical distributions to describe the probability
density function of the amount of plant available v«;ater on a given day in Wise county, Virginia.

Based on the results and flexibility, they choose to use the beta distribution to represent the

probability density function.

Wiser (1869) described the effects of weéther patterns on crop growth using a single pa-

rameter drought index, d, calculated according to:

d = %MSC if ET <z.PE [2.13a]

d =0 if ET > z.PE [2.13b]
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in which PE and ET are the potential and actual evapotranspiration volumes, respectively,
MSC is the maximum storage cgpacity, and z is a proportionality constant usually taken as
0.5. By relating the drought index to yield response, he calc;ulated yield responses for the
years for which climatalogical data were available. He then used a water balance model to
determine the required number of irrigations per season. Irrigation requirements were as-
sumed to follow a binomial distribution since the actual distribution of the data was unknown.

A nomogram to estimate effective rainfall from seasonal total rainfall, seasonal
consumptive use and application amount was developed by Hershfield (1960). He observed
that the frequency distribution of seasonal effective rainfall varied from one station to another
or even at the same station for varying application amounts. This eliminated the opportunity
for using a common distribution to determine effective rainfall frequencies for all stations.

In an attempt to investigate the monthly variation of irrigation water requirement for
AIfaIfa,_Yonts et al. (1979) found that neither the normal nor the 2-parameter Weibull distrib-
ution were able to adequately describe irrigation water requirements for months when more
than half of the data were zero. However, the 2-parameter Weibull distribution resulted in
relatively better results than the normal distribution because of skewness present in the dis-
tribution.

Fitting a distribution to irrigation requirement poses a major concern when half or more
of the data is equal to zero. Burman et al. (1982) proposed a means for dealing with the fre-
quent occurrence of zero irrigation requirement, by defining a probability that a zero irrigation
requirement will occur. - They proposed a mixed distribution with a pbint mass placed at the
origin equal to the probability of zero irrigation requirement and a positive distribution re-
presented by a conditional probability. Thus, producing a discrete distribution combined with
a continuous distribution to produce a mixed probability distribution. The probabilities were

wéighted for zero irrigation requirement using the following equation:

N’ N’

Ply) = o + (1= <0 PY) [2.14]

N
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where::

y = irrigation requirement for which probability P(y) is to be calculated,
N’ = number of years with irrigation requirement equal to zero,
. N.7:= total - number.of years of record, and - - -

P’(y)= weighted probability.

Burman et al. (1982) also investigated the ability of the 3-parameter Weibull distribution
to describe P(y) in equation 2.14.

From the foregoing discussion it is clear that no single distribution is completely reliable
for describing irrigation requirement distribution. A wide variety of distributions have been in
use, and the results are influenced by the choice of distribution. The transformation methods
can be used to advantage by finding a unique distribution, thus avoiding the assumption that
a set of data follows a particular distribution.

The power transformation was first proposed by Box and Cox (1964) and is of the form:

= -(ﬁx:1—) when A #0 or [2.15a]
y = Inx when A =0 [2.15b]
where: x = variables of the given series (irrigation requirement in this case),
y = the transformed variables,
A = a constant for transformation.

The value of A that produceés a transformed sample approximating a normal distribution
is the most suitable. The coefficient of skew (C,) and the coefficient of kurtosis (C,) serve to
indicate how close the transformed values of the sample actually come to the normal distrib-

ution.v The coefficient of skew and the coefficient of kurtosis are defined as follows:

M
C. = —2 [2.16]
S 15
M,
M
C = —= [2.17]
M3
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where: M, is the k th moment of the sample about the mean and is calculated as:

Mg = -ty — )" [2.18]
where: @, = mean bf the transformed values and
n - = sample size (number of years for which irrigation requirement is calculated).

Chander et al. (1978) used the power transformation for flood frequency analysis. They
observed that the annual maximum discharges calculated based on power transformation
gave good approximations to the observed data for some representive rivers.

The SMEMAX transformation suggested by Bethlahmy (1977) transforms a given set of
data to near hormal distribution. The transformation is derived from the trignometric solution
of a right angled triangle whose vertices are the Smallest, MEdian and MAXimum. Points
along the base and the height of the triangle represent the observed values and suitably
projected points of these values on the hypotenuse represent the transformed values. These
transformed values are assumed to follow -a normal distribution.

The transformation equations necessary to transform the sample require that the differ-
ence between the smallest value and the median is equal to the difference between the me-
dian and the largest value. Two equations are required: the first applies when x; < x,, (where,
X; is a variate in the original sample and and x,, is the median value in the sample) and the

second applies when x; > x,,. The two transformation equations are as follows:

(XI - xs)
o= 7St X <
Yi S ook for x; < Xp | [2:18a]
[(xm — Xs) + (% — Xp) cOtA]
Y = T for X, > Xp, [2.19p]
where: X, = smallest value in the original sample
X, = largest value in the original sample and
— xI - Xm
A = arctan [x—m'—'_x,]
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The effectiveness of the transformation for normalization can be checked once again by
the values of the coefficients of skew and coefficient of kurtosis.

Aldabagh et al. (1982) tried the power, SMEMAX. log transformations and distributions
such as the Gumbel and log-Pearson type Il distribution to analyze the occurrence of dry days
for supplemental irrigation for 10 stations in Iraq. The power and SMEMAX transformations
gave the best agreemént between observed and estimated dry days, with the values esti-
mated by power transformation being closer to observed values than the SMEMAX curve.

Gupta and Chauhan (1986) developed a periodic stochastic model for weekly irrigation
requirement time series for the paddy crop. They found that weekly time series of irrigation
requirements is trend free and periodic-stochastic in nature, with periodicity of 15 weeks. The
periodic component was represented by the first harmonic and the time-dependent of the
stochastic portion was approximated by the second order autoregressive model with constant

autoregressive coefficients.

2.5 Canal Conveyance Model

Numerical methods for computing flow profiles for non uniform flow in canals were given
by Henderson (1966), Chow (1955) and Prasad (1970). Prasad (1970) illustrated a method for
solving flow equations with lateral inflow. These methods involve tedious hand calculations,
particularly when the canals are long and canal sections irregular in shape.. Calculations are
even more complex when structures are introduced into the canal network. Subramanaya and
Awasthy (1972) developed a method to solve problems in side flow weirs and Smith (1973)
'developed a computer program to determine water profiles over side flow weirs. These are
methods to solve problems in hydraulic flow in control sections. However, for irrigation canals
problems of hydraulic flow have to be solved with the system considered as a whole. There-

fore, models that solve the equations governing the flow in canals have to be explored.
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Currently available computer software for canal flow routing vary in complexity from
simple models based on the one dimensional steady free surface flow equations to unsteady
flow equations. The applicability of the simple models is limited to canal reaches without
bacWater effects..

Davis and De Vries (1977) developed a steady state computer model to simulate water
flow in the California aqueduct. Hamilton and De Vries (1986) presented a computer model to
be used in microcomputers for non branching canals. The model of Hamilton and De Vries
(1986) was restricted to check structures of the radial gate type.

The present study requires an unsteady state one dimensional computer model for rout-
ing water flow in an irrigation canal. An unsteady state model is required since the flow in the
irrigation canals vary with time to allow changing demands. A one dimensional flow model
is prefered since one does not expect severe flow currents to be present in irrigation canals.
The purpose of the computer model is to simulate water flow in irrigation canals where there
are backwater effects due to lateral discharge or downstream level regulation/variation.
Backwater effects are common in irrigation canals since check structures are often provided
near turnouts to head up the water. Some of the important uses associated with this type of
simulation are to evaluate, various methods of canal operation to vary discharges and to
évaluate the hydrographs of lateral discharges at the turnout structures.

The ILLUDAS model was developed by the llinois State Water Survey (Terstriep and Stall,
1974, as cited in Chiang and Bedient, 1986) for the hydrographic simulation of storm‘ drainage
systems in urban areas. The pressurized ILLUDAS backwater simulator (PIBS) is an exten-
sion of the lLLUDAS model to incorporate backwater effects (Chiang and Bedient, 1986).
These models were developed for simple pipe systems, with no weir diversions, and cannot
be used to simulate water flow in irrigation canalé. ﬂ

The extended transport model (EXTRAN), developed by Roesner et al. (1983), originally
developed for storm drainage, is a very versatile transient flow model able to handle looping
pipes, weir diversions, pumps and a variety of structures, such as side flow weirs, transverse

weirs and orifices, and water storage facilities at points along the canals. In addition, EXTRAN
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can handle variable cross sections such as rectangular, horse shoe, egg, basket handle, cir-
cular and trapezoidal channels. This can be an advantage when simulating flows in unlined
canals where the cross section can be approximated to any one of the shapes listed. The
- ability of EXTRAN to handle looped systems is especially advantageous in irrigation schemes
where drainage canals are connected to irrigation canals to utilize return flows. Storage and
pump facilities are common in irrigation canals and EXTRAN also can simulate these systems.

EXTRAN has been tested extensively by the authors of EXTRAN and the results have been
compared to the solution by the Method of Characteristics by Kassam and Wisner (1980). The
model has been proved capable to perform surface/underground flow routing hydrographs
when the underground system is flooded (Roesner, et al., 1981). The applicability of EXTRAN
to the sewer systems in South Boston, Massachusetts asssisted in analyzing the hydraulic
behaviour of the system for overflow problems (Camp Dresser and McKee Inc., 1979, cited in

Roesner et al, 1981).

2,51 EXTRAN Model

2.5.1.1 Background

EXTRAN is a general purpose program for hydraulic flow routing in open channel and
closed conduit systems. The program performs dynamic flow routing of water flow through
canal systems to outfall points in the receiving water system. Simulation output takes the form
of water surface elevations and discharge at selected system locations.

The specific function of EXTRAN is to route inlet hydrographs through the network of
pipes, junctions and flow diversion structures of the main systém to the receiving water out-
falls. EXTRAN uses a link-node description of the canal system which facilitates the discrete

representation of the physical system and the mathematical solution to the gradually varied
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unsteady flow equations (Saint-Venant equation) which form the mathematical basis of the

model.

The equation for unsteady spatially varied equation used in EXTRAN is:

B L - ae s gy PA 4 \20A _ L OH
— gAS; + VL + VAL — gAT [2.20]

where:

= discharge through the conduit

= velocity through the conduit

= cross section area of the flow

I r»r < D
|

= hydraulic head and

S, = friction slope

The friction slope is defined by Manning’s equation:

_ n 2 1
St (1.49) AR4’3 [2.21]

The model also uses the continuity equation:

oH _

OH _ 90
at ox

+ [2.22]
where B is the surface width.

The equations are converted to finite difference form and numerical integration is done
by a two step, modified Euler technique. This produces a completely explicit solution. Explicit
methods usually involve fairly simple numerical calculations compared to implicit methods
and require less storage space. However, they are known to be less stable and often require

very short time steps. From a practical standpoint, experience with EXTRAN has indicated

that the program is stable numerically when the following inequalities are met:
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conduits: t < T/—L-__dT » [2.23a]
g

C'AsHmax -

nodes: - -t <
Q

where: ¢’ = a dimensionless constant determined by experience to be
| approximately 0.10
Hmax = maxiﬁ\um water surface rise in time step t
A, = the corresponding surface area of the node, and

Q = netinflow into the junction

A time step of 10 seconds is nearly always sufficiently small to produce outflow hydrographs
which are free from spurious oscillations and satisfy mass continuity. A detailed description

of the model is given in the EXTRAN User’s Manual Version lil (Roesner, et al., 1983).

2.5.1.2 Flow Control Devices

Orifices: EXTRAN simulates outlet orifices by converting the orifice to an equivalent pipe. The
conversion is made by equating the orifice discharge equation and the Manning pipe flow

equation as follows.

149 AR#35"2 = cyA./2gh [2.24]
where: C, = discharge coefficient
A = cross sectional area of the orifice, and
h - = hydraulic head at the orifice.

Letting S=h/L where, L is the equivalent pipe length and substituting R=D/4 (where, D

is the orifice diameter) into equation 2.24 and simplifying, yields:
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n = —49 (D [2.25]
J2g Lc, 4 |
. ..The length of the equivalent pipe is computed as:
L = 24t /gD [2.26]
Weirs: Flow over a weir is computed by the following equation:
Qu = Culu{h + L9 - (X9} [2.27]
W 2g 29 '
_where: C, = discharge coefficient
L, = Weir length
h = driving head on the weir
v = approach velocity, and
a = weir exponent; 3/2 for transverse weirs and 5/3 for side flow weiré.
Normally the driving head on the weir is computed as the difference
h =y — Ve [2.28]
where: y, = water depth on the upstream side of the weir
Y. = height of the weir crest above the node invert

However, if the downstream depth y, also exceeds the weir crest height the weir is sub-

merged and the flow is computed as follows:

Qw = CsCylw(ys — yo*? [2.29]

where C, is a submergence coefficient representing the reduction in driving head.
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2.5.1.3 Limitations of EXTRAN

Types of channels that can be simulated by EXTRAN are restricted to regular sections
such as rectangular, horse-shoe, egg, basket handle, circular and trapezoidal channels. This
limitation can be overcome, by approximating the canal section to any one of the above
sections. EXTRAN also dogs not account for canal conveyance losses, which poses another
restriction in the simulation of unlined irrigation canals with percolation losses.

| Canal conveyance losses can be accounted for at discrete node points. For simulation
purposes, a cumulative loss is calculated for each canal reach. An equivalent amount is then
assumed to flow out of the system at each node point. Since, actual canal losses are distrib-
uted along the canal length, node points should be selected at close intervals to approximate
uniform losses. But since conveyance losses are normally small théy may be accounted for
at more widely spaced nodes whose locations are dependent upon structures in the canal

system.
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chapter 3

Model Development

3.1 | Introduction

The water requirement for lowland rice consists of evapotranspiration, seepage and '

percolation losses. Although, the only true requirement for crop production is the water used
by the plant through transpiration, additional water is lost to évaporation from the soil water

surface and through seepége and percolation. These losses cannot be eliminated for lowland

_rice and are therefore, treated as requirements.

The main objective of this dissertation is to propose a method for conserving irrigation
water by applying the minimum amount of water required by the crop and taking into'account
the ’probabilit'y of rainfall. that might occur during each irrigation period. In o‘rder to achieve
the above objective, one needs to estimate rainfall and evapotranspiration af different proba-
bility levels.

In some irrigation schemes of Southeast Asia, water is applied to rice fields on a rota-

tional basis and where farmers are allowed to irrigate at regular intervals of once a week.
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To estimate irrigation requirements for such a scheme one needs to know in advance the
seepage and percolation losses and the amount of rainfall and evapotranspiration that can
be expected to occur during each irrigation period. Unlike rainfall and evapotranspiration,
‘seepage and ‘percolation losses ‘can be determined from field trials. Rainfall and
evapotranspiration are random variables with rainfall having a high variability while
evapotranspiration has a relatively low variability. Evapotranspiration in rice fields, has typi-
cally been estimated using mean weather data for the time of the year under consideration.
Rainfall however, is highly variable and has always been difficult to estimate. Because of this,
it has been common practice to disregard rainfall in computing irrigation requirement. When
irrigation requirements are estimated this way, any rainfall that occurs after irrigation has
been applied, will be lost to drainage since the paddy fields may be already full to spillway

height and there is little or no storage capacity left to capttjre rainfall.

3.2 The Water Balance

The water managemént model presented herein uses the water balance method to de-
termine water levels on the surface of the fields. The terms of the water balance (input, output
and storage) in a flooded rice field can readily be expressed in. mm of water depth. The ele-
ments of water balance in a flooded rice field for a given period is represented in Figure 3.1.

For the water balance computations the crop growing season is divided into several
equal periods and the length of each périod_sho_uld be equal to the length of the irrigation in-
terval. For convenience, the beginning and-end of each period are assumed to coincide with
specific cultural practices, such as land preparation, transplanting and harvesting and specific

growth stages of the crop.
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IR 4 RF

where:

ET,
PERC,
RF,
SMAX;
SMIN,

Figure 3.1. Elements of water balance in a rice field.

l
/_\ Y
__ 7 SMAX
= % __SMIN
PERC
' §; = S;_4 — ET, — PERC, + RF,
If S, > SMAX; then DR, = S, — SMAX;

If S, < SMIN, then IR, = SMIN, — S,

= water level in the paddy field in mm

= seepage and percolation losses for the perod in mm

total rainfall during the period in mm

= minimum desired water level in mm

= evapotranspiration for the period in mm

= maximum allowable water level in mm

‘DR

[3.1a]
[3.1b]

[3.1¢c]

= jrrigation water supplied during the period in mm when S is less than SMIN

= drainage from the ﬁeld during the period when S exceeds SMAX

= time period
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3.3 Components of Water Balance

'3.3.1 \E\iapdtfanspiiratidn (ET')-

For low!énd flooded rice fields in the tropics, pan evaporation (EV) provide the best
means to determine crop ET. Crop ET is calculated by multiplying EV values with already
established f:iT/EV ratios (Toole, as cited in De Datta, 1981). Values of the ET/EV ratio have
been found to vary between 1.0 and 1.3 for different growth stages of rice in the humid tropics.
Values of ET/EV ratios for the first three weeks of the vegetative growth period is 1.0 and it
gradually increases to 1.2 near the end of the vegetative growth period and to a maximum of
1.3 during the reproductive growth period. After the first wéek of maturation and grain filling
ET/EV decreases to 1.0 (Toole, as cited in De Datta, 1981).

Long term records of daily EV values are not commonly available in the tropics in most
instances. Daily evaporation data, hoWéver, can be obtained from data generation using
Monte Carlo techniques, if a few years of daily evaporation values are available. Daily evap-
oration values can also be obtained if a relationship between daily rainfall and pan evapo-
ration can be established as suggested by Bolton and Zandstra {1981).

The purpose of data generation is to simulate a large number of data points having the
same statistical properties as the observed data (parent distribution). Therefore, to generate
daily pan évaporation data using Monte Carlo simulation, an appropriate statistical distrib-
ution that best fits the daily pan evaporation data must be identified. |

Relationships to generate random variates for widely used distributions are given by
Haan (1977). For example, random variates for any normal distribution can be generated from

the relationship:

X = oRy + 1 [3.2]
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where, Ry is a standard random normal deviate and p and ¢ are barameters of the desired
normal distribution X.

Evaporation is known to vary with season of the year. For example, long-term mean and
- standard deviation for evaporation will have a diffe"rent value in January as opposed to Sep-
tember, if the climate is seasonal. It is therefore, necessary to generate daily evaporation
data on a monthly basis. If for example, daily pan evaporation data for a given month follows
the normal distribution, then equation 3.2 can be used to generate the data for that month.
Using this procedure, daily evaporation data can be simulated for as many years as desired
and weekly evaporation data can be obtained by summing the daily data.

To estimate the weekly irrigation requirements using the water balance equation, esti-
mates of weekly EV at different probability levels are required. Therefore, functional re-
lationships between the weekly evappration and the probability associated with its occurrence
must be determined. Although daily evaporation data may follow a particular distribution,
weekly evaporation daté may not necessarily follow the same distribution.

To determine the best distribution, available distributions can be tested for their ability
to describe the observed data, and the distribution that provides the best fit with the data can
be selected. With this approach, one could end up with different distributions for the different
periods (weeks) under consideration. Alternatively, the data may be normalized using various
transformations which can result in a unique distribution and allow the simple properties of
the normal distribution function to be used to advantage.

As discussed in Chapter 2, the coefficients of skew and kurtosis serve to indicate whether
'a set of data is distributed n'ormally. Computer programs written by McCormick (1984) were
used to apply the power transformation and SMEMAX transformation methods to EV data. The.
power transformation uses an iterative process to estimate the value of A in equation 2.15a.
Tﬁe A values were assumed to fall between -4 and 4. The proper value of A was determined
when the coefficient of skew (C,) changed its sign. The program listing is given in Appendix

C.
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3.3.2 Rainfall (RF)

. The ﬂ}w:a_te'r;_ba‘lanqsv equation requires estimates of weekly rainfall values at different
probability leveis. Déi'ly rainfail'ob;sér;‘lation's afe .re,quiired tb detérmine weekly rainfall data.
| Because of thé highly variable character of rainfall, a minimum of at Ieést 30 years of da‘ily
rainfall observations are necessary to arrive at reasonably good distributions. Unlike pan
evaporation which is bounded by 0 and a maximum of approximately 10 mm/d, daily rainfall
data can vary between O to more than 200 mm/d depending on the climate in the region.
Further, there can be many days with zero rainfall. Although, daily evapbration data can be
generated with a few years of observaitions, it is difficult and unacceptable to generate daily
rainfall values by Monte Carlo simulation, with only a few years of available record. Long term
daily rainfall observations are therefore required for use in the proposed model.
Weekly rainfall data (similar to weekly evaporation data) can usually be transformed as
was proposed for EV in order to normalize their distribution_s. The rainfall at diffei'ent.proba-

bility levels can then be determined for use in the water balance equation.

3.3.3 Seepage and Percolation Losses (PERC)

Seepage and percolation losses are the horizontal and vertical movement of subsﬂrface
water, respectively. Seepage usually flows laterally through the ﬁeild dikes to streams and
drainage ways, while percolation is the downward vertical flow of water to the water table.

Because the separation of the two is difficult under field conditions, seepage and percolation

are usually considered together. Combined seepage and percolation losses will be low for'

fields located at lower elevations with heavier textured soils and high for light textured soils

at higher topographic positions.
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Net seepage and percolation (PERC) rates can be determined from the following equation

in a trial field:
PERC; = WD, — WD,_, — ET; + RF  [33]

where: WD is the water depth and i is the time interval between measurements.

Estimates of seepage and percolation rates need to be estimated from field trials. When
seepage and percolation cannot be estimated, the method proposed by Zandra and Samarita
(1982) can be used to estimate PERC. For the soils chosen for lowland rice cultivation, net
seepage and percolation rates are generally 0-3 mm/d during the wet season.

When water is first applied to the field prior to land preparation, the dry soil is first
brought to saturation. This process is commonly known as land soaking and is usually limited
to the first week of land preparation. The amount of irrigation water required for land soaking
depends on the residual organic matter, soil moisture, soil texture, depth of soil to be satu-
rated (or depth to the hard pan). There is no percolation b‘eyond the plow layer during this
period and percolation losses for the first week are therefore zero. Equations 3.1a should be
modified under these conditions with the amount of water needed for land soaking, in place

of the of PERC (section 3.3.6).

3.3.4 Maximum and Minimum Water Levels (SMIN and SMAX)

The upper limit of water depth (SMAX) is the maximum allowable depth of ponded water
on the surface of the field. This value will vary with the stage of the crop. When plants are
small it is not desirable to flood the field to great depths. However, as the plant grows taller
it has the ability to survive greater flooding depths. Modifying field spillway height is a man-
agement {echnique that allows adjustment of the ponded water depth for cultural practices

and to trap rainfall.
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The lower limit of water depth (SMIN) is the minimum required water depth for weed |

control and improved crop production. The difference between SMIN and SMAX is the avail-
able surface storage capacity to capture and store rainfall. To make maximum use of ra.infaﬂ,
~ water levels should be maintained as near SMIN as possible so that maximum possible sur-
face storage is available to capture rainfall.

During initial periods of land prepvarat'ion, relatively high water levels are required for
plowing and puddling. During the latter part of land preparation shallow water depths are
desired, to‘facilitate transp!anting or broadcasting pregerminated seeds.

For all rice varieties, plants grow up to approximately 50 mm, during the latter part of the
vegetative growth period, and the plants can survive water depths of up to 100 mm. As the

plant elongate to its full height during the reproductive growth stage, it can survive flooding

depths up to about 150 mm. During maturation and grain filling, water requiremehts are low.

Table 3.1 is prepared from the discussion of section 2.1.2.2 (Chapter 2) and gives the de-
sired water levels for a short duration (growth duration 15 weeks) broadcasted rice with three
weeks of land preparation. Field durétions for rice varieties of Iong'er growth periods will be
higher. For transplanted rice, seeding is done in seedbeds and transplanting occurs 3-4
weeks after seeding. The transplanted seedlings have the ability to survive deeper flooding

depths which allows higher surface storage in the field.

3.3.5 Drainage (DR)

From equation 3.1c, when rainfall and initial water level .in the paddy field exceeds the -

total requirement and the maximum allowable water level (SMAX), excess water will overflow

from the paddy dike spillway to drainage according to the following equation.

DR, = (RF, + S;_4) — (ET, + PERC, + SMAX) [3.4]
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© Table 3.1. SMIN and SMAX fo}'siibft" duration rice crd‘p.>

Land Vegetative Reproduétivé Grain filling
preparation growth period  growth period  and maturation

no of
weeks 1 2 3 4 3 4 1

- SMIN 50 25 25 25 50 0 0
(mm) :
SMAX 150 50 50 100 150 750
(mm)
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Theoretically, irrigation and drainage should never occur simultaneously since the conditions

desired for their occurrence are mutually exclusive.
3.3.6 Irrigation Requirement (IR)

Rewriting the water balance equation 3.1b with IR, on the left hand side of the equation

gives:
IR, = (ET, + PERC; + SMIN) — (RF; + S;_,) [3.5]

All of the terms except ET, and RF, can be determined in the field. Rainfall and ET, are
the only random variables and are determined from probability distributions of weekly rainfall
and evapotranspiration derived from historic records. Sinée the model employs probabilities
of RF, and ET,, irrigation requirement estimated this way will be interpreted on a probability
basis.

During the first week of land preparation when water is applied to saturate the soil,

equation 3.5 can be modified to:
IR, = (EV; + dn + SMIN) — (RF; + S;_4) [3.6]

where, EV is the open water evaporation (mm), d is the depth of the plow layer and n is the
porosity of the soil. Equations 3.5 and 3.6 are the same except that PERC has been replaced
by d 1. The ‘depth of the plow layer is usually assumed to be 300 mm and the porosity varies
from about 0.3 to 0.45, depending on the soil type. ,

Irrigation requirements must be estimated for all weeks in the growing season. The date
on which land preparation begins may vary from year to year and further, all farmers may not
begin land preparation and cultivate according to a fixed calendar. Also, different rice varie-
ties may be grown within a single irrigation system with different growth periods. The age of

the crop within the scheme can therefore be variable and crop evapotranspiration which is a
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function of the age of the plant can be different. Therefore, irrigation requirement estimates
should be flexible enough to accommodate the variable conditions that can be encountered.

Substituting ET = k < EV and rearranging equation 3.5 gives:

IR, = (k*EV, — RF) + PERC, + SMIN — §,_, [3.7]

. Since EV and RF are the only random variables, thé terms within parenthesis can be analyzed

separately. Having obtained probability functions for RF and EV, probability functions of (k .
EV - RF), can be determined for different values of k. Values of k rangin‘g from 1.0 to 1.3 covers
all stages of the crop growth periods. Therefore, (k * EV - RF) can be estimated at different
probability levels for k=1.0, k=1.1, k=1.2 and k=1.3. With this approach estimates of (ET -
RF) for the water balance equation can be obtained for all stages of the crop when it coincides
with different periods of the monsoon (rice growing period).

Irrigation requirement based on probability levels gives an indication of the percentage
of times when irrigation will be adequaie to meet the crop water needs. For example, the 85%
probability level c_orresponds to an irrigation requirement that is equal to or less than the
given amount 17 out of 20 years, while the 95% level states that 19 out 20 years the irrigation
requirement will be equal to or. less than the given amount. In other words, when operated
at 85% probability, there is 85% chance that the irrigation applied will be equal or greater
than the actual required amount in the given period. During critical periods, when the ;;Iant
is most sensitive to moisture stress (reproductive vgrbwth stage) the system can be operated
‘at higher probability levels (such as 90%). while during all other less critical periods lower
probability levels can be used.

It should be noted that when values of EV and RF have been estimated at a certain
probability level, the value of (k « EV - RF) will correspond to a probability level greater than
the product of the individual probability levels at which EV and and RF are estimated. This
can be shown in the following way:

Let P {EV < a} = probability that EV will be less than or equal to the value a and

P {RF = b} = probability that RF will be greater than or equal to the value b.

Model Development 48



{EV<aandRF 2 b} = {EV<a} N {RF 2D} [3.8]
Since EV and RF aré idependent, therefore,

P{EV < a and RF 2 b} = P{EV < a} + P{RF = b} [3.9]

but (EV<aand RF2b}) < {EV—-RF<(a—b}  [3.10]
thekefore, P(EV<aandRF=b} < P{EV—RF) <(a—b} [3.11]

From equatioh 3.9, the inequality in equation 3.11 can be written as:

PEV <a): P(RF2 b} < P{EV - RF) < (a - b)}

®

To illustrate how probabilities are determined, consider for example a and b to be the

values of EV and RF estimated at 95% probability
i.e. P{EV < a} = 095 and P{RF 2 b} = 0.95
then P{(EV—-RF)<{a—Db)} = 0.95-095 = 0.90

Estimates of (ET - RF) can be interpreted as the amount of irrigation water required when
PERC, SMIN and S,_, are equal to zero. Values of S,_, will have fo" be measured in the field
prior to irrigation. Minimum required water level (SMIN) is a function of age of plant and PERC
is dependent on soil type and ﬁeld location. If percolation losses are estimated at 3 mm/d
(from field observations), then the total percolation losses for a week would be 21 mm. Simi-
larly if PERC were 2 mm/d or 1 mm/d its weekly value would be 14 mm or 7 mm, respectively.
Therefore, irrigation requirement will be determined by substituting the (ET - RF) value esti-
mate.d at the desired probability level and values for PERC, SMIN and S,_, from field meas-
urements, in equation 3.7. Irrigation requirements estimated this way will enable the irrigator

to update estimates based on the available conditions in the field prior to irrigation.
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3.4 Distribution System Scheduling

= The scheduling of irrigations to individual fields is important towards achieving high irri-
gation efficiencies for site specific field conditions and irrigation methods. However, the
~ scheduling of field irrigations alone will not achieve the goal of optimum water use efficiency
for an irrigation project. It is also important that on farm water management practices be
incorporated into the distribution system to achieve the overall goal of conserving water. For
example, if more water than needed is released, the excess water will be lost to drainage,
unless drainage water is utilized somewhere downstream for useful purposes. On the other
hand, if less than the required amount of water is supplied, yields will decline.

During each week, a carefully estimated quantity of water (taking into account the prob-
able rainfall) should be diverted into each turnout area. Field irrigation scheduling must not
only take into account the irrigation facilities, equipment capabilities and field characteristics,
but also the delivery of water to the farm turnout at the proper time and in the quantity re-
quired. Therefore, to achieve full potential of water savings, management decisions for the

system must be made and gate settings in the canals changed to reflect changing demands.

3.5 Turnout Schedules

Each turnéut must be scheduled before a canal or lateral system can be scheduled. The
turnout schedule identifies the acreage, the initial water level in the fields, the stage of growth
of the crop and hence the irrigation requirement. Each block (cluster of fields) in an irrigation
project is associated with a turnout, distributary canal, and/or branch canal and main canal.

This part of the analysis will develop a canal conveyance model for designing and man-

aging irrigation canals. Since the objective of this dissertation is to propose a method to

Model Development 50



conserve water, it is necessary to divert only the estimated amount of water required for each
period of crop growth. The EXTRAN hydraulic flow routing model was evaluated for its ability
to simulate water depths in an irrigation canal system. These depths then were used to de-
termine how the irrigation: structures in the main canals and distributary canalsA had to be

operated to divert the required amounts of water into the fields.
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chapter 4

Model Demonstration

4.1 Description of Démonstration Area

41.1 Rice Cultivation in Sri Lanka

Rice cultivation is by far the dominant agricultural enterprise in Sri Lanka where more
than 90% of the population of 15 million depend on rice as their major food source. The basic
factor limiting rice production is inadequate supply of water. To increase the rice production,

regional water management and irrigation schemeés have been designed and constructed.

However, the strategy adopted to increase the area of cultivation by constructing large irri-

gation systems has not yielded optimum results because management practices required for
increased output have been overlooked.
“In 1981, Sri Lanka produced enough to meet 90% of its rice requirement (Alwis et ‘al.,

1983). While total paddy production has been increasing, it has been achieved mainly through
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increased acreage and through the use of high yielding varieties. Much greater improvement

in productivity could be achieved by intensifyfng the use of available land and water.
4.1.2 Dry Zone and Wet Zone

The island of Sri Lanka lies approximately 7 degrees north of the equator. Depending
on availability of rainfall, the island is conventionally divided into two regions, the Dry Zone
and Wet Zone (Figure 4.1). The southwestern quarter of the island, the Wet Zone, receives
rainfall from both the southeast monsoon (Yala season, April to September) and the northeast
monsoon (Maha seasbn, October to March) with an annual rainfall of more than 2,000 mm.
The rest of the island, the Dry Zone, receives only thé northeast monsoon (Maha season).
During the Yala season, this part of the country is dry with only small amounts of rainfall.

The Wet Zone contains 6nly one-fourth of the.total land area of Sri Lanka. It is densely
populated and all available land is used. The Dry Zone on the other hand, has not been de-
veloped for centuries primarily because of low agricultural productivity due to inadequate
precipitation‘ during the dry season. There is a dilemma concerning paddy cuitivation in Sri
Lanka. The Wet Zone has abundant moisture but a shortage of land while the Dry Zone has
a shqrtage of water but available land. In recent years, much emphasis has been placed on
the de\/elopment of the Dry Zone through both rehabilitation of old irrigation systems and

construction of new systems.

4.1.3 Paddy in the Dry Zone

The total annual rainfall in the Dry Zone is less than 2,000 mm. The seasonality in rainfall
distribution and its variability is noted in Figure 4.2. The rainfall distribution is bimodal with

major peaks occurring in the months of September-December and March-April. About 70
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percent of the total annual rainfall occurs during the monfhs of September through December
which coincides with the major cultivation season (Maha season). The heavy rains are fol-
lowed by a short dry spell from January to mid March. Most of the remaining rainfall occurs
- during the first two months of the Yala season between late March and early May. Because
of its erratic nature, however, water for three quarters of the Yala crop is dependent on irri-
‘gation from reservoirs or tanks. Relatively small areas of the Dry Zone are used for cultivation
during the southwest monsoon because it is almost entirely dependent on irrigation which is

generally inadequate.

4.1.4 Mahaweli Ganga

To alleviate the water shortage problem in the Dry Zohe, Sri Lanka’s largest river, the
Mahaweli Ganga, is being developed as a source of irrigation water. This river produces one
fifth of the island’s total runoff and has its headwaters in the Wet Zoné highlands. One third
of its average flow of 2,462 x 10°m?® occurs during the Yala season when water is scarce
(Johnson, 1981). Since the river flows from the Wet to the Dry Zone, substantial quantities of
water are brought to the region where it is most needed. An important feature of the river is
that its flow is well in excess of the irrigation needs of the lowlands within the Mahaweli basin.

The Mahaweli Development Scheme was developed to harness the resources of the
Mahaweli and its tributaries for irrigation. To develop the full irrigation possibilities within ihe
basin and adjacent river basins, it was decided to transfer surplus water into the upper re-
aches of the Kéla Oya river and other Dry Zone rivers. Water will then be stored in existing
and new reservoirs to make possible double cropping of rice and other crops. Water is di-
verted across Mahaweli near Kandy through a 8 km tunnel to a power station on a tributary
of the Amban Ganga. A reservoir at Bowatenna diverts some flow through a 6.4 km tunnel and
canals lead to branches of the Kala Oya River and to. Kalawewa resevoir and other nearby

reservoirs (Figure 4.3).
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41.5 Kalawewa Reservoir

The_ K_alawewa resewoir is a regu_laﬁng reséryoi{r,ﬂs,en_/ing a major portion of system H in
the Mahaweli diversion scheme. The pfime objective of this reservoir is to store water to
make double cropping of rice possible in its commanded area. At present, the right-bank and
left-bank main canals provide irrigation water through new irrigation facilities to 19,295 ha and
6,160 ha of land, respectively (Alwis et al.,1983).

The diversion of Mahaweli water into the Kalawewa reservoir brought about development
of the region which had been relatively unpopulated. Previously, the land in production was
cultivated only during the Maha season. The Mahaweli diversion increased water availability
to allow crop production during both seasons. However, inefficient use of irrigation water
during the wet season, leaves insufficient water in the reservoir for the Yala season crop. This
is a common problem in many of the major irrigation schemes in Sri Lanka. These problems
and their implications have made it essential to improve water management techniques‘so

that the full benefits of Dry Zone development can be achieved.

4.1.6 Study Area

System H of Mahaweli development covers about 38,855 ha of irrigable land at present.
The area is divided into several subsections, H, to H,,. Sections H, to Hs and H,, receive water
from the Kalawewa reservoir. The demonstration area selected to demaonstrate the water
management system presented herein is located in the left bank of Kalawewa main canal
(Figure 4.4, sections Hg to Hy are on to the right side of Kalawewa reservoir and is not shown
in Figure 4.4). The demonstration area is approximately 38 km southeast of Anuradhapura,
the capital of the north central province. Paddy varieties of short growth duration (105 days)

such as BG 276-5 and BG 34-8 along with chili are the predominent crops in the area. Rice
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is planted primarily using the broadcast method. Data collected by the On Farm Diagnostic
Analysis of Farm Irrigation Systems group in August 1982 (Alwis et al., 1983) was chosen to

demonstrate the usefulness of the water management system.

4.1.6.1 Soil Type

Soil textures range from sandy clay loams to heavy clays. The well drained soils at the
upper reaches of the turnout area are sandy clay loams to a depth of 30 cm overlain by sandy
clays approximately 10 cm thick. The soil in the lower reaches has a very high clay content

and is nearly impermeable.

4.1.7 Kalawewa Canal Network Description

The left bank main canal feeds a large number of distributary channels (D-channels).
D-channels in blocks 301, 302, 303, 304 and 310 are supplied directly from the left bank main
canal. Three tanks, namely, the Galnewa, Mulanatuwa and Mahakantanoruwa tanks are lo-
cated on the left bank main canal. These tanks are supplied with water from their local
catchments and supplemented by the Kalawewa reservoir. These small tanks act as storage
reservoirs in the left bank main canal. The left bank main canal branches off (in block 311) to
supply irrigation water to the D-channels in block 311, 313 and 314. D-channels in block 312
are fed from the Mahakantanoruwa tank. The Mulanatuwa tank feeds water to the lhala

Kalankuttiya tank which in turn feeds water fo the D-channels in blocks 305, 306, 308 and 309.
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4.1.8 Operation of lrrigation System

.v . Turnout strucvturesbw‘ith'gast-ironvgate.s‘ are provided to control water from the main and
branch canals to D-channels. D-;:hannels supply water to field channels (F-channels) via
turnout structures (T.0.) into turnout areas. Each turnout area serves about 14 to 16 ha farms.
Water to the individual fields are supplied through the F-channels. Farm turnouts are provided
with 15 cm diameter circular orifices. Figure 4.5 is a plan view of F-channel 1 which carries
water from T.O. 5 (blocl; 302) to serve 16 fields (fields 50-65).

The following procedures are planned to oper‘ate the ‘system and issue water to the

commanded areas:

1. Main canal: continuous water issue, sufficient to maintain downstream reservoirs and

D-channels upstream of next reservoir.
2. Branch canal: issue scheduled for 7 days of the week,
3. D-channel: continuous or intermittent, but 3-4 days issue prefered,

4. F-channel: depending on the number of allotments to feed, F-channels are kept open for
four days with a discharge of 28 I/s (1-cusec) to supply every four allotments (4 ha) per

day at the rate of 64 mm of water for a week’s period.

According to the present design for lowland paddy, 270 mm of water is supplied for the
first and second flooding, over a period of 3 weeké. Thereafter, 64 mm per week is supplied
until 15 days before harvest. The estimate of 64 mm per week is based on, seepage and
. percolation losses of 3.0 mm/d, constant evapotranspiration losses of 6 mm/d and 15% canal

‘conveyance loss in F-channels.
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4.1.8.1 Conveyance Losses

The channel network was designed to supply daily peak‘requirements based on the
" “crop’s water réQuirerhehté énd allowed for ‘c‘o"riv:eyan-cé' losses of 6 percent in D-channels and
15 percent in F-channels. The left bank main canal feeds a large number of D-channels. Main
and branch canals are Iined and therefore there are no conveyance losses in the main and
branch canalis.

At several sections, the canal cross sections are different from the original design and the

cross sections vary significantly along the length of the canal. Except for 137 m of lined sec-

tion at the beginning of D-channel 3, the balance of the earthen sections are irregular in

shape. The average width of the existing channel was 3 m at the time of the survey which is
much greater than its design width of 1 m. Erosion has obviously been a serious problem in
the canal system.

The measured conveyance losses in the D-channels ranged from 2.5 to 17.4 percent per
1,000 m channel length (Alwis el al., 1983). The high percolation losses in the channels were
due to poor maintenance resulting from erosion. The excessive loss of 17.4 percent in the
distributary channels were due to leaks in the turnouts and channel overflow caused by ele-

vated crest levels (Alwis et al., 1983) of the turnout structures.

4.2 Irrigtion Scheduling Model Application

In principle, the proposed irrigation scheduling model is applicable to both the wet and
dry cropping seasons, but emphasis in this research is directed towards the wet season crop
when the primary water source is rainfall. The wet season is considered, because of its rel-

atively low irrigation efficiencies, and because of its potential to improve irrigation application
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efficiencies which can result in significant water savings. The water thus saved could then

be used to expand the irrigated area in the dry season.
4.21 Wet Season Cropping Schedule

The date on which the wet season crop production starts, depends on rainfall distribution
for the season and the field duration of the crop. For Kalawewa, maximum rainfall is experi-
enced from October to December. . For maximum water use efficiency, it is important that the
vegetative and reproductive growth stages occur from early October to late December and the
ripening periods to occur during the drier months. With broadcast seeding, the rice growing
period would be 105 days (15 weeks) for the rice varieties commonly grown in the area. Al-
lowing 3 weeks for land preparation, the total field duration for the crop would be 18 weeks (
= 4.2 months). Sincé the monsoon peak occurs from the middle of October to the middle of
January, the most promising calendar in terms of méking maximum use of rainfall, would be
to begin land preparation during the middle of September.

Although, it is most desirable to begin land preparation during the second week of Sep-
tember, farmers do not necessarily adhere to a fixed schedule and land preparation may be-
gin anytime in September. Therefore, the proposed method should be flexible enough to
estimate irrigation requirement independent of the date on which Iénd preparation com-
mences.

Depending on the distribution of rainfall and evapotranspiration, irrigation requirement
will vary for different weeks beginning on different days. For example, irrigation réquirement
estimated for the week beginning September 10, would differ from that estimated for the week
beginning September 11. Estimates of irrigation requirement should therefore, be made for
at least 19 weeks beginning on the 10th, 11th., .... 16th of September. If land preparation were
to begin on any day after the 16th of September, for example on the 17th of September, then

the first week of land preparation would coincide with the 2nd week of the weekly series be-
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ginning September 10. Similarly, if land preparation were to begin on the 18th of September,
then ﬁrsf week of land preparation would begin on the 2nd week of the weekly series begin-
ning on the 11th of September. With this approach, there would be 7x19 (=133) weeks to be
analyzed to estimate irrigation requirements. Therefore, weekly rainfall and evaporation will
be analyzed‘for 133 weeks under consideration, ie., 133 data sets each of rainfall and evapo-

ration to determine its distributions.

4.2.2 Basic Data

?
4.2.2.1 Rainfall Data

The rainfall data used in the analysis were obtained from the research station at Maha
lluppallama near Kalawewa. A total of 34 years of daily rainfall data between 1952-1985 were
available. Records were not available for Décember 1860, January 1961 and from November
27 to December 19, 1968 (Table A1, Appendix A). Table A1 clearly demonstrate the character
of the rainfall in the area.

Weekly rainfall data were obtained from daily rainfall data for all weeks beginning on all

days from September 10 to January 20.

4.2.2.2 Evaporation Data

Evaporation data for Maha lluppallama were available from 1957 to 1965 and 1970 to 1984.
However, daily records were not complete for the available years of record. During some
months of the years no records were available and there were days within months when re-
cords were not available. When heavy rainfall occurred, the evaporation pan often overflowed

and observations were not possible. This was common in November and December when
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rainfall was heavy, resulting in gaps of one to 4 days in daily evaporation records. Further,

from 1959 to 1963 observations were recorded with an evaporimeter, while all other observa-

tions used an evaporation pan. To be used in the proposed model, it was necessary that the .

observations be continuous for the entire rainfall record and that all observations be recorded
with a evaporation pan. Since rainfall observations were available for the years 1l952 to 1985
it was necessary to generate evaporation data to cover the missing ‘periods.
» During 1964 and 1965 daily observations were continuous with recordings made both with
a evaporation pan as well as with an evaporiymeter. Therefore, it was possible to determine
a relationéhip between the recordings of the two apparatus by carrying out a regression
analysis between daily observations of pan evaporation and evaporimeter. Figure 4.6 shows
the plotted points of daily observations for 1984 and 1965 with the two instruments.
A quadratic regression provided the best fit with a correlation coefficient (r?) of 0.751. The

relationship between pan evaporation and evaporimeter recordings was determinved to be:
y = 0635 — 0026x + 0.971x? - [a4]

where y is tho pan evaporation estimate and x is an evaporimeter observation. Using the
above relationship, daily pan evaporation data.were estimated for the years during which only
evaporirheter records were available.

It was necessary to develop pan evaporation data for the years during which rainfall ré-
cords were available and pan evaporétion was not recorded. Since the analysis is .fo'r wet
season, it was necessary only to simulate evaporation data for the months of September to
February. Available daily observation for each of these months were analyzed to determine
the distributions that gave a good fit.

The normal distribution was found to give an adequate fit for déily observation of evapo-
ration for each of the months under consideration. Grand mean and standard deviations for

the months in the wet season were determined to be:
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September October November December January February

- mean (mm) 3.638 4.461 6.581 4.832 3.084 3.052

Std. dev. (mm) 1.366 1518  1.608 2.083 - 1.387 1.344

Having determined that the normal distribution adequately fitted the daily evaporation
data and having obtained the means and the standard deviations for the months of interest,
it was possible to use equation 3.2 to simulate pan evaporation data. Relationships used to

generate data for the months in the wet season were:

September X = 1.366 Ry + 3.638 [4.2a]
October X = 1.518 Ry + 4.631 [4.2b]
November x = 1.608 R, + 6.581 [4.2c]
December x = 2.083 R, + 4.832 [4.2d]
January : X = 1.387 R, + 3.084 [4.2¢]
February X = 1.344 R, + 3.052 [4.2r]

where, Ry is a random variable with mean 0 and variance 1 (properties of the standard normal
distribution), the coefficient associated with Ry is the standard deviation, the other independ-
ent coefficient is the mean for the corresponding month, and x is the generated value.

To investigate the relationship between rainfall and evporation, daily pan evaporation
observed in December {month with maximum rainfall) was plotted against daily rainfall for
December. If a relationship could be established between the two variables, it would be more
appropriate to use the relationship between rainfall and pan evaporétion to fill gaps in pan
evaporation observations on days when the evaporation pan‘ overflowed. However, from fig-
ure 4.7 it is seen that there is no definite relationship between the two variables.

Since no relationship between daily rainfall and pan evaporation were obtained, the
Monte Carlo simulation described earlier was used to fill all gaps in evaporation records.

Observed and simulated daily pan evaporation data are given in Table A2, Appendix A.
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Having obtained daily evaporation data, weekly evaporation data were determined to
cover all weeks in the wet season. Although, no relationship between the two variables were ‘
observed, longterm mean weekly RF and EV, when plotted against time showed an inverse '

_relationship between the variables (Figure 4.8). i.e. wheh rainfall was high, pan evaporation

was low. The relationship was weak however, and could not be represented by an equaﬁon.

423 Analysis of Weekly Rainfall Data

There were 133 data sets of weekly rainfall data for which distributions were tested. The
data sets consisted of 31 to 34 years of recbrd. Whenever, rainfall records were missing for
part or all of a week (December 1960, January 1961, and November 27 to December 19, 1968)
such periods were eliminated from calculations. During September, January and early Feb-
ruary (beginning and end of the Maha season) approximately one third of the data were equal
to zero. Therefore, a mixed distribution with a point distribution to represent the zero rainfall
should theoretically give the best results. For the present data sets however, which has a
maximum of only 34 data points' per period and with approximately one third of the data being
equal to zero, the remaining data points were inadequate to fit any distribution.

The following distributions and transformations were evaluated to assess their suitability

to describe the distribution of weekly rainfall values.
1. Normal distribution

2. Power transformation
3.ﬂ SMEMAX transformation

A necessary condition for normality is that the coefficient of skew (C,) and coefficient of -

kurtosis (C,) should equal zero and three, respectively. Values C, and C, calculated from the
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data without transformation were sighiﬁcahtly different from zero and three, which eliminated
~ the use of the normal distribution. ,
The values of C; and C, did not approximate to the'retjuired values of zero and three with

the SMEMAX trasformation, thus eliminating the use of the SMEMAX transformation to de-

scribe the variation of weekly rainfall. For the power transformation, C, equaled zero for all

sets of data, however, C, did not approximate to three for all sets of dataT VValues of C, ranged
between 1.2 to 6.8, and provided bettér approximations to 3 than those determined from the
untransformed data and the SMEMAX transformation. |

Although, values of C, and C, serve to indicate how close the set of data is to normal
diétribution, it is not a determining criteria for normality. Therefore, to test the transformed
d‘ata for normality, the Shapiro-Wilk sta,tistic. W, was computed (SAS, Users guide, 1982). For
all sets of_data; W computed was closer to 1, which is a requirement to accept that the data
s'efé are normally distributed. Therefore, the power transformation was accepted to describe
the variation of weekly rainfall values. |

Weekly fainfall data with esﬁmated mean (u), standard deviation (Gp-4), C; and C, for
observed data and the corresponding values of transformed data (using power transformation)
are given in Table 4.1. Notations with prime are estimateé of transformed data and A is fhe

power of the transformation that transformed the data to normal distribution.

4.2.3.1 Comparisons of Distributions

The probability of exceedence of rainfall for the normal distribution can be calculated di-
rectly by transforming the variable x (weekly rainfall in this case) to z limits. For example for
the first week beginning the 10th of September (u = 30.04 and ¢ = 54.31) the probability that

rainfall will‘be greater than 10 mm is:

10— 3004 = pz > -0.369)

‘ _ 10—p, _ 10 -
Px210) = Pz> 101y = pz > —
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Table 4.1. Parameters estimated for weekly rainfall data.

week i Cp—1 Ce Cy A 'y 601 C'q C'y
1 30.04 5431 2.320 7.859 0.177 0.44 5.25 0.000 1.502
2 30.38 5§5.32 2.445 8.664 0.172 0.25 5.41 0.000 1.425
3 29.32 54.04 2.610 9.655 0.165 0.02 541 0.000 1.457
4 28.71 56.25 2.612 9.599 0.139 - -0.84 5.83 0.000 1.339
5 21.98 37.98 .. 2254 . 8,196 10,131 -1.39 5.98 0.000 1.201
6 17.70 - 25.82 1.332° 3.575 0.188 0.17 4.76 0.000 1.387
7 17.46 24.25 1.376 3.920 0.247 1.22 443 0.000 1.472
8 19.64 29.52 1.835 5.877 0.241 1.29 4.55 0.000 1.539
9 24.77 42.39 2.840 12.124 0.224 1.30 4.81 0.000 1.587

10 27.98 51.72 2494 8.561 0.196 0.90 4.96 0.000 1.637

11 25.71 49.92 2.813 10.422 0.180 0.34 5.08 0.000 1.530

12 28.26 51.72 2.892 11.055 0.225 1.50 4,92 0.000 1.680

13 27.36 50.21° 2.664 9.679 0.218 1.52 4.67 0.000 1.847

14 26.16 48.30 2.541 9.396 0.214 1.29 475 0.000 1.716

15 25.17 36.85 2.074 7.144 0.292 2.74 4.59 0.000 1.878

16 19.22 23.66 1.284 3.979 0.350 2.90 4.56 0.000 1.629

17 14.55 19.35 1.594 5.154 0.313 1.98 4.04 0.000 1.693

18 15.75 25.63 2.349 8.551 0.242 1.05 4.27 0.000 1.654

19 15.63 25.28 2.200 7.636 0.253 1.21 4,22 0.000 1.734

20 15.96 24.86 1.670 4.519 0.237 1.00 4.29 0.000 1.644

21 15.85 26.81 1.786 4.824 0.201 0.38 4.40 0.000 1.642

22 19.85 35.93 2.034 6.052 © 0.155 -0.62 5.20 0.000 1.421

23 29.25 43.99 1.327 3.257 0.172 0.23 5.44 0.000 1.338

24 32.58 46.36 1.250 3.137 0.226 1.71 5.15 0.000 1.475

25 41.04 66.06 1.937 6.520 0.198 1.32 5.51 0.000 1.469

26 43.89 75.41 2.723 11.327 0.224 2.38 5.15 0.000 1.764

27 50.82 80.96 2.361 8.726 0.254 3.56 5.15 0.000 1.969

28 65.75 80.89 2.104 7.988 0.377 7.48 6.61 0.000 2.296

29 71.80 81.38 1.772 6.206 0.398 8.78 6.78 0.000 2.436

30 67.01 70.88 1.346 4.241 0.439 9.64 7.46 0.000 2.283

31 68.81 70.02 1.311 4.193 0.448 10.27 7.49 0.000 2.307

32 65.78 56.35 0.451 1.886 0.634 18.27 18.37 0.000 1.753

33 69.01 58.69 0.554 2.144 0.576 15.91 10.69 0.000 1.844

34 69.19 51.84 0.532 2.451 0.668 21.89 13.50 0.000 2175

35 65.39 58.22 1.004 3414 0.496 12.09 7.71 0.000 2.276

36 64.12 52.32 0.636 2423 0.5920 16.05 10.29 0.000 2,073

37 71.31 64.96 1.096 3.806 0.486 12.24 7.88 0.000 2.324

38 72.50 66.99 1.525 5.411 -0.377 2.10 0.27 0.000 3.631

39 71.75 63.16 1.225 4.239 0.525 13.94 8.92 0.000 2.702

40 72.18 56.66 0.839 3.331 0.634 20.04 12.76 0.000 2.568

41 68.37 57.11 0.954 3.443 0.586 16.40 10.78 0.000 2.498

42 63.14 49.70 0.653 2.608 0.635 18.33 11.77 0.000 2.241

43 59.92 55.84 1.074 3.382 0.458 10.20 6.59 0.000 2.304

44 56.93 40.75 0.527 2.308 0.614 16.47 9.04 0.000 2.130

45 62.05 38.52 0.389 2.404 0.723 24.80 12.76 0.000 2.322

48 66.60 42.53 0.450 2.180 0.611 18.52 8.66 0.000 2.128

47 66.78 42,59 0.463 2.372 0.636 20.01 9.62 0.000 2.209

48 72.46 49.04 0.781 3.812 0.555 16.40 7.62 0.000 2.464

49 74.62 54.03 1.049 3.887 0.349 9.24 3.36 0.000 2.403

50 77.67 56.43 0.601 2.291 0.519 15.15 7.36 0.000 2.065

51 73.77 56.01 0.525 2.060 0.565 16.66 9.21 0.000 1.971

52 67.33 56.49 0.779 2.422 0.478 11.96 6.76 0.000 2.185

53 65.29 56.47 1.118 3.313 0.361 8.61 4.08 0.000 2.549

54 65.34 58.65 1.291 3.541 0.315 7.65 3.38 0.000 2.965

55 62.87 59.02 1.418 4.161 0.377 8.65 4.54 0.000 3.098

56 62.66 59.05 1.360 4.207 0.414 9.40 5.48 0.000 2.717

57 62.99 55.94 1.359 4.778 0.431 10.05 554 0.000 2.728

58 63.08 54.00 1.340 5.520 0.474 11.38 6.46 0.000 2.644

59 69.37 68.06 1.576 5.570 0.408 9.60 5.82 0.000 2.668

60 66.68 63.89 1.056 3.546 0.484 11.40 8.14 0.000 2.160

61 63.56 57.77 1.037 3.707 0.522 12.63 8.73 0.000 2.284

62 65.40 50.89 1.479 4.392 0.436 10.17 6.13 0.000 2222

63 67.42 62.79 1.232 4.176 0.480 11.60 7.65 0.000 2.424

64 68.12 60.90 0.839 3.094 0.573 15.30 11.14 0.000 2.110

65 66.25 54.26 0.450 2.086 0.687 21.97 18.77 0.000 1.900

66 59.80 48.14 0.558 2.231 0.588 15.34 9.64 0.000 1.951

67 61.33 48.98 0.767 3.110 0.577 15.14 9.23 0.000 2.250
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Table 4.1. Continued.

week u Cn1 C Cy A [y 6’1 C's C'
68 58.65 49.74 0.860 2.955 0.456 10.37 5.84 0.000 2.125
69 62.91 66.00 2.070 8.085 0.379 8.41 5.10 0.000 3.096
70 59.28 63.41 3.245 15.828 0.386 8.55 4.73 0.000 4.815
71 56.00 61.85 3.696 18.746 0.353 7.73 3.95 0.000 5.395
72 . 56.15 .61.03 3.744 . 19135 0.383 - 8.35 4.45 0.000 5.758
73 58.03 61.49 3.489 17.562 0.354 7.92 3.94 0.000 5.070
74 57.12 62.92 3.399 16.843 0.340 7.50 3.83 0.000 4.802
75 58.52 60.14 2.900 13.683 0.252 6.23 2.61 0.000 3.443
76 50.22 39.38 0.643 2.357 0.484 1045 5.59 0.000 1.970
77 55.19 48.45 0.727 2.385 0.428 9.33 5.08 0.000 1.906
78 60.22 56.71 0.843 2.695 0.379 8.22 5.00 0.000 1.794
79 58.63 56.70 0.873 2.733 0.342 7.32 4.39 0.000 1.813
80 59.40 55.85 1.090 3.498 0.359 7.87 4.41 0.000 2.120
81 62.54 60.61 1.426 4.970 0.428 9.61 6.05 0.000 2.610
82 69.88 76.61 1.829 5.922 0.324 7.61 4.30 0.000 3.216
83 66.81 72.59 1.801 5.893 0.323 7.48 4.15 0.000 3.337
84 67.84 79.71 1.691 4,976 0.307 6.93 4.35 0.000 2.958
85 61.90 73.93 1.994 6.563 0.237 5.68 3.13 0.000 2.778
86 64.51 75.18 1.729 5.340 0.270 6.14 3.77 0.000 2.391
87 62.38 69.69 1.697 5.581 0.364 7.69 5.33 0.000 2.606
88 61.80 61.96 1.228 3.660 0.420 9.15 6.17 0.000 2.375
89 50.98 54.85 1.397 4.324 0.376 7.20 5.12 0.000 2.418
90 48.20 51.15 1.422 4.403 0.289 5.82 3.49 0.000 2.244
91 38.39 40.30 1.433 4.407 0.372 6.25 4.35 0.000 2.480
92 38.23 41.18 1.605 5.306 0.354 5.95 417 0.000 2.464
93 44,95 46.19 1.478 5.399 0.425 7.66 5.67 0.000 2.327
94 43.12 45.35 1.326 4,626 0.403 6.96 5.36 0.000 2.123
95 38.59 39.68 1.220 4.290 0.445 7.21 5.95 0.000 2.005
96 45.34 49.84 1.427 5.085 0.398 6.77 5.79 0.000 1.971
97 50.07 62.49 2.139 8.070 0.328 5.94 4.79 0.000 2454
98 51.78 61.78 2.131 8.124 0.348 6.53 4.95 0.000 2.544
99 57.44 76.22 2.501 9.434 0.283 6.01 4.16 0.000 3.172
100 44.35 46.69 1.575 5.853 0.370 6.68 4.62 0.000 2.355
101 55.80 52.81 1.065 3.839 0.438 9.24 6.06 0.000 2.141
102 58.40 53.64 0.836 2.834 0.493 11.03 7.55 0.000 2.039
103 57.40 5493 0.961 2.921 0.433 9.24 6.07 0.000 2.220
104 57.45 60.61 1.160 3.495 0.356 7.29 4.92 0.000 2.238
105 56.69 63.34 1.292 3.814 0.343 6.84 4,91 0.000 2.356-
106 52.67 65.93 1.941 6.220 0.283 5.70 3.82 0.000 3.023
107 47.68 58.61 1.831 5.715 0.279 545 3.58 0.000 3.144
108 35.54 49.12 2.358 8.762 0.307 4.52 4.24 0.000 2.670
109 30.01 41.76 2.087 7.305 0.319 3.66 4.82 0.000 2.018
110 27.97 32.17 1.214 4.187 0.393 4.58 5.31 0.000 1.700
111 24.78 28.81 0.825 2.371 0.348 3.48 4.80 0.000 1.474
112 24.08 27.08 0.841 2.527 0.391 3.99 5.17 0.000 1.481
113 22.06 31.06 1.583 4.996 0.257 1.83 4.56 0.000 1.563
114 21.18 31.11 1.860 7.080 0.258 1.72 4.56 0.000 1.589
115 21.33 31.24 1.990 7.338 0.257 1.72 4.58 0.000 1.580
116 23.52 33.42 1.792 5.736 0.289 245 4.64 0.000 1.722
117 22.72 32.69 1.567 4.438 0.257 1.80 4.67 0.000 1.565
118 22.91 31.85 1.323 3.604 0.246 1.54 4.78 0.000 1.452
119 24.41 33.40 1.315 3.894 0.254 1.86 4.75 0.000 1.509
120 19.52 29.22 2.022 7.211 0.261 1.74 437 0.000 1.687
121 19.57 31.76 2.665 11.007 0.253 1.85 4.14 0.000 1.936
122 20.68 31.84 2.522 10.580 0.278 2.20 4.33 0.000 1.881
123 17.77 30.18 3.071 14.087 0.252 1.60 4.12 0.000 1.931
124 14.32 22.19 2.254 8.566 0.251 1.27 3.95 0.000 1.759
125 12.74 17.54 1.513 4.376 0.286 1.45 3.89 0.000 1.655
126 10.93 16.29 1.493 4,182 0.188 -0.41 446 0.000 1.326
127 13.09 16.38 0.815 2.107 0.231 0.40 4.47 0.000. 1.214
128 11.46 15.27 0.954 2.345 0.208 -0.01 4.37 0.000 1.284
129 11.63 18.79 2.041 6.571 0.220 0.19 4.25 0.000: 1.455
130 13.85 25.42 2.556 9.007 0.196 -0.06 4.54 0.000 1.466
131 15.39 25.24 2214 7.232 0.249 1.19 4.15 0.000 1.780
132 15.62 26.30 2.336 8.044 0.224 0.72 4.35 0.000 1.599
133 14.11 25,86 2.562 9.159 0.216 0.67 4.05 0.000 1.852
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From standard normal table P(z 2 —0.369) is determined to be 0.644.

For the SMEMAX and power transformations, the desired probabilities are evaluated by
first transforming the variable x to y (where y is the transformed variable using the respective
transformation) and y to z scale and then using standard normal tables.

For example, for the SMEMAX transformation, P(x =2 10) for the first week beginning
September 10 is obtained by first transforming the variable to y scale accpd.ing to equation
2.19a and 2.19b.
where:

—xm

A = arctan [?X'——'] = 2258 —30

= 1.557
- X, 30 - 00

From Table B1 (Appendix B) for the week between Sept. 10 and Sept. 16, the largest value
= 225.8 mm, the smallest value '= 0.0 mm and the mode 3.0 mm. Substituting these values

fn equations 2.19a gives:

y = (3.0 — 0.0) + (10 — 3.0) cot(1.557)

= 114.7
2cos(1.597)

The probability is evaluated by transforming y to z limits from the following:

Y - B _ 1147 —768 _
z 5 714 0.531

Where n=76.8 and ¢ =71.4 are the mean and standard deviation for the transformed data.
From standard normal tables P (z = 0.531) is determined to be 0.298.

Using the power transformation, P(x = 10) for the first week beginning September 10 is
obtained by transforming the variable x to y scale using equation 2.17a as follows:

XA

y=Xo 1 =107 -1 =983

0.177
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The probability is evaluated by transforming y to z limits from the following

z G 5.05

From standard normal tables P(z = 0.458) is determined to be ‘0.316.

Results obtained from the normal distribution‘, power transformation and SMEMAX
transformation are compared with probabilities determined from observations (Figures 4.8a,
4.8b, 4.8¢, 4.8d). Observed probabilities were determined by summing the number of obser-
vations greater than a given value by the total number of observations. For éxample, for the
week between Sept. 10 to Sept. 16 (Table 4.1) the number of data points greater than 10 mm
is 13, ie. 13 out of 33 data points are greater than 10 mm. The observed probability is there-
fore, 13/33 = 0.394. Four data sets (data for weeks between Sept. 10-16, Nov. 5-11, Nov. 19-25
and Dec. 24-30) were selected at random’ to illustrate how the probabilities of rainfall calcu-
lated from the different distributions compare with the observed values (Figures 4.9a to 4.9d).

T'he power transformation was chosen to describe the distribution of weekly rainfall data,
since it gave best fits with the historical data. Using the power transformation, the rainfail at
differént probability levels was determined. Figure 4.10 shows the variation of rainfall at dif-

ferent probability levels, for all weeks beginning on different days during the Maha season.
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Figure 4.9a. Comparison of distributions for weekly rainfall data (eg. 1).
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Figure 4.9c. Comparison of distributions for weekly rainfall data (eg. 3).
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4.2.4 Analysis of Weekly Pan Evaporation Data

Using the procedure used for weekly rainfall data, distributions capable of describing the

weekly pan evaporation were determined. Unlike rainfall data, the weekly pan evaporation

data included observed as well as generated data. Table 4.2 gives estimated mean (u) and

standard deviation (0,-), C; and C,, for untransformed data and for the data transformed with

the power transformation.

The variation in weekly pan evaporation data were relatively small (Table 4.2), unlike
weekly rainfall data which had large standard deviations. The A values that transformed the
data are higher than those obtained for rainfall data. In order to have variability in the data
(to fit the normal distribution), the data had to be raised by a high power to get the desired
variability, sulbsequently. the mean (u") and standard deviation (¢’,-,) of the transformed data
were high. |

The normal distribution, power transformation and SMEMAX transformations wei'e tested
for their ability to describe the distribution of weekly evaporation values. As with rainfall data,
the power transformation was best able to describe the weekly pan evaporation data. In Fig-
ures 4.113, 4;11b, 4.10c and 4.10d, résults obtained from normal distribution, power transfor-
mation and SMEMAX transformation are compared with probabilities determined from the
data. Weeks of September 10 to 16, October 29 to November 4, November 26 to December 2
and January 7 to 13 were selected at random to illustrate (graphically) the ability of the dis-
tributions to describe the variation of weekly pan evaporation.

The power transformation was chosen to describe the variation of weekly pan. evapo-
ration, since it gave the best results from analysis. Using the power transformation, variation
of pan evaporation at different probability for the weeks in ;the growing season are given in

Figure 4.12.
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Table 4.2. Parameters estimated for weekly pan evaporation data.

week B Op—1 Cs Ck A [-l.' O"n..1 C’s C'k
1 45.98 8.59 -1.206 4.519 3.399 148428 ‘71839, 0.000 2.269
2 45,05 9.10 -1.205 4.843 2.796 17322 7649 0.000 2.793
3 45.70 9.54 -1.395 5.249 2.833 19581 8859 0.000 2.976
4 45.94 9.14 -1.283 5.244 2.592 - 8423 3496 0.000 3.422
5 45.82 8.71 . =1.018 4,623 2.303 3049 1152 0.000 3.708

© 6 146,28 "~ 8.26 - -0.855 4,008 2319 - 3271 1191 0.000 3.583
7 46.37 7.70 -0.803 4.340 2.106 1581 505 0.000 4,225
8 45.86 1.57 -0.267 3.555 1.428 165.52 38.41 0.000 3.618
9 46.08 745 -0.133 3.296 1.251 95.96 18.64 0.000 3.362

10 45,31 6.58 0.191 2.898 0.495 11.27 0.96 0.000 2.730

" 45.07 6.75 0.030 2.629 0.916 34.62 4.91 0.000 2.626

12 44.89 6.65 0.254 2.621 0.215 5.87 0.34 0.000 2.451

13 44.73 6.63 0.312 2.778 0.076 4.39 0.20 0.000 2.472

14 44.59 6.42 0.021 2.999 0.952 37.91 5.35 0.000 3.014

15 44.70 6.48 -0.305 3.486 1.586 263.35 59.28 0.000 3.210

16 43.83 6.54 0.022 2.888 0.947 36.77 5.35 0.000 2.887

17 43.48 6.78 0.109 2.312 0.635 15.67 1.72 0.000 2.295

18 42.74 7.09 0.218 2.117 0.165 5.18 0.31 0.000 2.071

19 41.76 8.03 0.264 1.940 -0.101 3.10 0.13 0.000 1.839

20 40.92 8.85 0.318 2.158 0.093 4.41 0.31 0.000 2.149

21 39.92 9.62 0.175 1.721 0.341 7.31 0.85 0.000 1.770

22 38.55 10.60 0.211 1.704 0.287 6.38 0.79 0.000 1.768

23 37.97 10.58 0.324 1.758 -0.061 3.23 0.23 0.000 1.830

24 38.40 10.28 0.194 1.826 0.427 8.68 1.28 0.000 1.876

25 38.40 1052 . 0.124 1.856 0.668 15.48 3.15 0.000 1.909

26 38.50 10.83 -0.008 1.997 1.018 39.44 11.56 0.000 1.994

27 38.08 10.53 0.134 1.924 0.671 15.49 3.20 0.000 1.980

28 38.05 10.07 0.007 2.269 0.988 35.79 9.62 0.000 2.273

29 37.22 9.48 0.100 2.175 0.7280 20.65 4.45 0.000 2.230

30 37.03 9.36 0.097 2.180 0.795 20.81 4.48 0.000 2.228

31 35.70 8.68 0.362 2.175 0.164 4.81 0.44 0.000 - 2.333

32 34.68 8.17 0.329 2,053 0.051 3.86 0.28 0.000 2.046

33 33.42 7.52 0.328 2.619 0.334 6.62 0.73 0.000 2.467

34 32.52 7.35 0.392 2.450 0.085 4.02 0.30 0.000 2.295

35 31.35 7.70 0.422 2.510 0.177 4.70 045 0.000 2.488

36 31.82 8.03 0.567 2.819 -0.005 3.40 0.25 0.000 2.588

37 30.99 8.61 0.599 3.403 0.272 5.61 0.71 0.000 3.008

38 30.55 8.63 0.375 2.822 0.477 8.52 1.45 0.000 2.716

39 30.34 8.25 0.098 1.770 0.836 19.42 4,73 0.000 2.451

40 30.22 8.49 0.141 1.879 0.604 11.21 2.22 0.000 1.838

41 30.53 8.23 -0.076 1.779 1.249 57.12 19.18 0.000 1.773

42 29.83 8.45 -0.025 1.595 1.099 37.22 11.80 0.000 1.590

43 29.23 7.39 -0.152  1.912 1.445 91.92 32.73 0.000 1.922

44 29.40 ., 7.33 0.064 2.082 0.838 19.01 4.25 0.000 2.056

45 29.01 - 7.08 -0.193 2.198 1.446 91.01 0.29 0.000 2.209

46 29.04 7.15 -0.267 2.192 1.628 152.06 58.09 0.000 2.166

47 28.72 6.81 0.072 2.285 0.838 18.63 3.97 0.000 2.261

48 27.00 6.52 0.362 2.543 0.280 5.37 0.61 0.000 2.421

49 26.34 8.45 -0.025 1.595 1.099 37.22 11.80 0.000 1.580

50 25.40 5.22 0.563 2.610 -0.541 1.52 0.04 0.000 2.215

51 24.32 531 0.653 3.219 -0.137 2.57 0.14 0.000 2.876

52 23.90 4.77 0.741 2.780 -1.131 0.86 0.01 0.000 2.316

53 22.87 4.71 1.002 3.927 -1.011 0.95 0.01 0.000 2.614

54 22.35 4.60 0.677 3.682 -0.090 2.69 0.15 0.000 3.031

55 23.18 4.85 0.733 3.571 -0.179 2.39 0.12 0.000 3.179

56 22.91 4.92 0.413 3.679 0.482 7.26 0.98 0.000 3.515

57 23.35 4.82 0.053 3.526 0.935 19.23 3.83 0.000 3.540

58 23.23 5.10 -0.132 3.732 1.144 31.18 7.98 0.000 3.725

59 22.89 5.18 0.070 3.729 0.927 18.52 4.13 0.000 3.731

60 22.30 543 0.757 4.989 0.390 5.98 0.81 0.000 4.538

61 21.96 5.39 1.042 5.149 -0.024 2.95 0.22 0.000° 3.938

62 2143 5.18 -0.113 3.226 1.132 27.63 7.73 0.000 3.141

63 21.16 543 0.045 2.563 0.929 17.24 4.38 0.000 2.581

64 21.01 5.66 0.423 3.159 0.447 6.41 1.05 0.000 2.898

65 20.78 5.67 0.979 4.316 -0.218 2.20 0.14 0.000 2.933

66 20.72 545 0.959 4.525 -0.080 2.66 0.20 0.000 3.287

67 20.79 5.14 0.926 5.351 0.121 3.63 0.35 0.000 3.728
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Table 4.2. Continued.

week p Cp—1 Ce Cy A 'y -1 C's C'y
68 20.89 5.15 0.570 3.838 0.322 5.1 0.66 0.000 3.250
69 20.68 4.87 0.117 3.343 0.860 14.51 3.20 0.000 . 3.332
70 21.01 5.03 0.224 3.138 0.710 10.76 2.09 0.000 3.143
71 20.32 4,95 0.403 3.038 0.372 5.50 0.75 0.000 2.742
72 20.60 5.52 ~ 0,070 2.248 0.861 14.47 3.63 0.000 2.238
73 20.50 541 0.020 2464 '0.966 18.09 4.88 0.000 2.459
74 20.53 5.48 -0.054 2.485 1.092 24.02 7.22 0.000 2.526
75 20.60 5.66 0.836 5.065 0.337 5.12 0.83 0.000 3.646
76 . 21.02 5.95 1.071 4.496 -0.428 1.69 0.07 0.000 2.602
77 20.89 5.48 1.188 5.764 -0.121 2.52 0.18 0.000 3.630
78 21.06 5.63 1.019 5.217 -0.085 2.66 0.20 0.000 3.082
79 20.68 5.66 1.185 6.091 -0.089 2.63 0.20 0.000 3.388
80 20.87 6.26 0.768 4434 0.253 4.51 0.64 0.000 3.164
81 20.42 5.89 0.971 5.622 0.266 4.56 0.64 0.000 3.963
82 20.22 6.19 '0.613 3.598 0.203 4.10 0.50 0.000 2.750
83 20.22 5.75 1.029 5.578 0.144 3.71 0.43 0.000 3.636
84 20.43 5.41 1.057 5.867 0.075 3.35 0.33 0.000 3.589
85 20.62 5.35 0.965 5.448 0.087 3.42 0.33 0.000 3.470
86 21.24 5.13 0.727 4.009 -0.050 - 2.81 0.20 0.000 2.730
87 21.75 5.19 0.338 3.342 0.555 8.09 1.32 0.000 3.123
88 21.86 5.79 0.282 2.739 0.556 8.10 1.48 0.000 2.590
89 22.51 5.61 0.175 2.800 0.734 11.96 247 0.000 2.755
90 22.53 5.59 0.094 2.813 0.859 15.69 3.62 0.000 2.787
91 22.57 5.59 0.299 2.877 0.548 8.16 1.37 0.000 2.797
92 22.83 5.39 0.527 3.241 0.230 4.54 0.48 0.000 3.035
93 22.57 5.32 0.273 3.549 0.681 10.73 1.98 0.000 3.415
94 22.23 4.55 0.401 4.724 0.599 8.97 1.32 0.000 4.223
95 - 21.99 4.30 0.653 .5.479 0.361 5.65 0.60 0.000 4.343
96 21.12 4.93 0.408 4.284 0.587 8.44 1.41 0.000 3.782
97 21.35 5.05 0.382 3.749 0.553 7.95 1.29 0.000 3.380
] 20.55 4.77 0.545 3.391 0.290 4.79 0.56 0.000 3.380
29 20.16 4.46 0.256 2.774 0.586 8.16 1.28 0.000 2919
100 20.16 3.92 0.056 3.415 0.922 16.17 3.10 0.000 3415
101 20.12 3.99 0.094 2.850 0.820 13.04 2.33 0.000 2.770
102 20.62 4.22 -0.281 2.392 1.674 96.28 31.80 0.000 2.480
103 20.67 4.49 -0.127 1.827 1.479 59.90 18.98 0.000 1.828
104 19.99 4.56 -0.297 2.162 1.802 126.50 49.06 0.000 2.035
106 20.68 4.47 -0.234 2.290 1.572 75.25 24.86 0.000 - 2.318
106 20.88 4.04 -0.226 3.087 1.375 47.16 12.47 0.000 2.896
107 2117 4.12 0.108 2.437 0.746 11.68 1.90 0.000 2.461
108 21.49 4.53 0.427 2.793 0.079 3.44 0.27 0.000 2.455
109 21.72 4.80 0.201 3.706 0.764 12.38 2.33 0.000 3.573
110 . 22,16 5.29 0.025 3.573 0.972 19.84 4.84 0.000 3.549
111 22.75 4.97 0.061 3.937 0.937 18.85 4.08 0.000 3.915
112 22.54 5.58 -0.205 3.653 1.207 35.04 10.52 0.000 3.773
113 23.10 5.96 -0.281 3.443 1.289 44,19 14.52 0.000 3.298
114 23.10 6.11 -0.395 3.654 1.372 54.45 19.12 0.000 3.361
115 23.28 6.12 -0.717 4.201 1.606 100.25 38.73 0.000 3.721
116 23.70 6.23 -0.711 3.708 1.757 154.23 63.85 0.000 3.247
117 24.46 5.92 -0.737 3.746 1.877 224.99 91.24 0.000 3.105
118 24.61 5.64 -0.590 3.879 1.8630° 116.08 40.62 0.000 3.809
119 24.56 5.29 -0.244 3.702 1.278 46.46 12.74 0.000 3.747
120 24.91 5.06 -0.206 3.642 1.258 44.87 11.48 0.000 3.796
121 24.92 5.18 0.107 3.123 0.834 16.27 3.04 0.000 3.067
122 25.28 5.11 0.210 3.247 0.686 11.85 1.86 0.000 3.218
123 25.12 5.1 0.506 3.718 0.307 547 0.55 0.000 3.430
124 24.87 5.28 0.489 3.454 0.243 4.83 0.46 0.000 2.990
125 25.07 5.23 0.746 4.206 -0.035 3.03 0.18 0.000 3.193
126 25.15 5.14 1.063 5.038 -0.402 1.80 0.05 0.000 3.351
127 25.05 5.60 0.891 4.488 -0.128 2.62 0.14 0.000 3.318
128 25.73 5.57 0.461 3.767 0.367 6.20 0.71 0.000 ,3.166
129 25.57 5.21 0.572 3.370 -0.103 2.74 0.1 0.000 2.585
130 25.54 5.17 0.253 3.221 0.588 9.67 1.36 0.000 3.016
131 25.33 5.51 -0.006 3.018 1.010 24.91 5.68 0.000 3.023
132 25.62 6.18 -0.246 3.218 1.312 52.66 16.15 0.000 3.269
133 25.92 6.52 -0.360 2.909 1.517 93.55 34.10 0.000 2.713
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Figure 4.11a. Comparison of distributions for weekly pan evaporation data (eg. 1).
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Figure 4.11b. Comparison of distributions for weekly pan evaporation data (eg. 2).
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Figure 4.11c. Comparison of distributions for weekly pan evaporation data (eg. 3).
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4.2.5 Estimating Irrigation Requirements

Figure 4.9 gives the probability that rainfall will be greater than the values given on the
vertical axis, for all weeks in the wet season. Figure 4.12 gives the probability at which EV
will be less than the values on the vertical axis. From figures 4.10 and 4.12, RF and EV can
be determined for any given week at a desired probability level. Figures 4.13a, 4.13b, 4.13c,
4.13d, 4.13e and 4.13f were prepared from Figures 4.10 and 4.12 and give estimates of (k - EV
- RF) at different probability levels for values of k=1.0 k=1.1 k=1.2 k=1.3 for the different
growth stages of the rice plant. Estimates of (k * EV - RF) from Figures 4.13a to 4.13a can be
used in the water balance equation (3.7) to determine irrigation requirements at the desired
probability levels. |

The desirable probability at which the irrigation system is to be operated must be decided
by the management of the irrigation system. The chosen probability will be the probability that
irrigation requirement {IR) will be greater than or equal to IR determined from equation 3.7.

To illustrate the steps involved in determining irrigation requirement, the week beginning
October 31 is used as an example. To determine irrigation requirements using the water
balance equation, estimates of (k - EV - RF) have to be first determined Since estimates of (k
* EV - RF) have been computed for all weeks beginning September 10, the number of days to
October 31 from September 10 has to be determined (52 days in this case) in order to use
Figure 4.13 to estimate the appropriate values of (k - EV - RF). Assuming that on October 31,
the rice plants are at the beginning of its reproductive growth stage, and the value of k for this
period is 1.2 (discussed in Section 2.3 of Chapter 2). If the system is assumed to be operated
~ at probability greater than 81%, from Figure 4.13b, the value of k * EV - RF is 37 mm.

For the reproductive growth period, the minimum required water level (SMIN) is 50 mm
(Table 3.1). Assuming the paddy fields had an initial water depth (SIN) of 25 mm, and as-
suming 3 mm/day of seepage and percolation losses (PERC), the irrigation requirement is 92

mm/week. For the)1st of November the k * EV - RF is 34 mm and the corresponding irrigation
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requirement is 90 mm assuming SMIN, SIN and PERC remain constant. Similarly for the 2nd
of November, k * EV - RF is 24 mm and the irrigation requirement is 80 mm assuming all other

factors are constant.
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Figure 4.13a. Weekly k - EV - RF estimated at probability greater than 90%.
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4.3 Canal Conveyance Model Application

In a typical irrigation Systém, usually there is a reservoir with a diversion dam or a similar
control structure at the upstream end of the main canal. In the Kalawewa irrigation scheme,
the left bank main canal and the right bank main canals carry water from the Kalawewa res-
ervoir to the D-channels. To conserve water in the reservoir, only the required quantity of
water should be released to the main canals commensurate with the irrigation requirements
of the D-channels.

Computer models of water distribution systems are frequently used to solve design and
operation problems. The EXTRAN hydraulic flow routing model is used herein to simulate
flows in the left bank main canal to determine the optimal canal operations. For demon-
stration purposes, a segment of the left bank main canal was chosen, with the head gate at
the Kalawewa reservoir as the upstream boundary and the Mulanatuwa tank as the down-

stream boundary (Figure 4.14).

4.3.1 Data Input for Flow Simulation

Nodes and canal reaches were identified to describe the physical layout of the distrib-
ution system. Canal reaches are the means of conveyance and nodes are the beginning and
ending points of each canal reach. Nodes are specified at points where flow leaves the main

canal {i.e. location of turnout structures to D-channels). The canal is composed of 16 reaches

with 15 turnout structures of the orifice type. The orifice openings can be adjusted via vertical

movable gates.
All nodes are numbered but are not required to be in any prescribed sequence. The
nodes here are numbered with four digit numbers associating the number of the D-channel

and the number of the 