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RESPONSIVE STRATEGIES OF AGRICULTURAL WATER SECTOR IN TAIWAN
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ABSTRACT

In addition to increasingly frequent water shortage problems, agricultural water sector is also
challenged by environmental issues. The objective of this article is to summarize, as well as
propose sustainable strategies for agricultural sector in response to current environmental
challenges.

For water shortage problems, which are becoming more and more frequent worldwide including
Taiwan, measures for irrigation water, such as extending irrigation periods, decreasing number of
irrigation application times, or rotational irrigation, are introduced and discussed. When
borrowing or transfer of water among sectors is needed in Taiwan, it is usually from agricultural
irrigation water to other sectors in almost all cases. The maintenance of water right, and
compensation to farmers for their income loss, are the two major issues. As for environmental
changes, the impact of the accession of Taiwan to WTO (World Trade Organization) is discussed
specifically in this article, and a management scheme in order to save irrigation water, which
could be used for other purposes, is suggested in this article.

FOREWORD

In addition to increasingly frequent water shortage problems, the agricultural water sector is also
challenged by environmental issues. In this article, “environment” doesn’t only mean natural
environment, but also includes political, policy, economical, technological, and societal, etc.
The objective of this article is to summarize, as well as propose, sustainable strategies for the
agricultural sector in response to current environmental challenges. As a result, three issues
will be discussed in this article: 1)water shortage issue, 2)water transfer issue, and 3)the
accession of Taiwan to WTO (World Trade Organization) issue.

WATER RESOURCES IN TAIWAN

The average annual rainfall in Taiwan is 2,515 mm, and the total volume reaches 90.5 billion m’,
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which is approximately 2.7 times of the world average. ~Although the amount of rainfall sounds
plenty, the water resources management is tough as the annual allocated water per capita is only

around 1/8 of the world average. In addition, due to the uneven distribution both temporally as
well as spatially, the overall summer wet season accounts for 78% of rainfall (nearly 90% on the
most severe southern Taiwan) as seen in Figure 1.
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Figure 1. Annual Isohyetal Map of Taiwan

On the demand side, the statistics show that the domestic water has increased from 730 million
m’ in 1976 to 3.53 billion m® in 2004, and industrial water from 1.35 to 1.65 billion m’, while
agricultural water has decreased from 15.96 to 12.60 billion m’, and has been remaining almost
stable since 1996. According to WRA (Water Resources Agency), the water-resources authority,
the projection of long-term demand with medium growth rate on a five-year interval targeted in
year 2021 shows same trend (see Figure 2).
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Figure 2. Trends of Water Demand for Various Sectors in Taiwan
WATER SHORTAGE ISSUE

For water shortage problems, which are becoming more and more frequent worldwide including
Taiwan, each water use sector has its own priority duty to satisfy itself before seeking borrowing
or transfer from other sectors. In this regard, the agricultural sector could have various
measures in response to various degrees of water shortage. In this article, measures for
irrigation water, such as extending irrigation periods, decreasing number of irrigation application
times, or rotational irrigation, will be introduced and discussed.

General Measures for All Sectors Corresponding to Supply-Demand Analysis

From the water resources aspect, the situation of drought or water-shortage occurs when supply
is not able to meet demand. The general corresponding response measures may vary according
to the degree of drought conditions, i.e., the difference between the amounts of supply and
demand, as shown in Figure 3.

In Figure 3, the supply and demand sides are placed on opposite sides. On the left supply side,
there are three major water source categories, namely available groundwater, reservoir storage,
and river flow. On the right demand side, there are four water use sectors, namely domestic,
agricultural, industrial, and environmental. The starting timings to take corresponding
measures are based on the difference between supply and demand conditions, and are classified
into stages as follows.



872 USCID Fourth International Conference

agricultural

Reservoir industrial
storage
M Conserved
River flow mensure —

River flow

measurc

Figure 3. Supply-Demand Analysis for Water Resources Management

Stage 1 When A>B, i.e., reservoir storage and river flow are able to satisfy demand needs, then
strict groundwater conservation measure is enforced.

Stage 2 When A<B, the water-saving measure is first activated. Each water-use sector has its
own duty to reduce its own demand in order to keep A>C.

Stage 3 When A<C and under the tolerable safe-yield limit, groundwater is introduced for
conjunctive use in order to sustain D>C.

Stage 4 When D<C, appropriate measures for different water sectors are activated. For the
agricultural sector, fallow or crop change are conducted, while for the domestic and industrial
sectors, alternative water sources, such as desalination water, recycled water, or reclaimed water,
are introduced, in order to keep D>E.

Stage 5 When D<E, i.e., any or some of the water sectors are not capable of satisfying it or
themselves, then transfer among sectors is required.

In practice, there is a similar signal system (Fig. 4, in Chinese) set by the WRA, which comprises
five signal lights from blue, green, yellow, orange, to red. The activation of each signal level is
based on meteorological (e.g., expected rainfall), hydrological (e.g., inflow rate, or flow level),
reservoir stage, or expected demand, etc.
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Figure 4. Signal System for Drought in Taiwan

Responsive Strategies for Agricultural Sector during Drought Seasons

Basically, for the agricultural sector there are two main strategies to be applied against drought.
One is to extend the irrigation periods, which in effect, is to decrease the number of irrigation
application times, and the other is to adopt rotational irrigation.

Extension of Irrigation Periods Although the irrigation periods (as well as the number of
irrigation application times) are generally specified in the irrigation plans of Irrigation
Associations, crops are often less vulnerable to water shortage conditions. The timing for the
next application of irrigation varies with the drought-enduring ranges of crops, and is normally
determined by field observation. Or, if the same amount of water is irrigated, with the number
of irrigation application times being reduced, a significant amount of water loss could be saved
with this practice.

This practice of extending irrigation periods must be carried out in conjunction with other
measures or management schemes, such as the improvement of irrigation efficiency, or a recently
promoted plan of so called “deep-water” irrigation cultivation technique. In this “deep-water”
irrigation cultivation technique, the irrigation water depth is suggested to be increased from 60
mm, which is the current standard for rice cultivation in Taiwan, to 250 mm, and the estimated
irrigation period could thus be lengthened up to around 20 days.

Rotational Irrigation Rotational irrigation is a scheduling process among groups of irrigation
units, normally implemented to counter water-shortage problem. It is often applied at various
levels of irrigation systems. In general, when the amount of irrigation water supply is above
75% and measures are to be taken, rotational irrigation is applied with main canal systems.
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When irrigation water supply is between 75 — 50%, rotational irrigation is applied with lateral
canal systems. When irrigation water supply is again lowered to between 50 — 25%, rotational
irrigation could still be applied, but on tertiary units. When irrigation water supply is further
decreased to below 25%, rotational irrigation is not suggested and extensive fallow is applied.

Two examples of Yun-Lin Irrigation Association in central Taiwan are shown below. Figure 5
is the case of rotational irrigation applied in Cho-Kan main canal system, where three irrigation
areas by three laterals are involved in the rotational strategy. Figure 6 is the case in a lateral
canal system where various groups are organized according to water supply to meet demand
conditions.

| Pei- Kang' r
| Lateral ' |

Shou- Tlen ]

Lateral |

________

Discharge

100~80% of Demand, Irrigate the entire service area

Strategy 4 80~50% of Demand, irrigating two groups simultaneously
50~30% of Demand, irrigating one group

Figure 5. Example of Rotational Irrigation Applied to Main Canal System
WATER TRANSFER ISSUE

When borrowing or transfer of water among sectors is needed in Taiwan, it is usually from
agricultural irrigation water to other sectors. The maintenance of water right and compensation
to farmers for their income loss are the two major issues.

Most often cases of water transfer in Taiwan are from the agricultural sector to domestic.
However, the industrial sector has been facing frequent water shortage problems as well, and
similarly, transferring or borrowing from agricultural has become sole and important solution
before specific water source intake systems are completed. As a result, it is necessary to setup a
water transfer strategy among sectors in order to reach a win-win state.
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Figure 6. Example of Rotational Irrigation Applied to Lateral Canal System

Discussion on the Appropriateness of Past Transfer Cases

There are three types of transfer (or borrowing) of agricultural water: permanent, partial, and
temporary transfers. After reviewing past cases regarding transfer of agricultural water in
Taiwan, the following facts can be summarized:

1) Despite the fact that agricultural sector also faces water shortage, it is considered to be
transferred whenever needed.

2) There is yet no reasonable compensation for the transfer of limited agricultural water
resources.

3) The “value” of agricultural water resources is yet to be established.

4) Agricultural water right is seemingly abolished when frequent transfers are requested.

Basic principles on the aid of agricultural water to other sectors

Based on past experiences of water transfer, the following rules and basic principles are
concluded:
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First Ranked Domestic Sector During severe drought, the water resources is first re-allocated
according to adjusted distribution. The first ranked domestic sector is eligible to transfer water
from other lower ranked sectors when the necessary amount of water to sustain life and living
needs is not acquired, and agricultural sector is always the one. However, proper compensation
is needed as agriculture itself is also damaged from drought.

Second Ranked Agricultural Sector As the second ranked sector, the agricultural water is eligible
to request transfer from lower ranked sectors. Although it rarely occurs, it is possible under
food shortage conditions. In very few cases, it did happen when agricultural water requested
aid from local deep wells of other sectors. However, the aid did not quite follow the priority
order, and the compensations were based on negotiations.

Third Ranked Industrial Sector Industrial water ranks third behind domestic and agricultural.
Nonetheless, in order to protect industrial development, which has higher production value and is
more vulnerable to water shortage, the transfer from agricultural sector often occurs. And most
of the cases were proceeded through negotiations with agricultural sector, yet the reasonable
compensation for the damage loss of farmers is yet to be determined.

THE ACCESSION OF TAIWAN TO WTO ISSUE

As for environmental changes, the impact of the accession of Taiwan to WTO would be
discussed specifically in this article. The World Trade Organization (WTO) is a global
international organization dealing with the rules of trade between nations. At its heart are the
WTO agreements, negotiated and signed by the bulk of the world’s trading nations and ratified in
their parliaments. The goal of WTO is to help producers of goods and services, exporters, and
importers among its members conduct their business. Taiwan joined WTO in 2002, and under
the agreement, 144,270 tons of rice were imported, resulting in a decrease in rice cultivation area
through fallowing or crop-change. Thus, this issue raised another question on whether and how
irrigation water could be saved. A management scheme in order to save irrigation water which
could be used for other purposes is proposed.

Since the accession to the WTO, the cultivation land area of rice in Taiwan has been decreasing
as the rice demand is decreased. It is studied and suggested in this article that land fallow and
crop-change could be properly practiced on irrigation systems during water-shortage periods,
which are commonly the first crop of rice in Taiwan. Under these practices, the agricultural
water should be able to be effectively saved, and the non-agricultural demands could be
supported without impacting food policies. The pressure of water-resources development could
thus be reduced.

The focus of the study area in this article is conducted in Tao-Yuan area (Table 1), which is
located in the northern part of Taiwan. The strategies for temporary shift of agricultural water
under the conditions of maintaining the re-planting capability of farmland would be assessed.
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Table 1. Rice Cultivation Area in Tao-Yuan Irrigation Association
planned | actual rice | fallow and

year | crop irrigation | cultivation | crop-change remarks

areca(ha) arca(ha) arca(ha)
1% crop | 25,964 22,378 3,586

2000 —g
2" crop | 25,964 20,911 5,053
2001 1" crop | 25,933 21,742 4,191
2 crop | 25,933 20,576 5,357
1™ crop | 25,054 19,879 5,175

2002 i
crop 25,054 17,212 7,842

Irrigation was stopped in 1% crop
in accordance with government

st
2003 IMerop | 24,749 i 24,749 policy, and actual cultivation area
was not surveyed.
ond crop | 24,749 6,063 18,686 Severe drought
1* crop 24,524 937 23,587 Irrigation stopped
2004 2" crop | 24,524 6,171 18,353

Source: Tao-Yuan Irrigation Association

Preparation of Fallow or Crop-change Plans

If the cooperation from the farmers is acquired, it is proposed that in accordance with the
promotion of fallow as well as crop-change systems, the planned water-supply in the reservoir
areas, especially the Tao-Yuan area in this article, could be theoretically reduced by the unit of
check-gate operation. The objective of saving water through fallow as well as crop-change in
order to comply with WTO agreement could be reached by conveying it along the irrigation
systems to the designated location or facility.

In order to effectively carry out the ideas of the study objectives, the following basic principles

are first proposed:

1. Current planting systems should be maintained to avoid complexity,

2. The issue of water-right change should not be involved in order to minimize doubt as well as
arguments, and

3. The form of “group fallow” should be promoted in order to effectively save water.

Hence under principle 1, the double-crop fields are suggested in order to maintain current
planting system. Under principle 2, rotational fallow by groups are suggested in order not to
involve the doubt of water right change. Under principle 3, the lateral ditches as basic units are
suggested in order to promote through groups.

In addition, since water resources agencies already have set related moving or transferring
response procedures as well as measures for emergency droughts, the ideas in this article should
be adopted to constantly support water supply in order to meet the policy of fallow as well as
crop-change. Under this principle, water supply from reservoirs is suggested.



878 USCID Fourth International Conference

In the mean time, associate measures or principles should also be promoted, such as
compensation to farmers, respect to management input of irrigation associations, etc. Also,
current fallow as well as crop-change is promoted targeting on second crop in consideration of
crop yield and quality. However, from the water-resources point of view, first crop is suggested
due to wet seasons.

Analyvsis of water-saving potential by fallow and crop-change in Tao-Yuan area

Year 2004 of Tao-Yuan is chosen as case study when the allocated fallow area in accordance with
the WTO regulation of rice import was 11,946 hectares in the first crop and 15,943 hectares in
the second crop. Assuming that all the fallow area in Tao-Yuan County was completely applied
in the irrigation district of Tao-Yuan Irrigation Association, and further the work stations of
associate laterals were set as basic units by taking the on-site operation applicability into
consideration, the potential water saving amount can be obtained by accumulating the amounts
of distributed water of the corresponding lateral work stations under the priority of lower water
distribution weights, which are the water requirements per unit area, unless minor necessary
adjustments are needed.

Following the principle, the manage areas of work stations are accumulated in the order from
Ta-Lun (laterals #6, 7, and 8-1), Hsin-Po (lateral #9), Tao-Yuan (lateral #1), Hsin-Wu (laterals
#12, Keh-Ker-Gang Ditch, and 12-1), Ta-Yuan (laterals #3, 4, and 5), until Kuan-Yin (laterals
#10 and 11) work station, in which the accumulated area of 11,959 hectares has reached the first
crop fallow requirement of 11,946 hectares. Hence, the corresponding accumulated distribution
water of 123.648*10° m? is the potential amount of water saved for the first crop (Table 2).

Continuing the procedure, the Ta-Chu (lateral #2) and Tsao-Ta (lateral #8) work stations are

selected when the accumulated area of 16,906 hectares is reached beyond the 15,943 hectare
second crop fallow area, the corresponding 179.989*10° m’ is the potential amount of water
saved for the second crop.

In other words, assuming that the guided fallow area of both first and second crops of year 2004
in Tao-Yuan area is completely applied in Tao-Yuan Irrigation Association irrigation district, and
basing the calculation on the average distributed amount of water of the 2005 irrigation plan of
Tao-Yuan Irrigation Association, a total of approximately 300*10° m’s of water saving potential
for the whole year could be expected.

Preparation of fallow or crop-change measures

Furthermore, according to the estimation of water shortage of domestic water supply systems in
Taiwan area for the year 2011 as provided by the Water Resources Agency, the medium growth
demand in Tao-Yuan area is 1.29%10° m® per day while the supply side is 1.10*10° m’/day, hence,
a deficit of 0.19*10° m*/day should be supported form other sources before water-shortage crisis
occurs.
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Table 2. Calculation of potential amount of saved water in accordance
with fallow in Tao-Yuan area

1 2 3 4 5 6 7 8
L Areaby | Distributed |Water distribution| Accumulated | Accumulated
canal s\tzgi)l; lateral Iarrréia(tflzl)l work station| water bGy , Weig}gting _area by potential s6aV§d
(ha) canal (10°'m’)|  (10"m’/ha) weighting order| water (10°m”)
Tao-Yuan| #1 1,465.0 | 1,465.0 12.892 0.88(3) 3,979 33.614
Ta-Chu #2 2,663.0 | 2,663.0 27.878 1.05(6) 14,622 151.526
#3 416.0 3.793
Ta-Yuan #4 983.0 1,964 9.105 0.99(5) 9,117 88.824
#5 565.0 6.569
5 #6 514.0 4.425
é< Ta-Lun #71 714.0 1,386 5.586 0.80(1) 1,386 11.061
§ #8-1 158.0 1.050
% Tsao-Ta #8 2,284.0| 2,284.0 28.463 1.25(9) 16,906 179.989
?_» Hsin-Po #9 1,128.0| 1,128.0 9.661 0.86(2) 2,514 20.722
Kuan-Yin #10, 11 2,842.0| 2,842.0 34.824 1.23(7) 11,959 123.648
#1 1,675.0 18.210
Hsin-Wu |Keh-Ker-Gang Ditch| 1,317.0 3,174 16.313 0.96(4) 7,153 69.357
#12-1 182.0 1.220
Hu-Kou | Kuang-Fu ditch |3,784.0 | 3,784.0 47.004 1.24(8)
Total 22,155

Suppose that 0.19*10° m*/day is needed for 180 days in a crop period, then 34.2*10° m’ of water
is required for each crop. Take the associated planned distribution water amounts for each crop,
as well as the administrative coordination in execution practice into consideration, then, various
combinations which meet the 34.2*10° m’ requirement could be determined by further
considering the manage areas of work stations as basic fallow unit, one crop per fallow term, and
rotational fallow to assist agricultural water. Furthermore, for the applicability of practical
execution to minimize the operation disputes as well as to raise the coordination efficiency, it is
suggested that the three groups of up-stream, mid-stream, and down-stream are classified. The
upstream group includes Tao-Yuan, Ta-Chu, Ta-Yuan, and Ta-Lun work stations, while the
mid-stream includes Tsao-Ta, Hsin-Po, and Kuan-Yin work stations, and the down-stream group
includes Hsin-Wu and Hu-Kou work stations (Table 3). For each group, the associated amount
of saved-water from conducting fallow could meet the requirement, and hence could provide
reference for rotation fallow.

CONCLUDING REMARKS
The increase in industrial and domestic water demand due to the development of economy as

well as change in industrial structures has put pressure in the agricultural water sector.
Moreover, as the development of water resources is becoming difficult, especially after joining
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WTO, how to effectively distribute and manage water resources has become an urgent issue in

Taiwan.

Although three issues are discussed in this article, problems concerning agricultural water sector
are far more sophisticated. And as agricultural water used to account for most part of the water
resources in Taiwan, a comprehensive water resources policy and regulations are needed.

Table 3. Suggested rotational fallow groups by work stations in Tao-Yuan area

Work 1* crop 2™ crop
canal| station lateral Lateral intake [Intake subtotal [Lateral intake [Intake subtotal | Suggested group
(10°m?) (10°m?) (10°m?) (10°m?)
Tao-Yuan #1 8.05 6.79
Ta-Chu #2 15.64 13.26
#3
~ Ta-Yuan Z: 1.7 42.60 1035 37.16 Upstream group
=
S #6
-g Ta-Lun #7 7.20 6.77
B #8-1
S | Tsao-Ta #3 14.99 13.55
>C-: Hsin-Po #9 6.08 41.17 5.53 37.25 Mid-stream group
£ [Kuan-Yin|  #10, 11 20.09 18.17
#1
in-Wu [Keh-Ker-Gang Ditch| . .
Hsin-Wu Ke 21 ;rig b 2027 4593 17.16 38.50 Downstream group
Hu-Kou | Kuang-Fu ditch 25.66 21.34
Remarks Under the basis that 0.19*10°m3/day is needed for 180 days in a crop period, thus 34.2*10° m3
of water is required for each crop.
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INFLUENCE OF HIGH-TURBID INFLOW ON WATER SUPPLY IN THE SHIHMEN
RESERVOIR

Fong-Zuo Lee!'
Jihn-Sung Lai®
Gwo-Wen Hwang3
Yih-Chi Tan*

ABSTRACT

The Shihmen reservoir is a multi-functional reservoir and its functions include irrigation, water
supply, hydroelectric power, flood prevention and sightseeing. The major allocation of registered
water rights for irrigation and water supply are 43.28% and 20.96%, respectively. In 2004,
Typhoon Aere attacked Taiwan and generated more than 973 mm rainfall within 4 days in the
watershed of the Shihmen reservoir. Highly turbid inflows affected the water supply system
seriously. Sediment concentration of the inflow water in the Typhoon Aere rose to 242,000
Nephelometric Turbidity Unit (NTU) and was far-exceeded water treatment capacity which can
only handle 6,000 NTU. Such high sediment concentration caused a loss of water supply for two
weeks in the Taoyuan area. A three-stage water intake has been designed to divert lower
turbidity water at various water levels. Based on field measured data, a 3D numerical model is
employed to simulate velocity and concentration phenomenon in the reservoir to provide
guidance for operation timing for allocating public water supply and irrigation water.

INTRODUCTION

Taiwan is situated at a geographical location with special climatic condition that brings to the
island 3.6 typhoons per year on the average. These typhoons often result in flood disasters that
can cause serious damage to properties and sometimes with severe casualties. However, they
also bring rainfall as a valuable water resource. In 2004, Typhoon Aere attacked north Taiwan
and the Shihmen reservoir water supply suffered from a shortage for 14 days. The Shihmen
reservoir has acted as the primary and most important infrastructure of water resource
development over the past forty years in Taiwan. As livelihood and industrial water needs are
increasing, the water supply demand of the Shihmen reservoir is rising. Recently, typhoons such
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as Typhoon Haitang (2004) and Typhoon Talim (2005) brought high sediment concentration
inflow into reservoir to cause serious deposition problem and water supply shortage. The Water
Resources Agency has established a temporary pumping station with capacity 3x10° CMD on the
top of the Shihmen dam to divert near surface lower-turbidity water that the water treatment
plant can accommodate. The temporary pumping station was installed after Typhoon Aere as
shown in Fig.1.

Figurel. Temporary pumping station on the top of Shihmen reservoir (after Typhoon Aere)

This study presents two sets of measured data from Typhoon Aere and Typhoon Talim in the
Shihmen reservoir [4]. The 3D CFD numerical model, CFX [1], is used to describe the turbid
flow phenomenon of the concentration and velocity distribution in the Shihmen reservoir.

DESCRIPTIONS OF THE SHIHMEN RESERVOIR

The Shihmen reservoir has a natural drainage area of 762.4 km®. It is formed by the Shihmen
dam located at the upstream reach of the Dahan River and flows westward to the Taiwan Strait.
A map of the watershed area of the Shihmen reservoir is presented in Fig. 2. Based on
hydrological analysis, the design flood discharges for 100-yr and 200-yr return-period floods are
8,703 and 9,008 m3/s, respectively, as listed in Table 1. The Shihmen dam constructed in 1963 is
a 133.1m high and 360m wide embankment dam with spillways, permanent river outlet, power
plant intakes and flood diversion tunnels controlled by tailrace gates. The elevations of the
spillway crest, permanent river outlet, power plant intakes and flood diversion tunnels are
EL.235 m, EL.169.5m, EL.173m and EL.220m, respectively. The design capacity of the three
spillways is 11,400m’/s, the permanent river outlet is 34m’/s, the power plant intake is 137.2m’/s,
and flood diversion tunnel is 2,400m>/s. With a maximum water level of EL.245m, the reservoir
pool is about 16.5km in length and forms a water surface area of 8.15km”. The initial storage
capacity was 30,912x 10° m’, and the active storage was 25,188x 10° m’. Based on the historical
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records of water levels at the Shihmen dam, the month average water stages of the reservoir at

the dam from 1985 to 2005 are plotted for each year in Fig. 3. Due to a lack of desiltation

facilities, incoming sediment particles have settled down rapidly along the reservoir since the
dam was completed. Based on the survey data, the longitudinal bed profile along the reservoir is

plotted in Fig. 4. As shown in Fig. 4, the Shihmen reservoir has accumulated a significant

amount of sediment after dam completion. The depositional pattern has become wedge-shaped
since 2000. From recent survey data in 2005, the storage capacity was estimated to be 72.06% of
its initial capacity. Based on size distribution shown in Fig.5, the sediment deposits are classified

as silt or clay.

Tablel. Peak flow of return-period in Shihmen reservoir (Unit : 10°m?/s)

return-period(year) 2

5

10

25

50

100

200

Peak flow 2,000

3,748

4,000

4,565

5,809

8,703

9,008

Figure 2. Watershed area of Shihmen reservoir
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Figure 3. Month average water stage in Shimen reservoir from 1985 to 2005
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The Shihmen reservoir is a multi-functional reservoir and its functions include irrigation, water
supply, hydroelectric power, flood prevention and sightseeing. The water usage of the Shihmen
reservoir per year is presented in Fig. 6. The irrigation area includes Taoyuan, Hsinchu and
Taipei for a total of 36,500 ha, which means it is a major contributor in helping boost the
agricultural productive levels in these areas. The reservoir supplies water to 28 districts and 3.4
million people. This makes it a very important water resource for the livelihood of the people in
the northern Taiwan. Making use of the water impoundment at Shihmen dam, the Shihmen
Power Plant generates 200 million units power annually, a vital contribution to help meet the
electric power demand and boost industrial development. The reservoir main function is to
prevent or improve the rapid descent rates of the upper tributaries, reducing the effect of peak
flood cresting, and protecting the areas below, such as the Taipei floodplain, from waterborne
disaster. The lake and mountains of the surrounding area make for a beautiful perspective and
ideal spots are allowed for water-related recreation. The setting undergoes seasonal
transformations, providing a natural drama with change after change in backdrop, for a scenic
area that is unparalleled elsewhere [3].

Electric power Irrigation g Inflow —— Water supply

o I
/\/ JARA V\v/ JRAN

5000 —— et 2 —

10° Ton

53 54 55 56 57 58 59 60 61 62 63 64 65 66 67 68 69 70 71 72 73 74 75 76 77 78 79 80 81 82 83 84 85 86 87 88 89 90 91 92

Year

Figure 6. Amount of water usage per year for various functions

INFLUENCE OF HIGH-TURBID INFLOW

In 2004, Typhoon Aere attacked northern Taiwan and caused substantial losses. Typhoon Aere
brought into the Tamshui River Basin a total rainfall of 973mm in 4 days (about 40% of the
mean annual rainfall of the basin). The extremely heavy rainfall induced high turbidity in the
runoff entering the Shihmen reservoir, as shown in Fig. 7[2]. The turbidity was far beyond the
purification capability of the water treatment plants in the downstream area. As a consequence, 2
million residents in the Taoyuan County suffered from a shortage of water supply for 17 days.
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Figure 7. Sediment concentration hydrograph at water intake during Typhoon Aere

The excessive rainfall induced serious landslides in an area of 265 ha in the Shihmen reservoir
watershed. That heavy rainfall generated high sediment concentration due to the runoff entering
the reservoir. The main composition of the geology of Shihmen reservoir watershed is shale,
which can be weathered easily and is the main source of the fine-grain clay. This geological
composition further deteriorated the quality of stream flow and sustained the turbidity in the
reservoir for longer period of time during the Typhoon flood. Before the attack of Typhoon Aere,
detention basins behind many sabo dams had been nearly filled to their capacity. In addition, the
volume of landslide caused by Typhoon Aere far-exceeded the remaining capacity of the
sediment retaining basins. The facilities to divert water from the reservoir are located at lower
levels. In the Typhoon Aere induced high-turbid event, the turbidity at lower level of Shihmen
reservoir reached 242,000 NTU, which is beyond the maximum turbidity that water treatment
plants can handle. Due to the limitation of the water conveying capacity, the water treatment
plants in its neighboring counties can only supply limited amount of the water needed. So, the
highly turbid inflow concentration was seriously creating not only public water supply but also
sediment deposition problems. Fig. 7 presents the turbidity variations in Typhoon Aere. Then,
the sediment concentration decreased to 6,000NTU which the water treatment plant can handle at
water intake (EL.192.5m). A similar situation happened in Typhoon Talim(2005), as shown in
Fig. 8. The Fig. 8(a) shows the flow discharge at Lungchuwan and turbidity data at EL.204m
against time. The Fig. 8(b) shows the measured concentration data at water intake and this data
can be used to numerical simulation.
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Figure 8(a). Inflow discharge and sediment concentration hydrograph at Lungchuwan
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Figure 8(b). Sediment concentration hydrograph at water intake during Typhoon Talim

SIMULATION OF FLOW FIELD AND SEDIMENT DISTRIBUTION

In general, there are various models for simulating turbidity current movement [2]. One can
solve fluid equations of motion with advection-diffusion equation to obtain the flow field and
concentration distribution. This method does not consider the momentum exchange between
fluid and sediment and the boundary condition of the bed was difficult to deal with. One may
also solve fluid equations of motion with Lagrange particle transport equation and multi-phase
fluid equations with volume of fraction (VOF) for each phase. Considering the efficiency and
acceptable precision of simulation results, the Algebraic-Slip Model (ASM) model of CFX was
adopted to simulate turbidity current movement in the Shihmen reservoir because the CFX
model contained the above mentioned method and had friendly user windows. In principle, when
calculating disperse multi-phase flows with very fine particles (e.g. reservoir sediment) the
relaxation time for the particles will be much smaller than the flow time scale. If the disperse
phases are at low volume fractions, it is then unnecessary to solve momentum equations for the
particle phase separately, as it can be assumed that the particles are always at their terminal
velocity (settling velocity). So, the ASM model was suited to estimate lower concentration flow
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field [2]. The boundary condition of the bed is set to be a no slip condition, and the free surface
was rigid-lid approximation. The governing equations are written as follows:

e  Conservation of mass:

Ve(u)=0 (D
e  Conservation of momentum:

é(u,.)+Vo ut.xu.+£5i.—,u(Vui+(Vui)T) =A—’Dgi (2)
ot op! P

e  Conservation of sediment mass:
L)+ Volcl, - 0)-TVe)=0 3)

where u, and u,= velocity vector components ; p = pressure ; p=cp, +(1-c)p, ; c=
sediment concentration ; p, = sediment density ; p, = fluid density ; 517.: Kronecker Delta ; y =
viscosity ; Vp= p— p, =density variation ; g,=gravity components ; @ = settling velocity, and
I" = diffusion coefficient.

According to Talim typhoon measured data, we established simulation area within the domain
near dam from Section 14 to the dam. The simulation domain is represented in Fig. 9. Fig. 10
shows the simulated results of concentration distribution and velocity field. Fig. 10(a) presents
that the sediment concentration spreads after the flow is flowing through the bend after section
11, as shown in the concentration spreading area (section 10). The velocity decreases after the
bend due to wider cross section, as shown in Fig. 10(b). The simulation result at EL..204m is
about 16,000NTU (as shown) and the measured data at water intake is about 17,400NTU. So, the
simulation results can provide the prediction of concentration and velocity distributions to
estimate the sediment concentration of the outflows at spillway or water intake.

Water

g

Figure 9. Simulation area
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Figure 10(a). Simulation of sediment concentration distribution
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Figure 10(b). Simulation of velocity distribution

CONCLUSIONS

Due to highly turbid inflow problems in the Shihmen reservoir, the operation of sediment
sluicing and sediment concentration monitoring are essentially important. The real-time
prediction of water allocation for irrigation and water supply is necessary. Therefore, the 3D
CFX numerical model is adopted to simulate the turbidity current flow phenomenon and predict
the sediment concentration distribution near the intakes of the power plant. The calculated results
can provide the information of operation timing for allocating public water supply (if sediment
concentration < 6,000 NTU) and irrigation water (if sediment concentration < 10,000 NTU).
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ABSTRACT

Backpropagation Neural Network is applied to establish the relationship between meteorological
factors and evapotranspiration, which is then used to predict the evapotranspiration in ChiaNan
irrigated area, Taiwan. It takes the weather data from Irrigation Experiment Station of ChiaNan
Irrigation Association as the input layer, which include the following weather factors: (1) the
highest temperature; (2) the lowest temperature; (3) average temperature; (4) relative humidity;
(5) wind speed; (6) sunlight hours; (7) solar radiation amount; (8) dew point; (9) forenoon
ground temperature; (10) afternoon ground temperature.

From the result it can be known that the correlation coefficient reaches 0.993 between the
evapotranspiration in 2004 calculated by FAO56 Penman—Monteith method and the one
predicted by the neural network model with a hidden layer of 10 nodes. The actual
evapotranspiration is 911.6¢cm and the prediction by the neural network is 864.4, between which
the error ratio is 1.67%. The correlation coefficient is 0.708 between the actual evaporation in
2004 and the prediction by the neural network with a hidden layer of 10 nodes and an output
layer with the pan evaporation as its target output. The pan evaporation is 1674.1cm, while the
prediction by the neural network is 1451.7cm, between which the error ratio is 13.23%.

INTRODUCTION

Evapotranspiration refers to the amount of water needed for the normal growth of the crop and
becomes the most basic data for the irrigation association to study out annual irrigation plan and
estimate the water use amount for agriculture. According to the standard method recommended
by Food and Agriculture Organization (FAO), the indirect estimate on the crop
evapotranspiration can be divided into two steps: (1) to roughly estimate the potential
evapotranspiration according to agricultural weather data and empirical formula; (2) to get the
value of the evapotranspiration needed during the crop growth by multiplying the potential
evapotranspiration by the crop factor of different crop during different growth phases.
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In recent years, several articles on the estimate of crop evapotranspiration have been published.
Irmak et al. (2003a) study the important topic of how to efficiently apply Florida agricultural
water resource to solve the increasingly rising demand on water resource, and therefore, evaluate
21 types of formula, with grass and alfalfa as norm, to estimate the crop evapotranspiration for
further agricultural water use management. Irmak et al. (2003b) also adopts the empirical
formula with net radiation as base to estimate the potential evapotranspiration in humid area. As
known from above, since 1940, lots of empirical formulas have been developed internationally to
estimate the non-linear relationship between potential evapotranspiration and crop weather data.
Current empirical formulas can be classified into four types: (1) Blaney- Criddle Method; (2)
Radiation Method; (3) FAO56 Penman—Monteith Method; (4) Pan Evaporation Method. The
agricultural weather data they need include: (1) the highest and lowest temperatures; (2) wind
speed; (3) sunlight hours; (4) relative humidity; (5) rainfall; (6) solar radiation, etc.

In recent years, artificial neural network has been widely applied to understand the non-linear
issue of water resource and agricultural management. Yang et al. (1997) applies ANN to simulate
the non-linear relationship between the ground temperature 10", 50°™ and 150°™ below and the
agricultural weather, among which the used weather data include rainfall, potential evaporation,
maximum and minimum temperature. Han & Felker (1997) adopts ANN to estimate relationship
among evapotranspiration and relative humidity of surface oil, wind speed and soil moisture
content, and then compares the results with multiple linear regressions. Burks et al. (2000)
applies backpropagation neural network to the comparison among the plant species. Liu et al.
(2001) also uses the combination of ANN and genetic algorithm to estimate the corn yield, with
the input factors: temperature, rainfall, soil texture and soil PH value. Drummond (2003) also
applies ANN and multiple linear regressions to compare the forecast of corn and soybean. Kuo
and Liu (2000a, 2000b) uses multi-variables factor analysis and backpropagation neural network
respectively to analyze the groundwater quality change of Yun-lin area in Taiwan. The results
show that such two factors as seawater salination and arsenic pollution represents 78% of the
influence of all 13 groundwater quality items. Chang et al. (2000) adopts fuzzy ANN to predict
the flow rate at the upstream Song-mao stream measurement station of Te-chi Reservoir to offer
reference for the instant operation at Te-chi Reservoir.

In Taiwan, the agricultural water use occupies the most part of whole water resource, so the
accurate estimation of crop evapotranspiration helps irrigation associations to efficiently manage
the limited water resource. Different from the traditional method which uses empirical formula to
estimate crop evaporation, this study applies Matlab software to establish backpropagation neural
network models to analyze the non-linear relationship between crop evapotranspiration and
agricultural weather factors, according to which then crop evapotranspiration at different period
can be predicted.
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METHODOLOGY

The present research is to take the agricultural factors collected by the agricultural weather
stations at Irrigation Experiment Station of ChiaNan Irrigation Association as the input layer of
artificial neural networks, and the potential evapotranspiration or the pan evaporation as the
output layer. After the training and learning procedures, the neural networks can be used to
predict the potential evapotranspiration and the pan evaporation at a period, based on the data
from the input layer of this period, together with the weight coefficients of the neural networks.

Evapotranspiration Estimation

The Irrigation Experiment Station of ChiaNan Irrigation Association (23°13'N, 120°11'E) is
about 4m in altitude and 10 km away from coast. Since this area lies within the ChiaNan plain
which is of flat ground and consistent climate, the information and data acquired in this area can
fully represent the agricultural and production environment in ChiaNan plain area. Figure 1
shows the deployment of the central testing field and the agricultural weather stations. The
devices for weather observation include dry and wet-bulb thermometers, thermometer, sunshine
recorder, pyrheliometer, evaporation pan, anemometer, ground temperature indicator and
pluviometer. The present research utilizes the agricultural weather data in past years recorded by
the agricultural weather station, and also takes the evapotranspiration estimated by the FAO56
Penman—Monteith formula and the actual pan evaporation as the data required by the output
layer of ANN. Allen et al. (1998) described the FAO56 Penman—Monteith method as Eq.(1).

0.408A(R, - G)+y 900 u,(e, —e,)
ETO — T+273 (1)

A+y(1+0.34u,)

where ET, denotes the crop reference evapotranspiration (mm day-1); R, denotes the net
radiation at crop surface (MJm-2 day-1); G represents the soil heat flux density (MJ m-2

day-1); T'is the mean daily air temperature at 2 m height (°C); u, is the wind speed at 2 m height
(m s™); e, denotes the saturation vapour pressure (kPa); e, represents the actual vapour pressure
(kPa); es-e, denotes the saturation vapor pressure deficit (kpa);A represents the slope vapour

pressure curve (kPa 9C-1); y is the psychometric constant (kPa ©C-1).

As shown in Eq.(2), the difference between the water in need by referential plants and the
estimate of pan evaporation can be adjusted by the evaporation pan coefficient.

ET,=K,xE,, @)
where ET, denotes the crop reference evapotranspiration (mm day-1); K, represents the
evaporation pan coefficient; £,,, is the evaporation of evaporation pan (mm/day).



1256 USCID Fourth International Conference

Theoretical Analysis of Backpropagation Neural Networks

The backpropagation neural network is one of the most popularly used artificial neural networks.
Since it has the capability of learning and memorizing, it can be used for training and prediction.
A backpropagation neural network usually has three layers: (1) an input layer to receive

external information, (2) an output layer to output information to the external environment, (3) a
hidden layer to supervised learning networks, which are to retrieve the training cases from the
problems under investigation, to derive the underlying corresponding rules between the input
variables and output variables, through minimizing the error function via the gradient steepest
descent method, and finally to determine the underlying rules and estimate the new testing cases
to output variables based on the memorizing capability.

During the training and learning of backpropagation neural networks, the weighing factors that
are used to connect the input, output and hidden layers will change, so as to establish the
nonlinear relationship between the input and output variables. The present research will utilize
this property, and take the agricultural weather factors automatically recorded in the agricultural
weather station as inputs to the input layer, which include the following average monthly
statistics data: (1) the highest temperature; (2) the lowest temperature; (3) average temperature;
(4) relative humidity; (5) wind speed; (6) sunlight hours; (7) solar radiation amount; (8) dew
point; (9) forenoon ground temperature; (10) afternoon ground temperature. And also the output
layer needs the potential evapotranspiration and pan evaporation. After the complete training and
learning, the potential evapotranspiration or the pan evaporation during this period can be
predicted based on the data in the same duration to the input layer and the weighing factors in the
trained neural network model. Figure 2 shows the sketch map of backpropagation artificial
neural network.

Eq.(3) denotes that the data to the input layer are converted to the range between 0~1 by the sign
function during the forward stage, which in turn are regarded as the inputs to the hidden layer.
Based on the calculation of Eq.(3), the values (y) transmitted from the input layer to the hidden
layer can be represented in Eq.(4), while the results of (y) by Eq.(4) are taken as the input from
the hidden layer to the output layer, and Eq.(5) then is used to calculate the (v) in the output layer
based on the y values, and then Eq.(6) again uses a nonlinear function to convert the outputs in
the output layer (v) into estimates (Z) during the forward stage, which will be compared with the
target values (t) in the output layer.

g(u)=

l+e™ (3)
u=a,+a *x
where x denotes the input data of input layer; a, denotes the base weighing factor of input layer;
a; represents the weighing factors between input and hidden layer.

y=g(u)=

I+e™ @)

J
v=by+ by,
- )
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-V

Z=g(v}
+e (6)

where j denotes node numbers of hidden layer; b; denotes the weighing factors between hidden
and output layer; b, represents the base weighing factor of output layer; y; is the output values of
"™ node within hidden layer.

As known from the flow chart of backward procedure, Eq.(7) is used to calculate the error
between the outputs in the output layer (z) and the target values (t) during the backward stage.
And then the training will continue till the weighing factors, which are changed accordingly, are
less than the tolerance. After that, the model can be used for prediction.

1L & 2
Ez Z (an Lt )
E: n=1 k=1
NK (7)
where N denotes data numbers of input layer; K denotes the node numbers of output layer; b,
represents the base weighing factor of output layer; f#, is the target values of the n™ data; Z,
represents the prediction values of the n™ data.

The Analvsis of Weighing Factors in Artificial Neural Networks

The present research uses the weighing factors to establish the weight indices of the artificial
neural network, after finishing the training of the above artificial neural network model, so as to
investigate the importance and influence of different input variables relative to the actual
measurements. Howes and Crook (1999) proposed the use of the weighing factors in the network
to measure the influence of different input variables, including three types of influence: (general
influence, GI), (specific influence, SI) and (potential influence, PI), which can be used to analyze
and explain the interrelation between input and output variables. In detail, GI is to quantify the
different interrelation and influence between input variables/characteristics and output results,
based on the whole learning and training samples; SI and PI are, instead, based on a specific
prediction sample, to quantify the different interrelation and influence between input
variables/characteristics and outputs. In the hypothesis in Howes and Crook (1999), as for a
three-layer artificial neural network, which has an input layer of n nodes, a hidden layer of h
nodes and an output layer of 1 node, the GI calculation is given in Eq.(8):

GI(x)=—"" (8)

J=0
where & denotes node numbers of hidden layer; n denotes the node numbers of input layer; i, j
represents the index; wy; is the weighing factors between the i" node of input layer and /" node of
hidden layer; v; represents the weighing factor of the hidden layer’s i™ node to output layer.
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RESULTS AND DISCUSSION

Evapotranspiration Estimate by the A1, A2 Groups with Ten inputs

Group A1 has an input layer with ten agricultural weather factors as its inputs, and an output
layer with the evapotranspiration estimate by FAO56 Penman—Monteith formula as its single
output. To achieve the best training and prediction performance in group A1, the present research
tests the models of 1 to 10 nodes in the hidden layer respectively. As for group A1l with an input
layer of ten agricultural weather factors and an output layer of one evapotranspiration estimate,
all models constructed are the following ten types: 10*1*1, 10*2*1, 10*3*1, 10*4*1, 10*5*1,
10*6*1, 10*7*1, 10*8*1, 10*9*1, 10*10*1. From the training result, it is known the one with a
hidden layer of ten nodes is of the best performance. Figure 3 shows the backpropagation neural
network with an input layer of ten nodes, a hidden layer of 10 nodes and an output layer of 1
node (10*10*1). Figure 4 shows the convergence of errors of the 10*10*1 neural network model
in group A1, which finally converges to 0.005. Figure 5 shows the linearly regressed values for
the recored weather data by Irrigation Experiment Station of ChiaNan Irrigation Association
since 2004 based on the trained neural networks model, and the correlation coefficient reaches
0.993. Figure 6 shows the variation when the evapotranspiration predictions of ChiaNan irrigated
area in 2004 by the 10*10*1 model in group A1 are compared with those estimated through the
FAO56 Penman—Monteith formula. As from the result analysis, the evapotranspiration in
ChiaNan irrigated area in 2004 estimated by the FAO56 Penman—Monteith formula is 911.6cm,
while the one predicted by the 10*10*1 model in group Al is 896.4cm, which shows an error
ratio of 1.67% only.

Group A2 has an input layer with ten agricultural weather factors as its inputs, and an output
layer with pan evaporation as its single output. To obtain the best training and prediction
performance, the present research separately tests different models, with the number of nodes in
the hidden layer within the range from 1 to 20. That is, group A2 forms the set of 14 models in
the following with an input layer of ten agricultural weather factors and an output layer of pan
evaporation: 10*1*1, 10*2*1, 10*3*1, 10*4*1, 10*5*1, 10*6*1, 10*7*1, 10*8*1, 10*9*1,
10*10*1, 10*11*1, 10*12*1, 10*15*1, 10*20*1. As learned from the training result, the model
with 20 nodes in the hidden layer performs best. Figure 7 shows the backpropagation neural
networks model (10*20*1) in group A2, with an input layer of 10 nodes, a hidden layer of 20
nodes and an output layer of 1 node. Figure 8 shows the convergence of errors during the
training of the 10*20*1 model in group A2, which converges to 0.7. Figure 9 shows the linearly
regressed value for the recorded weather data by Irrigation Experiment Station of ChiaNan
Irrigation Association in 2004 based on the model when the training is finished, which just has a
correlation coefficient of 0.708. Figure 10 shows the variation when the evapotranspiration
predictions about ChiaNan irrigated area in 2004 by the 10*20*1 model in group Al are
compared with those pan evaporation. As from the result analysis, the pan evaporation in
ChiaNan irrigated area in 2004 is 1673.1cm, while the one predicted by the 10*20*1 model in
group A2 is 1451.72cm, which shows an error ratio of 13.23%.
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Analysis of Weighing Factors in Backpropagation Neural Network Models

After the training of backpropagation neural networks, all the weighing factors in input, hidden
and output layers can be further utilized to calculate the GI values based on Eq.(8). The
magnitude of GI values can be used to investigate the importance of the agricultural weather
factors in the input layer to the evapotranspiration in the output layer. Since during both the
training and prediction stages, group Al shows rather high correlation, the weighing factors
calculated based on Eq.(8) after the model training in group A1 has been finished are listed in
Table 1. The analysis shows that wind speed has strong influence. Taking the group Al for
instance, which accepts 10 agricultural weather inputs and the output of the evapotranspiration
estimate by the FAO56 Penman—Monteith formula, the influence rank in the descending order of
importance according to the General Influence (GI) are: wind speed (GI=0.438)> average
temperature (GI=0.204)>dew point(GI=0.162) >the highest temperature (GI=0.051)> the lowest
temperature (GI=0.05)> relative humidity (GI=0.039)> forenoon ground temperature
(GI=0.027)> afternoon ground temperature (GI=0.02)> solar radiation amount (GI=0.006)>
sunlight hours (GI=0.002). It can be further concluded from Table 1 that the wind speed among
all these agricultural weather factors affects the evapotranspiration the most significantly,
followed by the average temperature, while the effects of solar radiation amount and the sunlight
hours on evapotranspiration are least significant.

Table 1. The GI Values and Ranks of Ten Agricultural Weather Factors in Group Al

agricultural weather factors GI values Ranks

Highest temperature 0.0508 4
Lowest temperature 0.0503 5
Average temperature 0.2041 2
Relative humidity 0.0392 6
Wind speed 0.4383 1
Sunlight hours 0.0058 10

Solar radiation 0.0022 9

Dew point 0.1622 3
Forenoon ground temperature 0.0269 7
Afternoon ground temperature 0.0202 8

Comparison of Optimal Backpropagation Neural Networks in Different Groups

The correlations of training and prediction when using the evapotranspiration quantity calculated
by the FAO56 Penman—Monteith formula as the target outputs during the training and prediction
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are above 0.97, which indicates that the degree of consistency between the values by FAO56
Penman—Monteith formula and the predicted ones is very high; on the contrary, the correlation
coefficient of training and prediction, when using the pan evaporation as the target outputs, are
significantly lower than those with the target outputs from the empirical FAO56
Penman—Monteith formula. The correlation coefficients in training and prediction stage by the
group A2 are 0.887 and 0.708, respectively.

As observed from the training mode, whatever the group is, the correlation coefticient will
decrease and the mean square error will increase as the number of input factors decreases; and
the correlation coefficient will increase when there are more nodes in the hidden layer. As
observed from the prediction mode, the slope is most likely larger than 1, which means that most
predicted values are less than the actual ones, that is to say, the predicted values underestimates
the actual ones. The underlying reason may lie in the difference in the target outputs, which
causes the difference in correlation coefficient. When the target outputs are values calculated
through the FAO56 Penman—Monteith formula, the training mode is simulating the formula since
it has a strong ability in fitting the data. After the model is constructed, it becomes a formula
calculator, thus has large correlation coefficient; When the target outputs are values based on pan
evaporation, the training performance is poor and the correlation coefficient are lower than those
based on FAO56 Penman—Monteith formula, because the pan evaporation is a measurement
rather than a calculated one, and is more complicated than those derived from the FAO56
Penman—Monteith formula.

The predictions to the evapotranspiration in ChiaNan irrigated area in 2004 based on the neural
network models after training has been compared. The evapotranspiration quantity in ChiaNan
irrigated area in 2004, as calculated through the FAO56 Penman—Monteith formula, is 911.63cm,
while those predicted through the backpropagation neural networks is 896.41 cm in group Al,
with the error ratios to the calculated ones being 1.67%. In addition, the evaporation in ChiaNan
irrigated area in 2004 is 1673.11cm, as from the records based on pan evaporation, while those
predicted by the backpropagation neural networks is 1451.72 cm in group A2, with the error
ratios to the actual one being 13.23%.

The evapotranspiration in 2004 as estimated by the FAO56 Penman—Monteith formula based on
the agricultural weather information recorded by the Irrigation Experiment Station of ChiaNan
Irrigation Association is 911.63 cm, while the pan evaporation is 1673.11cm. The two have the
ratio of 0.777, that is to say, the evaporating pan coefficient (Kp) in ChiaNan irrigated area is
0.777.
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Input Layer Hidden Layer Output Layer

Figure 2. The Diagram of Bbackpropagation Artificial Neural Networks
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Figure 3. The Diagram of the Backpropagation Neural Network with an Input Layer of 10 Nodes,
a Hidden Layer of 10 Nodes and an Output Layer of 1 Node
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Figure 4. The Linear Regression Values after the Training of the 10*10*1 Model in Group A1
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Figure 5. The Linearly Regressed Predictions to the Evapotranspiration in ChiaNan Irrigated
Area in 2004 by the 10*10*1 Model in Group Al
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Figure 6. Comparison Between the Predicted Evapotranspiration in 2004 by the 10*10*1 Model
in Group A1 and the One Estimated by FAO56 Penman-Monteith Method
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Figure 7. The Backpropagation Neural Network with an Input Layer of 10 Nodes, a Hidden
Layer of 20 Nodes and an Output Layer of 1 Node in Group A2
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Figure 8. The Linear Regression Values after the Training of the 10*20*1 Model in Group A2
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Figure 9. The Linearly Regressed Predictions to the Evaporation in ChiaNan Irrigated Area in
2004 by the 10*20*1 Model in Group A2
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ANALYSIS OF POND IRRIGATION SYSTEM EFFICIENCY FOR TAOYUAN
IRRIGATED AREA IN TAIWAN
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ABSTRACT

A pond irrigation system model is developed which is capable of satisfying water demand in
an area with canal, river weir and water pond. The purpose of this study is to investigate the
possibility to reaccess the original function of the pond irrigation system in Taoyuan Area.
The pond irrigation system is expected to make use of the effective rainfall that could cut
down agricultural water demand from Shihmen Reservoir, and to dpromote the water usage
efficiency in farmland. In study area, the irrigation water of the 2" feeder of Taoyuan main
canal is supplied from reservoir, river weir and water pond. Moreover, it can completely
express the exploitation of pond irrigation system that could regulate irrigation water to
provide more than 95% cultivated farms in 2™ feeder area.

INTRODUCTION AND BACKGROUND

Taoyuan pond irrigation system in the northern Taiwan was developed to be a major
agricultural water resource system in the early twenty century. The pond irrigation system is
the ancestor’s intention to increase the effective rainfall to overcome the particular climate
pattern with the use of geographic advantage in this part of Taiwan. However, after the built
of Shihmen Reservoir in 1967, the functional use of this special pond irrigation system was
gradually ignored. In recent years, industrial development in Taoyuan area is prosperous and
encourages mass population migrates into this region. Therefore, the increasing water
demand, including agricultural, industrial and municipal demand, can not be supplied by
Shihmen Reservoir. For instance, owing to the water deficit dilemma that emerges frequently
in Taoyuan area, the agricultural water usage has been transferred to sustain domestic and
industrial consumption during years 2002 and 2003.

The ordinary practice of irrigation water distribution has been constructed based on single
crops over large areas. The common examples are paddy rice agriculture in Japan and Taiwan
(Masakazu, 1999; Chang et al., 2001). The irrigation water of Taoyuan area has been supplied
approximately 48% from Shihmen reservoir and 52% from water pond and river weir (Hsieh,
2004). These water ponds could storage the capacity of surface water from river weir and
return flow as well for its irrigation area. Chen et al. (2004) analyzed the function of water
pond capacity, and suggested that further investigation on expanding effective water storage
for ponds is to be performed. Such expanding is expected to reduce the ratios for pond
storage and supply and to avoid situations that irrigation cultivation cannot be performed due
to shortage of irrigation water.
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CONCEPTS OF EFFECTIVE RAINFALL & WATER POND

The water requirement of a crop is signified the amount of water needed to 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 Fig. 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
infiltrates into the soil ((2) and (6)), some percolates below the root zone (7), while the rest
remains stored in the root zone (8).

1 1 1 1 1

Figurel. Image diagram of the effective rainfall for plants

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.

The idea of pond irrigation system was to storage excess runoff in ponds and then to supply
water to farm land in the drought, just like small reservoirs. It is intentioned to increase the
effective rainfall by ancestor to overcome the particular climate pattern with the use of
geographic advantage in Taoyuan.



The conception of water pond was developed according to the flat terrain except a few
undulate and strong, rapid storm. Due to this particular terrain, geology (Clay loam layer) and
climate pattern would bring a lot of runoff into the Taiwan Strait without storing and utilizing.
It would easily result in the deficit in irrigation water. As showed in Fig. 2, the trailblazer
applied the principle, building water pond on place higher than field to store rainfall,
uncontrollable runoff and return flow from upstream, to extend exploitable water in
irrigation.

Channel
Clay Loam Layes

Giraved Layer

e

Figure2. IIIustation of design theorem of water pond
IRRIGATION POND SYSTEM MODEL

Affecting Factors in Water Distribution

The irrigation water how to convey an adequate amount of water to specific blocks at the
right time. It needs overall considerations of crop types, growing stages, crop water
requirement, percolation, conveyance loss and so on (Chen et al., 2004). These factors vary
with time and locations, which are discussed as follows.

Crop Water Requirement The crop water requirement could be decided by direct
measurement or through indirect calculation. Although direct measurement could obtain an
actual water requirement, it should cost more money and labor due to morphological
constraints. Instead, the indirect calculation is usually used. The calculation equation is
expressed as

ETcrop: KC* ETO (2)

where ETcqp is the crop water requirement, K, varies with season and wind speed is the
dimensionless crop coefficient, approximately 0.95~1.35 for paddy rice, and ETj refer is the
reference 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), one can determine the total crop water requirement for any
period.



Percolation in Paddy Field The percolation process in paddy fields is very complex and varies
with soil texture, ponding depth, water temperature, groundwater level, extension of root
system, etc. In Taiwan the percolation in paddy fields is estimated using an empirical formula
from the Taiwan Water Conservancy Bureau (Kan, 1978). The equation is expressed as

o _ 240 (3)
S -

where P is the percolation for paddy field per day, S is the gravity percentage of grain size
less 0.005mm, I is the infiltration coefficient.

Paddy Rice Growing Stage In general, the paddy rice in Taiwan needs about 120~130 days
for a complete growing process, which was divided into 4 stages, including nutrition growing
period, procreation growing period, mature period and harvest. As showed in Fig 3, each
stage all required a suitable water requirement to grow. The water depth varied with each
stage, but not immersed in water long time.

| a | b l ¢ |
| | i I

a. Nutrition growing period

- b. Procreation growing period
c. Mature period

d. Harvest

Depth{CM)

T T [ T ]
’ Time(day}

Figure 3. Water requirement for paddy rice in entire growing stage

Conveyance Loss in Canals and Ditch Conveyance loss, including evaporation, seepage,
operation loss, is the water lost during the transportation process from 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). In
the past practice of irrigation, the conveyance losses in canals and ditches were generally
considered as constant, which range varies with soil texture and type. According to the
irrigation plan 2005 of Taoyuan irrigation association, the conveyance loss is determined at
13% in this paper.

Supply Style Classification

In this study area, the irrigation system is divided into 4 supply styles, which are associated
with mail canal, water pond and river weir. As showed in Fig.4, style A is the most complete



supply style, consisting of mail canal, water pond and river weir, 3components of water
resource simultaneously. The supply style of style B includes mainly main canal and water
pond, the irrigation water is diverted from main canal into water pond, then through
regulating by water pond to provide to crop field. Style C immediately supports irrigation
water to farmland with main canal and river weir, and Style D just only has mail canal

2nd feeder of Taoyuan main canal
intake intake intake

intake

water pond water pond
Irrigation area Irrigation area
h
Irrigation area Irrigation area
river weir river weir
NC
River
A) (B) © (D)

Figure 4. The diagram of supple style to irrigation area

Operation Strategy

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 not meet the crop water requirement, river weir and
water pond were been considered in the irrigation-pond system. Finally, main canal would
provide overall deficit. The flowchart of operation strategy is showed in Fig. 5. Besides, it
should be noted that the capacity of all water ponds was maintained 80% as well as possible,
was regulated by Taoyuan Irrigation Association as backup storage to provide crop water
requirement in drought period. Then this issue is controversial problem that would be
discussed following statement.

Water Requirement for Land Preparation

During land preparation, the farmland is plowed and a considerable amount of water is
applied so that soil is saturated and get ready to transplant paddy seedlings. Theoretically, the
water requirement for land preparation is constructed of irrigation for paddy rice and the
water needed to saturate the soil. According to the irrigation plan 2005 of Taoyuan irrigation
association, the amount of water requirement for land preparation is approximately set at
200mm.
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Figure 5. The flowchart of operator strategy

APPLICATION AND DISCUSSION

Study Area Description

The study area is the 2nd of 15 feeders in Taoyuan main canal, with a size of 2,765 ha,
belongs to the Taoyuan Irrigation Association. There are 38 irrigation areas, the water
requirement were supplied from main canal except 29 areas with water pond had part of
water requirement from ponds. The effective capacity of all 29 water ponds is totally
4,707,912 m®, which geographic positions are showed in Fig 6. A schematic diagram of pond
irrigation system for the study area is shown in Fig. 7. There are 16 river weirs in this
irrigation pond system, and the water right for each weir is collected and collated in Table 1.

Table 1 The water right of river weir

River weir Water right(CMD) River weir Water right(CMD)
#6 1555.2 #12 8553.6
#7 4060.8 #13 864.0
#7-1 2160.0 #24 691.2
#9 15120.0 #24-8 777.6
#10 1987.2 #24-9 1555.2
#10-2 1209.6 #25-7 21513.6
#10-3 864.0 #28-3 5702.4
#11 3456.0 #28-4 3024.0
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Figure 6. Distribution of water ponds of 2" feeder in Arcview layer

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% is concentrated in the wet season, it’s showed the distribution of
rainfall is very unevenness. 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 pond irrigation system model, and inputs data contained crop
water requirement, Taoyuan main canal supply, evaporation, precipitation, water right of river
weir, river flow in the first-season period. The analytic time is from March 3" 2005 to June
30™ 2005, total 120 days. The simulation procedure calculates water balance day by day in
each irrigation area from upstream to down stream

Relation between water pond capacity & water requirement

The characteristic of pond irrigation system model is that the upstream areas (near Taoyuan
main canal) have priority be provided. The areas are occurred likely deficit in the middle and
downstream canal when Taoyuan main canal can not supply enough irrigation water.
Therefore, the water ponds play an important role to support crop water requirement in this
time. The capacity of pond and the demand of responsible irrigation are essential to determine
if deficit or not. Table 2 gives the maximum capacity of water pond, the demand of
responsible irrigation, and the estimate of pond utility rate of each water pond. The utility rate
is large that show the water pond needed to supply the demand of irrigation is huge and this
area would easily have deficit while main canal and/or river weir cannot provide adequate
irrigation water. In the table2, despite high utility rate in No. 2-1, 2-5, 2-6, 2-8 and 2-1-1 area,
because they all locate in upstream of canal so that can obtain sufficient irrigation water from
canal and numerous river weirs. Although, No. 2-17, 2-2-6 and 2-3-4 area, locate in middle
and /or downstream of mail canal, just can get remaining water and are easier to happen
deficit plight.
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Figure 7. Irrigation System Diagram of The Study Area



Table 2.The attribute of water pond

1) (2) 3) 1) 2 3)
PI\?cr:.d Max. Capacity Fl'otaI_Water Utility Rate P,SQ,d Max. Capacity Total Water Utility Rate
3 equirement . 3 Requirement s
(m%) (m°) (2)+(Q2) (m°) (m) (2)+(1)
2-1 41944 805172 19.2 2-4-1 111649 582143 5.2
2-5 24812 210307 8.5 2-2-3 108973 390797 3.6
2-6 60485 710634 11.7 2-2-4 139067 457222 3.3
2-8 47549 698920 14.7 2-2-5 248330 649683 2.6
2-13 147971 408809 2.8 2-2-6 185296 1154654 6.2
2-7 163634 677139 4.1 2-17 161780 1106905 6.8
2-14 137825 214334 1.6 2-20 235031 147435 0.6
2-15 268065 1332222 5.0 2-19 222057 915268 4.1
2-12 67512 373666 55 2-23 340683 1249696 3.7
2-11 115476 501425 4.3 2-24 114088 397385 3.5
2-1-1 53079 509845 9.6 2-26 132124 387461 2.9
2-16 119372 356827 3.0 2-3-3 295163 1385606 4.7
2-2-1 231014 1201626 5.2 2-3-4 298228 1567505 5.3
2-18 278682 622503 2.2 2-4-4 202035 353941 1.8
2-1-2 155988 689219 4.4 Total 4707912 20058349 4.3

Analysis in Effective Rainfall

In this study, the pond irrigation system bases on rainfall data from March 3™ 2005 to June
30™ 2005 and analyzes the amount of effective rainfall. Effective rainfall is very important for
irrigation area, and then levee gap height is crucial factor to determine how much amount of
effective rain can be stored in field. Fig 8 shows the relation of rainfall and levee gap height.
If rainfall is not over the levee gap height, rainfall can be stored and as the effective rainfall to
provide crop water requirement. If it over, however, excess rainfall water has no contribution
and is drained off. There is 988 mm cumulative rainfall in this analytic period. As showed in
Fig. 9, the cumulative rainfall is very close to the cumulative effective rainfall in earlier
period. But accompanying levee gap height change, more excess rainfall water is not utilized
in later period.

Leves gap height
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Figure 8. Hyetograph in 2005 and the levee gap height of traditional irrigation
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Figure 9. Cumulative rainfall and cumulative effective rainfall

The conception of deep-ponding irrigation is addressed by Kan (1993). He compared the
different of irrigation water requirement in Taiwan and Japan, and proposed an adjusted
ponding depth from 10 cm to 25 cm. The rice, with deep ponding irrigation, would get better
quality than in traditional irrigation (shallow-ponding). However, it was not to raise ponding
depth instantly, and then changed with growth stage of paddy rice. The process of ponding
depth change is showed in Fig.6 This method not only promotes the production and quality of
paddy rice, but also can improve the using efficiency of rainfall and this so-called” Paddy
Field is Reservoir “has carried out extensively in Taiwan.
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Figure 10. The process of ponding depth change in deep-ponding irrigation

Because of the storage space is increased with heightening levee gap height, deep-ponding
irrigation can store availably rainfall water in storm and change into effective rainfall. It is
showed in Fig. 11 that the effective rainfall is acquired 210 mm in deep-ponding irrigation
more than in traditional irrigation. There are 6 places, which are 2-17, SanShi, No. 14, Direct
Area 3, Direct Area 1, ShaL.un, would happen deficit in all study area. 2-17 pond area, locates
in middle of 2" feeder canal, is only one deficit place with supplying from water pond. It has
two deficit days that resulted from the irrigation water of main canal is used up in upstream
area, and out of itself backup storage. According to the comparison in Table 3, the
deep-ponding irrigation can shorten deficit day and is able to improve about 24% total

shortage amount to 196819m°.
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Figure 11. Cumulative effective rainfall of deep ponding irrigation

Table 3. The comparison in traditional and deep ponding irrigation

Irrigation Area Deficit day (in 120days) Shortage(m®)
Traditional Deep ponding Traditional Deep ponding
2-17 2 0 8638.6 0
SanShi 36 27 229027.9 176791.8
No.14 36 27 131318.4 102890.4
Direct Area 3 38 26 143247.1 106796.4
ShalLun 39 28 135992.2 106944.7
Direct Area 1 40 27 185062.5 143044.7
Total - - 833286.7 636468.0




Evaluation in Efficiency of Water Pond

Following the result of last section, it is showed that the irrigation areas locate in downstream
of 2" feeder canal and without water pond, are easy to occur frequently in deficit plight. In
order to evaluate the efficiency of water pond irrigation system in drought period, 9 areas
without water pond are set for fallow in this section. Therefore, there are 16 river weirs, 29
water ponds and 29 irrigation areas in this system. Furthermore, branch 1locates in middle of
pond irrigation system, and is set as the dividing line to divide 29water ponds into 2 groups.
One consists of 2-1, 2-5, 2-6, 2-7, 2-8, 2-11, 2-12, 2-13, 2-14, 2-15, 2-16, 2-1-1and 2-2-1,
total 13 water ponds in upstream. Another consists of 2-18, 2-1-2, 2-4-1, 2-2-3, 2-2-4, 2-2-5,
2-2-6, 2-17, 2-19, 2-20, 2-23, 2-24, 2-26, 2-3-3, 2-3-4 and 2-4-4, total 16 water ponds in
downstream.

At the Taoyuan irrigation association census, the whole irrigation area of 2" feeder canal is
not different obviously between in 2002 and 2005. As showed in Fig. 12, the rainfall in 2002
was much less from March 3™ to June 30" than in the same in the past decade. 2002 is a
drought year and only has 350 mm rainfall, and then setting to simulate the first-season paddy
rice period.
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Figure 12. The rainfall statistics from March 3" to June 30™ in the decade

Fig. 13 expresses the relation between the distribution of rainfall and levee gap height from
March 32002 to June 30" 2002, and most of all rainfall water doesn’t over the levee gap
height in this period. It indicates that rainfall water almost was stored in paddy field and be
used to crop requirement. So how to use the backup storage of water pond will become very
important components when rainfall water is insufficient and the others water supply is
limited. In the past experience, pond irrigation system work with the priority being provided
in upstream which stored most of irrigation water in water pond in upstream and was not used
more efficiently. Then resulting in irrigation water of main canal had been used up before
arriving in middle and/or downstream and had to utilize backup storage in drought period.

There are 5 scenarios will be analyzed for changing backup ratio in this section. Scenario

the capacity of all 29 water ponds was maintained 80% as backup storage. Scenario : the



13 water ponds in upstream are set 80% and the others in downstream are set 90%. Scenario

. the water ponds in upstream are set 70% and the others in downstream are set 90%.
Scenario  : the water ponds in upstream are set 70% and the others in downstream are set
100%.
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Figure 13. Hyetograph in 2002 and the levee gap height of traditional irrigation

Four water deficits, namely 144,285, 99,409, 86,472, 38,694m>(referred to as scenario ,

and in Table3), are considered. Table 3 presents the amounts of water shortage in
deficit area with changing the backup storage ratio of water pond in up and down stream.
According to the ratios are presented in fore paragraph, the result expresses that water
shortage is reduced as increasing the backup ratio in downstream area. Scenario  has the
brilliant performance and get least water deficit in all 4 scenarios. It can cut off the water
shortage to 38,694m? less than 144,285 m® for Scenario  (the ratio keeps on going now).
Due to the water ponds of upstream area close to the source of 2™ feeder canal and can earlier
obtain irrigation water from canal. So the backup ratio of water ponds of upstream area can
be decreased and release backup water to provide for downstream area. Furthermore, the
water ponds of downstream can store more the surplus water to extend supplying day with
increasing the backup storage.

Table 4. The comparison in 4 scenarios of capacity of water pond

Irrigation - Water Shortage (ms). -
Area Scenario Scenario Scenario Scenario
(80%-80%) (80%-90%) (70%-90%) (70%-100%)

2-19 39,550 23,308 23,308 11,314
2-23 31,072 22,872 4,813 -
2-24 37,271 26,680 26,681 16,120
2-26 20,635 8,361 8,362 11,260
2-3-4 15,757 18,188 23,308 -




| Total | 144285 | 99,409 | 86,472 | 38,694 |
CONCLUSIONS

As municipality attempt to meet their continuing water supply demands, how to find more
water resource will become a very important issue. Owing to the climate change and the
unevenness of rainfall distribution that brings frequently the water deficit dilemma in
Taoyuan area. In this paper, a water pond irrigation system model is proposed which is
capable of assessing the potential of water pond and the profit adopting deep ponding
irrigation. Actual applications of the model are performed. It was found that the water pond
irrigation system model can simulate water distribution and finds the crucial area to estimate
water pond system. However, to adopt deep ponding irrigation method that it can more
efficiency to use rainfall and runoff. It makes paddy fields as reservoirs to store more
rainfall and provides crop water requirement. Further, it can promote the potential of supply
of system with changing the backup ratio of water pond in up and down stream area. For
scenario  , the backup ratio at 70% in upstream and 100% in downstream that appears a
brilliant performance and reduces the water deficit.
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