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Abstract Although a lot of research has been performed
on estimating irrigation water demand at the on-farm
level, far less has been done on irrigation water demand
for a region-wide basis, such as for a river basin or an area
covering multiple river basins. The capture and manage-
ment of the spatial variations in related data such as soil,
climate, crops, and canal networks is the key to effective
and efficient regional irrigation water demand estima-
tions. The Geographic Information System (GIS), with its
powerful spatial data management and analysis capabil-
ities is used in this study to extend the scope of on-farm
irrigation water estimation into a regional estimation. A
command area covering several river basins in southern
Taiwan was used to build a model prototype. The model
framework shows the capability of the system to estimate
regional irrigation water demand with most of the spatial
variations preserved. The model also shows the capability
for quickly reflecting changes in irrigation water demand
in response to changes in cropping patterns, a feature that
may be a necessary for regional water resource planning.
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Introduction

Many areas around the world suffer from a shortage of
water due to the rapid growth of population, and/or
commercial and industrial activities. In most of the
developing countries, the agricultural sector usually holds

the largest share of the water rights and becomes the
target of other sectors when it comes to the issue of
regional water supply reallocation. Irrigation consumes or
depletes over 70% of the world’s total water supplies
(Seckler et al. 1999). The estimation of regional irrigation
water demand becomes more and more important in such
circumstances. Enormous amounts of knowledge can be
extracted from the literature regarding the estimation of
on-farm evapotranspiration (ET) for crops. The agricul-
tural research community has focused much on the
agronomic side of water use, which is reflected in the very
large body of ET literature (Gutwein 1991). Most of this
research concentrates on finding the water requirements
for different crops under certain field conditions related to
soil, climate, and the groundwater table.

Less work has been done in the area of regional
irrigation water demand estimation. For large-scale irri-
gation planning practices, regional irrigation water de-
mand is usually estimated from multiplying the irrigated
area by the irrigation demand per unit area. There is
actually a huge amount of data involved in estimating
regional irrigation water demand, such as the soil, crop,
climate, and water distribution infrastructures, and man-
agement practices. Most of these related data are spatially
distributed. Since these spatial complexities are very
difficult to handle, they are usually combined into
aggregated forms. Traditionally, irrigation water demand
estimations have had to assume a particular soil type for
each crop due to a lack of data (Knox et al. 1996).
Average soil characteristics were used regardless of any
non-uniform field soil distribution.

There are several on-farm irrigation requirement esti-
mation models available. For example, the Irrigation
Water Requirements program, which was designed by the
USDA-Natural Resources Conservation Service (NRCS),
can be used for computing monthly and seasonal irriga-
tion water requirements (Dalton 2000). But the program
cannot calculate irrigation requirements for more than one
crop at a time, and only one surface soil type can be set up
for crop coefficient computations. Therefore, this kind of
on-farm irrigation estimation program is not suitable for
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large-scale irrigation planning due to its ignorance of
spatial variations in cropping patterns and soil types.
Indeed, the major difference between on-farm irrigation
estimation models and regional ones is the capability of
handling spatial variations. Because there were no suit-
able tools for handling the spatial complexities of soil,
crops, and climate in the past, it was thought that the
small-scale physical processes described by the sophisti-
cal ET equations were point measures that could not be
scaled-up (Morton 1983).

Because of the ignorance of the spatial distribution, the
impacts of the spatial variations of related parameters on
the regional irrigation water demand are not clearly
identified. Decisions based on these traditional “lump
estimation” models may lead to inadequate water system
planning. Herrero et al. (1999) thought that the prediction
of irrigation water volumes needs advanced tools of crop
area estimation that combine a ground survey with
satellite data to produce statistics of crop areas. Therefore,
a spatial approach is particularly appropriate (Knox and
Weatherhead 1999). The Geographic Information System
(GIS) is the most efficient tool used for spatial data
management and utilization that can allow us to improve
our understanding of the spatial variance. A GIS-based
approach to demand modelling allows us to consider
local variations in cropping, soils, and climate, and so
facilitates the production of irrigation demand maps
(Weatherhead and Knox 1999).

Over the last decade, GIS-based irrigation water
mapping techniques have been the subject of widespread
discussion. Madsen and Holst (1990) discussed a nation-
wide mapping of irrigation need based on computerized
soil and climate data. By dividing Denmark into four
climatic zones and deriving the relationships between the
mean irrigation needs and the root zone water holding
capacities, maps in grid format for each crop (grass and
barley) were produced displaying mean irrigation needs.
Although actual land use patterns were not considered,
this was a pilot research project to identify where and how
much water will be required. Knox et al. (1996, 1997) and
Knox and Weatherhead 1999) developed the methodol-
ogy to calculate volumetric irrigation requirement for

main crop categories and predict the future growth for
irrigation water demand in England and Wales with GIS
technology. They used a daily water balance irrigation-
scheduling model to determine annual irrigation needs for
eight crop categories grown on three contrasting soil types
at 11 weather stations. Irrigation requirement maps in grid
format were then produced.

Although these studies modeled regional irrigation
water demand spatially, grid-based maps were used. Grid-
based data modeling may be inefficient and inadequate
for water resources planning and management. Grid-
based datasets are good at representing and displaying
information for areas with natural boundaries, such as soil
textures and climate conditions. Regional irrigation water
demand estimations are usually based on land use or
cropping patterns, which have clear artificial boundaries.
Therefore a regional irrigation water demand model using
a vector-based data model is proposed in this paper.
Unlike the studies mentioned above, the proposed GIS-
based irrigation water demand model is not only for
mapping the irrigation demands; it also provides the
ability to accurately capture spatial variations and quickly
reflect changes in irrigation water demand in response to
changes in cropping patterns.

Pilot study area

As a pilot study, the command area of the Chia-Nan Irrigation
Association of Taiwan, which covers three river basins, with two
major reservoirs and several river diversions (as shown in Fig. 1) is
used in this study. The whole irrigated area, of approximately
78,000 hectares, is divided into seven management subdivisions.
Each subdivision consists of several workstations, and each
workstation is further divided into several irrigation groups. An
irrigation group, made up of 3–5 rotational units with an area of
approximately 50 hectares, is the basic irrigation management unit
for this irrigation association (Chia-Nan Irrigation Association
2003). The term “rotational unit” comes from the cropping pattern.
Paddy rice is the traditional cash crop in Taiwan. A cropping
pattern with paddy rice and other crops like soybean, corn and
sorghum, rotating each year between these rotational units within
an irrigation group, is adopted in the study area because of the
shortage of water supply for all-paddy cropping.

Fig. 1 Study area – ChiaNan
Irrigation Association in Tai-
wan
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Spatial database

The on farm irrigation water requirements are the basis
for the regional irrigation water demand estimations. In
this model, the on-farm crop water requirements are
calculated following the most commonly used general
routine. ET estimation equations, such as Penman and
Blaney-Criddle, are used with the related climate data and
crop coefficients for on-farm ET requirement determina-
tions. The rotational unit, with an area of 50 hectares, is
used as the basic unit in the model. Basic data for the
estimation of irrigation water demand were collected with
this spatial resolution. The spatially-variant data, such as
climate, crops, soil, and distribution of the canal network,
are organized into a form of spatial database.

Climate

Forty years of daily weather data (such as temperature,
precipitation, humidity, wind, solar radiation, and so on)
were collected, and climate zoning maps based on ET
estimations were generated from a previous study, as
shown in Fig. 2 (Hung et al. 1998). Each zone in Fig. 2 is
assumed to have the same evapotranspiration character-
istics. The climate data, such as temperature, precipita-
tion, and humidity, were also analyzed in the previous
study, and statistics with different probabilities of occur-
rence were generated in 5% increments for planning
purposes. These statistics are built into the model in this
study, ready to use to set up a climate scenario needed for
regional water demand planning.

Cropping pattern

Cropping patterns for each rotational unit were built into
the geographic database in the model with all of the
necessary parameters, such as crop coefficients (Kc) for
ET estimations. There are basically four major kinds of
cropping pattern in this command area: two paddy crops
every year, a single paddy crop every year, two paddy
crops every three years, and a single paddy crop every
three years. When a farm is not on paddy crop shift, other
crops like corn, soybean, sorghum, and sugar cane are
cultivated. In this model, ten days is used for a temporal
unit; each rotational unit could be set to a different crop
category with a different time period according to its
cropping pattern. Therefore, users can easily set up the
cropping pattern they require with the aid of maps and
graphic user interfaces.

Soil

The soil characteristics are important factors for irrigation
demand estimation. For example, the soil intake rate
influences the irrigation application efficiency and con-
veyance efficiency, so the gross water demand for the
region may be affected in consequence. The natural
variation in soil characteristics does not usually follow the
man-made administration boundary. Figure 3 shows the
topsoil texture variations within and among rotational
units. Since the rotational unit is the basic operational unit
of this model, the soil characteristic of each rotational unit
is computed by taking the weighted average of the area of
each soil type present.

Canal network

To estimate regional irrigation water demand, the con-
veyance loss must be added to the on-farm irrigation
requirement. The water conveyance loss depends on the
canal construction material, maintenance conditions andFig. 2 Zones with the same ET characteristics in different periods

Fig. 3 Variations of top soil texture within rotational unit
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management practices. The main, secondary, sub-second-
ary and some of the tertiary canals in the study command
area are furnished with concrete lining. An irrigation
canal network as shown in Fig. 4 was established for the
estimate of conveyance loss for the region. A structured
coding system was created in this study for numbering
each canal section, so that the upstream canal lengths of
different canal types, such as lined or unlined, for each
rotational unit can be determined. In the model, con-
veyance losses were estimated from the canal types and
field survey data collected from the irrigation association
administration.

Command area

The average farm size in Taiwan is about 0.7 hectares.
These farms are grouped into irrigation groups of
approximately 150 hectares, which is the basic unit for
irrigation management. There are irrigation groups in
total in this command area (Chia-Nan Irrigation Asso-
ciation). The spatial database for farms is also estab-
lished (as shown in Fig. 5) in this study with detailed
attribute data such as ownerships, irrigation fee collec-
tion data, and productivity grads. These related data may
be useful for evaluating social or economic impacts of

Fig. 4 Geographic database for
canal network

Fig. 5 Geographic database for
farms
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policy changes. For example, other than the total
affected area, the total numbers of affected farming
households can be an important judgment factor for
fallow area setups.

Model framework

The proposed model framework for this GIS approach to
regional irrigation water demand estimation is shown in
Fig. 6. On-farm crop water requirements are first com-
puted for each rotational unit via an ET estimation
method chosen by users from the model base. The model
base currently contains three commonly used ET estima-
tion methods: FAO Modified Blaney-Criddle, Thornth-
waite, and Penman-Monteith. Since there are many
empirical ET estimation methods, an interface is also
provided in the model for the user to include other ET
estimation equations of his choice. A ten day interval is
used in this study. Climate statistics and probabilities,
chosen by the user, are used to compute the potential ET
for each rotational unit. Crop coefficients are then
introduced to convert the potential ET to an actual one
for the target crop. The on-farm irrigation water demand
is generated after the adjustments for irrigation applica-
tion loss and effective rainfall. The conveyance losses can
be estimated using the canal network spatial database.
The regional irrigation water demands can then be
estimated without losing the spatial variation (unlike
some of the old “lump models” did). The estimated
irrigation water demand can be presented in various forms
such as by administration regions, by cropping patterns,
by canal systems, or by water supply sources. With this
information, the system manager can not only get
improved estimates of the regional irrigation water
demands, but he can also better understand the spatial
distribution of these water demands in his command area,
which should help him improve irrigation planning and
management practices.

A prototype of the model was constructed for the study
area in this pilot study. The model was built for the
Microsoft Windows environment. Microsoft Visual Basic
was used as the basic programming language tool for this

Fig. 6 Regional irrigation water demand estimation framework

Fig. 7 Graphic user interface of
the model
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system implementation. MapObjects, a GIS component
from the Environmental System Research Institute
(ESRI), was used in the system for spatial database
handling and management. Friendly graphical user inter-
faces (as shown in Fig. 7) have been created for
manipulating the spatial database, such as adjustment of
the cropping patterns or changing the probability distri-
bution for the climate statistics. A sample model output is
shown in Fig. 8. The curve shows the irrigation water
demand for paddy and other crops in ten day intervals.
There are different tabs for demand reports for each sub-
division. Related information, such as areas of each crop,
is also shown. Tables showing detailed demand distribu-
tions plotted with ten day intervals will pop up at the
user’s command.

Results and discussion

A GIS approach is used in this study to take into account
the spatial variations of data related to regional irrigation
demand estimations. Although a traditional database
management system can do the same job, GIS creates a

better working environment for visual representations and
an easier scenario setup with a spatial data display and
handling capability (Wen and Su 2002). With its spatial
analysis power, this GIS approach can easily arrange the
results of regional irrigation water demands into different
aggregations, such as by different canal systems, admin-
istration areas, or water supply sources. Collecting data
for these different aggregations may result in more
effective decisions for regional irrigation demand plan-
ning and management.

This model framework can be extended to implement a
decision support system for regional demand planning. A
Decision Support System (DSS) is a tool that enables the
decision makers to investigate the influence of factors or
decision alternatives (Su and Wen 2001). With all of the
related data and models built in, it will be an efficient tool
for improving demand planning by setting up different
scenarios and revealing the impacts under those scenarios.
An application example of this model as a DSS for
regional irrigation demand planning is to use thedrought
scenario. If the water supply is expected to be reduced by
40% in an dry year, the Irrigation Association Adminis-
tration can run this demand estimation model for several

Fig. 8 Sample model output

Table 1 Summary of results for demonstrated models

Cropping Pattern Current Scenario Aa Scenario Bb

Area (ha) Water demand
(1�108 tons)

Area (ha) Water demand
(1�108 tons)

Area (ha) Water demand
(1�108 tons)

Two paddy crops every year 9137 2.05 9137 2.05 6282 1.43
Single paddy crop every year 8665 1.05 8541 1.02 8665 1.05
Two paddy crops every three years 18801 1.86 18801 1.86 18801 1.86
Single paddy crop every three years 37063 2.06 30373 1.67 37063 2.06
Fallow 0 0 6814 0 2855 0
Total irrigated area 73666 7.02 66852 6.6 70811 6.4
Reduction in water demand (%) – – – 6% – 8.8%

a Scenario A: put the area with mostly sandy soil into fallow; b scenario B: put the area with two paddy crops every year into fallow
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scenarios of different cropping patterns to search for the
one with the least negative impact. The manager may try
to shut down a specific canal system with poor mainte-
nance, put a sub-division or a workstation with coarser
soil texture into a fallow state to save water loss to deep
percolation, or simply reduce the paddy area for less
irrigation demand. The model can then readily re-com-
pute the regional irrigation water demand for those
scenarios and display related impact information useful
for making the final decision. Candidates for this impact
information are the paddy area or yield, the area in a
fallow state, and the number of affected farms.

As an example, say the regional irrigation water supply
is expected to be reduced by 10% in a drought year.
Facing this challenge, the system manager comes up with
two candidate solutions. Scenario A is to put the area with
mostly sandy soil into fallow, while scenario B is to
change the area with two paddy crops every year into a
fallow state. Using our DSS, both scenarios can be easily
constructed, and the regional irrigation demand can be
rapidly estimated . Indeed, the results for this example are
summarized in Table 1. Both alternatives would cut down
the regional irrigation water demand significantly. But
scenario B may be the one chosen because the affected
area for this scenario is less than half that affected by
scenario A, and the reduction in water demand is slightly
larger too. This simple example shows what this spatial
model can do to help the decision maker. A crop yield
model, where we can take economics into account by
estimating the crop yields for different scenarios, could be
a potential improvement for this DSS.

Conclusions

A GIS approach to capturing spatially-distributed data,
useful for regional irrigation water demand estimations, is
presented in this study. With the built-in spatial database
and the graphical user interfaces for spatial data manip-
ulation and scenario setup, this model framework can
quickly provide planners with irrigation water demand
estimations and other related information for different
planning models. More effective decisions on regional
irrigation water demand planning can be made based on
this supporting information.
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