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The estimation of irrigation delivery, its schedule and
duration is a key element in any irrigation system. This
decision-making process referred to as irrigation scheduling,
depicts the use of water management strategies to prevent
over-application of water while minimizing yield loss due to
water shortage or drought stress. The standard method
adopted for the calculation of crop water requirements is
based on the evaporative demand of the crops for each
prevailing stage of growth. There is potential for structuring
information to improve the irrigation deliveries, and to develop
an information system to improve decision-making in the
operation and management of the scheme. The ‘Irrigation
Scheduling’ program has been developed to determine
irrigation deliveries to discrete units of a rice irrigation system. 

STUDY AREA
The Besut Irrigation Scheme, located in the northeastern
corner of Peninsular Malaysia in the state of Terengganu, is
shown in Figure 1. The scheme consists of two subdivisions,
namely the Angga barrage subdivision and the Besut barrage
subdivision. These subdivisions are further divided into four
compartments, with one compartment in the Angga
subdivision (Compartment 2) and three compartments in the
Besut subdivision (Compartments 1, 3, and 4).  Compartments
1, 3 and 4 (totaling 4017 ha) receive irrigation supply by gravity
flow from the Besut River, whilst compartment 2 (1147 ha)
receives its irrigation supply also by gravity, from the Angga
River. The entire scheme area is further divided into 39
irrigation blocks (water-user groups) for management
purposes. One important aspect of the scheme is that the
production cycle is based primarily on the annual rainfall
pattern and distribution. The total mean annual rainfall is about
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INTRODUCTION
Many computer-aided models have already been developed
with the aim of improving water management of irrigation
projects. However, overall irrigation efficiency of rice schemes
is less than 50% and is lower in the wet than in the dry season
[9]. The overall irrigation efficiency of the Besut Irrigation
Scheme, Malaysia was reported to be 45% [15]. Poor
distribution and management of irrigation water is a major
factor contributing to this situation. Good management
practices in an irrigation scheme usually targets for optimum
crop production and efficient use of water resources, while
performance assessment is considered to be one of the most
critical elements for improving irrigation management [2]. 

Water allocation in an irrigation system is a complex
problem. During each irrigation period, one must determine
whether irrigation is necessary then, and if so, how much water
is required during the period to achieve optimum crop growth.
This problem is further complicated by the randomness of
rainfall and the variability of crop evapotranspiration. Efficient
use of rainfall is mandatory for improvement of irrigation
efficiency, and necessitates management decisions designed
to capture and store as much rainfall as possible within the
field. If estimates of irrigation needs include making maximum
use of the expected future rainfall, then significant amounts of
water could be saved [8]. Computer models for real time
irrigation scheduling can be used in combination with rainfall
forecast to compute specific and timely amounts of irrigation.
Rain forecasting, either of probability calculation or with the
help of rainfall simulations under real-time scheduling, can be
beneficially incorporated into irrigation scheduling. The
contribution of rainfall to rice irrigation requirements can never
be more very significant. 

ABSTRACT
An irrigation-scheduling program has been developed to increase irrigation efficiency in a large-scale rice irrigation project in
Malaysia. The study focused on predicting daily irrigation deliveries for the main season and off-season and its performance
was analyzed. A water balance approach in which rainfall was considered as a stochastic variable was used. Markov chain was
used to describe the random occurrence of daily rainfall, and a skewed normal distribution was applied to generate the amount
of rainfall on rainy days. Predicted rainfall and evapotranspiration values were later used to estimate weekly irrigation deliveries
through the water balance equation. Comparison of the observed and predicted irrigation deliveries values for the 2000/2001
season showed that the observed values were higher than the predicted value indicating excess water supply in the field. It
was observed that by modifying the existing schedules, it could save a considerable amount of irrigation water during both the
main and off seasons. The periodic results obtained could be used to monitor the allocation of irrigation deliveries for improving
the water management system. The present irrigation system was evaluated using an adequacy indicator. The adequacy
indicator was computed by comparing the crop water requirement with the water release data. This computation provides
information on the uniformity of water distribution and any shortfall or excess.
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2900 mm, with extreme rain intensities reaching 400 mm/day.
Monthly rainfalls of 280, 590, 550 and 180 mm occur
respectively in October, November, December and January
(JICA, 1998).  About 40% of the total annual rains generally fall
during this period (October – January). Significantly dry
periods with low monthly averages are from March to August.
Therefore, rainfall plays a very significant role for rice
production in this scheme.

WATER BALANCE APPROACH
Irrigation scheduling is essentially governed by the net
irrigation requirement, which in turn is obtained through a
water-balance relationship. Therefore, a water balance
relationship can be considered for the determination of
irrigation water requirements in rice field. A generalized water
balance equation for a given period in a rice field is:

WDj = WDj-i + RFj + IRj - ETj - SPj - DRj (1)

where, WD is water depth in the field, RF is rainfall reaching
the field surface, IR is the amount of irrigation, ET is crop
evapotranspiration, SP is mean seepage and percolation rate,
DR is surface runoff and, j is the period of water management.
These components are expressed in depth units [mm] and the
time period considered is 1 day. In Equation 1, the storage
term is not considered due to the soil being essentially
saturated during the growing season.  

The water balance equation can be used for determining
the irrigation schedules. The depth of water to be applied for
irrigation can also be determined. Based on the initial depth of
water in the field, the rainfall occurring on the day if any will be
added (to the extent that the field is capable of retaining
additional water) to the water balance equation. Excess rainfall
will be removed through surface drainage.

Thus, if part of the water requirement is contributed
through effective rainfall, then the daily net irrigation
requirement can be expressed as: 

NIRj = ETj + SPj - ERFj + RPj - WDj-1 (2)

where NIR is the daily net irrigation requirement, daily RP is
the required ponding depth, ERF is the daily effective rainfall
while all other terms are as previously described. When the
field’s current day’s ponding depth (RPj) is equal to its previous
day’s water depth (WDj-1), then the current day’s net water
consumption is NIRj = (ETj + SPj – ERFj) as is commonly
practiced in rice irrigation. However, it is rare that RPj and 

WDj-1 are equal. This inequality between RPj and WDj-1 leads
to four possible different water balance conditions and
therefore daily net water requirements, determined mainly by
which level, WDj-1 falls short of or exceeds the required surface
ponding depth. These conditions and net irrigation
requirements are summarized in Table 1. 

When the required current day’s ponding depth RPj is the
same as the water depth in the field the previous day’s WDj-1

that is when  (WDj-1 – RPj) equals to zero, then the current
days’ net irrigation requirement is (ETj + SPj – ERFj). In the
event when the previous day’s water depth is more than the
required current day’s ponding depth, that is (WDj-1 – RPj)
greater than zero and {(WDj-1 – RPj) – (ETj + SPj – ERFj)} equals
or more than zero, then there is no need for irrigation for the
day. In the case when the previous day’s water depth is more
than the required current day’s ponding depth, that is (WDj-1 –
RPj) greater than zero but less than (ETj + SPj – ERFj) then the
current day’s net water requirement is (ETj + SPj – ERFj – ∆S)
with absolute ∆S = | WDj-1 – RPj |. Finally, when the previous
day’s water depth is less than the required current day’s
ponding depth, that is (WDj-1 – RPj) less than zero, then the
current day’s net water requirement is (ETj + SPj – ERFj + ∆S).

The basic assumptions in this model were: (i) the average
paddy bund height is 150 mm, (ii) a uniform distribution of
rainfall over each discrete unit and (iii) homogeneous soils
within each unit. The terms WDj-1, and RPj in Equation 2 are
known values. RPj is set at 100mm for all fileds. The value of
seepage and percolation, SPj is assumed to be constant
throughout the growth period based on the value used for the
design stage and is taken as 3mm/day [5]. The terms ETj and
ERFj are calculated values. ETj does not vary widely from day
to day and the daily average value of ETj is estimated using
equation. ERFj is based on historical rainfall data, averaged
expected rainfall was taken to estimate effective rainfall using
the following criteria: (a) If RF < 50mm, then weekly EFR =
0.6RF in mm and (b) If RF > 50mm then, weekly EFR = 0.3(RF
– 50)+30 in mm [22].

The simulation process is based on the summation of daily
water requirements for each field in the region based on the
Equation 2 and Table 1 for the proposed cropping schedule.
The daily values for each week are then totaled. The weekly
total for the main season, following the proposed cropping
schedule and the present existing schedule, for the whole
scheme is then computed and the results are shown in Figure
7 and 8 respectively, bearing in mind that these are from
different months (proposed and present schedule). Observed
irrigation water delivery information for the main and off-
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Water Balance Condition Net Irrigation Requirement (NIRj)

(WDj-1 – RPj) = 0 NIRj = (ETj + SPj – ERFj)

{(WDj-1 – RPj) – (ETj + SPj – ERFj)} ≥ 0 NIRj = 0

0 < (WDj-1 – RPj)  < (ETj + SPj – ERFj) NIRj = (ETj + SPj – ERFj – ∆S)

(WDj-1 – RPj)  < 0 NIRj = (ETj + SPj – ERFj + ∆S)

∆S = | WDj-1 – RPj |  

Table 1 : Water balance conditions and net irrigation requirements of rice fields
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Two assumptions underlying the first-order Markov chain
are: (1) the probability that the current day is in a particular
state (i.e. wet or dry) depends only on the state of the previous
day; and (2) for a given season within the year, the stochastic
structure of daily rainfall is the same for each day and does not
change from year to year. It has been further assumed that
these so-called transition probabilities are independent of the
particular day within individual months. The probability of
occurrence of daily rainfall consists of two transition
probabilities, which are the daily rainfall to daily rainfall
transition probability P (W/W), and daily non-rainfall to daily
rainfall transition probability P (W/D). Therefore, the probability
of a wet day after a dry day P (W/D) and the probability of a wet
day following a wet day P (W/W) can be calculated directly
using the following relationship:

P (W/D) = a + b f (4)

P (W/W) = (1-b) + P (W/D) (5)

where, ƒ is perennial mean monthly rainfall frequency,
being the ratio of the number of perennial monthly rainfall days
and number of days of the month in this month, while a, b are
regression coefficients. 

Inputs for the model must include monthly probabilities of
receiving rainfall. On any given day, the input must include
information as to whether the previous day was dry or wet. The
random number generation is from a Visual Basic 6.0 program
written for this purpose. A random number between 0 and 1 is
generated and compared with the appropriate wet-dry
probability. If the random number is less than or equal to the
wet-dry probability, rainfall is predicted to occur on that day.
Random numbers greater than the wet-dry probabilities result
in dry days. Since the wet-dry state of the first day is
established, the process can be repeated for the next day and
so on throughout the simulation period.

When a rainfall event has been predicted, the rainfall
amount to be expected can be generated from a skewed
normal daily rainfall distribution [25].

(6)

where Ri is the amount of rainfall in mm and SNDi is the
standard normal deviate for day i respectively, while SCF is the
skew coefficient, RSDV is the standard deviation of daily
rainfall, and R is the mean daily rainfall respectively, for the
month k. For each week, the total number of wet days
predicted and their total respective sum total of rainfall can
then be obtained.

IRRIGATION SYSTEM EVALUATION
The present irrigation system was evaluated using an
adequacy indicator, which describes the water delivery
system. The adequacy indicator answers the question – to

season of the present existing schedule (seasons in
2001/2002) obtained from a field survey is similarly together
shown in Figures 7 and 8 respectively.

EVAPOTRANSPIRATION MODEL
The correct estimation of evapotranspiration in the water
balance model allows for improved water management in rice
cultivation. A better understanding of the model is thus
essential for exploring water-saving measures. One of the
most important aspects of the water balance model is the crop
evapotranspiration (ETc), which is a key factor to determining
proper irrigation schedule and to improve water use efficiency
in irrigated agriculture. ETc can be observed by direct
measurements of water loss from a soil and vegetation sample
using a lysimeter or could be estimated by a reference
evapotranspiration (ETo) and crop coefficient [7, 19]. ETo can
be estimated by many methods [13 - 14, 18]. These methods
range from the complex energy balance equations [4] to
simpler equations that require limited meteorological data [12].
According to Smith et al., [27], the Penman-Monteith method
gives more consistently accurate ETo estimates than other ETo

methods. Md Hazrat et al., [24] also recommended this
method after applying it in the Muda Irrigation Scheme in
northwest Malaysia. Reference evapotranspiration was
estimated by using Penman-Monteith equation as follows: 

0.408∆ (Rn - G) + γ 900 u2 (es - ea)

ETo = T + 273 (3)
∆ + γ (1+0.3u2)

where ETo is reference crop evapotranspiration (mm/day),
Rn is net radiation at the crop surface (MJ/m2/day), G is soil
heat flux density (MJ/m2/day), T is air temperature at 2 m
height (ºC), u2 is wind speed at 2 m height (m/sec), es is mean
saturation vapour pressure of the air (kPa), ea is mean actual
vapour pressure of the air (kPa), (es – ea) is saturation vapour
pressure deficit (kPa), ∆ is slope vapour pressure curve
(kPa/ºC), γ is psychometric constant (kPa/ºC) and 900 is
conversion factor. One of the limitations of the Penman-
Monteith equation is its data requirements. At a minimum, the
model requires air temperature, wind speed, solar radiation
and humidity. 

STOCHASTIC RAINFALL MODEL
Stochastic rainfall models are concerned with the time of
occurrence and amount of rainfall. Various rainfall models have
been proposed using different time scales. Daily rainfall
models have gained wide applicability as being appropriate for
use in detailed water balance and agricultural models. Among
the proposed methods, a combination of Markov chain and a
skewed normal distribution is recognized as a simple approach
and is demonstrated to be effective in generating daily rainfall
for many environments [10 - 11, 16 - 17, 28]. In this approach,
a Markov chain is used to describe the occurrence of daily
rainfall, and a skewed normal distribution is applied to predict
the amount of rainfall for a rainy day.

RICE IRRIGATION SCHEDULING INCORPORATING STOCHASTIC RAINFALL
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what extent is the quantity of water provided sufficient for
growth needs of the crops [1]. The relative water supply (RWS),
defined by Nihal [26], describes the adequacy of water supply. 

RWS is computed by the following expression:
where, ET is crop evapotranspiration from the rice field for

a week, IR is the depth of irrigation supply for a week, ER is the
effective rainfall for a week, and SP is the seepage and
percolation loss for a week.

The RWS helps to identify acute shortage or excess supply
of water. It is also useful at the end of every cropping season
as part of the evaluation of the irrigation process. It keeps track
of water delivery of a sub-system. Remedial action may be
taken to rectify the situation.

DATA
A first-order Markov chain and skewed normal distribution
method requires many years of daily weather records for
estimating the model parameters. Daily rainfall data for six
rainfall stations were obtainable from the Data Information
Section, Department of Irrigation and Drainage, Malaysia.
Three rainfall stations are in the Besut Irrigation Scheme while
other stations are in its vicinity.  The locations of the six rainfall
stations are given in Table 2. 

Table 2 : Location of Stations where Daily Rainfall Records were

Collected for this Study

Weather data such as temperature, relative humidity, wind
speed and sunshine hours of the study area for the period of
16 years (1985-2000) were obtained. The crop coefficient (Kc)
values are shown in Figure 2 [6] and given in Table 5. Water
delivery information was obtained during a field survey.

RESULTS AND DISCUSSION
The analysis of the irrigation-scheduling program is presented
and discussed separately in the following sections.   

Expected Rainfall 
A simple linear regression analysis was performed for each
location separately and for the combined data. Results in Table
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3 show that none of the intercepts (a values) is significantly
different from zero and none of the slope coefficients (b values)
is significantly different from any other slope coefficient among
the locations. The combined regression line with a zero
intercept and slope 0.75 explains 96% of the total variation
that existed among the transitional probabilities across time
and space. Monthly transitional probabilities were then
calculated with the fractions of wet days, and these are shown
in Figure 3. To validate the stochastic rainfall model, 
which could be used for generating rainfall occurrence and
rainfall amount, historical data from one rainfall station, the
Angga station, was selected for validation. Figure 4 shows the
Visual Basic 6.0 screen where the wet-dry probability
calculated is then entered for the month and a random number
is generated, after which the condition for the next day is given
upon clicking "Start" button to initiate comparison of numbers.
Inputting a relevant value into the relevant boxes and clicking
"Calculate" button will compute and display the expected
rainfall amount in a wet day as is shown in Figure 5. This model
value will be used to predict irrigation delivery in the rice
scheme. Comparisons of results for the year 2000/2001
seasons are presented (Figure 6). In terms of amount of rainfall,
simulated results are very close to the observations, with a
slight overestimation in a few weeks. The amount
overestimated however is less than 5% of the observations in
all cases.

Table 3 : Regression Coefficients a and b of Regressing the

Transitional Probabilities of a Dry Day to a Wet Day for the Data

at Six Rainfall Stations

Crop Evapotranspiration 
The monthly averaged daily values of temperature, wind

speed, possible sunshine and relative humidity meteorological
data, which are required input variables in the
evapotranspiration model, were taken from the Kuala
Terengganu station (latitude: 5o23’N, and 103o06’E), as it is the
only viable meteorological station in the project area. The
mean monthly general weather conditions and crop water
requirements (CWR) for each month of the year are presented
in Table 4. The crop evapotranspiration was found to be 4.20
mm/day and 3.99 mm/day for the off (May – October) and main
(November – April) season crop respectively. Crop water
requirements were higher for the off-season crop compared to
the main season crop, mainly as a result of prevailing weather
conditions. It is noted here that the consumptive use of water

Location a (s.e)* b (s.e) r2**

Ibu Bekalan Angga 0.002 0.006 0.725 0.028 0.980
Sek Keb Kg Jabi 0.008 0.041 0.810 0.029 0.975
Sek Keb Keruk -0.015 0.012 0.856 0.041 0.970
Sek Keb Kg Tambila 0.021 0.004 0.721 0.035 0.969
Rumah Merinyu Taliair -0.004 0.015 0.645 0.046 0.965
Pasir Akar 0.006 0.005 0.768 0.015 0.890
Combined 0.003 0.014 0.754 0.032 0.958  

* s.e is the standard error **r2 is the correlation coefficient

ET + SP

IR + ER
RWS =

Station Latitude Longitude Period of records

Ibu Bekalan Angga 5º36’00” N 102º30’55” E 1951-1998
Sek Keb Kg Jabi 5º40’45” N 102º33’50” E 1980-1998
Sek Keb Keruk 5º29’00” N 102º29’30” E 1980-1999
Sek Keb Kg Tambila 5º44’25” N 102º36’30” E 1980-1999
Rumah Merinyu Taliair 5º44’15” N 102º30’15” E 1948-1991
Pasir Akar 5º38’25” N 102º30’15” E 1980-1990

Table 5: Crop Coefficient Kc values for rice 
(Source: Chan and Cheong, 2001)

Days 7 20 46 105 110 115 117 120 125 130

Kc 1.1 1.1 1.35 1.35 1.2 1 1 1 1 1
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was also high for the dry season crop in the Muda Irrigation
Scheme, Malaysia [20, 21, 23, 29]. The average seasonal
consumptive use of water for rice cultivation was 795 mm, out
of which ET accounts for 572 mm (72%) and percolation, 223
mm (28%).  

Table 4 : General Mean Monthly Weather Conditions 
for the Study Area

Irrigation Delivery
Based on predicted rainfall and crop evapotranspiration, the
daily water delivery was determined using the water balance
model. Comparisons of the predicted and observed irrigation
deliveries are shown in Figures 7 and 8. During the main
season and off-season it was observed that the observed
deliveries were greater than the predicted deliveries. However,
the main season deliveries were higher than the off-season
deliveries. This was because the effective rainfall was taken
into consideration. It was also observed that the main season
water supply was 1045 mm of which 700 mm (67%) was
supplied through irrigation and 345 mm (33%) was by rainfall.
The off-season water supply was 1040 mm of which irrigation
supply accounts for 790 mm (76%) whilst the remaining 250
mm (24%) was fulfilled with rainfall. 

Irrigation Scheme Evaluation
The adequacy of water supply to various weeks was
characterized by estimating RWS for the season 2000/2001.
The weekly RWS values for the main and off seasons are
shown in Figure 9. In order to analyze the actual irrigation
performance, actual RWS values should compare with the
critical RWS value 1.0 and RWS value 1.5. If RWS = 1.0 at any
day at the level of a typical block, then the implication is that
the combined irrigation supply by the system and rainfall in
that day exactly matches the actual demand. RWS value for a
particular day should fall between 1.0 and 1.5 for an adequate
supply relative to demand [26]. RWS values above this range
indicate over supply and below results in an under supply
situation. Values of RWS obtained ranged from 0.80 to 3.40.
Out of 38 weeks (main and off season), 30 had RWS value
more than 1.5. This indicated that farmers in the canal

command areas generally tend to over-irrigate. The distribution
weeks have been classified into five categories, i.e. excessive
water surplus (RWS > 3.0), high water surplus (2.0 < RWS <
3.0), moderate water surplus (1.6 < RWS < 2.0), adequate
water (1.0 < RWS < 1.5), and water deficit (0.8 < RWS < 1.0).
There are five weeks (weeks 1 – 5) in which the water surplus
is more than three times the requirement and four weeks
(weeks 8, 9, 10 and 15) where more than twice the water
required was received during the main season. During the off
season period, the values for weeks 7, 14, and 17 were greater
than 1.5 values due to heavier rainfall. If irrigation supply during
this time is reduced to fully utilized effective rainfall, a lower
demand from the barrage will be possible. It may be pointed
out that RWS values for the main season are much more
greater than those of the off-season period. This is partly due
to the high rainfall that occurred during the main season. 

CONCLUSIONS
The irrigation-scheduling program developed was able to
predict the irrigation water deliveries of rice crop at a specific
time period. In planning irrigation schedules for rice in a large
irrigation system, stochastic rainfall is an important factor. A
methodology for predicting irrigation deliveries of the rice
scheme that incorporates the uncertainty in rainfall and crop
evapotranspiration has been developed. The method is based
on a water balance relationship that considers the stochastic
nature of rainfall and evapotranspiration. It has been observed
that the predicted irrigation deliveries were less than the actual
irrigation deliveries for both the main and off-season seasons
crop. Such information could assist irrigation system
managers to reduce the amount of irrigation water that will be
required during the coming days to meet crop water demand.
The relative water supply irrigation index could be beneficially
used to assess the performance of the irrigation scheme as it
can provide details for identifying periods of either excess or
shortage of water. 
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