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ANALYSIS FOR FIELD EFFECTIVE RAINFALL
UNDER CLIMATE CHANGE

ANALYSE DES PRECIPITATIONS EFFICACES
AU NIVEAU DE LA PARCELLE, AVEC LE
CHANGEMENT CLIMATIQUE

ABSTRACT

The Taoyuan pond irrigation system in northern Taiwan was intended to
provide a major agricultural water resource system to the region in the
early twentieth century. The concept of the pond irrigation system was to
store excess runoff in ponds as if in small reservoirs and then to supply
water to farmland during droughts. Rainfall is a vital irrigation resource in
Taiwan. However, in recent years, rainfall has been hit by global climate
change. The purpose of this study is to assess how changes in climate and
rainfall affect agricultural irrigation.
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| This study used the Markov chain to construct a daily rainfall model.
Differences between effective rainfall were then compared in the study area.
Although total rain strength in Taiwan has increased during the last 10
years, rainfall has decreased during the months of March to June. The
simulation of high effective rainfall condition revealed that an extra 25cm
effective rainfall can support about 885000 m® water in the middle and
downstream irrigation region of the second feeder.

RESUME

Le systeme d’irrigation par flaquage deau de Taoyuan au nord de Taiwan
était congu au début du 20°™¢ siecle en tant quimportant systéme de
ressource en eau agricole. Le concept du systeme de flaquage deau consiste
a stocker dans les bassins, lexcédent découlements comme dans le cas des
petits réservoirs, et ensuite a distribuer leau aux exploitations agricoles lors
de la période de sécheresse. Les précipitations constituent une ressource
vitale de l'irrigation. Cependant, lors des derniéres années, le changement
climatique au niveau global a exercé un impact sur les précipitations. Cette
étude a pour but dévaluer comment les changements climatiques et les
précipitations exercent un impact sur l'irrigation agricole.

Cette étude utilise le procédé de « Markov chain » pour établir un modele
de précipitation journaliere. Les différences de précipitations efficaces ont
été comparées au chantier détude. Quoique l'intensité des précipitations au
Taiwan ait augmenté lors des dix derniéres années, la pluviosité a diminué
au cours de la période de mars a juin. Une étude de haute précipitation
efficace montre qu'un excédent de précipitation de 25cm peut contribuer un
apport deau denviron 885000 m® dans le trongon moyen et de laval du
second distributeur.

1. INTRODUCTION AND BACKGROUND

Increased urbanization, higher living standards, and new industrial areas
and high technology science parks in Taiwan have dramatically increased
domestic and industrial water usage. Developing new water resources is
difficult, and continually rising water costs result in diversion of agricultural
water supplies to domestic and industrial use.

The implications of effective rainfall are profound because irrigational
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constructions can only compensate for the lack of natural rainfall. Very
often, non-irrigational facilities rely on weather conditions to maintain crop
growth; therefore, effective rainfall plays a significant role in irrigation. In
the Shihmen Reservoir irrigational regions, 48 per cent of the water supply
is from the Shihmen Reservoir and approximately 52 per cent is groundwater
and return flow (Hsieh, 2004), which is arrested by effective rainfall and
river dams. However, the Taoyuan area, which differs from other irrigational
areas in Taiwan, belongs to a region in the ‘farm pond system’ Owing to its
geographical and hydrological features, the Taoyuan Plateau region achieves
its irrigational upstream flow and downstream collection by using a farm
pond (Chen et al., 2004) for water storage and runoff in order to enhance
the usage of rain water. Surplus irrigation water or return flow (Chien, 2003)
can be received by the downstream farm pond for reuse in irrigation.

According to a previous regional study of the second feeder of the
Taoyuan main canal, the irrigation system should be supplied by three water
sources: a second feeder reservoir, a river dam and farm ponds. Considering
effective rainfall and limited irrigation water from rainfall, the use of
irrigation water was simulated by using data from 2005. The simulation
results revealed an insufficient supply of water in the downstream second
feeders of five irrigation areas without farm ponds. According to the deep-
water irrigation theory (Kan, 1978), the retention of rain water in irrigation
areas is effective when rainfall increases; by increasing effective rainfall value
by 210 mm, water shortages in irrigation areas can be effectively decreased,
and days of water shortages can be minimized.

In recent years, rainfall characteristics have changed because of weather
changes. Most rainfall is heavier and clustered, despite a consistent overall
rainfall volume. This phenomenon severely affects the availability of effective
rainfall, which is most likely to affect future irrigation. As water resource
become scarce, the farm pond system presents the dilemma of whether to
expand to preserve water resources. Since Taiwanese agriculture is vital for
the domestic population, early research is needed to determine the effects of
weather changes on rainfall, which influences agricultural irrigation.

2. CONCEPTS OF CLIMATE CHANGE AND EFFECTIVE RAINFALL

The United Nations established the UN Intergovernmental Panel on Climate
Change (IPCC) in 1988. Its research on climate and environmental change
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are well recognized. Since 1991, the IPCC has published an assessment report
of global climate change every five years, and the fourth assessment report
was published in 2007. The 2007 report reviewed the effects of abnormal
climate changes since 1990 and expanded the content discussed and studied
in the third assessment report by additional research and analysis of global
data. Regardless of whether climate change is due to human behaviour or
whether it is a natural mechanism, its existence has finally been confirmed
by global climate changes, especially its direct effect on temperature and
rainfall variations. Climate change is also due to the impact and challenges
of the surrounding environmental climate, and hydrological conditions
related to agricultural irrigation work must be carefully considered. This
study assessed the effects of agricultural irrigation and water management
on climate change and rainfall type.

The Taoyuan Irrigation Association planned its irrigation system in
accordance with “The twenty-year monthly fourth water level law’, a method
of estimating effective rainfall by considering monthly effective rainfall
volume at the fourth water level during the past twenty years as the estimated
value of monthly effective rainfall for irrigation the following year. Effective
rainfall is determined by daily recordings.

The water requirement of a crop is defined as the amount of water needed
for its growth and this includes water to meet both consumptive and special
needs, such as land preparation, land submergence, leaching and so on. In
view of this current concept, it follows that from the production point of
view, the annual or seasonal effective rainfall, as far as the water requirement
of crops is concerned, should be interpreted as that portion of total annual
or seasonal rainfall which is useful directly and/or indirectly for crop
production at the site where it falls but without pumping.

Effective rainfall, sometimes called excess rainfall, is the component of
the storm hyetograph which is neither retained on the land surface nor
which infiltrates into the soil. The effective rainfall produces overland flow
that results in the direct runoff hydrograph from a sub-area of a catchment.

As showed in Figure 1, when rain water (1) falls on the soil surface,
some of it infiltrates into the soil (2), some stagnates on the surface (3),
while some flows over the surface as runoff (4). When the rainfall stops,
some of the water stagnating on the surface (3) evaporates to the atmosphere
(5), while the rest slowly infiltrates into the soil (6). From all the water that
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infiltrates into the soil ((2) and (6)), some percolates below the root zone
(7), while the rest remains stored in the root zone (8).

The effective rainfall (8) is the total rainfall (1) minus runoff (4) minus
evaporation (5) and minus deep percolation (7); only the water retained in
the root zone (8) can be used by the plants, and represents what is called the
effective part of the rainwater.

Effective rainfall (8) = (1) - (4) - (5) - (7) (1)

The term effective rainfall is used to define this fraction of the total amount
of rainwater useful for meeting the water need of the crops.
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where I is the inflow, O is the outflow, Syis the field storage, and ¢ is time.

Analysis of the mechanisms of the paddy field water equilibration in this
study, e.g., rainfall, evapotranspiration, irrigation routing water, etc., excluding
the study of soil water content, used the paddy field as control volume
(Figure 2). The formula for water equilibration for a specified period is shown:

S,=S, ,+IR,+I0,+P, - (ET,~ F) - DR, (3)

where the § is field storage, IR is irrigation inflow, IO is return flow from
upstream, P is rainfall water, ET is evapotranspiration, F is field depletion,
DR is field outflow, and i is a specified period of time. The restriction
conditions for studying fields using irrigation water volume and return flow
output volume are:

Nl. = ETI. + Fl.
if S; +10,+ P,<N,thenIR.>0 4)
if S, ,+10,+P,2N, then IR, =0
rainfall

SEEEEEEN

Crop evapotranspiration

44444444

irrigation * * * * * Over flow

Filed storage .
v V V V V V V V V

marshy field depletion

Figure 2 Paddy field water balance model.

When the field storage (S), rainfall volume (P) and upstream field return
flow volume (IO) are unavailable for crop fields, irrigation is needed to
supplement water (IR > 0). No irrigation (IR = 0) is necessary if the condition
is reversed.

if S;> H, then DR, = S, - H, 5)
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if S, <H, then DR, =0

When the field storage (S) water reserves exceed the water exiting field ridges
(H), then a field return flow volume (DR > 0) is observed; no outflow
(DR = 0)is observed in a vice versa scanario.

3.2 Estimation of Water Requirement in Fields

Crop water requirement is the sum of crop evapotranspiration and marshy
field depletion, which is the daily decrease in water level. Crop
evapotranspiration includes the evaporative water volume needed for
growth during the crop maturation stage, also called crop water requirement.
Further, the continuous evaporation of field water depletes the irrigation
water supply; therefore, evaporation must include the field water surface
evaporation volume. The marshy field depletion volume can be used for
farming land return flow or for supplementing ground water; hence,

requirement in fields (N) = crop evapotranspiration (ET
depletion (F)

) + marshy field

rop

= crop water requirement + water surface
evaporation + marshy field depletion (6)

The crop water requirement could be decided by direct measurement or
through indirect calculation. Although direct measurement could yield an
actual water requirement, it would cost more money and labour due to
morphological constraints. Instead, the indirect calculation is usually used.
The calculation equation is expressed as:

ET. =K xET, ?)

crop

where ET,,, is the crop water requirement, K, varies with season, wind
speed is the dimensionless crop coefficient—approximately 0.95 ~ 1.35 for
paddy rice—and ET, refers to the evapotranspiration of standard crop
canopy, which is often estimated using the Penmen-Monteith method
(Monteith, 1994; Kan et al., 1996). According to the growing seasons of all
crops (paddy rice) (Masakazu, 1999; Chang et al., 2001), one can determine
the total crop water requirement for any period.

3.3 Estimation of Effective Rainfall

Generally, the Cropland Irrigation Association (CIA) previously analysed
water usage in a paddy irrigation test field. The analytical results showed
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that the effective range is within 60 per cent of average rainfall volume or 50
per cent of the field water requirement in that time period, assuming the
smaller range is significant (Tsao, 1971). The two methods of achieving
effective water use proposed in this study are (1) to provide water directly
to field crops and (2) to reserve water retained by soil accumulation.
According to the irrigation instruction method, the structured calculation
mode for effective rainfall by using the crop, soil and rainfall data for the
past several years can be modelled to calculate effective rainfall during a
certain time period.

3.4 Estimation of Field Water Usage

The first step in water source management is estimating the water usage
volume of the planned irrigation area; this volume should be based on the
method of development, classification of the crop, cultivation soil type and
environmental climate data. The water uptake from rice (also called field
water uptake or water uptake) should be estimated as well as should be the
varying water uptake required for growth and maturation of rice (also called
water requirement volume or requirement volume, which is the sum of crop
evapotranspiration and depletion) and the availability of effective rainfall.
Hence,

Total water usage = field water uptake + water conveyance loss 8

= (requirement in fields - effective rainfall) +
(1 - rate of water conveyance loss)

Conveyance loss, including evaporation, seepage, and operational loss, is
the loss suffered during transportation from the water source to fields. The
transportation path consists of a main canal (from the main intake to a
lateral intake), a lateral canal (from the lateral intake to a farm intake), and
ditches (from the farm intake to fields). According to conventional irrigation
analysis, conveyance losses in canals and ditches are generally considered to
be within a constant range, depending on soil texture and type. According
to the 2005 irrigation plan of Taoyuan Irrigation Association, the conveyance
loss in this study was assumedly 13 per cent.

3.5 Rainfall Stochastic Theory

The Markov chain theory is often used to describe a constant phenomenon,
such as rainfall change. Daily rainfall mode is used to predict daily rainfall
for a period of time. For example, the mean volume of daily rainfall distri-

1278




Special Session — SS.02: Analysis for Field Effective Rainfall

bution index is used to express climate change, but the relation of constant
rainfall must be considered to determine the probability of constant rainfall
by the first degree of the Markov chain.

The Markov chain mode uses the probability concept for explanation,
while the first degree estimates its mode.

T,=w+p,(T, - W) +on(1-p)" ©

where T, is hydrological division of time (f), p is first order serial correlation
coefficient, U is average, © is standard deviation, and #, is standardized
random normal variable.

The probability of continuous rainfall must be considered by the rainfall
mode. Using the first degree of the Markov chain to determine constant
rainfall intensity, this mode can be used to estimate rainfall probability and
rainfall intensity.

If no rain occurs on day (#-1) in month (n), the conditional probability
of no rainfall occurring on day () would be P d/d, but if no rain occurs on
day t-1, the conditional probability of rain on day (f) would be P w/d. If
rain occurs on day (#-1), the condi 1(fnaf Yoi)al}}zlf{ doj rain on day (1)
would be P d/w, but if rain occurs on daypfwldthen)the conditional
probability of rain on day (¢) is P w/w.

When rainfall probability is to be simulated by the first degree of the
Markov chain for a period of time, one must first determine whether rain
would occur on that day before determining rainfall intensity for the day
via rainfall probability distribution function.

When P (Y,) > P d/d, Y, | =0, the rainfall occurs on day ¢ and vice versa,
rainfall intensity is as follows:

P(Y) =P did+P widF (y),Y, =0 (10)
y,=-In XA,Y, | =
When P (Y) > P d/w, Y, | > 0, the rainfall occurs on day ¢t and vice versa,
rainfall intensity is as follows

P(Y)=Pdlw+P wwF(y),Y, 20 (11)
|
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y,=-In xA,Y, =0

The rainfall probability distribution function is shown here:
E,(y)=1- e (12)

where P d/d is in month #, the conditional probability of no rain on day ¢
under the circumstances of no rainfall on day ¢t-1is (Y, , = 0); P w/d is in
month #, the conditional probability of rain on day ¢ under the circumstances
of no rainfall on day t-1is (Y, , = 0) P d/w is in month #, the conditional
probability of no rain on day ¢ under the circumstances of rainfall on day
t-11is (Y, ; 20) P w/w is in month n, the conditional probability of rain on
day t under the circumstances of rainfall on day t-11is (Y, ; 2 0)F, (y,) is the
probability distribution functions of rainfall on day ¢ in month n and A_ is
average rainfall on rainy days in month n.

4. STUDY AREA SYSTEM

4.1 Study Area Description £ P.(Y,)-Pd/w
1_ r n

The study area is the second of 15 feeders in thg,Fadyman rJAain canal, with a
size of 2,765 ha, belongs to the Taoyuan Irrigation Association. There are 38
irrigation areas; water requirement is supplied from the main canal except
in 29 areas with water ponds, which received a part of their water requirement
from ponds. The effective capacity of all 29 water ponds is totally 4,707,912
m?, the geographic positions of which, are shown in Figure 3. There are 16
river weirs in this irrigation pond system, and the water right for each weir
is collected and collated in Table 1.

The study area lies in a subtropical climate. The wet season is from May
to September, and the dry season is from October to April. Although the
mean annual rainfall is 2658 mm in Taoyuan area, about 61.9 per cent is
concentrated in the wet season. Thus, the distribution of rainfall is very
uneven. The first-season paddy rice begins in late February and ends in
mid-July, while the second-season paddy rice begins in early June and ends
in early November. This paper applies the pond irrigation system model,
and applies data that contains details of crop water requirement, Taoyuan
main canal supply, evaporation, precipitation, water right of river weir and
river flow in the first-season period. The analytic period is from 3 March
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2005 to 30 June 2005, thus a total of 120 days. The simulation procedure

calculates water balance day by day in each irrigation area from upstream
to downstream.
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/\/ River
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Figure 3 Distribution of water ponds Irrigation site of the second feeder in Arcview layer.

Table 1 The water right of river weir

River weir Water right (CMD) River weir Water right (CMD)
#6 1855.2 #12 8553.6
#7 4060.8 #13 864.0
#7-1 21600 #24 691.2
#9 151200 #24-8 7776
#10 1987.2 #24-9 15655.2
#10-2 1208.6 #25-7 215136
#10-3 864.0 #28-3 57024
#11 3456.0 #28-4 3024.0
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4.2 Taoyuan Irrigation Area Irrigation System

The irrigation water is supplied from five sources, including precipitation,
return flow from upstream paddy field, river weir, water pond and main
canal. In this study, the water usage order is described as follows. Firstly, to
calculate the effective rain and storage in paddy field and return flow from
upstream field. If the crop water requirement is still not met, river weir and
water pond are considered in the irrigation-pond system. Finally, the main
canal would provide overall deficit.

4.3 System Establishment

The characteristic of the pond irrigation system model is that the upstream
areas (near Taoyuan main canal) are prioritized to be provided with water.
Areas where likely deficit occurs are the middle and downstream canal when
the Taoyuan main canal cannot supply enough irrigation water. Therefore,
the water ponds play an important role in supporting crop water
requirements during this time. The capacity of the pond and the demand of
responsible irrigation are essential to determine the presence of deficit.

4.4 Supply Style Classification

In this study area, the irrigation system is divided into four supply styles,
which are associated with main canal, water pond and river weir. As showed
in Figure 4, style A is the most complete supply style, consisting of the main
canal, water pond and river weir; thus, three components of water resources
simultaneously. The supply style of style B includes mainly the main canal
and water pond; the irrigation water is diverted from the main canal into
the water pond, then to the crop field in a regulated fashion. Style C
immediately supplies irrigation water to farmland from main canal and
river weir and Style D only has the main canal.

5. APPLICATION AND DISCUSSION

After collecting rainfall data from 1955 to 2006 within the research areas in
this study, rainfall volume change and its distribution trends were analysed.
The analytical results showed that the mean rainfall volume collected at the
second feeder rainfall station in that time period (1955-2006) was 1761.2
mm, but due to rainfall changes in recent years, mean rainfall volume change
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in the past period (1955-1996) and in the past decade (1997-2006) were also
analysed. The mean days of rainfall in the past decade (116.5 days) was
lower than in the past; however, average rainfall volume increased from
1747.3 mm to 1819.7 mm, which indicates increased rainfall intensity.

intale intale intale
A
water pond water pond
Irrigation area Irvigation area

river weir river weir

X
KVGI'

A) B ©O

Figure 4 The diagram of supply style to irrigation area.

(0

Table 2 and Figure 5 show the results of daily rainfall analysis. The
probability distribution of dry seasons, wet seasons or consecutive sunny
days was lower in the past decade than before, and the probability of
continuous rainfall among the seasons as well as their phases have also
changed dramatically.

The 120-day period from 3 March to 30 June every year is an important
period for the first season of cultivation and irrigation water usage in the
irrigation area. Rainfall is an important factor in irrigation and it supplies
the irrigation area with effective rainfall. When rain volume is higher, effective
rainfall can satisfy water needs in the irrigation area, and excess can be
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stored in the fields, but when rain volume is low, the irrigation area still
require man-made irrigation. The highest and the lowest rainfall volume in
the past decade have been 1152.5 mm and 350 mm, respectively.

Pmd/d
0o/
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- . .1955-1996
0.65

JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC

(a)

PmW/W
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(b)

Figures 5 Analysis diagram of the second feeder rainfall probability.
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Data for rainfall volume in the past decade (3 March - 30 June) from the
rainfall station shows that total rainfall has increased in volume and
intensity, but considering the data from this irrigation area during the
irrigation season, rainfall volume is decreasing, as shown in Figure 6. This
data is crucial for the analysis of effective rainfall.

300.0

250.0

200.0
mm

150.0

100.0

50.0

-o-
1997-2006average 1955-1996average

0.0
1 2 3 4 5 6 7 8 9 10 " 12
month

Figure 6 Analysis diagram of the second feeder rainfall distribution history.

With regard to irrigation, the rain from effective rainfall is crucial. For
example, in Figure 7 the daily volume of rain is represented by a dotted line,
and daily effective rainfall is expressed as a solid line. This study hypothe-
sized that irrigation is shallow in the analysed area. Low rainfall volume
would be effective rainfall, and the accumulated effective rainfall would
approximate rainfall volume. However, when rainfall volume is high, exiting
the irrigation area would overflow with water; therefore, not all rain should
be considered effective rainfall, which means that the return flow water is
ineffective, and accumulated effective rainfall would be less than that of
rainfall volume.

1400
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- = accumulated rainfall
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. 800
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Figure 7 Accumulation diagram of the second feeder rain and effective rainfall in 2007.

The daily rainfall mode is based on the Markov chain theory and the
Fortran mode, and was divided into a daily rainfall analysis mode and a
daily rainfall prediction mode. Since the mode possess random variations
(0 - 1) as uncertain climate factors, the mode calculates only one set of data
for analysis, which can create bias; therefore, this study generated one
hundred sets per circumstance for analysis and research (one year per set)
to predict and represent the possible area of occurrence.

During mode confirmation, the rainfall probability and regional rainfall
volume were based on historical data for daily rainfall analysis mode. The
above results were then entered into the daily rainfall prediction mode to
observe the one hundred sets of data and the changes in the historic record.
The confirmation section is discussed according to various research findings.

Using daily rainfall mode to analyse historical data from the rainfall
probability analysis of 1997-2006, the mean value of one hundred sets and
the mean value of historical data is shown in Figure 8. The confirmation
results exhibited acceptable bias.

The analysis of accumulated effective rainfall showed that in the past
decade, during a total of 120 days from 3 March to 30 June, the highest
recorded volume was 524 mm in 1999, and the lowest was 285 mm in 2002.
Within the envelope of highest and lowest accumulated effective rainfall, the
hypothesis can be drawn for accumulated effective rainfall distribution in
the past decade.

In the range of predicted rainfall probability based on historical data,
groups of ultimate rainfall volumes were selected from the estimated rainfall
volumes (one from each maximum and minimum rainfall were selected) to
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calculate effective rainfall volume. Figure 9 shows the accumulated effective
rainfall.
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Figure 8 Confirmation of the second feeder daily rainfall mode.
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Figure 9 Accumulated effective rainfall diagram of the second feeder imitated prediction.

Respective rainfall volumes were used to simulate shallow water irriga-
tion in the entire second feeder section where water was lacking for at least
120 days in the first season. The analytical results showed that inadequate
water supply in the second feeder occurred mainly in the middle and
downstream regions as the upstream had priority access to water; therefore,
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the irrigation water source was able to provide the required water supply,
but no downstream areas received an adequate water supply. The table below
shows all deficiencies in water distribution. The analytical results showed
that if effective rainfall increases by 25 cm, then the middle downstream
region increases by approximately 885 000 m?® of water.

Table 3 Prediction of accumulated water lack

Irrigation area Accumulation water lack (m?3)

Average of Maximum effective | Minimum effective
1897-2006 | rainfall simulation | rainfall simulation

2-17 168788.7 - 310808.6

Three stone 304842.3 125319.6 372073.9

No.14 157002.2 96184.9 1797784

2-3 184343.3 87030.6 2207871

Sha Lun rever water 196634.8 53037.7 250412.2

2-1 284437.5 4981250 372562.5

6. CONCLUSIONS

The purpose of this study was to analyse the relationships between rainfall
characteristics and effective rainfall using the stochastic method, as well as
to evaluate how climate change impacts irrigation management. The
irrigation water for crops in northern Taiwan is supplied from rainfall and
man-made water supply systems. For example, in the Taoyuan irrigation
area, the total irrigation area covers about 24,579 hectares and the main
crop is paddy rice. The irrigation system is comprised of the Shihmen
Reservoir, river weirs and several irrigation ponds. Moreover, the effective
rainfall, which is the rain used directly for crops or stored in the soil or
ground, is an estimated 93.8 million tons, about 18 per cent of the total
paddy water requirement, based on the 2005 irrigation plan of the Taoyuan
Irrigation Association. Clearly, rainfall is vital for irrigation in this area.

Historical rainfall data for the Taoyuan region was used in this study to
estimate daily rainfall using the Markov chain theory in order to elucidate
changes in effective rainfall due to climate change. According to the

1289




p
=

&

(

| ICID 20th Congress, Lahore 2008

simulation results, although the average days of rainfall (116.5 days) in the
past decade was lower than before, mean rainfall volume increased from
1747.3 mm to 1819.7 mm, indicating increased rainfall intensity. However, in
the first season from March to June, rainfall volume comparatively
decreased. Effective rainfall in the past decade was 404.5 mm. In simulated
conditions of high effective rainfall, the extra 25 cm effective rainfall and the
water shortage in the middle and downstream irrigation region of the second
feeder improved tremendously, and were able to provide an additional
885000 m? of water.

This irrigation system mode was established by considering the time
distribution of water usage by the second feeder of the main canal. It provides
a simplified estimate of actual agricultural water usage in the irrigation
area; however, estimation parameters for the irrigation system are rather
complicated. Some parameter settings did not consider limitations and
corrections and did not assume that predicted rainfall would be affected by
climate changes. Therefore, many parameters and modes are still
inconclusive. Hence, accurately simulating uneven rainfall during alternating
periods of rainfall abundance and drought awaits further model refinements.
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ABSTRACT

This article evaluates the compensation price, which farmers are willing to
accept (WTA) for transferring irrigation water to non-agricultural users
during water-shortage seasons in the Tao-Yuan area of Tam-Shui River in
northern Taiwan. A sampling survey with questionnaire was conducted in
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two irrigation associations of the area, the Tao-Yuan and Shih-Men irrigation
associations and the Contingent Valuation Method (CVM) was employed
to determine the compensation of transferring irrigation water for
alternative uses. It is expected that the result of this study could provide a
basis for the proposition of a reasonable water—transferring system, so
that a win-win situation could be achieved where the transaction cost could
be lowered, the interests of all water users promoted and the efficiency of
water utilization increased.

RESUME

Ce rapport fait une évaluation de compensation que les fermiers réclament
de la région de Tao-Yuan ot est situé le bassin de la riviére Tam-Shui (nord
du Taiwan) pour le transfert de leau d’irrigation aux usagers non agricoles
lors des saisons de pénurie. Une enquéte a été menée auprés deux Associations
d’irrigants - Tao-Yuan and Shih-Men - de cette région, et la Méthode
destimation aléatoire (CVM - Contingent Valuation Method) a été utilisée
pour déterminer la compensation pour le transfert de leau d’irrigation aux
autres usagers. Il est espéré que le résultat de cette étude servira de base
d'une proposition pour la mise en place d’un systéme plus judicieux de
transfert deau - systéme a but multiple permettant de réduire le cott
ddpération, promouvoir 'intérét de tous les usagers et accroitre lefficience
dans l'utilisation deau.

1. INTRODUCTION

Although the average annual rainfall in Taiwan is 2,515 mm, and the total
volume reaches 90.5 billion m?, which is approximately 2.7 times of the
world average, Taiwan is considered a country experiencing water scarcity
as the annual allocated water per capita is only around one-eight of the
world average due to the dense population as well as uneven distribution of
rainfall, as shown in Figure 1. Tao-Yuan area is a major productive
agricultural district in Ta-Han River, which is the main tributary of Tam-
Shui River, the largest river basin in northern Taiwan. There are two
irrigation associations in the area: Tao-Yuan and Shih-Men, as shown in
Figure 2. In addition to the fast-growing demand of non-agricultural water
resources, Tao-Yuan area has also experienced droughts and water-scarcity
problems over the past decades. Moreover, a deficit of 0.19 MCM/day was
projected in non-agricultural sectors (municipal or industrial) in this area
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for 2011, and the transfer of agricultural water is the most likely alternative.

Hence, the cooperation of the farmers, who are also members of irrigation
associations, is important.
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Figure 2 Irrigation associations in Tao-Yuan area.

2. CONTINGENT VALUATION METHOD

The Contingent Valuation Method (CVM), which combines the survey
method and theory, is applied in this study. The method was commonly
used in the 1970s, and studies on the evaluation of economic benefits of
natural resources by CVM have since greatly produced the issuance of the
Forest Law of UK and the President Order 12291 of US. In 1989, the CVM
drew wide attention and credibility when the US Federal Court sentenced
the indemnity based on CVM valuation in the Exxon oil spill incident. In
1993, an evaluation guideline for CVM was promulgated by the US
Government as natural resources related public policies had commomly
adopted CVM for decision support. Mitchell & Carson (1989) and
Hutchinson et al. (1995) have pointed out that CVM could be a reliable
valuation tool, provided that the questionnaire was properly designed.

The valuation of CVM could be estimated by using the Random Utility

Model by Hanemann (1984) or the Expenditure Function Model by Cameron
(1988). In this study, the closed-form dichotomous-choice questions were

q Q @
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applied in the design of the questionnaire, and the agricultural transfer
function was approached with the Expenditure Function Model.

In order to find the valuation of the farmers to release irrigation water
through interviews, a farmers’ hypothetical water market needs to be
established first, and a bid function is then created according to individual
socio-economic characteristics as well as bidding amount.

The price of general goods Py, the price of domestic rice products P, and
the income of M under the given level of agriculture protection Q are all
independent variables that have an influence on the demand of the household.
Following Freeman (1993), the indirect utility function U, of the household
could be shown below

U, = V(P P, Q M) 1)

In light of the fact that utility function is immeasurable while expenditure
functions can be easily observed through the household behaviours, the
correlation between the functions of indirect utility and expenditure can
help convert Eq. (1) into the expenditure function below

E=E(P, P,Q Uy @)

Under the assumptions of a fixed utility level (U,) and a constant price for
X(P,), the interaction between P and Q can be reflected through the
expenditure function. As proposed by Bradford (1970) in his individual bid
curve theory, a certain trade-off exists between the rise in the prices of
domestic rice products and the environmental multifunctionality values of
paddy fields and thus creates the bid curve E. In other words, putting up
with high prices of domestically produced rice products is necessary it paddy
fields are to be maintained and the environmental multifunctionality benefit
of paddy fields is to be enjoyed.

The environmental multifunctionality benefit of paddy fields increases
as the axis of abscissa extends to the right and decreases as it moves to the
left; the price of domestic agricultural products rises as the axis of ordinate
stretches upward and drops as it goes down. Therefore, any given point
along the bid curve E will generate the same level of utility, making the bid
curve the consumer’s indifference curve between the environmental benefit
and the agricultural prices. When the environmental function improves and
reaches a higher level of Q+, consumers’ willingness-to-pay (WTP) equals
the difference between the later price and the original price, or the result of
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P, minus Py, or CQ+. This is also called the compensating surplus (C) for
consumers. C; denotes consumers’ WTP to maintain the original bid level
of E, if they are to enjoy a better environmental benefit level of QO+ as the
environmental benefit changes, expressed in the function of expenditure
below.

E(Qy P,) =E, = E(Q+, P, - C) = E(Q+, P,-WTP)  (3)

The questionnaire of this study is designed to estimate the respondents’ bid
function B (Q,, Q,, U, W) in response to the restored environmental benefit
of agriculture in the hypothetical market as the economic benefit of
environmental protection improves as shown below

B(Q(p Ql’ U(p m = E(QQ) UQ) W) - E(Q]) UQ) W) (4)

In other words, the bid function is the difference between two expenditure
functions,

W=W(@,P,V) ®)

where the independent variable V is the vector of the individual socio-
economic characteristics.

The LIMDEP software is used in this study. The bid function can be
approached in two ways: one, according to Cameron & James (1987) and
assuming u takes the form of normal distribution with the mean of 0 and
variation of 1, the bid function may be approached by the probit model;
two, according to Cameron (1988) and assuming u takes the form of logistic
distribution, the bid function can be approached by the logistic model. The
two methods generate similar coefficients, but different scaling (Greene,
2000).

3. QUESTIONNAIRE SURVEY

3.1 Design of Questionnaire

The questionnaire comprises four parts.

The first part of the questionnaire has focussed on the farmers’ agricultural
production characteristics, including crop area, types, soils, and irrigation
water sources, followed by the survey of farmers’ response measures upon
water shortage. The main purpose of the interview in this part is to investigate

|
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the production cost as well as the fallow and crop-change situations for the
first and second crops. Major investigation content includes current rice-
paddy cultivation area, fallow area, direct as well as indirect cost during
cultivation process, crop-change types, and related information regarding
cost as well as profit for the crop type. This information is needed for the
verification and estimation of farmers’ cost and profit concerns.

The second part of the questionnaire briefly describes the impact of
variations of irrigation water on crop growth. Various hypothetical scenarios
of various rice-paddy growth periods, as well as response measures upon
water-shortages are designed in order for the verification and estimation on
the category of farmers’ intrinsic values. These hypothetical scenarios are:

Scenario 1: fallow conducted before rice seedlings,

Scenario 2: group fallow conducted before rice seedlings,

Scenario 3: incentive for group fallow,

Scenario 4: crop-change conducted before rice seedlings,

Scenario 5: fallow conducted upon rice seedlings (land preparation), and

Scenario 6: invest money which farmers are willing to improve water-intake
facilities in the whole year.

The third part of the questionnaire is to interview the farmers for which
sector among the government, domestic, or industrial sectors should be
responsible for the compensation, and how the compensation ratio should
be distributed if a portion of the agricultural water could be saved from the
application of fallow or crop-change, and could be shifted to domestic or
industrial sectors. The purpose of this interview is to investigate farmers’
understanding about which sector should be responsible for the
compensation when their agricultural water is shifted.

The last part of the questionnaire is to ask the social and economic
characteristics of the farmers, their personal characteristics, which include
sex, age, and education, as well as involvement in agricultural practice,
whether full-time, part-time, or second job farmers, and number of family
members, adults, expenses, income, etc.

3.2 Sampling Design and Survey

In the sampling design, the work stations from the two irrigation associations
with potential water-shftiing pressures were selected for survey. A number
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of members in work stations are selected according to certain ratios by the
Stratified Proportion Sampling Method. The interview targets on rice farmers
and uses the method of one-on-one and face-to-face interview with lowest
bias. A minimum of 200 sample are accepted under 95 per cent confidence
interval and with below 5 per cent sampling error. As a result, a total of 300
samples were determined in the Tao-Yuan area in which six work stations
from the Tao-Yuan Irrigation Association and four from Shih-Men Irrigation
Association were allocated.

3.3 Number of Valid Questionnaire

In the Tao-Yuan Irrigation Association, 30 farmers from each of Hsin-Wu,
Ta-Po, Ta-Chu, Tao-Yuan, Hu-Kou and Kuan-Yin work stations were
interviewed with an expected total of 180 copies. However, the valid number
of questionnaire is 159 due to Typhoon Terry, and the valid ratio is 88.3 per
cent.

In the Shih-Men Trrigation Association, 30 farmers from each of Pa-Teh,
Chung-Li, Fu-Kang, and Yang-Mei work stations were interviewed with
expected total of 120 copies. The valid return is 113 with valid ratio of 94.2
per cent.

4. BASIC BACKGROUND OF INTERVIEWED RICE FARMERS

From the survey results, it was found that 98.2 per cent of the interviewed
farmers were male, ages range from 26 to 86 with the average of 66, 86.94 per
cent of the farmers were full-time, 4.05 per cent were part-time and 9.01 per
cent were second-job.

Educationwise, uneducated and illiterate farmers were at 5.41 per cent,
56.31 per cent were educated till the elementary school level, and 19.37, 11.26,
1.35, 0.90, and 0 per cent for the junior high school, senior high school,
vocational, college, as well as graduate school respectively.

The number of family members ranges from 1 to 26 with the average of
7 - 8, and the number of age over 18 is 5 - 6 on the average. Average monthly
expenses are NT$32,748 (approximately US$936 when US$1 = NT$35), and
monthly income is NT$50,275 (US$1,436) on the average.
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9. CALCULATION OF INDIFFERENCE PRICE

5.1 First Crop of Rice

The results from the 272 questionnaires distributed in the Tao-Yuan area
show that the average planting area for each farmer for the first crop is
1.186 hectares, average yield per hectare is 14,467 Taiwanese kilogram and
average fallow area is 0.432 hectare with 0.0112 hectare used for crop-change
to watermelon or cabbage.

As far as land rents and loans are concerned, NT$35,560 (US$1,016) per
hectare of land rent is the average for the first crop in Tao-Yuan area, and
NT$34,220 (US$977) for loans. In addition, there is another N'T'$49,600 for
production cost.

9.2 Second Crop of Rice

The results from the 272 questionnaires in the Tao-Yuan area show that the
average planting area for each farmer in the second crop is 1.003 hectares,
average yield per hectare is 8,050 Taiwanese kilogram, and average fallow
area is 0.488 hectare with 0.008 hectare used for crop-change to watermelon,
sweet yam or cabbage.

Regarding land rents and loans, NT$38,023 (US$1,086) per hectare of
land rent is collected on an average for the second crop in the Tao-Yuan
area, and NT$7,500 (US$214) for loans. In addition, there is another
NT$43,218 for production cost.

6. VERIFICATION ANALYSIS OF INTRINSIC VALUES FOR RICE
FARMERS

In association with the scenarios, the following conclusions were made from
the results of the questionnaire survey.

(1) Fallow Conducted before Seedlings
(1) For the first crop, the WTA intrinsic compensation value for
the rice farmers to conduct fallow, owing to water-shift is
NT$54,864 (approximately US$1,568 when US$1 = NT$35) per
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6)

(2) For the second crop, the WTA intrinsic compensation value is
NT$53,969 (US$1,542) per hectare.

Crop-change Conducted before Seedlings

(1) For the first crop, the willing-to-accept (WTA) intrinsic
compensation value for the rice farmers to conduct crop-change
owing to water-shift is NT$39,641 (US$1,133) per hectare.

(2) For the second crop, the WTA intrinsic compensation value is
NT$37,822 (US$1,081) per hectare.

Fallow Conducted upon Seedlings

(1) For the first crop, the WTA intrinsic compensation value for
the rice farmers to conduct fallow owing to water-shift is
NT$78,334 (US$2,238) per hectare.

(2) For the second crop, the WTA intrinsic compensation value is
NT$66,940 (US$1,913) per hectare.

Group fallow conducted before seedlings. For either crop, the WTA
intrinsic extra incentive value for the rice farmers to conduct group
fallow owing to water-shift is NT$8,259 (US$236) per hectare.

Group fallow incentive. The estimated result is negative, which shows
that farmers in Tao-Yuan area are not willing to share extra loading
for group fallow.

Average investment which farmers are willing to improve water-intake
facilities in the whole year. Farmers in Tao-Yuan area are willing to
invest NT'$144,156 (US$4,119)/hectare to avoid water-shortage risk.
The high value could be related to the recent water breakdown.

7. CONCLUSIONS

From the evaluation results of the cost-benefit aspect and the intrinsic benefit
aspect, it is found that the compensation value of conducting fallow or crop-
change from the cost-benefit aspect is higher than that from farmers’ intrinsic
benefit aspect. Comparing these results with the socio-economic structures
of the interviewed farmers, it is concluded that:

(1) The average age of the interviewed farmers in the study area is 64,

which is considered to be old, and their farming intention is compara-
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(2) In the cost-benefit aspect, only the ratio between the compensation
for fallow or crop-change and actual farming income was considered.
However, in the intrinsic benefit aspect, the additional non-agricultu-
ral income after conducting fallow or crop-change was very likely to
be included in the farmers’ considerations.

(3) The results could provide for references in policy planning. If the
planning for transferring agricultural water could be initiated prior
to the occurrence of droughts, it is believed that the policy cost would
be much lower.
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INTELLIGENT CONTROL FOR MODELING
MULTIPLE PURPOSE RESERVOIR
OPERATION IN TAIWAN

SYSTEME DE CONTROLE INTELLIGENT POUR
MODELISATION DE L'EXPLOITATION DU
RESERVOIR A BUT MULTIPLE AU TAIWAN

ABSTRACT

Reservoir operation has emerged as an important and difficult task to be
studied for the sustainable utilization of water resources in Taiwan.
Intelligent control is a state-of-the-art technology that resembles the human
thinking process in decision making and strategy learning. The intelligent
control system presented here combines two major procedures: the genetic
algorithm (GA) and the adaptive network-based fuzzy inference system
(ANFIS). The GA is used to search the optimal reservoir operating
histogram, which can be recognized as the base of optimal input-output
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training pattern for the intelligent control system. From these training
patterns, the ANFIS is then built to construct a suitable network and then
estimate the optimal water release according to the current reservoir
watermark and inflow situation. Analysis will be based on the Shihmen
reservoir, Taiwan, which is a multiple purpose reservoir over forty years
old. The research will address the methodology and the benefit of efficiency
and effectiveness of the proposed method. The results demonstrate that this
new approach, in comparison with the currently used M-5 rule curves, has
superior performance with regard to the prediction of total water deficit
and Generalized Shortage Index (GSI).

RESUME

Lexploitation du réservoir devient maintenant une tache difficile qu’il est
nécessaire détudier en priorité pour l'utilisation durable des ressources en
eau au Taiwan. Le systéme de controle intelligent est une technologie de
I'Etat-de-I'Art qui ressemble au processus de réflexion de 'homme sur la
prise de décision et la stratégie a apprendre. Nous présentons ici une
méthodologie de contrdle intelligent pour lexploitation du réservoir. Ce
systéme combine deux procédures importantes : LAlgorithme Génétique
(GA) et le Systeme Logique d’Inférence imprécis a base de réseau capable
d’adaptation (ANFIS).

Le GA est utilisé pour chercher I'histogramme de lexploitation optimale
du réservoir qui peut étre pris comme base du processus de formation
optimale entrée-sortie pour le systéme de contrdle intelligent. Le ANFIS est
ensuite mis en place pour créer un réseau approprié, et faire une évaluation
du lacher optimal de leau selon la ligne deau et le débit dentrée du réservoir.
Lanalyse sera faite en prenant comme base le réservoir a but multiple de
Shimen du Taiwan qui date de quarante années. La recherche portera sur la
méthodologie et le bénéfice de lefficience et de lefficacité de la méthode
proposée.

Les résultats montrent que cette nouvelle méthode savere meilleure par
rapport a « M-5 Rule Curve » pour ce qui concerne la prédiction du déficit
total de leau et 'Index Général d’Insuffisance (GSI).
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1. INTRODUCTION

Taiwan is known as Formosa, which means a beautiful and plentiful island.
The annual average rainfall is around 2,500 mm with high seasonal
variability. Compared with other countries, Taiwan should have plentiful
water, but owing to the characteristics of Taiwan’s watersheds, most of the
water runs directly into the sea, leaving only 20 per cent water to be stored
for use. Water resources are important issues in Taiwan because of the
continuous increase in water demand accompanying economic growth.
Consequently, reservoirs have become the most important and effective man-
made water storage facilities for distributing water among different users in
Taiwan. Multiple purpose storage reservoirs play a pivotal role in integrated
water resources management. They not only provide domestic and industrial
water supply, hydroelectric energy and irrigation, but also smooth out
extreme inflows to mitigate flood or drought. Therefore, it is very important
to determine an optimal reservoir operating schedule for effective water
distribution. Real-time reservoir operation is a continuous decision-making
process under the inherent variability of natural phenomenon. The operation
must be based on the operating policy or predefined rules and cannot violate
a great number of constrain to try to make the best satisfaction for all the
users. Apparently, this task can be very complex and difficult.

Intelligent control is a state-of-the-art technology that resembles the
human thinking process, and its outstanding ability has been well-recognized
in controlling complex systems. In the last decade, artificial intelligence (AI)
techniques, such as artificial neural networks (ANN), genetic algorithms
(GA) and fuzzy theory have also been increasingly applied to tackle some of
the issues related to hydrological and water resources systems (Chang et al.,
2004; Maier and Dandy, 2001; Chang et al., 2007). Recently, some attempts
have been made to address storage reservoir optimization and operation
through Al techniques. Raman and Chandramouli (1996) and Chandramouli
and Raman (2001) proposed the use of ANN to generate operational
strategies based on the optimal results from a deterministic Dynamic
Programming (DP) model, for the case of single and multiple reservoir
systems, respectively. Cancellier et al. (2002) developed a neural network
model to derive the operational strategies for an irrigation supply reservoir.
The authors (Chang and Chang, 2001 and Chang et al., 2005) developed an
Intelligent Reservoir Operating system, where the genetic algorithm is used
to search optimal reservoir operating histogram, and based on these training
patterns, a fuzzy inference neural network is then built to construct a suitable
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network to estimate optimal water release according to the current reservoir
watermark and inflow situation. Chaves and Chang (2008) presented
intelligent reservoir operation systems based on evolving artificial neural
networks.

In this paper, an intelligent system is presented and applied for the
optimizing operation of a multiple purpose reservoir in Taiwan. The
methodology of intelligent control system and its included theorems, i.e.
GA and ANFIS are first briefly introduced. In section three, the results of
different types of models are presented and compared with those of traditi-
onal M-5 rule curves operation. Last, a conclusion of this study is given.

2. METHODOLOGY

Artificial Intelligence is a branch of science which deals with helping machines
find solutions to complex problems in a more human-like fashion. This
generally involves borrowing characteristics from human intelligence, and
applying them as algorithms in a computer friendly way. An artificial
intelligence system could be built through a number of emerging information
technologies inspired by the qualitative nature of biologically based
information processing. An intelligent system should include the ability to
learn and to execute. Consequently, an intelligent system has its own main
objective, as well as senses and actuators. To reach its objective it chooses
an action based on its experiences, and to learn by generalizing the
experiences it has stored in its memories. In this study, we proposed an
intelligent reservoir operation strategy, which includes GA and artificial
neural network. GA is a heuristic iterative search method that attempts to
find the best solution in a given decision space based on the mechanics of
natural selection and genetics. ANFIS can help extract the fuzzy if-then rules
from input-output data pairs when expert knowledge is not directly available.
In the following sub-sections we present the main features of the techniques
used here (GA and ANFIS).

2.1 Genetic Algorithm

Evolutionary computation applies biologically inspired concepts such as
populations, mutation and survival of the fittest to generate increasingly
better solutions to the problem. One of the most popular evolutionary
optimization techniques is surely the GA. In recent years, GA has been widely
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used to solve a great number of hydrological and water resources related
problems (Sharif and Wardlaw, 2000; Chang et al., 2005). Some of the
advantages of GA models are: (a) a powerful capability to deal with non-
linear systems global optimization, and (b) a robust ability to solve highly
non-linear, non-convex problems. Normally, GA uses four main types of
operators to create, at each new GA generation, a new GA population based
on the previous one. These operators are elitism, selection, crossover and
mutation. Elitism operators can guarantee that the best individuals of a
population will proceed automatically to the next generation. Selection
operators are responsible for the selection of individuals (the so-called
‘parents’) in which the following two operators are applied. Crossover
operators combine two ‘parents’ to form children for the next generation.
And finally, mutation operators apply random changes to individual ‘parents’
to generate ‘children’ for the next generation.

2.2 Adaptive Network-based Fuzzy Inference Systems (ANFIS)

The ANFIS model was proposed by Jang (1993) and has been applied
successfully to many problems (Chang and Chang, 2001). It can serve as a
basis for constructing a set of fuzzy if-then rules with appropriate
membership functions to generate the preliminary stipulated input-output
pairs. This section briefly introduces the basics and architecture of the model.
An adaptive network is a multilayer feed-forward network with supervised
learning scheme. The functions corresponding to nodes of the same layer
are similar. For simplicity, the first-order Sugeno fuzzy model is considered
as a fuzzy inference system. Suppose that the model contains two inputs x
and y one output F and four fuzzy if-then rules.

Rule 1: Ifxis A and yis B, thenf =px+q,y +7;
Rule2: Ifxis A andyis B, thenf,=px+q,y+71,;
Rule 3: Ifxis A,and yis B}, thenf,=p.x+q,y + 75
Rule 4: IfxisA,and yis B,, thenf,=px+q,y+r,

The simplified ANFIS architecture is shown in Figure 1. It has five layers,
namely (1) input nodes, (2) rule nodes, where the T-norm operators are
employed to perform the multiplications of the incoming signals to generate
the outputs of this layer, (3) average nodes, (4) consequent nodes, and (5)
output nodes, where a defuzzification inference is used to transform the
fuzzy results of this model into a crisp output.
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Figure 1 ANFIS architecture for two-input Sugeno fuzzy model with four rules.

3. APPLICATION: SHIHMEN RESERVOIR

The above intelligent control is applied to the operation of Shihmen
reservoir, which is one of the largest water reservoirs in Taiwan. The Shihmen
reservoir, located upstream of the Tahan river (Figure 2), is a multipurpose
reservoir for irrigation, hydroelectric energy, public water supply, flood
control and tourism. The watershed covers an area of 763.4 km? with storage
capacity of 2.51 x 10® m>. Inflow data for the past thirty-six years are
obtained. A period of ten days, which is a traditional reference time frame in
the Chinese agricultural society, is used as a time step.

According to this scale, each month has three time steps, and every year
has thirty-six. Consequently, we have 1296 (36 x 36) inflow records. In the
case study, 1.2 times the water demand in the year of 2001 is adopted to
represent the requirement for the simulation period, a total of 1329 x 10°
m?/year.

3.1 Intelligent Control of Reservoir Operation

To build up an intelligent control system of reservoir operation, the system
objective and its constraints shown must be identified first. For long-term
reservoir operation, water shortage is considered to be the main index for
assessing reservoir performance. A water surplus, on the other hand, is
usually ignored, since the water surplus happens mostly during typhoons
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Figure 2 The location of Shihmen reservair.

and lasts for less than 72 hours. In this study, we use water shortage to
assess the long-term performance of reservoir operation; hence, the objective
function of reservoir operation is defined as

2
min (objFunc) = min [i[max(o’ DpD— O; H xnl} .. (1)

i=1 i

The mass balance equation and the physical or boundary conditions for
reservoir operation are discussed as follows.

(1) Mass Balance Equation (water balance at reservoir) or continuity
equation
Si=8_1+1;-0
(2) The initial storage S, = 50
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(3) The variable S; can vary only between the maximum and the dead
storage of the reservoir 0 < S, < 235.745

(4) Conditions on final stage of reservoir storage 0.95, < S, < 1.1S
where D; is the water demand of the i ten-day period,
O, is the outflow of the i ten-day period;
S, is the effective storage of the i'" ten-day period;
L is the inflow of the i ten-day period;

n, is the number of ten-day periods in a continuous deficit in the it
ten-day period. The purpose of the variable, 7. in the objective function
is to enlarge the effect of continuous deficiency and to avoid
continuously occurring deficiency.

M-5 Rule curves

250 |
il—‘—*\- ‘/AL

storage(10°m?)

50 oo oe?
0
1 4 7 10 13 16 19 22 25 28 31 34 36
—a— Upper limit —&—Jower limit —®—Critical lower limit time(ten-day)

Figure 3 The M-5 rule curves of Shihmen Reservoir.

In Taiwan, most reservoirs are operated according to rule curves, which
were obtained through intensity simulation analysis based on inflow data
and water demands. Because the rule curve is the official way for guiding the
reservoir operation, it is crucial to learn its performance and using the
performance as the base of comparison. The operation curves (M-5 rule
curves) of Shihmen reservoir are shown in Figure 3. The 36 years of historical
inflow data are divided into three independent sets: training, verification,
and testing sets, respectively. To derive suitable input-output patterns, the
GA method is applied and presented as follows.
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The historical inflow data are obtained from the Water Resource Agency,
Taiwan. The GA is first employed to search the optimal release series based
on a specific water demand series and the inflow series in each year during
the training period (1966-1988). The optimal results of the GA and another
result of operating by traditional M-5 rule curves are summarized in Tables
1 and 2 . It can be found that GA has much better performance in terms of
lower GSI (Generalized Shortage Index, defined in the following Equation 2)
value than M-5. Consequently, the optimal reservoir operating histogram
obtained from GA can be recognized as the training pattern in the next step.

3.2 Application of the ANFIS

Given the input-output patterns from GA, the ANFIS models are built to
create the fuzzy inference system and then to estimate the optimal water
release based on given input patterns. In the GA case, there are five input
variables. Since each variable might have several values (in terms of rule),
and each rule includes several parameters of membership function in layer
2, these will be a huge number of parameters to determine as the rule is
increased. To solve this problem, the subtractive fuzzy clustering is used to
establish the rule base relationship between the input and output variables
(detailed explanation can be found in Chang and Chang, 2001). Several
numbers of clustering have been evaluated. The results are shown in Figure
4, which indicates 17 cluster rules can have lowest RMSE (root mean square

65 |
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Figure 4 The relationship between RMSE of the training procedure and number of fuzzy
rules in ANFIS models.
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error). Since there are only 17 clusters, the inference system becomes quite
simple. That is as we give the five input variables’ values, we can calculate
their membership function value for each cluster, and then through the fuzzy
inference system the result can be obtained.

4. RESULTS

To construct and test the ANFIS model, the 36 years, (1966~2001) historical
inflow data are divided into three independent sets: training, verification,
and testing, respectively. Parameters and weights of these models are
determined through an optimizing process based on training data set. The
best interesting system structure and corresponding parameters and weights
are chosen based on verification data set. Without any modification, the
reliabilities of these systems are investigated by testing the data set.

For comparison, the simulation results of the M-5 rule curves and the
optimal searching results by GA are given. The overall results of M-5 rule
curves, GA, and ANFIS are presented in Tables 1 and 2. The results show
that the ANFIS model could only be trained to obtain similar results to the
GA method.

We believe this is mainly because the optimal result obtained by GA is
based on being given the full series of input patterns to search the optimal
operating strategy (output) for the series, while the ANFIS model is only
based on previous and current (t-1 and #) inflow and water level information.
Consequently, it is reasonable the ANFIS could only produce similar results
to the GA method. The root mean square errors (RMSE) are within the
range of 20 to 40 in all cases. To evaluate the model performance in terms of
the severity and length of water deficit, the generalized shortage index (GSI)
(Hsu, 1995) is used and is shown as follows.

DPD = § (DDR(%) x NDC) - (2)

N .k
DPD;
GSI = 100 a &—19
N ;Z,&§100° DY, 5
where  DPD: deficit per cent ten-day period index
DDR: ten-day period deficit rate
NDC: number of ten-day period in a continuous deficit
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DY: number of ten-day period in a year, i.e. 36
N: number of sample years

k: coefficient, usually taken as 2.

In Table 2, it is easy to find that the ANFIS model produces much better
performance in terms of small GSI values than the M-5 rule curves in all
cases. These results demonstrate that this new approach, in comparison
with the traditional M-5 rule curves, has superior performance with regard
to the generalized shortage index.

From Tables 1 and 2, we find results obtained from GA and ANFIS
models are comparable in all cases. These results seem to provide interesting
evidence that the ANFIS model has the ability to learn from GA input-
output pattern.

Table 1 The results of M-5, GA and ANFIS models in different stages
Set Years M5 GA ANFIS
Training 1966-1988 394 33 157
Verification 1989-1994 952 54 238
Testing 1995-2001 633 67 171

Table 2 The results of three ANFIS models and M-5 rule curves in testing stage

Year M-5 rule curves ANFIS
(1) (2) (3) (1) (2) (3)
1995 42 3 0.74 249 21 32.3
1996 602 32 4256 611 31 417.3
1897 218 12 66.0 359 21 24981
1998 35 8 3.13 258 17 32.1
1899 290 14 480 457 21 378.7
2000 119 13 56.3 330 24 44.7
2001 11 1 0 292 23 45.9
(1) Total water shortage (10° m?3)
(2) The number of water shortage period within the 36 periods of one year
(3) Gsl
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Artificial Intelligence (AI) techniques, such as artificial neural networks,
fuzzy theorems and genetic algorithms have been used in the last decades
for constructing intelligent systems for optimal operational strategies.
A methodology for the construction of intelligent systems for reservoir
operation has been developed in this study. The system is based on two
popularly used Al techniques: the genetic algorithm and the adaptive
network-based fuzzy inference system (ANFIS). The GA is used to search
the optimal reservoir operating histogram based on a given inflow series
which can be recognized as the base of input-output training patterns in
the next step. The ANFIS is then built to create the fuzzy inference system,
to construct the suitable structure and parameters, and to estimate the
optimal water release according to the reservoir depth and inflow
situation.

Multiple purpose reservoirs play a pivotal role in integrated water
resources management. The Shihmen reservoir is a multiple purpose
reservoir for irrigation, hydroelectric energy, public water supply, flood
control and tourism. The practicability and effectiveness of the proposed
approach is tested on the operation of the Shihmen reservoir. For the purpose
of comparison, the simulation results by the traditional M-5 rule curve
method are obtained. The results demonstrate that the developed intelligent
control system produce much better performance, in terms of lower GSI
values than the M-5 rule curves. The intelligent control system can learn to
make decisions for reservoir operation through the optimal input-output
training patterns obtained from GA. The results suggest that given the
reasonable initial sets, GA has produced superior results. Learning from
the input-output patterns obtained from GA, the ANFIS model can estimate
the reservoir release in predefined conditions. The ANFIS model, once given
sufficient information to construct the fuzzy rules, has more efficient
operation of the reservoir than the rule curve based model. Our study of the
Shihmen reservoir operation demonstrates both the intelligent capability
and superior performance of this framework in contrast to the traditional
rule curve operating strategy.

5. SUMMARY AND CONCLUSIONS

Taiwan is known as Formosa, which means a beautiful and plentiful island.
It is located in the North Pacific Ocean subtropical jet stream monsoon
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district with a land area of 36,000 km?. The annual average rainfall is around
2,500 mm with high seasonal variability. Compared with other countries,
Taiwan should have plentiful water. But owing to the characteristics of
Taiwans watersheds (erodible soil, uneven rainfall, steep slopes and high
mountains), most of the river flows run directly into the sea, leave only 20
per cent of it to be stored for use. Water resources is becoming an important
issue in Taiwan because of the continuous increase in water demand due to
economic growth and strong opposition to the construction of new reservoirs
following the rising awareness about environmental protection. At the same
time, the serious reduction in storage capacity of existing reservoirs caused
by sedimentation makes water resources management even more
complicated. Unless reservoir operation can be improved drastically, water
shortages will occur more frequently. It is thus natural that reservoir
operation has emerged as an urgent and difficult task to be studied for the
sustainable utilization of water resources in Taiwan.

Artificial intelligence (AI) is a state-of-the-art technology that resembles
the human thinking process in decision making and strategy learning, and it
has been well-recognized for its outstanding ability in controlling complex
systems. Al techniques, such as artificial neural networks (ANN), fuzzy
theorems and genetic algorithms (GA) have been used in the last decades
for constructing intelligent systems for optimal operational strategies. We
propose an intelligent control methodology for reservoir operation. The
methodology includes two major processes—the knowledge acquired and
implemented and the inference system by using the genetic algorithm (GA),
and the adaptive network-based fuzzy inference system (ANFIS). The GA is
based on Darwinian natural selection with the mechanisms of population
genetics. Now in widespread use for computational evolution, it has also
been applied to solve a great number of water resource problems. The GA
was used to search the optimal reservoir operating histogram based on a
given inflow series, which can be recognized as the base of optimal input-
output training pattern for the intelligent control system. The ANFIS is a
five-layer feedforward network, which uses neural network learning
algorithms coupled with fuzzy reasoning to map an input space to an output
space. The major advantage of this network is that it can tune the complicated
conversion of human intelligence to fuzzy systems. From these training
patterns, the ANFIS was then used to implement the knowledge, to create
the fuzzy inference system, to form the suitable network and then estimate
the optimal release according to the current reservoir watermark and inflow
situation.
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Analysis was based on the case of Shihmen reservoir, Taiwan. The
Shihmen reservoir operates for the purposes of water supply for irrigation,
industrial and domestic uses, flood control, hydropower generation, and
recreation facilities. Its active storage volume is approximately 2.35 x 103
m?. Inflow data for the past thirty-six years (1966~2001) are obtained. A
period of ten days is used as a time step. To construct and test the ANFIS
model, the 36 years historical inflow data are divided into three independent
sets: training, verification, and testing, respectively. The results demonstrate
that this new approach, in comparison with the M-5 rule curves, has superior
performance with regard to the prediction of total water deficit and
Generalized Shortage Index (GSI). The intelligent control system can learn
to make decisions for reservoir operation through the optimal input-output
training patterns obtained from GA and the fuzzy rule base extracted from
M-5 rule curves regulation. The results suggest that the ANFIS model has
good ability to learn from different sources of knowledge, and the system
can be more intelligent for reservoir operation, if more information is
involved.
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ABSTRACT

The Greater Mekong Subregion (GMS) comprises six riparian countries of
the Mekong River. They are the Kingdom of Cambodia, the People’s Republic
of China (Yunnan Province and Guangxi Zhuang Autonomous Region), the
Lao People’s Democratic Republic, the Union of Myanmar, the Kingdom of
Thailand and the Socialist Republic of Viet Nam (see Figure 1). In 1992, the
six countries, supported by the Asian Development Bank (ADB), agreed to
enhance a programme of economic cooperation in this subregion (Nguyen,
1999). One of the main achievements of the GMS programme is the signing
up of the GMS Cross-Border Transport Agreement (CBTA) and the Inter-
governmental Agreement on Regional Power Trade (IGA) and their
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| subsequent developments. The CBTA entered into came into force in
December 2003, while the IGA before the First Meeting of the Regional Power
Trade Coordination Committee (RPTCC-1) held in July 2004.

Activities behind the agreements, which related to direct uses of trans-
boundary rivers, are the main concern of this paper. The main activities
concerned are navigation in cross-border transports and construction and
operation of cascade dams along with hydropower plants. Further, there
could be interactions between these activities and such actions depend on
the conditions of the activities. For example, a dam or a bridge on the
mainstream could affect navigation; however, a dam with a lock could be
beneficial to navigate upstream to a certain distance.

RESUME

La Sous-région de Mékong Supérieur (GMS) comporte six pays riverains-
Royaume du Cambodge, République Populaire de Chine (province de Yunnan
et région autonome de Guangxi Zhuang), République Démocratique
Populaire de Lao, Union de Myanmar, Royaume de Thailande et République
Socialiste de Vietnam (voir Figure 1). En 1992, ces six pays ont entrepris en
commun un programme pour promouvoir la coopération économique dans
cette région (Nguyen, 1999), cette initiative étant soutenue par la Banque du
Développement Asiatique (BDA). Les principales activités du GMS étaient
marquées par la signature de IAccord de transport transfrontalier (CBTA),
de I'Accord intergouvernemental de commerce régional dénergie (IGA) et
les activités connexes. Le CBTA est entré en vigueur en décembre 2003, alors
que 'IGA avant la premiéere réunion du Comité régional de coordination du
commerce dénergie (RPTCC-1) tenue en juillet 2004.

Les activités entreprises dans le cadre de ces accords concernent
directement l'utilisation transfrontaliere des rivieres, ce qui est la
préoccupation de ce rapport. Parmi les activités principales, il convient de
signaler la navigation transfrontaliére, la construction et lexploitation des
barrages de cascade ainsi que des usines dénergie hydraulique. De plus, il
pourrait y avoir des interactions entre ces activités, ces interactions
dépendant surtout de la nature des activités. Par exemple, un barrage ou un
pont sur le cours principal peut affecter la navigation; cependant, un barrage
pourvu d'un dock peut étre utile a la navigation en amont sur une certaine
distance.
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1. MEKONG RIVER BASIN

The Mekong River Basin has three parts, namely, the Lower Mekong Basin,
the Mekong Basin (including the Lancangjiang Basin) and the GMS. The
Lower Mekong Basin is located in the territories of four downstream
riparian countries including Cambodia, Laos, Thailand and Viet Nam. These
four countries had established the Committee for the Coordination of
Investigations of the Lower Mekong Basin (the Mekong Committee) in 1957,
and nearly forty years later, signed the Agreement on the Cooperation for
the Sustainable Development of the Mekong River Basin (ACSD) and
strengthened the Mekong Committee into the Mekong River Commission
(MRC) in 1995, with a much broader mandate. In space, the Lower Mekong
Basin is a sub-set of the Mekong Basin formed by nature, and the natural
Mekong Basin is within the area of the GMS.

2. TRANSBOUNDARY RIVERS IN GMS

There are many transboundary rivers in the GMS. The most significant ones
are the Mekong River (the river position in China named as Lancang-jiang), the
Song Hong (also known as the Red River with the river position in China called
as Yuanjiang) and the Salween River (the section in China named as Nujiang).

The Mekong River is the biggest river in the subregion and ranked the
sixth largest river in the world. The upper river, Lancangjiang, originates
from Qinghai Province and then flows mainly in southern direction falling
through or by Tibet, Yunnan, Myanmar, Thailand, Laos, Cambodia and
Viet Nam, finally falling into the South China Sea. The area of the estuarine
portion of the Mekong in Viet Nam is also called the Mekong Delta. The
Yuanjiang commences from Yunnan and flows south-east direction through
northern part of Viet Nam named as Song Hong into the Gulf of Tonkin.
The Salween River (Nujiang) starts from Tibet and runs directly south
through Yunnan and Myanmar and into the Gulf of Martaban.

3. PRESENT ACTIVITIES ON TRANSBOUNDARY RIVERS

According to Articles 2 and 8 of the CBTA, there are activities of crossing
border by boats and the people of the basin countries transit freely through
territories between the six states. Both activities relate to navigation.
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Navigation in Mekong developed fast. Table 1 shows deadweight tonnages
for different water levels of the Lower Mekong from river mouth to Houayxay
(Wang et al., 2007). The tonnage is over 2,000 DWT for the whole year
between Phnom Penh and the river mouth. When the water level is at middle
or high, it is up to 400 DWT between Kratie and Kombong Cham in the
territory of Cambodia and 300 DWT between Vientiane and Khanthabouly
in the section that borders between Thailand and Laos. However, it should
be noted that the Khone Falls in Laos near its border with Cambodia, with
a total fall of 21 meters in segmented cascades, located 5 kilometers upstream
from Veunekham and 736 kilometers from the river mouth, has ended all
ideas of navigating from the river mouth straight up to China. To connect
the development, China proposed the first navigation chart in 2007 ranging
from the No. 243 boundary stone on the China-Myanmar border along the
Mekong to Houayxay to improve the safety of navigation.

About the IGA, the GMS members aim to coordinate and cooperate to
provide reliable electricity through area grids with minimized costs within
the subregion. Even before the signing of the IGA in 2002, certain electricity
cooperation projects between GMS members had already been set forth.
For example, in 2000 China and Thailand signed an investment agreement
on the construction and operation of the Jinghong Hydropower Plant sited
on Lancangjiang. Regional power trades have already been in practice. For
instance, China has successfully sent electricity through a 110 kV wire to
Viet Nam since 2004 (Li, 2006).

There are more plans for hydropower plants in the subregion. Two
hydropower plants, namely, Manwan and Dachaosan have been constructed
in china, along the Lancangjiang. Xiaowan as well as Jinghong are under
construction, and Gongguogqiao, Nuozhadu, Ganlanba and Mengsong have
been planned. There is a plan for constructing total of 15,200 MW installed
capacity and 67.629 million MW.h annual power production. The total
volume of the related dams is 40.87 billion m?. Details of the above
hydropower plants are shown in Table 2. Compared to the 23,000 MW
hydropower potential of the Lancangjiang, the Mekong has 30,000 MW in
potential, where 13,000 MW is on the mainstream. There are 11 existing
dams in the tributaries of the Mekong River, while there is not any on the
mainstream. The total volume of the existing dams is 13.69 billion m? and
the total installed capacity is only 2,371 MW. This is less than 14 per cent of
its 17,000 MW potential. Compared to the total potential of the Mekong
River, the developed capacity is less than 8 per cent (Zhao et al., 2000).
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4. PLANNED HYDROPOWER PLANTS ON MAINSTREAM
OF MEKONG

The idea of developing hydropower on the mainstream of Mekong has not
been abandoned. Yet, no dam has so far been constructed on the mainstream.
(Hori, 2000). A nine-plant plan, the latest one, proposed in 1994 was a
substitute for an earlier seven-plant plan proposed in 1970, which had a
total volume of 258.9 billion m? and installed capacity 23,300 MW. The 1994
plan mainly replaced high dam projects by dams of much less storage. Details
of the 1994 plan are shown in Table 3.

5. INTERNATIONAL WATER LAW AND MEKONG RIVER

The uses of Mekong (the Lancangjiang is not included) shall follow the ACSD
as well as the International Water Law, while other transboundary rivers in
this subregion, including the Lancangjiang, shall follow the International
Water Law. The Convention on the Law of the Non-navigational Uses of
International Watercourses, approved by the General Assembly of the
United Nations in 1997, has not been brought into force as yet (McMaftrey,
2001). As a result, the activities of direct uses of transboundary rivers
shall follow the principles laid down in the Helsinki Rules on the Uses of
Waters of International Rivers, adopted by International Law Association
in 1966.

Although China and Myanmar are not members of the ACSD, in the
following year that the parties signed the agreement, China and Myanmar
became dialogue partners of the MRC. As a result, the MRC now provides
the GMS members a platform to work together within the legal framework
of the International Water Law.

6. NAVIGATION

Freedom of navigation through any international river has never been
accepted in practice as a principle of international water law (Sheng and
Zhou, 1986). The sovereignty of the riparian states must not be infringed.
Only when the riparian states decide to open to each other or to countries
not along the river, that freedom of navigation becomes possible. The
activities of cross-border transport by boats are based on the freedom of
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navigation throughout the mainstream of the Mekong River provided in
Article 9 of the ACSD. Article 9 opens the mainstream for navigation to the
four parties. However, navigational uses may not violate the obligations of
protection of the environment and ecological balance and prevention and
cessation of harmful effects provided in Articles 3 and 7 of the agreement,
respectively, as well as the obligation of prevention of any new form of water
pollution provided in Article X of the Helsinki Rules. It should be noted that
although the ACSD opened the mainstream, because of the Khone Falls,
neither Laos’ nor Thailand’s boats can reach Cambodia or Viet Nam, nor
boats from Cambodia or Viet Nam can ship upstream of the Falls.

On the other hand, before the CBTA came into force in 2003, China,
Laos, Myanmar and Thailand had signed the Agreement on the Commercial
Navigation along Lancangjiang-Mekong, which came into force in 2001. This
agreement supplemented the gap caused by the fact that China and Myanmar
are not parties to the ACSD and provides an important basis for CBTA.

7. HYDROPOWER PLANTS

The construction and operation of cascade hydropower plants with dams
in the Lancangjiang will increase flows during dry season and reduce it
during wet season. Dams will trap sediments, cause scouring in the
downstream of the dams and block the stream. As a result, if most of the
dams were built according to the plans, they could lower the water level of
the Tonle Sap during the wet season, weaken the stability of certain river
channels, diminish the area of the Mekong Delta, and change fishery,
ecological system and navigation. The more dams the States build, the more
serious the effects. The effects could also happen in the territories of other
riparian states. According to the third sentence of Article 6 of the ACSD,
member States shall ‘enable the acceptable natural reverse flow of the Tonle
Sap to take place during the wet season’ Member states shall also aim to the
goals of ‘protection of the environment and ecological balance, ‘reasonable
and equitable utilization’ and ‘prevention and cessation of harmful effects’
provided in Articles 3, 5 and 7, respectively.

Article 9 of the ACSD also explained the reason why, despite several
plans, being proposed for so many years, no hydropower plant has been
built on the Mekong mainstream. Although ‘navigational uses are not
assured any priority over other uses, the parties also require ‘the Mekong
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River shall be kept free from obstructions, measures, conduct and actions
that might directly or indirectly impair navigability, interfere with this right
or permanently make it more difficult’ Article 9 reflects the importance of
navigation of the Mekong to the parties. It rejects the possibility of building
high dams on the mainstream. However, building hydropower plants with
dams on the tributaries of Mekong within each State’s own territories is not
limited.

Besides the ACSD, the signed parties of GMS shall follow Article IV of
the Helsinki Rules. It provides that ‘each basin State is entitled, within its
territory, to reasonable and equitable share in the beneficial uses of waters
of an International drainage basin. There are 11 factors to be considered as
relevant listed in Article V. These include: geography, hydrology, climate,
past utilization of waters, economic and social needs, pollution, comparative
costs of alternative means, availability of other resources, avoidance of
unnecessary uses, practicability of compensation and the degree to which
the needs can be satisfied.

8. CONCLUSIONS

The above analysis shows that the enhancement of the CBTA and IGA
imposes effects and events related to the International Water Law. The main
conflict will arise between the general principles of sovereign equality and
territorial integrity and the fact that activities in any section of a
transboundary river could affect the rest of the riparian States. Fortunately,
the MRC associated with the ACSD provides a platform to coordinate or
settle issues within the Mekong River Basin. However, activities upstream of
the Mekong River including those in the Lancangjiang will not be bounded
by the ACSD. Further, there is lack of mechanism to resolve possible conflicts
the Nujiang- Salween River between China and Myanmar and between China
and Viet Nam on the Yuanjiang-Song Hong.

The six States sharing the Mekong waters have different needs. China
and Myanmar becoming dialogue partners of the MRC was an important
and positive beginning to improve the situation. Closer cooperation or being
parties will be advantageous. Bilateral agreements between China and Viet
Nam for cooperation on the uses of the Yuanjiang-Song Hong and between
China and Myanmar on the Nujiang-Salween River, may be expected.
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